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ABSTRACT

This project was dedicated to the investigation of the factors that may affect absolute 

quantitation in localized MRS and if possible to the improvement of the accuracy 

of both localization and quantification. Three aspects have been looked at: 1) the 

acquisition /localization technique used; 2) the strategy used for conversion of signal 

amplitude/peak areas into concentrations; and 3) methods for MRS signal processing and 

analysis.

With respect to the first aspect, image selected in vivo spectroscopy (ISIS) and point 

resolved spectroscopy (PRESS), were considered. Aspects of ISIS localization, including 

relaxation effects during inversion and excitation adiabatic pulses, and uniformity of spin 

excitation across the "in vivo" ^'P spectral range, were investigated using simulation. In 

order to reduce the chemical shift displacement error in ISIS, a new adiabatic pulse for 

spin inversion, has been designed and experimentally verified.

For PRESS, the performance of the selective 90°and 180° pulses was investigated 

experimentally and using simulations. The consequences of nonideal flip angles on Tj 

measurements based on two PRESS experiments were analyzed. Effects of amplitude 

and phase modulation of the ATP signal during the PRESS sequence were analyzed 

using product-operator formalism for an AMX system.

A tissue substitute material, with known metabolite concentrations and simulating the 

^'P spectrum obtained from neonatal brain, has been developed for testing quantitation 

accuracy. The manufacture, physical properties and chemical stability of a material has 

been presented.

The following calibration protocols have been experimentally verified: use of water as 

an internal concentration reference (ICR), and use of a standard phantom as an external 

concentration reference (ECR).

A modified ECR protocol using the tissue substitute material as a reference, has been 

suggested to deal with problems related to off-resonance effects. This protocol has been 

applied to "in vivo" ‘̂P studies of calf muscle and neonatal brain.

Results obtained in human calf muscle agree with previously published data.
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For data analysis the time domain techniques VARPRO, LPSVD, and HLSVD were 

considered and compared with minimization based curve fitting in the frequency 

domain. Concentrations obtained with VARPRO and curve fitting in the frequency 

domain show no significant differences provided was that all calibration measurement 

were analyzed with the same analysis technique.
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CHAPTER 1

INTRODUCTION
This thesis deals with the problems involved in spatially localized quantitation of 

phosphorous metabolite concentrations "in vivo" using magnetic resonance 

spectroscopy MRS). MRS is a technique providing metabolic information from 

tissue, with considerable potential for studying metabolite levels in living systems since 

measurements can be done entirely non-invasively, while conventional biochemical tests 

need invasive samples of biopsy tissue. ‘̂P nucleus is very important in applications of 

MRS to metabolic studies of living organisms, since Cu number of compounds of great 

biological significance contain one or more phosphate groups and being present in tissue 

in mM concentrations can be directly measured by ^̂ P MRS. Since the early studies of 

isolated cells [Moon 1973], ^̂ P MRS "in vivo" evolved into an important tool in medical 

investigation and diagnostics of various tissues including brain, skeletal muscle, liver, 

myocardium, kidneys. It has been applied in energetic studies of normal tissue and under 

different pathological conditions such as : tissue damage due to cerebral infarction or 

ischaemic insult, human tumours, and various metabolic disorders. Techniques have been 

developed, that allowed to obtain spectrum from the defined volume of interest and 

express metabolite levels in absolute values, (sef

In particular *̂P has been found as a valuable tool in studies of metabolites that are 

involved in energy metabolism in the brain tissue of newborn infants suspected of 

hypoxic-ischaemic injury. It has been shown [Azzopardi 1989b] that relative 

concentrations of phosphocreatine (PCr) to inorganic phosphate (Pi): [PCr]/[Pi], give an 

early evaluation of the severity of perinatal hypoxic-ischaemic injury with the prognosis 

for survival without serious multiple impairments. It has been also recognized that 

although clinically useful, [PCr]/[Pi] is often difficult to interpret especially when overall 

spectrum amplitude and metabolite concentrations are decreased [Cady 1989]. 

Measurement of absolute concentrations provides important information about extent of 

tissue damage. Ability to study localized changes in brain metabolism, should help to 

understand the processes following hypoxic-ischaemic insult. This is of great value for
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development and studies of brain protection methods. Also in studies of neonates, 

absolute concentrations can help to find the cause of cerebral injury that is distinguish 

between antenatal hypoxia-ischaemia from the birth asphyxia and therefore help in 

patient management.

The aims of the thesis.

This project was directly related to the," in vivo" clinical MRS studies of newborn

infants suspected of hypoxic-ischemic brain injury. The aims of the project were

described in three tasks. Firstly, investigate effects that acquisition/localization technique

can have on the signal and evaluate performance of localization techniques used for "in

vivo" studies, in order to improve accuracy in localization, eliminate/reduce unwanted

effects or introduce corrections needed for accurate metabolite quantitation. Secondly,

investigate accuracy of calibration protocols used for conversion between signal

amplitude/peak areas into molar equivalents. This aspect required a design of tissue-like

material with known metabolite concentrations whose spectrum closely resembled

those obtained from normal neonatal brain. Finally, the third task was to investigate

effects that signal processing and data analysis methods may have on quantitation 
to

results, in particular compare two commonly used approaches: curve fitting in the 

frequency domain and signal fitting in the time domain.

Organization of the thesis.

Chapter 2 explains basics of NMR theory, and spectroscopic methods, followed by 

presentation of ^̂ P MRS "in vivo" as a tool for metabolic studies of tissue.

Chapter 3 gives an overview of the clinical MR system in general and the details of the 

particular spectrometer used in this project.

Chapter 4 presents a brief overview of spatial localization techniques used in MRS. 

Those applied in the project: Point Resolved Spectroscopy (PRESS) and Image Selected 

In Vivo Spectroscopy (ISIS) are described in more details.

Chapter 5 gives review of calibration protocols used in MRS absolute quantitation 

followed by discussion of potential problems and errors.

Chapter 6 is dedicated to the investigation of ISIS spatial localization. Results of 

theoretical simulations and experimental quality assurance tests are presented here. 

Chapter 7 contains results from investigation of PRESS localization method using both
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theoretical analysis and experimental work.

Chapter 8 describes tissue substitute materials designed to simulate spectrum similar 

to the one obtained from normal neonatal brain. Manufacture, chemical stability and 

NMR properties are given here.

Chapter 9 contains results of investigation of accuracy in metabolite quantitation of 

different calibration protocols, performed using tissue-like phantom with known 

metabolite concentrations.

Chapter 10 presents results from "in vivo" studies of human calf muscle and normal 

neonatal brain, in which tissue-like phantom was used as the external concentration 

reference. This approach was suggested as modification of existing protocol, particularly 

suitable for use with coils characterized by inhomogeneous B, field such as surface 

coils.

Chapter 11 describes design and experimental verification of the new frequency
a

selective pulse that allows significantly reduced chemical shift displacement error in 

localized spectroscopy. This error is commonly known as a  source of systematic errors 

in methods where gradient based frequency selective pulses are used and it’s reduction 

is an important step in improving accuracy and selectivity in MRS spatial localization. 

Chapter 12 concentrates on data analysis methods; the first part contains the brief 

review of techniques used, the second part presents investigation of accuracy in signal 

amplitude estimation with time domain based techniques and comparison with the curve 

fitting in the frequency domain. This work was performed using both numerically 

simulated data and experimental signals obtained from the tissue-like phantom.

Finally chapter 13 summarises the results obtained and gives ideas for the future work.
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CHAPTER 2

Introduction to NMR Spectroscopy

2.1 The NMR phenomenon

Magnetic resonance can be observed in atomic nuclei that possess a non-zero spin and 

which consequently have an associated magnetic moment |i . The magnetic moment 

vector n is collinear and proportional to their nuclear spin angular momentum J. The 

scalar constant y relating 7  to p, is known as the nuclear magnetogyric ratio.

p-y7

The magnitude of 7  can only have the discrete values given by:

/ - V 7 ’(/+1)

Where I  is the nuclear spin quantum number which depends upon the internal structure 

of the nucleus, >i=h/27C, and h is the Planck’s constant. The orientations of 7  are also 

discretised in terms of 7̂  (the 7  component along the z-axis, often selected as the 

direction of the external, static magnetic field B@) given by:

(3)

where m, = -I, -7+7....... ,1-1, I  and is referred to as the spin quantum number.

Consequently, the quantization of nuclear spin angular momentum implies that the 

nuclear magnetic moment is also quantized. Similarly, the orientation of p, is limited to 

discrete values given by:

p -̂yh/My (4)

In the classical description of magnetic resonance, the potential energy of interaction 

between a magnetic moment and an external uniform magnetic field (orientated along
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the z direction) is given by:

^  — l^’̂ o  V A
m,= -1/2

1In the quantum mechanical description,

this expression corresponds to the A E =y h B, |  B,

potential energy described by the

Hamiltonian operator :

H -  (6)

Î
S —

m, = 1/2

Here, /  is the "z" component of the Figure I . Illustration of energy levels for spin
/= / /2.

quantum mechanical spin operator / ,

and / =  y/h, where j  is the operator corresponding to the spin angular momentum. The

eigenfunctions of the operator f j  are the wavefunctions for the nuclear spin and the 

corresponding eigenvalues are the allowed energy levels given as:

(7)

For protons /  = 1/2, and the spin quantum number can have only two values +1/2. From 

equation (4), the proton magnetic moment can be + yh/2 and there are two energy levels 

possible, as illustrated in Figure 1. The difference in energy between these two possible 

states is:

A£ -  (8)

When in thermal equilibrium with the surrounding environment, the relative populations 

of spins in the upper energy level («.) and in the lower energy level (%+) are given by 

the Boltzmann distribution:
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—  -  exp[-A£'/Â:7] -  exp[-yhB//:7] (9)

where k is the Boltzmann constant and T is the absolute spin temperature. If the total 

number of spins is N = /%+ + n_, the difference in populations in the upper and lower 

energy levels is:

n^-n_ -  Nimh{y^J2kT)^N{jhBJ2kT) (10)

where tanh(yhBo/2Â:7) is = 'ft\BJ2kT, since yhBg «  kT  at laboratory and body 

temperature for the Bq range currently used for "in vivo" NMR. The excess population 

in these conditions, although very small, gives rise to a net magnetization, obtained by 

summing individual magnetic moments over the entire population. For spins with 7=1/2, 

this equilibrium magnetization is:

Mg -  (H )

Generally for N  spins with quantum number /, Mq is given as :

M g-f'h^ B /^ /a+ iyStr (12)

In order to induce a transition from the low energy state to the high energy state 

electromagnetic radiation must be supplied which exactly matches the condition 

AE=yhBo, by applying a radio frequency (RF), electromagnetic field Bj with angular 

frequency co, given by:

co-yBq (13)

and which has quanted energy AE=>iCù, For a spin with 7=1/2, absorption of a single 

photon (or quanted energy) will induce a transition between adjacent energy levels, 

so the change in spin quantum number ùjnj=±l. These single quantum transitions are 

referred to as allowed transitions which results in the observed NMR signal. Since these 

magnetic dipole transitions are influenced only by the components of Bj that are 

orthogonal to the static magnetic field, B, has to have a component in the plane 

transverse to Ba.
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Laboratory Reference Frame

B

Aco/y

y
Rotating reference Frame

Figure 2. Laboratory (A) and rotating (B) reference frames.

2.2 Motion of the sample magnetization in the presence of an applied magnetic, 

external field.

Only the net magnetization vector M, (which in the quantum mechanical description, 

is the expectation value of the magnetic moment of the ensemble), can be observed and 

measured. It can be shown [Slichter 1963], that for an ensemble of non-interacting spins, 

the motion of the net magnetization vector obeys the classical equation of motion for 

a magnetic moment experiencing a torque due to an applied external magnetic field B:

dM
~ d f

MxyB (14)

This general result is valid also for time-dependent magnetic fields, providing that spins 

do not interact. For a static Bq field along the z axis, equation (14) represents a 

precession of M about at frequency co = -yBq which is known as the Larmor 

frequency.
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2.2.1 The laboratory and rotating frames of reference.

The motion of the net sample magnetization M in a RF electromagnetic field can be 

considered using two different reference frames. One is the laboratory (A) frame in 

which the B, vector rotates about the "z" axis at angular frequency co (see Figure 2) and 

the motion of M is described by equation (14) with B = Bq+Bj. The rotating frame of 

reference (B) rotates around Bq at frequency co with respect to the A frame (see 

Figure 2). In the rotating reference frame B, is static, and orientated along the x' ( or 

y') axis. In the rotating reference frame equation (14) changes into :

where Beff -  (15)
dt

Where î ,, iy,, î , are the basis vectors in the rotating frame. This means that the 

magnetization, in the rotating reference frame, behaves as if it experienced effectively 

a static magnetic field B,^, therefore it precesses on the surface of a cone of fixed angle 

about the direction of B^  ̂at angular frequency ')©eff This is illustrated in Figure 2 for 

the case near to resonance, i.e. co = cOq + Aco, Aco «  cOq in which the nuclear 

magnetization was initially orientated along the z axis, when the B, field was switched 

on. If the resonance condition is fulfilled exactly, co = cOq, B̂ ff = B, and the 

magnetization precesses around B,. If the R.F. excitation field is applied in the form of 

a short pulse the total angle 0, through which M precesses around B^ ,̂ is called the "flip 

angle". RF pulses are usually described by the change in flip angle they produce for on- 

resonance spins, for example saturating pulses 0=90°, or inverting pulses 0=180°. The 

excitation pulses create a component of magnetization My/, transverse to B@ (if B, is 

along x').

2.2.2 Relaxation processes and the Bloch equations.

Following the cessation of the B, field, spins return gradually to the thermal equilibrium
the

state i.e. the perturbed M@ comes back to its original equilibrium state along z axis. 

Relaxation processes are characterized by two time constants: Tj - the spin-lattice 

relaxation time; and T2 - the spin-spin (transverse) relaxation time. Both relaxation times
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can change in diseased tissue and knowledge of them can supply valuable information 

about tissue state, and also allow optimization of MRS experiments. Methods for 

measurement of relaxation times will be described in more detail in chapter 4.

2.2.2.1 Spin-lattice relaxation Tj.

Ti is referred to as the characteristic time for spin-lattice relaxation, i.e. the recovery 

of the z component of the perturbed Mg magnetization (z- is the direction of the Bg) and 

is described by:

^
dt

The processes contributing to T, relaxation, all result in the spin system losing energy 

which is transferred to the surrounding molecular environment. T, measured for water 

protons in biological systems, ranges from about 100 ms (for most tissues) up to a few 

seconds (eg. in cerebrospinal fluid) and there is a T, dependence on field strength.

2.2.2.2 Spin-spin relaxation Tj.

The exchange of energy with the surroundings also contribute to T2 relaxation. T2 is 

always shorter than Tj. However interactions between spins lead to the loss of phase 

coherence in the transverse plane with no net change in energy, and these influence T2 

relaxation only. Since there is no preferred orientation in the transverse plane, the 

equilibrium value of the Mg component, in this plane, (M^y) must be zero. The return 

to the equilibrium in the xy plane is described by:

(17)
dt Tj

Spin-spin relaxation involves processes that cause the inherent broadening of the 

resonance linewidths. There are many different mechanisms that can contribute to the 

spin-spin relaxation including : effect of locally fluctuating magnetic fields (which are 

generated by the movement, in the near vicinity, of other nuclei and orbital electrons



35

with magnetic moments); dipole-dipole interactions, chemical shift anisotropy (with the 

consequence that the linewidth increases proportionally to Bq )̂, electric quadrupalc 

interactions, and the presence of paramagnetic atoms, Tj depends on mobility of spins, 

large molecules presence (a large molecule restricts movement of other molecules and 

hence frequency components of locally fluctuating magnetic fields to low values, where 

Tj relaxation dominates , so T, is increased and T2 decreased), temperature (theoretical 

analysis assuming random molecular motion, predicts three temperature regimes: high 

temperature - both and T2 increase with increasing temperature, intermediate - Tj 

decreases and T2 increases with temperature, and low temperature regime - T; decreases 

and T2 is independent on temperature); resonance frequency (less frequency-dependent 

then T,). In practise the FID decay-time constant T2* is observed. This is shorter than 

T2, due to dephasing caused by Bq inhomogeneity and susceptibility variations within 

the tissue sample.

2.2.2.3 The Bloch equations.

The motion of the net magnetization is described by the Bloch equations. These can be 

derived using the classical equation of motion of a magnetic moment (equation (14) and 

the definition of the vector product. Combination of the equation of motion with the 

expressions for relaxation effects gives the complete Bloch equations. For example in 

the laboratory reference frame and for RF field: B, where Bj^=B, sincot, and B,y=Bi 

coscot (CO is the frequency of B,), these equations are:

dM M
-  Y[MB,coscor- M B J  -  y i  (18)

M
-  Y[MB„+A/S,sin(Df] -  (19)
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dhi M “A/
 i -  -y[A/5,sinû)/+M5 COSCÛ/]- —i— - (20)

dt ' ' • ' Tj

2.2.2.4 The NMR signal

After Bj is switched off, there will be a transverse component of magnetization at rest 

in the rotating frame, and via relaxation effects, this will decay exponentially. In the 

laboratory frame, the transverse magnetization will continue to precess thereby inducing 

electromotive force (EMF) in the receiver coil (an RF circuit tuned to the required 

resonance frequency, matched to the spectrometer impedance). EMF is called the free
tw

induction decay (FID) and is digitized, displayed and stored by spectrometer.

The EMF induced in the coil by the nuclear magnetization can be derived using the 

principle of reciprocity [Hoult 1976]. It can be shown that the electromotive force 

induced by a magnetic dipole m, rotating about z-axis and placed near to the coil 

(within the coil’s sensitive volume) is:

EMF -  -^(fij.m ) (21)
ot

where B, is the field at the point where m is located, that would be produced by unit 

current flowing in the coil. Therefore for a sample volume V̂ , which has been subjected 

to the 90° pulse, the EMF is given by:

EMF -  (22)

Where Mg, is given by equation ( 12) with N being the number of spins per unit volume. 

Generally for RF pulse with the flip angle a  and assuming homogenous B,, the above 

integral gives:

£MF-co„(B,)^,AfoSin(a)Vcos(cO(,/)

It follows from equations (12) and (23) that the EMF induced in a coil is proportional 

to the square of the Larmor frequency; EMF o)ĝ . However for an NMR experiment 

not only is the signal amplitude important but also the level of noise present and the
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consequent signal-to-noise ratio (S/N). The main sources of noise are thermal noise in

the coil and sample and external RF interference, some noise also originates in the
tw

receiver. The second source can be eliminated by enclosing NMR system inside a copper 

earthed cage (a Faraday shield). The coil resistance is a source of thermal noise and 

therefore analysis of coil resistance is essential for S/N consideration; coil resistance is 

also the main factor that leads to uncertainty in theoretical calculations. A full 

description of S/N with analysis of thermal noise in the coil is given by Hoult [1976] 

accounting for: "skin effects" ( at the frequencies used in NMR, the current flows in 

a skin on the surface of the conductor) ; "proximity effects" ( if there are many' 

conductors in close proximity, one conductor influences the distribution of the current 

in another); coil and sample temperature; and the preamplifier noise. This analysis 

showed that S/N had a strong dependence on sample volume, the number of scans, and 

that the frequency dependence is to the power of 7/4 ( S/N «= (Oô '̂*).The signal induced 

in the coil is amplified, detected, and filtered (bandpass) before digitization. The 

minimum sampling rate (At) is related to the maximum frequency (known as Nyquist 

frequency) that can be detected without aliasing and defines the spectral width SW:

SW -  J — (24)
2At

If there is a resonance in the spectrum, for which the Nyquist theorem is not obeyed i.e. 

outside the spectral width, this line will be aliased or folded back and will appear at an 

incorrect chemical shift.

2.3 NMR spectroscopy.

2.3.1 Chemical shift

Due to electrons in the molecule containing the nucleus, the external field Bq is slightly 

perturbed so the spins experience a modified local field 3,^ .̂

-  So(l-«^) (25)
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where a  is called the screening constant. The degree of screening depends on the local 

electronic environment and can be due to several effects including diamagnetic shielding 

( produced by electrons close to the nucleus, and depends on the external field strength 

and according to the Lentz’s law "acts" against the main field), paramagnetic shielding 

( related to electronic motion hindered by the electric field of other nuclei present in the 

molecule), anisotropy effects (related to local magnetic field changes generated by 

anisotropic groups in molecule), electric field effects (this is related to presence of 

strongly polar group in a molecule influencing molecular electrons), unpaired electron 

shifts( related to the effects caused by a interaction between large magnetic moment of 

an unpaired electron and that of that of the nucleus) and solvent effects ( caused by 

solvent properties such as magnetic anisotropy, polarity, or any specific interactions 

between solvent and solute). The relative contribution of these effects varies between 

nuclei. The consequence of screening, is that nuclei in different molecules and, even in 

different parts of the same molecule resonate at different frequencies. This is known as 

a chemical shift. The relative resonance frequencies, or chemical shifts are measured 

with respect to a reference compound and in order to avoid a dependence of chemical 

shift values on the magnetic field Bq, they are given as a ratio of the difference between 

resonance concerned and the reference, to the reference co„f. These values are multiplied 

by 10  ̂ and given in parts per million (ppm):

ppm (26)

2.3.2 J-coupling.

The structure of a NMR spectrum is also affected by interaction between spins, known 

as scalar J coupling which can occur between nuclei of the same isotope (homonuclear 

coupling) or between nuclei of different elements (heteronuclear coupling). In the 

simplest cases (known as first-order spectra) J-coupling leads to a splitting of the 

resonances due to each nucleus, and results in a multiplet structure. This splitting results
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from an interaction between nuclear spins which is transmitted via electrons in the 

molecular bonds. The magnitude of spin-spin coupling is determined by a spin-spin 

coupling constant J which is equal to the separation (in Hz) of the multiplet components 

and depends on the chemical environment, but not on Bq, and which is of great use in 

structure determination of molecular structure. First order spectra are those in which the 

frequency difference between the resonances of the coupling nuclei is much bigger than 

the J constant. If the frequency difference is less, the second order spectra are generated 

which are a lot more complicated. An accepted nomenclature for coupling spin systems 

uses adjacent letters assigned to the systems producing second order spectra (such as 

AB), while letters that are well separated are used for spins generating first order spectra 

(such as AX). Adenosine triphosphate (ATP) multiplets are a first order spectrum from 

a homonuclear AMX system with the following assumptions: J^x =Jmx ~ J and J^m = 

0 where A = y-ATP, M = a-ATP and X = p-ATP. The response of this system to 

PRESS localization technique will be discussed in chapter 8.

2.3.3 Basic sequences.

The early methods for detection of NMR signals relied on the absorption of RF by the 

spin system using swept R.F. transmission. This method for signal measurement is called 

a continuous wave (CW) experiment. [Ernst 1966] demonstrated that in comparison with 

the CW technique, it was more efficient to excite all spins simultaneously by applying 

a sequence of short, intense RF pulses: the pulsed Fourier transform (FT) NMR 

technique (nowadays all state-of-the art NMR instruments operate on this principle). In 

pulsed FT NMR, signal is not observed during the intense RF pulses. The observed FED 

signal is a sum of responses from all the discrete resonances, many attributable to 

particular metabolites.
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2.3.3.1 Pulse Acquire Sequence

The simplest pulsed FT experiment subjects a spin system to a brief pulse of constant 

amplitude (referred to as a rectangular pulse) of duration Tp. Usually Tp is short 

compared to both T; and Tj, so relaxation during the pulse is negligible. For such a 

pulse the flip angle is given by:

8 -  (27)

Due to the intrinsic insensitivity of NMR, the low natural abundance of some isotopes 

and the relatively low concentrations of most tissue metabolites, the summation of many 

FEDs is required in order to get adequate S/N. A sequence of N pulses each repeated at 

interval T̂  (repetition time) is applied and detected FTDs are added together. The signal 

oc N and the noise «: / N  [Me Veigh 1985]), hence S/N «c V"N. Data acquisition must 

only commence when there is a steady-state condition i.e. at least 5 dummy pulses are 

applied beforehand so that the magnetization Just before the first acquisition pulse is 

essentially the same as for all subsequent pulses. If complete dephasing of transverse 

magnetization between pulses is assumed, then the steady-state transverse magnetization 

(MJ is given by:

 ̂ ( 1 -cos0e x p (-r /r ,))
For T̂  longer than 5 T,, magnetization is fully recovered to its

equilibrium state before the next pulse is applied and, maximum signal per scan is 

obtained.

2.3.3.2 Inversion recovery, saturation recovery and spin echo

The inversion recovery (IR), saturation recovery (SR) and spin echo (SE) sequences are 

three basic pulse sequences very often used in MRS (and MRI). IR and SR are the main 

methods for measurement of longitudinal relaxation time T,, while SE is used mainly 

to observe resonances with long T2 and to measure the Tj relaxation times. The IR 

sequence can be described as: (180° - T - 90° - Acq - Tr)„, where Acq represents the
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time during which the free-induction decay is digitized and n is the number of 

accumulations that are made for each value of x.

The SR sequence, can be written as (P - x -90°- Acq )„, where P is a saturating

sequence- for example a series of closely spaced 90° pulses (the system is saturated 

when the populations of the ground and excited states become equal).

The SE sequence consists of (90° -x -180° -x)„. In a spin echo experiment (assuming that

molecular diffusion is negligible), the echo amplitude is reduced due to T2 relaxation as 

follows:

A(x)-A(0)exp(-ii) (29)

In spin-spin coupling systems, SE signals are also affected by amplitude and phase 

modulation. The response of J-coupled systems to SE sequence will be discussed in 

chapter 8 (with special attention to the ATP phosphorous resonances).

2.3.4 Information content of the NMR spectrum.

For biomedical applications, a very important aspect of MRS is that it provides a non- 

invasive tool for "in vivo " metabolic studies of tissues, that are normally inaccessible 

to biopsy techniques (for example the brains of the newborn babies).

The NMR spectrum is a source of the following valuable information:

-relative and absolute metabolite concentrations can be estimated;

-factors that affect resonance chemical shift can be monitored: intracellular pH, tissue 

temperature, concentrations of metal ions such as Mĝ "̂ ;

-unknown metabolites in the tissue can be identified;

-information about molecular structure and molecular environment can be obtained; 

however ascertaining molecular structure high resolution studies are usually applied.



42

0.9 -

0.8

0.6  -

0.4 -

0.2

1 - PME 
2 -Pi
3 - PDE region 
4 -PCr
5 - y-ATP + pADP
6 - a-A TP + NAD/NADH 

+ a -A D P
7 - p-ATP
8 - very broad 
"hump" (from the immobile 
phosphate in bones 
and membranes.)

- 0.1
50.0 0.0 -10.0 -20.0 -30.040.0 30.0 20.0 10.0

ppm
Figure 3. Example of^‘P spectrum obtained from normal neonatal brain (9 cm suiface- 
coil, Bq-  2.4 T).

2.4 P MRS Phosphorous spectroscopy

The *̂P nucleus is very important in applications of MRS to metabolic studies of living 

organisms. This is due to the fact that a number of compounds of great biological 

significance contain one or more phosphate groups and are present in biological tissues 

in millimolar concentrations, so they can be directly measured by ^̂ P MRS. As an 

example a ‘̂P spectrum obtained from a normal neonatal brain is shown in Figure 3. The 

resonance lines are assigned to different metabolites present in brain tissue as follows: 

1) PME- phosphomonoesters largely consisting of phosphorylcholine and 

phosphorylethanolamine; 2) Pi- intracellular inorganic phosphate ; 3) PDE- the 

phosphodiesters region seen as a broad resonance due mostly to cross-linked PDEs, and 

phospholopid constituents: glycerylphosphorylcholine (GPC) and 

glycerylphosphorylethanolamine (GPE); 4) PCr - the high-energy reservoir compound
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phosphocreatine; 5) y-ATP - adenosine triphosphate (high energy compound) resonating 

with adenosine diphosphate g-ADP ; 6) a-ATP resonating with a-ADP and also not 

always resolved from nicotinamide adenine dinucleotides (NAD/NADH); 7) P-ATP; and 

8) a very broad "hump" from the immobile phosphate in bones and cellular membranes 

including myelin. There are a few experimental aspects that need to be considered in ‘̂P 

MRS. Ti can be rather long, and vary for different metabolites and tissue types, and are 

magnetic field strength dependent (for example T̂  values for metabolites PCr, Pi, y-ATP, 

a-ATP, and P-ATP in human muscle range from- 3.9 s to -6.7 s at 1.5T [Buchtal 1989, 

Thomsen 1989,Roth 1989] and from 0.4 s to 0.7 s (except PCr which is not present in 

detectable quantities) in human liver at the same field strength [Buchtal 1989]. ^̂ P ATP 

T2S are relatively short ( -  60 to 80 ms) [Jung 1992, 1993], therefore pulse sequences 

with a long period with non-zero transverse magnetization for a long period (for 

example SE with a long echo time) is less useful for phosphor-~us than proton 

spectroscopy.

‘̂P MRS provides information mainly about high-energy phosphate metabolism, 

phospholipid metabolism, intracellular pH, and metabolite concentrations. Intracellular 

pH can be determined from the chemical shift of Pi (usually measured relative to PCr 

whose chemical shift is independent of pH and metal ion concentration, within 

ivvf physiological range. pH can also be measured from the chemical shifts of the ATP 

resonances (provided that [Mg^ ]̂ is accounted for) and from PEt chemical shift. Since 

magnesium binds to ATP, the free magnesium Mg^  ̂concentration and degree of binding 

can also be derived from the chemical shifts of the ATP peaks if pH is known.

‘̂P MRS has been applied in numerous studies of energy metabolism under different 

physiological conditions in various type of tissue including brain, skeletal muscle, liver, 

kidney,and myocardium. In particular ^̂ P MRS is an important tool in studies of the 

brain damage following birth asphyxia [Cady 1983, Hamilton 1986, Hope 1984].
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2.4.1 Advanced "in vivo" F methods.

The motivation for using special spectroscopy editing techniques is to obtain specific 

information about relation between compounds, or to improve spectral resolution and 

S/N, or to suppress unwanted signals or phase modulation due to spin coupling. Several 

spectral editing techniques have been applied for "in vivo" spectroscopy including i) 

magnetization transfer, ii) Tj weighting, iii) selective irradiation, iv) broadband proton 

decoupling, and v )  ‘H Correlated Spectroscopy. Magnetization transfer experiments 

have been used to measure reaction rate constants and fluxes through enzymatic 

pathways such as the creatine kinase reaction, eg. in skeletal muscles, brain, and heart 

in rats [Bittl 1987, Morris 1985, Ugurbil 1986]. In recent years magnetization transfer 

has been applied for studies of myocardium in humans [Bottomley 1990]. The large 

differences in T2 values found in metabolites ( ~ 3 ms for cross-linked PDEs and 

-200 ms for PCr [Jung 1993]) allow the attenuation of broad components with short TjS 

using spin echo sequences with short echo time.

During last few years, broadband proton decoupling using a sequence for broadband 

decoupling: WALTZ [Shaka 1983] has been applied to ‘̂P MRS (of humans and in 

animal models) in order to improve spectral resolution [Luyten 1989]. Resonances 

normally unresolved such as GPC and GPE or ADP and y-ATP can be observed as 

separate resonances [Merboltd 1990]. However sensitivity improvement due to the 

Nuclear Overhauser effect (NOE) (resulting from irradiation of proton spins during ‘̂P 

acquisition) introduces a complication for absolute quantitation and measurements of 

relaxation times and these problems are under investigation [Kolem 1990, Hurd 1995, 

van Sluis 1995]. Selective irradiation studies have included application of̂  ( Delays 

Alternating with |\Aitations for Tailored Excitation -DANTE) pulse train [Morris 1978] to 

suppress the broad hump in brain spectra, and also use of binomial pulses for 

elimination of J-coupling from ATP spectra in order to measure T2 of ATP resonances 

[Jung 1992] ( see § 5.8.3.1). Finally, ^H- ‘̂P correlated spectroscopy has proved an 

effective tool for the analysis of the phosphomono- and diester regions wlvreresonances 

are not well resolved.1here are recent reports on it’s applications in animal model studies 

[Yushamanov 1995].
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CHAPTER 3

Overview of a clinical MR system
This chapter presents a general overview of the clinical MR spectrometer. The major 

components of the MR system, are shown in Figure 4.

In this project two systems were used: a Bruker Biospec 24/40 and a Bruker Biospec 

70/20.
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Figure 4. Diagram o f the clinical MR system.
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3.1 The Super-Conducting Magnets.

The magnet is a fundamental unit in MR system because it generates the strong static 

magnetic field; liquid-helium cooled superconducting magnets are used in clinical 

spectroscopy systems. These can produce strong fields (>1. 5 T), that are homogeneous 

over the large volumes, required for "in vivo" studies. For "in vivo" applications, a 

homogeneity of at least 1 part in 10  ̂is necessary to produce a spectrum with acceptable 

resolution. The Bruker machines: operate at 2.4 T (24/40; giving a resonance frequency 

of 40.59 MHz for and 1(X).3 MHz for *H ) and at 7.0 T (70/20; giving a resonance 

frequency 121.6 MHz for and 300.5 MHz for ^H).

3.2 Shim coils

Due to design limitation it is almost impossible to create a magnet producing a 

perfectly homogeneous field. In order to correct for any inhomogeneities, so called shim 

coils, inserted in the magnet bore, are used. The Bruker machines have super conducting 

shims (set up by an engineer at installation) as well as operator- controlled resistive 

(room temperature) shims consisting of 15 shim coils with manual fine and coarse 

adjustments. The current passing through these is adjusted to make the total magnetic 

field as homogenous as possible within the sample. The shim system requires a power 

supply which is separate from the other power supplies within the system.

3.3 Gradient coils

The gradient coils are used to produce magnetic fields that vary linearly across the 

sample and are required for spatial localization of signal in imaging and localized 

spectroscopy. Power is supplied to the gradient coils by special gradient amplifiers, the 

inputs to which are controlled by the gradient controller. In the 24/40 system three 

orthogonal gradients G ,̂ Gy, Ĝ  are used, with origin at the centre (the isocentre) of the 

main magnetic field Bq. The maximum gradient values in the 24/40 system are: + 0.23 

mT/cm (10 kHz/cm) for *H, in practical applications the maximum usable gradient is
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often limited for example to 80 % of the maximum possible gradient. The gradients are 

switched on and off very rapidly (for example for localized MRS sequences in the 24/40 

system, within 500 ps). Eddy currents induced in the magnet by gradient switching, can 

result in variations in the static magnetic field which depend on the position in the 

magnet and which decay over a finite period of time. Hence, if the eddy currents have 

not decayed before data acquisition spectral peaks are considerably broadened and 

distorted. One way to reduce these effects is to use a technique called pre-emphasis 

which shapes the input gradient waveform in order to compensate for eddy currents. 

However this is only partially effective in localized spectroscopy, especially when 

sequences with short echo times are applied or the VOI is positioned off the magnet 

centre. Eddy current effects can be effectively reduced with a shielded gradient coil 

system, in which the field is modified so the coupling with the cryostat is minimized.

3.4 The RF transmitter.

In FT-NMR, energy is transmitted into the sample in the form of pulses of RF field 

(B,) produced by a current passing through an RF-tuned transmitting coil. In order to 

obtain a signal, the RF irradiation should be at the resonance frequency of the nucleus 

of interest and in many circumstances should have a bandwidth adequate to excite the 

entire spectrum. From the frequency generator (RF synthesizer), RF is fed to the 

transmitter, whose function is to modulate the signal, perform RF switching (or gating), 

and to amplify, and then send the excitation signal to the transmitter coil.

3.4.1 Frequency source.

The spectrometer frequency source (also called local oscillators) is needed to 

generate operating frequency for the transmitter, and for the phase sensitive detectors. 

Digitally-controlled synthesizers (such as quartz oscillators) are usually used for this 

purpose.
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3.4.2 Gating, modulation, and power amplification.

For spectrometers operating in the pulse FT NMR, it is necessary to gate the RF 

source for two purposes: i) for generating the pulses required to excite the spin system, 

and ii) to isolate both the spin system and the receiver from the transmitter RF, when 

they are in state OFF. The modulator adjust phase and amplitude of the transmitter 

pulse, according to the requirements of the type of RF pulse to be generated. Overall 

phase of the transmitter and phase of the receiver can also be controlled. For "in vivo" 

MRS/MRI, substantial peak power is required (typical several kilowatts) [Morris 1986], 

on the other hand modulated RF signal typically has a peak amplitude of about IV (10 

mW), hence amplification is necessary and is usually achieved in several stages.

3.4.3 RF coils

RF coils are a crucial element of NMR systems. Their purpose is to transmit the RF 

pulses into the sample and also receive the NMR signal from the sample. Most often 

one coil is used to perform these dual functions. Sometimes two separate coils are used: 

one large transmitter and a smaller one as a receiver. Several designs exists including 

: surface coils [Ackerman 1980], and various volume coils such as: the Helmholtz coil 

[ Luyten 1989], the quadrature birdcage coil [Bottomley 1988, 1989], the headphone coil 

[ Roth 1989], and the slotted-tube resonator [Alderman 1979]. The most simple are the 

surface coils and these are often chosen for clinical application due to their high S/N and 

low power requirements. The main disadvantages of surface coils are the very 

inhomogeneous B, field and the necessity to position the coil close to the organ of 

interest: the former problem however, in some applications can be overcome by using 

B, insensitive excitation pulses. Volume coils provide better B  ̂ homogeneity. For 

accuracy of absolute quantitation it is important that the coil is designed so that the 

effects of sample loading are minimized. Several methods have been proposed including 

balanced matching [Roth 1989, Murphy-Boesch 1983], and inductive coupling and series 

tuning [Decorps 1985]. In this project, different types of coils were used including 

double-tuned (^'P and *H ) 9 cm in diameter surface coil and 15 cm in diameter
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Helmholtz, and volume birdcage coil ( tuned only for ^H) were used in the 2.4 T. For 

experiments in 7T system, inductively coupled, 2.6 cm in diameter, surface coil was 

used.

3.5 The RF receiver

3.5.1 Preamplifiers

The NMR signal from the receiver coil is amplified in low noise fast recovery

preamplifiers before being sent to the dual channel main receiver.

3.5.2 Main receiver

The function of the receiver is to further amplify the signal from the preamplifier and 

change the frequency from RF to audio frequency (AF). This change is performed by 

mixing the NMR signal with a reference signal from the frequency generator, to give 

a signal at a frequency equal to the difference between the frequency of the reference 

and the signal. The required subtraction of frequencies is performed by the use of a so 

called phase-sensitive detector. In order to recognize the sign of this resultant frequency, 

the quadrature detection technique [Hoult 1976] is applied which uses a pair of phase- 

sensitive detectors.

3.5.3 Analog to digital converters (ADC)

In order to measure the amplitude of the NMR signal as a function of time and input 

this information to the computer, an analog-to digital converter (ADC) is used. The 

ADC included in the Biospec system, the dual channel for quadrature detection with a 

dwell time of 4 ps to 4096 jis in 1 |is steps under software control and a standard

resolution of 16 bits (14, 12, 10, 8, or 6 bits under software control).
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3.6 Spectrometer control and data processing - Aspect 3000 computer

A computer system suitable for MRS has to perform many functions. The Aspect-3000,

a 24-bit mini-computer is the central computer for the Biospec system. The observe and

decoupling frequencies, the system process controller, most spectrometer adjustments

and the entire data acquisition process are all under computer control. The total memory

size is 1280 kwords. The computer-controlled system process controller produces pulse

programs. It allows users to implement their own pulse sequences. There is a waveform

generator which enables the creation of any arbitrary pulse shape. Different pulse shapes

can be created by multiplication of shape and amplitude functions, both defined by

software. RF pulse generators allow 4k memory for amplitude specification and 4k

memory for phase specification. The hard disk for operating the Biospec system is an

NEC 160 Mbyte Winchester disk. 0.48 kbyte floppy disk units are also available for

loading the operating system. Data can be stored and backed-up on magnetic tapes
t o

(7000k words capacity) and via the Sun network can be send Sun computers and to 

optical discs (1Gbyte).

3.6.1 Off-line data analysis

All off-line data processing was performed on SUN 4 computers working under the 

Unix system. Data were transferred from the spectrometer via ethemet using Bruker 

software (Brulinet.3000).
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CHAPTER 4

Localization methods in MRS
The aim of this chapter is to give a brief overview of spatial localization techniques used 

in MRS. Techniques used in this project: ISIS and PRESS, and conventional surface coil 

will be described in more details.

There are two main approaches to spatial localization of NMR signals: single voxel 

localization, when only a single selected region is of interest; and spectroscopic imaging 

(MRSI), when the signal from the whole field of view is detected and map (images) of 

metabolite properties are created. Up till now numerous single voxel localization 

methods have been proposed for and ’H MRS. For various reasons including: high 

RF power transmitted into the subject, reproducibility, sensitivity to patient movement, 

signal-to-noise obtainable, and time required for acquisition, not all of them have found 

application in "in vivo" studies.

In ^'P MRS due to the fact that some metabolite Tj relaxation times are smaller than 

those often measured in ‘H MRS, localization techniques with minimal Tj losses are 

preferable, the most popular being image-selected in vivo spectroscopy (ISIS) [Ordidge 

1986] and pulse-acquire surface coil spectroscopy [Ackerman 1980]. Successful 

applications in ‘̂P MRS have also been reported for the following methods: topical 

magnetic resonance (TMR) [Gordon 1980], rotating frame depth selection [Styles 1979], 

depth-resolved surface-coil spectroscopy (DRESS)[Bottomley 1984a], and slice- 

interleaved depth-resolved surface-coil spectroscopy (SLIT-DRESS) [Bottomley 1985]. 

Spin-echo based techniques: point-resolved spectroscopy (PRESS) [Bottomley 1984b] 

and stimulated echo acquisition mode STEAM [Granot 1986b, Frahm 1987], have been 

used although they require very short echo times TE (=15 ms) in order to be used in ^̂ P 

MRS. Methods of spectroscopic imaging have been also applied into ^'P MRS "in vivo" 

including rotating frame imaging [Styles 1987]; and MRSI methods based on single 

pulse sequence [Brown 1982], or with spin-echo acquisition [Maudsley 1990].



54

4.1 Overview of localization methods:

4.1.1 Methods exploiting inhomogeneities of and fields

The early localization methods were based on the use of Bg and B̂  field 

inhomogeneities. The first approach, known as topical magnetic resonance (TMR), was 

based on Eg field profiling [Gordon 1980] in combination with surface coils. This 

technique could only give a crude localization with poor definition of the selected 

volume of interest (VOI). In the case of localization via B, inhomogeneity surface-coils 

were used and spatial localization was defined by their’s sensitive volumes [Ackerman 

1980].

The development of "depth pulses" improved the definition of sensitive volume by 

restricting the excitation over a narrower range of B, than possible with a simple pulse 

acquire technique [Kuan 1988, Bendall 1985a, Bendall 1985b, Pope 1988]. By utilizing 

the Bj inhomogeneity of the surface coil and using a spin-echo sequence in which the 

refocusing pulse is phase-cycled through 360° at 90° intervals on each successive 4 

scans and FID alternatively added or subtracted,it is arranged that the final signal 

originates from the region where the excitation pulse is close to 90°.

It has been also proposed that depth resolution can be obtained with rotating frame 

techniques, in which spatial localization is encoded by using the variation of flip angle 

with position, produced by surface-coil B, gradients [ Hoult 1979, Styles 1985, 

Blackledge 1987].

4.1.2 Localization methods based on selective excitation

The principle of selective excitation, as used in MRI may also be applied for spatial

localization of the VOI. In these techniques the frequency selective R.F. pulses are
CL

applied in the presence of magnetic field gradients, resulting in excitation of tissue slice. 

The size of the VOI can be modified by changing the gradient strengths, and the 

position of the VOI controlled by the frequency of the selective R.F. pulses. The
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advantage of these, methods is that the size and position of the selected volume can be 

directly related to a MR image.

A large number of methods based on selective excitation have been proposed. They can 

be divided into three groups: 1) localization based on direct excitation of the spins inside 

the VOI 2) localization by destruction of the magnetization in the region outside the 

VOI, 3) localization by adding or subtracting signal from selectively excited planes in 

order to preserve signal from VOI and eliminate signal from outside VOL

Localization methods based on direct excitation of spins inside the VOI:

The first group includes methods such as: DRESS, SLIT- DRESS, STEAM, and 

PRESS. DRESS [Bottomley 1984a], the earliest of these techniques, uses a selective 

excitation pulse in the presence of a pulsed magnetic field gradient perpendicular to the 

surface coil to limit excitation to a slice parallel to the plane of the coil. The 

spectroscopic information is obtained only from the tissue slice of predetermined depth 

and thickness, parallel to the plane of the coil, and within the slice the spatial sensitivity 

is defined by the B, inhomogeneity of the surface-coil. This technique can be extended 

to the slice interleaved DRESS (SLIT-DRESS) [Bottomley 1985] for acquisition of 

spectra from multiple slices in the same total acquisition time as a single DRESS 

acquisition. This is achieved by sequentially changing the RF frequency of selective 

pulses (thereby exciting different slabs of tissue, avoiding excitation of adjacent ones 

immediately after each other to prevent saturation) within one normal DRESS pulse- 

repetition-time. DRESS has been used for a wide range of vivo studies on both animals 

and humans, including spectra of brain, and heart [Bottomley 1985, 1987a].

Point resolved spectroscopy (PRESS) [Bottomley 1984b, Ordidge 1985a] and stimulated 

echo mode (STEAM) [Granot 1986b, Kimmich 1987, Frahm 1987] are two methods 

used to directly excite the spins inside the VOL These single-shot techniques are based 

on similar principles: PRESS uses a spin-echo sequence extended by an additional 

refocussing pulse ( 90°, 180°, T,+ %2, 180°, Tj. Acquire); STEAM uses stimulated

echoes :( 90°, x , 90°, TM, 90°, x. Acquire), where TM is a time interval between the 

second and third pulse. Both techniques will be described in more detail in § ^.4.
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Localization methods based on adding or subtracting signals from selectively excited 

planes.

Image selected "in vivo" spectroscopy (ISIS), which has become one of the most 

successful techniquesto achieve spatial localization in MRS, is such a technique and 

will be described in more detail in § 4.3.

Localization methods based on destruction of net magnetization in the regions outside 

VOI.

These methods are based on application of a combination of selective and non selective

pulses together with gradients in order to dephase all magnetization except spins within

the selected slices. In the first of such techniques, volume selective excitation (VSE)
SclCcÆioyi

[Aue 1984], one-dimensional was achieved by applying a pulse sandwich composite 

pulse consisting of 45° selective, 90° non-selective, and 45° selective pulses, all rotating 

the magnetization about the same axis in the presence of a gradient. This inverts z- 

magnetisation in the selected plane orthogonal to the direction of the gradient and 

produces transverse magnetization elsewhere. After three such steps, with mutually 

orthogonal magnetic field gradients, the volume element common to the three orthogonal 

planes contains negative z-magnetisation, while transverse magnetization has been 

dephased by applied gradients. Z-magnetization is then observed with a normal 

nonselective pulse. Several other methods have been developed by modification of VSE 

in order to decrease the required power, improve localization and correct for off- 

resonance effects. These include spatially resolved spectroscopy (SPARS) [Luyten 1986], 

spatial and chemical shift encoded excitation (SPACE) [Dodrell 1986a], and symmetric 

pulses for spatially resolved spectroscopy (SPALL) [Von Kienlin 1988]. Other methods 

use amplitude-modulated pulses in the presence of gradients to saturate the outer 

volume: discrete isolation from gradient-governed elimination of resonances (DIGGER) 

[Doddrell 1986b], fast-rotating gradient spectroscopy FROGS [Sauter 1987], LOCUS 

[Haase 1986a], GRISSLE [ Brooks 1987], SWIFT [Hsu 1987], ROISTER [de Crespiny

1989] and Noise Pulses [Ordidge 1988]. The main advantage of these techniques is that 

the VOI does not experience any preparation pulses, and therefore relaxation or other 

losses are eliminated. However suppression methods must use wider bandwiths and very
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high RF power is required. The Noise Pulse uses a randomization approach; and requires 

less RF power and less gradient strength. It was shown [Connelly 1988] that the 

application of such noise pulses to surface-coil ISIS (called then OSIRIS) reduced 

addition/subtraction errors (particularly for VOIs much smaller than the total sample 

volume) and improved the signal to noise ratio.

Multi-Volume Spectroscopy.

The use of frequency-selective pulses with multiple inversion or excitation frequency

band widths gives rise to another class of multi-volume techniques. These enable

simultaneous measurement of localized spectra from multiple volumes without a
^  lP6 nni^imi2ecl

reduction of S/N and allow patient examination time, when more than one

VOI has to be studied. Multi-volume excitation has been applied for example with 

STEAM and ISIS [Ordidge 1988, Luyten 1989a, Hafner 1990, Muller 1988, 1989].

4.1.3 Spectroscopic Imaging

Spectroscopic Imaging (MRSI) methods are a separate group of localization techniques. 

As already mentioned, MRSI methods differ from single-voxel techniques in that, they 

allow acquisition of spectra simultaneously from VOIs covering a complete slice of 

tissue, enabling the display of maps of properties of individual metabolites. The most 

popular method is Fourier MRSI (FSI) [Kumar 1975], however the other approaches 

have been also suggested including Hadamard MRSI (HSI) [Bolinger 1988], [Goelman

1990] and Rotating Frame MRSI [Hoult 1979, Cox 1980, Styles 1985].

The original description of Fourier imaging [Kumar 1975], proposed encoding 

information about the spatial distribution of the spins in the phase of the NMR signal: 

this was achieved by application of phase-encoding magnetic-field gradients with their 

duration incremented from scan to scan. Current MRSI techniques apply a pulsed phase- 

encoding gradient in each orthogonal direction prior to data acquisition: the amplitude 

of the gradient is incremented for each scan. There is no gradient during data acquisition 

in order to preserve spectroscopic information. The localized spectra are obtained after 

multidimensional Fourier transformation: if the signal is phase-encoded in N spatial
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dimensions then a (N+l)-dimensionaI Fourier transform is required to produce the 

spectroscopic image. Fourier-based methods are also described using k-space 

representation [Ljunggren 1983]. MRSI can be based on a single pulse sequence [Brown 

1982] or a spin echo sequence [Maudsley 1983, Bottomley 1988, Cox 1988]. [Maudsey

1990] proposed MRSI using spin-echo acquisition. There have been many application 

of this technique to "in vivo" studies: spatial distributions of ATP, PCr, Pi, PME total 

Pi, and pH have been obtained.

Apart from many advantages MRSI, clinical applications have several problems, the 

main being: long acquisition time, poor Bq homogeneity over the large volumes studied, 

errors in spatial localization due to patient movement and decreased localization and 

increased signal contamination caused by limited sampling (Gibbs ringing). In particular 

contamination from water and lipid signals is a problem in *H MRSI. Furthermore there 

is an overall signal loss due to the phase variation across voxels [Mareci 1991]. Also 

voxel dependent changes in frequency offset occur which are related to inhomogeneity 

of the main magnetic field and local susceptibility.

Some of these problems, have been solved with data post-processing including: i) 

apodization of raw data (to reduce Gibbs ringing) [Parker 1987]; ii) corrections for phase 

and resonant frequency shifts [Ordidge 1986a, de Beer 1993]. Also several 

improvements have been proposed for data acquisition: i) preselection of VOI to reduce 

matrix size; ii) reduced k-space sampling [Maudsley 1994], multiecho MRSI where 

several points in k-space are measured during a single repetition time [Duyn 1993], 

sequential multislice MRSI measuring several slices during a single repetition time 

[Moonen 1992]. Fast MRSI methods have been proposed in which data from a whole 

slice of k-space are measured during one repetition time: these employ fast imaging 

techniques - EPI [ Guimaraes 1992], U-FLARE [Norris 1995], and BURST [Jakob 

1995]. Recent developments include also multiecho sequences to determine metabolite 

TjS [Dreher 1995] and incorporation of 2D methods such as multiple-quantum or J- 

resolved spectroscopy [Adalsteinsson 1996].

The first MRSI study was performed on rat brain by [Graaf 1988]. At present MRSI is 

used in clinical research and animal model studies of different organs : brain, heart, liver 

and skeletal muscle. 3D SI was applied in studies of newborn infants for example:
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brain studies of infants with hypoxic-ischaemic brain injury [Veenhoven 1992, Sargetoni

1992].

4.1.4 Multinuclear MRS.

Design of localized multinuclear MRS techniques has been of interest for some time, 

since spectroscopic information from more than one nuclear species is often required for 

clinical assessments, while examination time is usually limited. Recently such techniques 

based on simultaneous and interleaved acquisition have been developed. [Jackson 1990] 

proposed to use a hybrid and spectroscopic imaging with stimulated echo scheme. 

Technique for simultaneous imaging (MRI) and MRSI was reported by [Moore

1991]. Also simultaneous and interleaved 'H/^’P MRSI was presented [Gonen 1994b]. 

Also described was a method for single voxel simultaneous ‘H STEAM and ^'P ISIS 

acquisition [van Sluis 1996].

4.1.5 Problems associated with selective-pulse methods.

The purpose of selective excitation in NMR is to excite spins within a defined spatial 

region. The basic sequence selecting a thin slice relies on the application of the RF 

excitation pulse in the presence of a linear magnetic field gradient. The gradient locates 

spins spatially according to the Larmor equation:

CO. -  yĜ y+(ÛQ <=> 2tcv  ̂ -  (30)

where cOy (Vy) is the local resonance frequency, Gy is the gradient, (for example in the

y direction), y is the displacement of the spins locations from the isocentre (i.e. where

y=0), and cOq is the resonance frequency corresponding to the main field Bq (cOq = 'l©o)-

It follows from equationp^that in order to excite a slice of thickness Ay in y direction,

using the excitation pulse of bandwidth Av (Hz), the gradient Gy given by 
N

equation should be applied.
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There are several problems common to all techniques, using frequency selective pulsesj 

and these include eddy current effects, acquisition delay, chemical shift artefact. |

Eddv currents induced in the magnet by the gradient pulse cause distortion in 

frequencies and shifts in phases of resonances. In order to decrease this effect, a delay 

between the gradient switching-off point and commencement of data acquisition, is often 

needed, to allow for eddy current decay. For spin echo techniques it puts the limit on 

the shortest echo time used. It is also possible to reduce eddy currents effects by post

acquisition data processing [Klose 1990]. In the modem spectrometers, the eddy currents 

can be compensated and effects reduced using a preemphasis unit, and specially 

designed "shielded" gradient coils.

The acquisition delav (a. delav between the gradient switching-off point and data 

acquisition introduced for eddy-current decay, can cause baseline distortion due to phase 

changes and also signal reduction from resonances with short Tj.

Chemical shift artefact, i.e. spatial regions excited bv the selective pulses varv 

according to the chemical shifts of resonances, results in each resonance originating 

from a VOI which is spatially shifted with respect to the selected VOI localization. The 

shift in the VOI for each resonance along the magnetic field gradient direction is 

described by the equation:

A y -^ x lO -^  (32)

where Ay is the displacement error, 5 is the chemical shift of the resonance in ppm 

relative to on resonance, Bq is the static field strength, and Gy is the gradient strength. 

According to (32) the use of strong magnetic field gradients reduces chemical shift 

artefact. Another approach which can reduce this artefact, is to apply new type of 

adiabatic pulses for selective excitation: this will be described in chapter 7.
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4.2 Conventional surface coil spectroscopy

The introduction of the surface coil in 1980 [Ackerman 1980], has led to wide-spread

applications in "in vivo" MRS mainly because of the simple design, ease of

implementation, high sensitivity over regions close to the coil and low RF power. The

simplest form of surface coil is a flat loop of wire; often coils with more than one turn

are designed. The surface coil is usually positioned such that the coil axis is

perpendicular to the static magnetic field Bg In this orientation, the magnetic field

produced by the coil is perpendicular to Eg for regions very close to the coil. Total
ih£

signal induced in a coil and description of the volume over which majority of the signal 

is obtained (sensitive volume) have been theoretically considered by several investigators 

[Ackerman 1980, Haase 1984, Evelhoch 1984, Decorps 1985]. It has been shown that 

the spatial distribution of the magnetic component of the RF field in the xy plane (B,)^y 

is very inhomogeneous, decreases with increasing distance from the coil surface (along 

the coil axis) and that the iso-B,^y contours ( regions with the same Bj^y) do not lie in 

parallel bands within the sample. When the same coil is used as both transmitter and 

receiver, then a signal induced in the coil and sensitive volume are both affected by dual 

dependency (principle of reciprocity [Hoult 1976]) on the inhomogeneous B,,y field:

5(r)oc5 (r)sin(a(r)) (33)

(34)
b L

where a(r) is expressed relative to the flip angle (otg) at the centre of the coil and B̂ ŷ̂  

is the field in the coil centre. Bĵ y inhomogeneity results in a large distribution of flip 

angles also depending on the pulse length Tp according to: :

(35)
2n
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where |i denotes perm^bility of the sample and I is the current flowing in the coil (B, 

is the field induced by the unit current in a coil). By appropriate selection of the pulse 

length, the spins in the region corresponding to iso-Bj^y can receive a specific flip angle. 

For example if a pulse length is selected that the spin in the centre of the coil receive 

180° signals from surface layers are minimized, and 90° flip angle is obtained at the 

depth of about 0.7 r (coil radius) on the coil [Ackerman 1980, Haase 1985]. Sensitivity 

profiles and spatial selectivity also depends on coil and sample geometry and repetition 

time Tr i.e., its relation to the relaxation time T, for experiments performed under partial 

condition i.e. < 5T .̂ A lot of work has been done to design special pulse shapes and 

pulse sequences to enhance the advantages of surface coils and to compensate for the 

inhomogeneous field including development of B, insensitive pulses such as 

composite pulses [Levitt 1981] and adiabatic pulses [Baum 1983]. Localization 

techniques such as "depth pulses", TMR, and frequency selective sequences ( for 

example DRESS) have also been developed (see § 4.1.1 ).

4.3 Image-selected in vivo spectroscopy (ISIS)

Image selected in vivo spectroscopy (ISIS) [Ordidge 1985, 1986] is based on a 

combination of signals from a sequence of eight experiments to select a cubic VOI in 

such a way that FID signals from the VOI add, while signals from the outside volume 

cancel. Each of these experiments consists of between zero and three selective, inversion 

pulses, which select mutually orthogonal slices prior to a 90° nonselective excitation 

pulse (see Figure 5). The VOI is formed at the intersection of these three selected 

planes, which are usually orthogonal to x, y, z axes respectively.

The combination of selective RF pulses (used to prepare the VOI magnetization) for the 

eight experiments required to localized the signal are given in Table I , where ON and 

OFF refer to the presence or absence, respectively of a selective inversion pulse along 

the given axis. The size of the selected region can be varied along any direction by 

changing the excitation width of the inversion R.F. pulse or by altering the gradient 

strength associated with this pulse. The position of the volume can be changed by 

adjustment of the frequency offsets of the selective pulses. Appropriately signed addition 

of the eight signals eventually results in accumulation only signals from the VOI.
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time

Figure 5. Pulse sequence for ISIS localization.

90"
ISO'

Acquisition

Experiment
Number

Selective pulses 
X Y Z

receiver phase 
cycling

1 OFF OFF OFF +
2 ON OFF OFF -

3 OFF ON OFF -

4 ON ON OFF +
5 OFF OFF ON -

6 ON OFF ON +
7 OFF ON ON +
8 ON ON ON -

Table I. Selective RF pulses used to prepare the VOI magnetization in ISIS localization.

Signals from everywhere else mutually cancel. ISIS localization performance has been 

investigated by different groups [Lawry 1989], [Keevil 1992], [Payne 1992], [Matson 

1993], and [Burger 1992] using both theoretical simulations and experiment. The scheme 

of signal cancellation works irrespective of whether exact inversion is obtained by the 

selective preparation pulses; perfect selective inversion pulses give however, optimum 

sensitivity from the VOI. In order to obtain optimum localization and S/N, independently 

of RF field inhomogeneity and power level pulses based on rapid adiabatic passage have
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been used: such as the hyperbolic-secant [Silver 1984, 1985] for selective inversion 

pulse which also improves the slice profile, and non-selective adiabatic half passage 90° 

for homogeneous excitation. Performance of the inversion and excitation pulses are 

important factors affecting the level of contamination from regions outside the VOI. 

Nonideal slice profile (deviation from the square hat shape) results in increased 

contamination from the edges of the VOI. Also due to imperfect cancellation of signals
-fVOYVI

regions remote from VOI can occur, when 90° non-selective pulse in not perfect 

and experiments are performed under partial saturation. The is caused by the residual 

z-magnetization left from the previous experiment of the 8 ISIS experiments to which 

add/subtract scheme does not apply. Experimental work using quality assurance 

parameters (defined in § 4.5) showed T,- weighed performance of ISIS localization (i.e. 

depending on T/T,) for T„ < T, and it was recommended to use T, longer that the 

longest expected T, in a sample. As a "multi shot" technique the localization is 

susceptible to system instabilities, such as gain changes, and patient movement. Also the 

original ISIS sequence does not allow for localized shimming. Accurate cancellation of 

signals from regions outside the VOI may be difficult if the selected volume is small in 

comparison to the whole sample, due to the wide dynamic range of signal amplitudes. 

The ISIS spectrum can be T2 weighted, due to the signal loss from the VOI and possible 

increased contamination, if the adiabatic read or inversion pulses are long in comparison 

with T2 of studied spins. Chemical shift artefact is another well known problem, 

particularly serious in MRS due to the large VOI sizes and the wide spectrum 

bandwidth.

A lot of work has been done to deal with the above mentioned problems. It has been 

found that the order in which eight of ISIS experiments are performed has an influence 

on the amount of contamination [Burger 1992]. ISIS with outer-volume suppression 

(OSIRIS) achieved with use of noise pulses (based on randomization) [Ordidge 1987] 

have been designed [Conneley 1988] to reduce the contamination from the outer volume 

and also to enable shimming of ou VOI. The use of localized STEAM shimming 

sequence followed by ISIS spectral acquisition has been proposed to improve resolution 

[Yongbi 1994]. ISIS has found a wide application in ^'P clinical studies of human brain, 

both neonatal and adult, liver, heart, kidney, and muscles [Segebarth 1987; Matson 1988;
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Buchli 1991, 1992, Weiner 1989, Luyten 1989, Meyerhoff 1989a, 1989b; Hubesh 1990, 

Leach 1992] often used with surface coils. The method can be extended to simultaneous 

acquisition of two localized volumes centred on the common axts but separated along 

one of the other axis. 3D ISIS with two selected volumes requires up to four selective 

inversion pulses and at least 16 different sequences [Ordidge 1992]. Bruker 

implementation of ISIS has been investigated and the results are given in chapter 6 

together with some aspects that were found relevant to absolute quantitation. The design 

and experimental verification of a new pulse which reduces chemical shift displacement 

error will be presented in chapter 7.

4.4 Point resolved spectroscopy (PRESS) and stimulated echo acquisition mode 

(STEAM).

Both PRESS and STEAM (see Figure 6 and Figure 7) use three slice selective pulses. 

Each of these three pulses is applied together with one of the gradients in x, y or z

90“ 90“ 90“

RF

Figure 7. Pulse sequence for STEAM localization.
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90“ 180“ 180“

RF

Figure 6. Pulse sequence for PRESS localization.

to
direction. The acquired signal results therefore from the volume element common the

three slices: a three-dimensional spatial localization is produced by a single scan.

Spoiling gradients are used to destroy all unwanted transverse magnetization and other

coherences. Cycling of the RF pulse phases cancels phase and intensity errors due to

imperfect excitation and refocussing pulses. The time intervals between pulses and

acquisition have to satisfy the condition of echo formation. Different echo signals and

methods for selective detection have been described by [Kimmich 1987] who

demonstrated the method called volume selective spectroscopy (VOSY). An important

advantage of both STEAM and PRESS is that a localized spectrum may be obtained in

a single scan, which allows shimming of the VOI thereby improving resolution of "in

vivo" spectra. In both sequences the signal is T2 weighted, and in STEAM is also T,

weighted (due to T, relaxation during TM, see Figure 7, when the VOI magnetization
ihe.

is along z-axis). In STEAM, the signal is half of that resulting from PRESS experiment, 

on the other hand the slice profile obtained with the commonly used Hermite-shaped, 

frequency selective, 90° excitation pulses is better (sharper edges and closer to the ideal
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square hat shape) than the profiles of the 180° (Hermite-shaped) refocussing pulses used 

in PRESS. Therefore VOI is better defined in STEAM than in PRESS. Another 

complication is that signals from J-coupled spins are affected by amplitude and phase 

modulation which in general, due to imperfect flip angles in the sequence, is not easily 

predictable. Through analytical evaluation of STEAM [Wilman 1993] and PRESS [Jung 

1992, Zijl 1990, Wilman 1993] jt has been shown that the spin responses depend on the 

sequence used and on the sequence timing i.e. the intervals between pulses. This is one 

of the reasons why some metabolites (such as lactate) may not be always detectable. For 

example lactate was not detected in the brains of normal full term neonates using 

STEAM [Leth 1995], while it has been consistently detected in infants using PRESS 

with asymmetric intervals between the pulses [Cady 1995]. Similarly some researches 

failed to observe lactate in multiple sclerosis [Koopman 1990, Hecke 1991], while 

lactate was detected using PRESS [Arnold 1990]. For the PRESS sequence, due to 

the flip angle distribution within the excited slices, different coherences are created 

which cause signal loss after the last RF pulse (the amount of signal loss depends on the 

timing of the sequence). Use of the specially designed refocussing pulses [Schick 1995] 

and careful choice of the time intervals between pulses [Jung 1992] has been shown to 

maximize signal for the coupled spins.

Since they were first used for studies of human brain [Bruhn 1989a,b, Frahm 1989a,b], 

both STEAM and PRESS have become very popular techniques in ‘H MRS "in vivo". 

For ^'P MRS: [Merboldt 1990] demonstrated the ability of STEAM to obtain localized 

‘̂P spectra from the human brain, and [Cady 1995] applied PRESS to ^̂ P localization 

in studies of neonatal brain. For these applications due to the very short TE used, 

shielded gradient coils are required to minimized eddy current effects. Some aspects of 

‘̂P PRESS localization, including the response of coupled spins in ATP, will be 

discussed in chapter 8.
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4.5 Quality assurance in localized spectroscopy.

Evaluation of localization and quantitation characteristics of the MRS techniques used 

in this thesis, was performed following recommendations resulting from the EC 

Concerted Action Project: " Tissue Chatacterization by MRS and MRI" [Keevil 1992a]. 

Test object:

The home-made test object used for these measurements consisted of two compartments: 

an inner 4 cm cube (made of 2 mm thick acetate sheet) placed inside a perspex cylinder 

10 cm in height and 10 cm in diameter, the centre of the inner cube was 4 cm above the 

bottom of the cylinder and on the cylinder axis. A cubic inner volume was chosen since 

most volume selection techniques use a cuboidal VOI. The inner volume was filled with 

acrylamide gel containing 50 mM of pyrophosphate Na2HP204 (T;=4.5 s, T2-330 ms), 

the outside volume contained 100 mM of inorganic phosphate Na2HP04 (T,==5.6 s, 

T2=330 ms).These substances each give a single resonance line 9.03 ppm from each 

other (369.37 Hz at 2.4 T magnetic field).

The following parameters were measured:

1. Test for linear relationship between signal amplitude and VOI volume. This requires 

acquisition of signal (on-resonance), from VOI of varying sizes.

2. Test for linear relationship between signal amplitude and concentration. This is based 

on acquisition of signal (on-resonance) from the same VOI in samples containg varying 

concentrations of the same compound (eg. phosphate for ^̂ P MRS).

3. Selection efficiency (E,gJ defined as the efficiency with which signal is collected from 

a sample region i.e. the signal amplitude from the sample region using volume selection 

expressed as a percentage of the signal that would be obtained from the same region 

without volume selection.

rci
E , -  ' " xlOO% (36)

Where [SJ^n is the localized signal obtained from the inner volume with the transmitter 

frequency set on the resonant frequency of the substance in the inner compartment ( i.e. 

Na2HP204). [SJoff is an unlocalized signal from the inner volume with Na2HP204 on



69

resonance.

4. Suppression efficiency (E,„pp) is the efficiency with which signal from the surrounding 

region is suppressed and expressed by:

fiS 1
E -  (1- "3 x100% (37)supp  ̂ r ̂  1

out i  off

Where [Sô Jon is the localized and [Ŝ utloff-the unlocalized signal from the substance in 

the outer compartment (i.e from Na2HP0 )̂, obtained with the transmitter frequency 

corresponding to the resonant frequency of Na2HP04-

5. Contamination (C) is the percentage of the signal in a volume selected spectrum 

attributable to the material in the outside volume.

C -___ xlOO% (38)
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CHAPTER 5

Quantitation of metabolite concentrations by MRS.
Although relative concentrations of metabolites have been found clinically useful, the 

ability to obtain absolute values is very important in order to gain a more complete 

description of tissue state, particularly if tissue loss occurs. The aim of this chapter is 

to give a brief overview of calibration methods used in MRS absolute quantitation. First 

the theoretical basis will be discussed and the measured quantities defined. Then 

different approaches will be presented with discussion of possible problems encountered 

in biomedical applications. Since estimation of relaxation times is often a part of a 

quantitation protocol, methods for T, and Tj measurements will be briefly outlined.

5.1 Theoretical basis for MRS methods providing quantitation of tissue 

metabolite concentrations: definitions of measured quantities and units.

The underlying principles of methods providing quantitation of tissue metabolite 

concentrations follow from the basic theory of NMR :

1) the nuclear magnetization of a sample containing N  spins at thermal equilibrium is 

directly proportional to N, Mq= Kj N  {K, includes all terms apart from N  in equation 

( 12);

2) for a transmitting/receiving coil with the RF field uniform over a volume larger than 

the sample, the signal amplitude is proportional to the sample magnetization (i.e. «= Mq 

Bi^ySinS), therefore the signal amplitude measured from an elemental volume is given 

by:

5 -  N[K2(B,)^sinQ] (39)

Where 0 is the flip angle, (B;)^y the component of Bj in the xy plane, and K2 is a 

constant including and also different terms related to the experimental conditions 

such as spectrometer gains, number of scans, and correction for T; and T2 relaxation 

effects (if needed). If the R.F. field and flip angles (0) are spatially inhomogeneous, 

equation (39) has to be changed to an integral over the sample volume.
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Where = AqVJC2, and Aq is Avogadro’s number, is the sample volume, and 

C=N/(AoVJ is the molar spin concentration. The above considerations have the 

following consequences for practical, biomedical applications:

1) The NMR signal has to be quantified by means of data analysis methods that give 

accurate estimates of the amplitudes (of FID signals) or areas of the constituent 

resonances in the spectrum: these are proportional to the concentrations. Care must be 

taken when there is peak overlap in poorly resolved "in vivo" spectra: direct integration 

of peak areas leads to substantial systematic errors. The resonance amplitudes or peak 

areas are then converted into concentrations using appropriate calibration protocols, 

which will be described in § 5.2 of this chapter.

2) In order to avoid systematic errors it is essential to account for the factors affecting 

the amplitude of NMR signal including:

a) partial saturation conditions which require correction for T̂  using saturation factors 

E(T,, T,) given by:

.  i-c o seex p (-r/r .)
‘ ' i-ex p (-r /r ,)

b) spin-echo conditions with echo time TE require correction for Tj relaxation as 

described by:

E{T^,TE)-cxp(TE/T^) (42)

c) NMR signal amplitude (S) is inversely proportional to the sample temperature (T) 

(see equation (12)). This dependence may become significant when, for quantitation 

purposes, signals are compared from samples at different temperatures; and can be 

accounted for using the following relation:

5(V 273)_r,.273 
S(rj+273) (,+273

where S(t,4-273), S(t2+273) are NMR signals acquired from the same sample but at 

different temperatures: t,, and expressed in °C.
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d) NMR signal amplitude is proportional to the number of FDDs or echoes added 

together (in order to improve S/N). Since this number can vary between experiments, 

resonance amplitudes and peak areas should be normalised i.e. divided by this number.

e) in order to quantify the metabolite concentration from it’s resonance amplitude or 

peak area, one needs to account for the number of equivalent nuclei (n̂ q) producing the 

MRS signal by dividing this amplitude (or area) by n̂ q.

f) properties of transmitting and receiving coils such as Bj homogeneity, and sensitivity 

and their dependence on coil loading should be taken into account.

g) one has to correct for factors introduced by the receiver such as the attenuatiorr 

required by the analog-to-digital convertor to digitize signals "without chopping" and- 

also pre-amplifier and receiver amplification.

h) the receiver should have a linear response i.e. the signal amplitude should be 

proportional to metabolite concentration.

h) investigation is also required to specify the effects that particular data acquisition, 

including localization techniques can have on NMR signals at different chemical shifts. 

These effects are technique dependent and will discussed in §5.6.3 and in chapters 6 

and 8 for ISIS and PRESS respectively.

3) Metabolite concentrations can only be measured by MRS if they are present in 

sufficient concentration and are sufficiently mobile otherwise their resonances are too 

broad for detection. For example part of AD? in skeletal muscle is bound (to actin and
<x̂rvL

myositin) is on NMR invisible metabolite [Wilkie 1984]. The changes in NMR visibility 

of tissue metabolites due to physiological conditions have been also investigated ( for 

example NPT in liver) [Gallis 1991].

5.1.1 Concentration units.

Various units have been also used in the literature to express concentrations [Tofts 

1989, Kreis 1993] and these have to be taken into account while comparing results 

obtained with different quantitation protocols and when referring MRS results to those 

from biochemical measurements. Concentrations can be expressed as moles per wet 

weight of tissue [mol/kg wet weight] or moles per volume of tissue [mol/1] (often it is 

more convenient to use millimole per wet weight [mmol/kg wet weight] and millimole
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per volume [mmol/l] or [mM]). Most biochemical analyses results are given in moles 

per wet weight. If tissue density p is known, concentrations expressed in mol/kg (C^) 

or mol/1 (Cy) can be transformed into each other:

C -  S i (44)
'  P

In both of these approaches information is required about compartmentation of the 

measured volume, i.e. fractions of volume (or partial volumes) occupied by tissue under 

study (Ft) and by different type of tissue or fluid which is known to contain very low 

metabolite content. For example in brain studies, partial volume of ventricular 

cerebrospinal fluid - CSF, needs to be evaluated and this will be discussed in § 5.5. If 

information about voxel compartmentation is not available, the concentration measure 

has often been expressed in mol per total voxel volume.

5.2 Overview of absolute quantitation protocols used in P MRS.

General reviews on this subject have been given by [Tofts 1988] and [Cady 1992]. All 

absolute quantitation methods in MRS, are based on the use of a reference Ĉ cf and are 

classified into two main groups : internal concentration reference (ICR) method, and 

external concentration reference (ECR) methods. Within these groups protocols vary 

according to the data acquisition/localization methods used.

5.2.1 Absolute quantitation using an internal concentration reference.

An ICR - is a stable metabolite or compound either naturally occurring within the 

tissue, or sample or which has been introduced artificially into the organ being studied. 

It is assumed that the reference substance is located entirely within the same region as 

the tissue under study, hence in the same region of static Bq and radio frequency 

magnetic fields.
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5.2.2 The use of a homonuclear ICR in P MRS

Both the concentration of total mobile phosphate (?tot ) and the concentration, of 

adenosine triphosphate [ATP], have been used as the endogenous homonuclear ICRs for 

estimation of phosphorous metabolites concentrations in human muscle for example: 

[Dawson 1982, Wilkie 1984] with assumption that [P,oJ = 49.5mmol/kg wet, and 

[Taylor 1986] with assumption that [ATP] = 5.5 mmol/kg wet. The limitation of these 

approaches is that [P,qJ and [ATP] may change. Both [P ,J and [ATP] can decrease 

when the tissue under investigation contains a necrotic fraction, or [ATP] may change 

if normal physiological conditions are not maintained.

As an alternative a substance which does not occur naturally can be introduced into the 

organ of interest and if its "in vivo" concentration can be determined, then the 

metabolite concentrations can be directly calculated. An example is 

methylenediphosphonic acid (MDA) which has been used to quantify phosphorous 

metabolites in rat kidney [Shine 1987]. The main limitation for "in vivo" applications 

is the requirement that the ICR is non-toxic for human studies.

5.2.3 The use of a heteronuclear ICR in  ̂P MRS.

The main application of this method has been the use of the ’H signal of tissue water 

as a heteronuclear concentration standard for ‘̂P metabolites. First proposed by 

[Thulbom 1983], the technique is based on the matching of the B, spatial distributions 

(and spatial sensitivity) for and ^̂ P, using a double tuned coil. If the spatial 

distribution of sensitivity is matched by matching the flip angle for these two nuclei, 

then the ratio of ‘̂P/‘H signals, (see equation (40)) depends on the ratio of the 

concentrations of the water protons and the metabolite of interest:

d S iL (45)
s r

The ^^P/‘H sensitivity ratio (constant D) can be determined using calibration samples (for 

example solution of Pi) covering a range of known concentrations and with electrical 

characteristics i.e. coil loading similar to that expected "in vivo". Since in pure water the 

proton molarity is 111.1 mol/1 then:
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C \moUÏ\ (46)

where are the metabolite and water proton signal intensities and is the

water content of the tissue under study. For practical application in biomedical studies 

it is necessary to take into account the effects of coil loading on the relative sensitivity 

of and ‘H channels (reflected in the calibration constant D). If the flip angles for 

and ‘H at constant pulse length, and peak transmitter voltage vary with loading in a 

similar fashion, then equation (46) can be applied without any correction for coil 

loading. If this is not the case then flip angles for ‘̂P and ‘H should be adjusted by 

changing the pulse lengths or transmitter voltages, so that the "in vivo" flip angle 

distribution matches that for the calibration measurements. Finally loading effects can 

be reduced if coils are designed to decrease dielectric losses, eg. use a series-tuned, 

balanced-matched coil design [Decorps 1985, Cady 1995].

5.3 The use of an ECR for P MRS.

If an external concentration reference is used, the calibration measurements can be 

performed either in a separate experiment or during the " in vivo" study.

In the first case changes in coil loading can be accounted for using either the load 

corrected phantom method or the load matched phantom approach.

5.3.1 External concentration reference method with a separate experiment.

5.3.1.1 Load-corrected phantom method (ECR-LC).

This calibration protocol (ECR-LC) is based on a separate, calibration experiment, using 

a standard phantom of known Pi concentration, using the same localization method and 

acquisition parameters as for the "in vivo" study. This approach was first described for
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use with ISIS'[Luyten 1989, Roth 1989]. Concentrations can be obtained from the

equation:

C S S
Cmet^-^ÎLJÜfLj:^ (47)

V . /

Where is the unknown metabolite concentration, S êt is the metabolite signal in the 

localized spectrum, Ŝ ef is the signal from a reference sample obtained during the "in 

vivo" study, Sref(ph) the signal from the reference sample during the phantom calibration, 

Sph is the phantom signal in the localized spectrum, Cp̂  is the concentration of Pi in a 

standard phantom. This calibration protocol assumes a homogeneous distribution of 

metabolites. The reference sample is usually a capillary filled with highly-concentrated 

phosphate with a single resonance well outside the spectral range of interest for "in 

vivo" MRS (for example hexamethylphosphorous triamide - HMPT).

5.3.1.2 Load-matched phantom method (ECR-LM).

This is a similar calibration protocol to (ECR-LC), requiring a separate experiment with 

a standard phantom (of low electrical conductivity), under identical acquisition 

conditions as the "in vivo" study. The coil load of the phantom experiment is 

individually matched to the "in vivo" coil loading in the following way: with the 

matching capacitance unchanged after the "in vivo" study, a small vial containing 

concentrated saline, is slowly moved insid^coil sensitive volume until the "in vivo" 

matching conditions are achieved [Buchli 1992]. The concentrations are then determined 

using the relation:

Ph

5.3.1.3 Modified external phantom methods.

[Doyle 1995] suggested the use of a 3D map of the surface coil sensitivity in the *̂P 

ECR-LC protocol to correct for spatial variation of the receive sensitivity over the 

selected VOI. Computer simulations were used to account for Tj dependent differences
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in ISIS localization performance in phantom and "in vivo" studies.

Another protocol , is based on modification of the ECR-LM: the "in vivo"

study is followed by a calibration phantom experiment, with the coil loading matched 

as in ECR-LM, but calibration experiments are performed individually for each 

component in the "in vivo" spectrum in order to account for effects related to frequency 

offset from transmitter frequency [Wylezinska 1996]. This can be done in two ways: i) 

using a standard phantom (SP) as a concentration reference with a single resonance and 

by changing the resonance frequency during phantom acquisitions to that of the given 

peak in the "in vivo" spectrum, and ii) using a tissue-like phantom as a concentration 

reference and relate signals from the corresponding metabolites. Concentrations are 

calculated according to the equation (48).

5.3.2 A small sample as an external concentration reference (ECR-S).

In this method (ECR-S), metabolite concentrations are quantified by comparing their 

signal intensities with the intensity from the small reference sample, acquired during the 

same experimental session. This approach was first applied in the MRS I studies of 

human brain and human heart muscle [Bottomley 1988, Bottomley 1990]. If the ECR 

is placed within the MRSI field of view, in voxel (l,m) of the image, the concentration 

of a given metabolite is given by:

ECR(l,m) ~ (f.m) ECR (4 )̂
S V V^ECR(l,m)̂  ECRraj)

Where are the signals from the metabolite in the voxel of coordinates

(i,j) and from the ECR in voxel (l,m) respectively, is the ECR volume, the ratio 

Y(i.m/Y(i,j) describes the relative coil sensitivity at voxels of co-ordinates i, j and l,m. 

There is no need for correction for coil loading, since the ECR signal was collected 

simultaneously with the "in vivo" data. A similar approach has been used by [Kreis

1993] and [Ernst 1993] for absolute quantitation of water, proton metabolites and 

estimation of water compartments in brain.
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5.3.3 Combination of ICR and ECR protocols

This method was introduced by [Christiansen 1994], and uses tissue water as a 

concentration reference for the "in vivo" study. In order to measure water content in the 

selected region of brain (instead of assumed values), an external water/gel phantom is 

used. The water concentration in mol/kg wet is calculated according to :

[ffjO] -  Pm (50)
^0,ph ^ 2  P tissue

where [HjO] is the tissue water concentration, So,ph are the water signals from

tissue and phantom. Kj is the correction factor for differences in coil loading. K2 is a 

scaling factor relating phantom signal and water content in the phantom. ptissue> Pph ^6  

density of tissue and phantom respectively.

5.4 Absolute quantitation based on principle of reciprocity.

It follows from the principle of reciprocity [Hoult 1976], that the signal acquired by a 

transmit-receive coil, from samples with the same spin density, multiplied by the 90° 

hard pulse amplitude is a constant independent of Bj field or loading conditions. [Austin

1991] suggested the use of the transmitter amplitude of a nonselective, rectangular 90° 

reference RF pulse as a measure of coil loading thereby allowing corrections for the 

effects of changes in coil loading, when comparing signals from different samples. 

[Michaelis 1993] applied this approach with ‘H STEAM localization in human brain. 

Metabolite concentration C^ct was determined by calibrating its resonance peak area S ĉt 

with the concentration Ĉ cf and the resonance peak area of a reference sample.

(51)
ref

The coil loading correction factor - f was defined as the ratio of the nonselective 90° 

pulse amplitude optimized for a reference sample, to that optimized for the "in vivo" 

study. This approach has the disadvantage of depending on a homogenous field. 

[Danielsen 1994] introduced an absolute reference method in w hich/w as defined from
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a relation between the locally optimized amplitude of a modified chemical shift selective 

water suppression pulse and the acquired signal. This approach simultaneously accounts 

for coil loading and B, inhomogeneity. Application to "in vivo" proton metabolite 

absolute quantitation gave results similar to those obtained in other studies.

5.5 Determination of voxel compartmentation

In the case of brain studies the selected VOI will often contain not only brain tissue, 

but also cerebrospinal fluid (CSF; eg. in ventricles) in which metabolites have

very low concentrations, compared to those in tissue. Another VOI compartment which 

may be a problem is fat tissue (containing very low concentrations of phosphorous 

metabolites) in studies of skeletal muscles. Estimation of the fraction of the voxel 

occupied by the tissue of interest is crucial to precise quantitation in "in vivo" MRS 

experiments, otherwise the concentrations may be underestimated. For comparison in 

other ex-vivo assays of metabolites adipose tissue is excised and CSF removed before 

further analysis. One method of voxel compartmentation has been to use *H imaging to 

determine cross-sectional areas. A similar approach was applied in the absolute 

quantitation of phosphorous metabolites in human brain, using DRESS and ID ISIS 

localization combined with 'H imaging [ Bottomley 1989]. Assuming uniform excitation 

and detection with long T„ the metabolite concentrations were calculated according to:

^  _  ^ECF^met^ECR ^^2)

^met̂ ECR

Where A^^r and A^ ,̂ are the cross-sectional areas of ECR and metabolite within the 

slice field of view respectively; S^cr and S êt are the signal amplitudes from the ECR 

and metabolite respectively; C^cr and C„,et are the concentrations of the ECR and 

metabolite respectively. Several groups [ Hennig 1992, Kreis 1993] have suggested using 

differences between the Tj times of water in CSF and brain tissue, to ascertain the CSF 

and brain tissue compartments by assuming that the slowly decaying component 

corresponds to CSF and the faster decaying component to water in brain tissue (i.e. intra 

and extracelluar water). This method requires an acquisition technique giving echo 

signals (i.e. PRESS/STEAM). The signal intensities for CSF and brain water are
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separated using double-exponential decay fitting of the amplitudes of the water signal 

obtained using several TE’s.

5.6 Problems and sources of error in MRS absolute quantitation.

Systematical and statistical errors are always present in quantitative MRS: these errors 

must be minimized as far as is possible. Metabolite concentrations are estimated using 

expressions which include many different factors. Each factor has its own error which 

in combination with the errors of the other factors propagates to give a much larger total 

error. This section concentrates on the sources of systematic errors related to the 

calibration protocols and signal localization and acquisition methods.

5.6.1 Internal concentration reference protocols.

In the case of a homonuclear ICR, there is a systematic error related to uncertainty 

about [ICR] and the assumption about the stability of [ICR] in pathology. For example 

use of ATP is only limited to normal physiological conditions without necrotic fractions 

[Cady 1992].

5.6.1.1 Uncertainty about water content and water MR visibility.

The main problems for protocols using tissue water as ICR are: i) the assumed water 

content may be in error, distribution may be inhomogeneous and not all tissue water 

may be MR visible; ii) it is possible that the water concentration may change during 

development or as a result of pathological conditions. With respect to assumption about 

water content and MR visibility, the use of internal water in studies of adult brain can 

be difficult due to the brain-water fraction being different in white matter (-70%) and 

in grey matter(-84%) [Ciba Geigy Tables 1985]. Also it has been reported [Christiansen 

1994, Kreis 1993] that due to the presence of a short-Tj component in white matter, not 

all the brain water can be detected leading to overestimation of brain metabolite 

concentrations. These problems are not so important in studies of newborn brain, since 

at birth water content is more homogenous in different regions of brain; however water
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content changes, as development proceeds and it has to be accounted for. Also MRS 

invisible water fraction seems to be negligible due to the fact that white matter remains 

unmyelinated for several months after birth. With respect to the changes of water 

content in pathology, the extent of this is still uncertain in most lesions. Animal studies 

showed that changes in brain water content following hypoxic-ischaemic injury were 

very small [Rose 1995]. However studies performed on acute stroke patients showed that 

the water content in ischaemic areas may increase up to 10%, so if the normal water 

content is used the metabolite concentrations would be underestimated by 10% [Gideon 

1995].

5.6.1.2 Calibration errors in heterogeneous ICR.

In phosphorous metabolite quantitation using tissue water. as a heteronuclear 

ICR, the accuracy of a calibration of relative sensitivity between  ̂P and ‘H channels, 

and particularly the dependence on the coil loading may be a problem, although most 

workers [Thulbom 1983, Cady 1990, Buchli 1993] did not observe significant changes 

in the range of loading characteristic for "in vivo" studies. It was however reported 

[Buchli 1993] that calibration of relative sensitivity may depend on the shape of the RF 

excitation pulse used.

5.6.1.3 Compartmentation of studied regions.

i h t
Failing to estimate voxel fraction occupied by tissue of interest may lead to

of
underestimation of metabolite concentrations and techniques allowing dctcrmimoiiM voxel 

compartmentation were described in § 5.5 . ( €rircvf-CL)

5.6.2 External concentration reference protocols.

The accuracy of these protocols depends upon how closely the external phantom 

experiment (with corrections for recognized influences eg. T, relaxation) simulates the 

"in vivo" study. Among the important factors are: i) coil loading corrections; ii) 

difference in temperature between phantom and tissue, iii) compartmentation of "in 

vivo" voxel, iv) varying localization effects for the phantom and "in vivo" study, v) and
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standing wave effects in large phantoms.

5.6.2.1 Coil loading.

This is important if coils with high dielectric losses are used. Especially for ECR-LM 

methods in which phantom loading after the "in vivo" study is matched to that of the 

patient: changes in loading due to patient movement during the MRS study are not 

accounted for.

5.6.2.2 Temperature difference.

For all ECR methods, there is a possible error if the dependence of the NMR signal on 

sample temperature is not accounted for. The difference between the tissue temperature 

(-37° C) and the temperature of the ECR phantom (which is usually at room 

temperature ~20°C or about 5°C if kept in the fridge), can result in 5 - 10% error.

5.6.2.3 The standing wave effect in large calibration phantoms.

Often the amplitude of the calibration and "in vivo" signals must be corrected for B; 

inhomogeneity. This is particularly important in the ECR-S method. In order to map the 

nonuniform sensitivity of RF coils with MRI methods, large phantoms are used. When 

filled with water which has a large dielectric constant, dielectric standing wave effects 

increase the RF field inside the phantom, producing an irregular, nonuniform response 

even if the excitation field is uniform. This effect increases with the size of the phantom 

and with the frequency of the RF field [Tofts 1994]. The dielectric standing wave effect 

dominates any penetration effects even if water is doped with 2-3 mM of CuSO^ or 

MnClz. Therefore, with high fields and large, non-conducting phantoms a realistic 

representation of the distribution intrinsic to the probe will not be obtained. These 

effects will also be a problem in ECR techniques using large calibration phantoms filled 

with a reference substance of high dielectric constant. On the other hand measurements 

of the human head (at 1.5 T) showed that conductivity and dielectric effects are small, 

suggesting that the heterogeneity of tissue structures prevents standing waves from
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forming [Simmons 1994].

5.6.2.4 Compartmentation of studied regions.

See § 5.5.

5.6.2.5 Difference in spatial localization for phantom and "in vivo" studies.

The definition of the localized region can significantly vary between tissue and 

external-phantom. For example, localization quality (in particular contamination) in ISIS 

(see § 4.3) is T;/T^ weighted. If signals acquired are partially saturated and 

T, (phantom) > T, ("in vivo") the contamination for the phantom studies may be higher, 

resulting in underestimated concentrations. Also if performance of localization technique 

depends on chemical shift the calibration protocol using a single component phantom, 

does not simulate " in vivo" experiment equally for all components.

5.6.3 Systematic errors related to the acquisition/localization technique.

Due to the wide range of chemical shifts in "in vivo" spectra, factors depending 

on chemical shift are of particular importance and have to be accounted for when using 

various acquisition methods.

5.6.3.1 Signal acquisition using simple pulse acquire sequence with no

magnetic field gradients.

In this case, error can be related to the inhomogeneity of the spins response across 

required chemical shift range and the non-uniformity of RF filter across the frequency 

band. System instabilities that affect the whole spectrum uniformly will not be a 

problem for homonuclear ICR methods, but may lead to errors in heteronuclear ICR for 

which stability of relative sensitivity between two channels (i.e. *H) is essential for

quantitation based on previously performed calibration measurements.
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S.6.3.2 Techniques using frequency selective pulses.

5.6.3.2.1 Chemical shift artefact.

When observed with frequency selective pulses and magnetic field gradients, signals 

from different metabolites as well as from the reference compound have different spatial 

localizations (see § 4.1.5), which together with B, inhomogeneity can lead to significant 

errors.

5.6.3.2.2 Signal alternation during selective pulses.

Signal losses due to T ,̂ Tj relaxation during adiabatic inversion or excitation RF pulses 

(such as in ISIS localization) can be another source of errors in quantitation of 

metabolites with very short relaxation times. Also as reported by [Slotboom 1994], 

modulation effects due to spin-spin coupling during the selective pulse can be significant 

if 1/J is comparable with the pulse duration, and J is the coupling constant.

5.6.4 Erroneously measured T, and T̂ .

Erroneously measured T,, and Tj values lead to systematic errors in estimated 

metabolite concentrations. Uncertainty in T, or T2 can be due to selection of delays 

(inversion, recovery or echo time) with respect to the T, and Tj values, the methods 

used to determine relaxation times from the data, and the quality of data i.e. S/N. 

Incorrect T, and T2 values can be obtained for severely overlapping peaks due to 

difficulty in measuring signal amplitudes/peak areas.

T2 measurements can be wrong if J-coupling is present, unless phase amplitude and 
an?

phase modulation inhibited. This was demonstrated by [Jung 1992, 1993], and 

[Straubinger 1994] who showed that for ATP multiplets ( P-ATP for example), T2 values 

measured using ordinary spin echo method are shorter [Lara 1993] 15 to 28 ms, 

[Merboldt 1990] (20 to 30 ms) than the true values measured with J-coupling suppressed 

(-62 ms).
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5.6.5 Statistical errors in quantitative MRS

The statistical errors in estimates of absolute concentrations are related to S/N ratio in 

spectra, stability of the MR system, and random errors introduced by the method of data 

analysis. The statistical errors are always reflected in the standard deviations (SDs) of 

concentration values measured in a control group. [Buchli 1993a] presented a 

comparison of the accuracies of two techniques; internal water as ICR and surface 

coil localization, and ECR with ISIS localization. In all "in vitro" studies with phantoms 

of known concentrations, studies of human brain, and human muscles, showed that 

reproducibility was better for ECR based methods than for the internal water ICR 

strategy [Buchli 1993a, 1993]. For MRS, a multi-centre study [Henriksen 1995] 

showed that brain water as ICR allowed to achieve more reproducible quantitation of 

cerebral metabolite concentrations than protocols using external reference phantoms.

5.7 Examples of clinical application of  ̂P absolute quantitation protocols.

 ̂ P absolute quantitation is commonly used in clinical work. The homonuclear ICR 

protocol is often applied in studies of skeletal muscles in different physiological and 

pathological conditions. Assumed values either [P̂ Ĵ or [ATP] have been adopted as 

references.!^ heteronuclear ICR method has been widely applied in surface coil 

localization in a number of studies, for example: brain, and skeletal muscle [Cady 1989]. 

This method has been successful applied with new ^̂ P PRESS "in vivo" studies of 

neonatal brain as reported by [Cady 1996]. Tissue water was also used for phosphorous 

metabolite quantitation in human heart [Bottomley 1996]. The ECR -LC approach has 

been applied in clinical studies of different organs including brain, liver [Buchli 1991, 

Meyerhoff 1989a, 1989b, 1990], muscle [Buchli 1991, Roth 1989], and liver [Meyerhoff 

1989a]; all using ISIS localization. ECR- LC protocol together with phase modulated 

rotating frame localization allowed depth selective quantitation of phosphorous 

metabolites in human calf muscle [Dunn 1992]. The ECR-LC protocol has been also 

used in MRSI of human heart [Okada 1992] and brain [Lara 1993]. The ECR-LM 

approach has been applied for metabolite quantitation in normal human brain of 

neonates, children and adults [Buchli 1992, 1993, 1994] and also metabolite
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concentrations were obtained for other organs including liver and kidneys [Buchli 1994]. 

ECR-S protocol has been applied mostly for MRSI studies of human brain [Bottomley 

1988] and heart [Bottomley 1990]. Table II below presents examples of results obtained 

for normal tissue.

5.7.1 Studies of neonatal brain.

Measurement of metabolite concentrations providing information about tissue 

damage, has been found of importance in studies of cerebral injury in neonates. A 

general decrease of [P̂ oJ after hypoxic-ischaemic injury has been reported [Cac^ 1989], 

[Buchli 1993c] even when ratios seem normal. Metabolite concentrations may have 

value for investigating the severity of perinatal asphyxia and for prognosing future 

impairments. Also, early absolute quantitation can distinguish brain injury caused by 

antenatal hypoxia-ischaemia from the injury caused by perinatal asphyxia. Absolute 

concentrations of phosphorous metabolites provide tools for the investigation of normal 

brain development. For example recent investigations showed that cerebral [PCr] was 

lower in newborn infants than in adults [Buchli 1994] [Cady 1996]. However there is 

still controversy regarding [NTP] : one group using ISIS/ECR LM protocol, reported 

[NTP] in neonates significantly lower than in adults [Buchli 1994], while results 

obtained by another group [Cady 1996] using PRESS/ brain water ICR, showed that 

[NTP] in neonates were in the range of values estimated for adult brain in agreement 

with mammalian results.

Results from the absolute quantitation of phosphorous metabolites in neonatal brain 

obtained using a ECR-LM protocol, with tissue-like phantom as a reference, will be 

presented in chapter 11.

5.8 Measurement of relaxation times.



5.8.1 Measurement of T,

There are three common approaches for measurement of T̂ : the inversion recovery (IR) 

sequence, progressive saturation sequence and saturation recovery (SR). The most often 

employed procedure is the IR sequence: 180° - x -90°, where the inversion time x is a 

variable. The magnitude of the FID is proportional to :

M(T)-M„[l-2exp(-'C/7',)] (53)

However this is not a very efficient method, since if signal averaging is required then 

the repetition time should be > 5Ti. For surface coil measurements, due to the spatial 

variation of flip angle throughout the sample, the modified IR or SR methods [Markley 

1971, Gupta 1980, Matson 1984] were developed and it was suggested [Evelhoch 1983] 

that the data should be fitted to a three-parameter function :

5(T)-/l+Bexp[-T/r,] (54)

S(x) - is the signal intensity for a given x; A = S(oo); B = S(0)- S(«»). It has been shown 

[Evelhoch 1983] that the expression given by equation (54), accounts for experimental 

imperfections affecting T, experiments (including: resonance offset, finite pulse power, 

B, inhomogeneities, inaccurate pulse lengths, pulse phase error). The phase-shifted SR 

is an effective techniques for surface coil T; measurements [Matson 1984]. In this 

approach, the spin-locked component (any magnetization aligned along saturating field) 

is eliminated by a phase shift of the saturating field. The pulse sequence is :

[Pl(x),PI(y),Pl(-x),Pn-y)YJ^,P2Acq  (55)

PI is the saturating pulse (x, y, -x, -y denotes the phase of the saturating pulses, applied 

in order to eliminate the spin-locked component), P2 is the read pulse used for sampling 

of the recovered magnetization, T, is the recovery time and n is the number of applied 

full cycles of saturating pulses.
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5.8.2 Measurement of Tj

A spin-echo sequence (SE) or a variation thereof is used for measurements. A simple 

spin-echo sequence is:

90" -  T -  180" - T -Acq (56)

The 180° pulse refocuses the effects of Bq inhomogeneity and as T increases the echo 

amplitude decreases, due to spin-spin relaxation and molecular diffusion. It has been 

shown [Hahn 1950] that the amplitude of the echo is:

5(2x) -  S(0)E;cp[-(2T/rj)-2/3fG W ]  (57) '

Where G is the effective gradient of the local inhomogeneous static magnetic field due 

to susceptibility changes on a macroscopic scale in tissue, (or due to the gradient used 

in diffusion experiments), and D is the diffusion coefficient. The effect of diffusion on 

T2 measurements becomes important for long spin-echo times (due to dependence) 

and therefore for metabolites with long Tj times the exponential fit used to obtain T2 

using equation (29) is not suitable. SE can be modified in order to reduce the diffusion 

effect on the echo amplitude, by replacing a single 180° pulse by a train of 180° pulses 

applied at intervals of 2x, known as Carr-Purcell sequence [Carr 1954].

90° -  X - (180° -2x)^ (58)

A further modification of this is based on 90° phase shift of the 180° pulse and all this 

is called the Carr-Purcell -Meiboom-Gill (CPMG) sequence [ Meiboom 1958]. The 

phase shift in this sequence helps to reduce the effects of RF-field inhomogeneity and 

inaccurate flip angles.

5.8.3 Surface-Coil Tj measurements:

Due to the large spatial variation of RF amplitude, the CPMG method can not be used 

with surface coils and a simple spin echo sequence with phase-cycling (EXORCYCLE) 

[Bodenhausen 1977] which reduces the contributions of unwanted signals originating 

from nonuniform flip angle distribution) has been found to be the best approach.
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5.8.3.1 Tj measurement of spin-spin coupled resonances.

Phase modulation, caused by homonuclear coupling between spins, can be eliminated 

by using a selective 180° pulse in the spin echo sequence: this inverts only one of the

coupling spins. [Jung 1992] proposed the use of a selective 90° - x - 2 6 62- x -Acq

sequence. The binomial 2662 pulse consists of a sequence of pulses with relative flip

angles as enumerated and each separated by a precession delay. The 2662  with an 

effective flip angle of 180° can be described as:

22.5^-^ -67.5“, - t' -67.5;-t' -22.5°, (59)

This pulse creates a region with no excitation around the spectrometer on-resonance 

frequency and broad excitation regions exist with the first maximum being at l/(2x'), 

where x' is a delay. In order to eliminate phase and amplitude distortion from a- and y- 

ATP, caused by homonuclear coupling to the P-ATP, the selective 180° pulse should 

invert only the a- and y- ATP spins, but not the p-ATP. This can be achieved by setting 

the transmitter frequency to the frequency of the p-ATP and adjust x' to give maximum 

excitation half way between a- and y-ATP. In a similar way, by setting the transmitter 

frequency half way between a- and y-ATP, undistorted spectra from p-ATP can be 

obtained. This approach enables T2 measurement in coupled systems without errors due 

to amplitude and phase modulation. Another approach [Remy 1987], used selective 

DANTE excitation [Morris 1978] for the 180° refocusing pulse, set between a-ATP and 

y-ATP or on p-ATP, respectively.



PME Pi PDE PCR NTP P.O. localization/

quantitation

units ref

Neonatal brain 12.8 2.5 17.9 2.4 3.7 48.3 S.C.^ mmol/1 Cady

(n=16) (2.5) (0.7) (4.8) (0.6) (0.6) (7.4) b.w. ICR 1991

Neonatal brain 4.5 0.6 3.2 1.4 1.6 14.9 ISIS mmol/ Buchli

(n=16) (0.7) (0.1) (0.8) (0.2) (0.2) (2.3) ECR-LM kg wet 1994

Infant brain 3.6 0.6 4.2 1.7 1.8 16.1 ISIS mmol/1 Buchli

(n=17) (0.9) (0.1) (0.7) (0.3) (0.3) (2.5) ECR-LM 1993 c

Neonatal brain 5.6 1.4 2.3 2.9 2.8 21.4 PRESS mmol/ Cady

(n=8) (0.9) (0.4) (0.6) (0.3) (0.6) (2.8) b.w. ICR kg wet 1996

Neonatal brain 3.5 1.0 11.7 3.3 2.8 28.9 ISIS mmol/1 Buchli

(n=8) (0.6) (0.2) (2.2) (0.5) (0.4) (3.1) ECR-LM 1994

Adult brain 

(n=3)

3.1

(0.6)

3D MRSI 

ECR S

mmol/1 Bottomley

1988

^S.C.- surface coil pulse acquire, b.w.- brain water.

corrected.



Adult Brain 

(n=3)

4.0

(0.8)

2.0

(0.5)

11.5

(3.1)

4.9

(1.0)

2.5

(0.5)

ISIS 

ECR -S

mmol/1 Matson 1991

Adult brain 4.6 1.3 4.4 22.0 3.5 3D MRSI mmol/1 Matson 1991

(n=3) ECR S

Adult brain 2.6 4.3 3.5 ISIS mmol/1 Luyten

(n=l) ECR -LC 1989

Adult brain 2.3 1.2 7.0 3.4 2.3 ISIS mmol/1 Hubesh

(n=6) ECR-LC 1990

Adult brain 4.1 2.0 11.6 4.9 2.3 ISIS mmol/1 Roth 1989

(0.8) (0.5) (3.1) (1.0) (0.5) ECR-LC

Adult forearm muscle 2.2 4.7 4.2 32.0 6.3 S.C. mmol/1 Cady 1989

(n=6) (0.7) (1.0) (0.8) (4.5) (0.8) m.w. ICR̂

Adult calf muscle 1.9 2.9 3.8 21.9 5.7 ISIS mmol/1 Buchli 1993b

(n=ll) (0.2) ECR-LC

Adult calf muscle 5.7 36.5 7.3 ISIS mM Roth 1989

(0.4) (3.5) (0.3) ECR -LC

VOK)

m.w.-muscle water.



Adult calf muscle 

(n=7)

3.6

(1.2)

26.9

(4.1)

6.8

(1.8)

ISIS

ECR-LC

mM Doyle 1995

Adult liver 0.92 2.12 5.36 2.16 ISIS mmol/kg Meyerhoff

(n=6) (0.41) (0.32) (1.43) (0.75) ECR-LC wet 1989b

Adult myocardium 11.0 6.9 MRSI mmol/kg Bottomley 1990
(2.7) (1.6) ECR-S wet

Adult heart tissue 10.3 5.5 ID CSI mmol/kg Bottomley 1996

(n=18) (5.5) (1.8) m.c.w. ICR̂ wet

Adult calf muscle 27.6 7.9 ID CSI mmol/kg Bottomley 1996

(n=5) (5.5) (2.2) wet

Table II: Phosphorus metabolite concentrations measured with MRS method for normal controls (Mean ,SD).

^m.c.w. myocardium water.
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CHAPTER 6

Investigation of ISIS spatial localization in P MRS.
ISIS localization performance has been discussed by several groups [Lawry 1989], 

[Burger 1991], [Keevil 1992], [Payne 1992], [Matson 1993] using both theoretical 

simulations and experimental work. This chapter concentrates on some aspects that were 

found relevant in absolute quantitation using ISIS. Possible signal reduction due to T,, 

and Tj relaxation during both the adiabatic hyperbolic secant inversion pulse, and the 

half passage adiabatic sin/cos read pulse was investigated. T2 relaxation effects were of 

particular interest since, ISIS is believed to avoid Tj losses. Off-resonance effects for 

sin/cos read pulse were found to be important due to the wide ‘̂P spectral width. 

Finally, quality assurance tests were performed to check if the Bruker implementation 

of ISIS fulfils the requirements expected for adequate localization technique and for 

absolute quantitation. Chemical-shift displacement error, known to be significant in ‘̂P 

ISIS will be discussed separately in the next chapter together with the design of a new 

pulse allowing reduction of this error.

6.1 Hyperbolic secant (HS) pulse for spin inversion.

6.1.1 Adiabatic passage.

Adiabatic passage occurs when a net magnetization vector from a population of spins 

remains aligned with the vector (see Figure 18); this requires that the precession of 

Bgff itself is much slower than the precession of magnetization around B̂ ff, leading to the 

condition for the adiabatic passage given by:

^  (60)

where a  is the angle between and B, (in the rotating reference frame).[Silver 1975, 

1984] first described the HS pulse for adiabatic population inversion in NMR, using a 

complex waveform given by:
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Figure 8. RF, gradient and frequency offset waveforms for standard HS pulse.

2̂ -  Q.fsech{ t̂)y*‘̂  (61)

which can be also expressed in terms of amplitude and phase modulation:

Amplitude A{t)~Q.^sech{^t) (62)

Phase : (})(0-|iln(^ec/i(pr)) (6^)

An alternative approach is to describe the HS pulse as a pulse with amplitude and 

frequency modulation; where amplitude is given by equation (63), and RF frequency 

offset waveform is given by:

Act)—|Xptanh(pO (64)

In the above equations: Qq is the amplitude of the pulse envelope; and |X and P are 

constants related to pulse bandwidth (PBW): }xp = 7i PBW. In practise the HS pulse 

waveforms must be truncated, giving a finite pulse length defined by a particular 

percentage of the maximum amplitude at the start and end of the HS pulse. The Bruker 

implementation assumes a 5% truncation level and fi = 5. With the same truncation 

level, the pulse length (Tp) must decrease, if PBW increases. Figure 8 shows waveforms 

for gradient-, amplitude- and frequency- modulation. Important characteristic of the HS 

pulse is a threshold behaviour i.e. once a critical threshold for amplitude is achieved.
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spin inversion becomes independent of B,.

6.2 The effects of nuclear relaxation effects on HS performance.

The purpose of this work was to investigate the effects that T, and Tj relaxation during 

application of the HS pulse may have on the detected signal and the selected slice 

profile. Signal loss from VOI and deterioration of the selected slice profile and increased 

contamination are expected. Simulation program is described in the Appendix 1.

6.2.1 T, relaxation.

Using computer simulations, the effects of T, relaxation on spin inversion across a 

selected slice were investigated for different pulse durations: Tp = 2.75 ms, 4.0 ms, 10.0 

ms and relaxation times: T, = 50 ms, 100 ms, 600 ms, and 1 s. Figure 9 presents the 

inverted spin profiles for these T, and Tp values. In order to describe these effects in a

S -S^
S L ^ -J — 1x100%  (65)

' S .
(65 )

quantitative manner, signal loss (SL) defined by equation was calculated.

Sj, and denote signals from the selected plane for T, value, and when relaxation is 

negligible respectively. SL values for different Tp values are presented in the Table m . 

The simulation showed show that T, relaxation has only very small effect on HS pulse 

performance for T, > 100 ms with pulse length 2.75 ms or 4 ms. However for Tp = 10 

ms and T, < 100 ms, the relaxation effects become more significant. Another noticeable 

effect is the asymmetry of the slice profile caused by the fact that spins on one side of 

the slice are inverted earlier than spins on the other side, and very short T^ However, 

since the shortest Tj values for metabolites measured "in vivo" ( at field strength 

< 2.5 T) as found in literature [Roth 1989, Buchtal 1989, van Ormondt 1989 ] are about 

300-600 ms, we can conclude from the presented results, that T, relaxation effects during 

HS pulse will not be a problem in "in vivo" '̂P ISIS.
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Tp = 10 ms

  T1 = 1 s
T1 = 600 ms

—  T1 = 100 ms
—  T1 = 50 ms
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0.0
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Tp = 2.75 ms
1.0

0.5

0.0
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position [a.u.]

Figure 9. Effects o f Tj relaxation on the selected slice profile during Tp long HS pulse.
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T, ms 50.0 100.0 600.0 1000.0

SLr, %
(Tp= 10 ms)

7.0 3.6 0.6 0.4

SLj., %
(Tp= 4 ms)

3.0 1.5 0.3 0.2

SLr, %
(Tp= 2.75 ms)

2.0 1.0 0.2 0.1

Table III. Signal loss from the selected plane due to Tj relaxation during the HS pulse.

6.2.2 T, relaxation.

Similar calculations were performed to elucidate the effects of Tj relaxation on the 

inverted spin profile for the pulse durations: Tp= 10 ms, 4 ms, and 2.75 ms and T2 

values: 100 ms, 60 ms, 20 ms, and 3 ms. These Tj values are in the range measured for 

metabolites "in vivo". The inverted spin profiles are presented in Figure 10. Signal 

loss from the selected plane (SLjj) was defined as:

S -S j
S I  -  ~ ’̂v io o ^ (66)

Where S_ and Sj  ̂ are the signals from the selected plane when T2 relaxation is 

negligible and when described by T2 respectively. Calculated values of SL^  ̂for different 

Tp and T2 are given in the Table IV. T2 relaxation has a more significant effect on HS 

pulse performance than T,. There will always be substantial signal loss for the 

metabolites with a very short T2, such as some phosphodiester (PDE) components. Also 

T2 relaxation leads to an increase in contamination of the signal within the selected slice 

as illustrated by the change in profile shape in Figure 10.

6.3 Performance of the detection pulse in ISIS.

It has been recognized that contamination in ISIS is Tpweighted (i.e. depends on T/T^ 

ratio) [Lawry 1989, Burger 1991, Matson 1993]. Also experimental investigations 

showed that contamination is more or less independent of T, if T̂  > T ,̂ as long as the
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Figure 10. Effects o fT 2 relaxation on the selected slice profile during Tp long HS pulse.
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Tj ms 100.0 60.0 20.0 3.0

SLr, % 
Tp= 10 ms

1.5 2.5 7.1 31.5

SLr, % 
Tp= 4ms

0.6 1.0 3.1 17.3

SL,, %
Tp= 2.75 ms

0.4 0.7 2.1 12.1

Table IV. Signal loss from the selected plane due to T2 relaxation during the HS pulse.

detection pulse has been accurately optimized to 90°. Poorly optimized detection pulses

require T, > 3T, to avoid T,-weighted contamination [Keevil 1992]. Such long repetition
ShoHer

times are not practical, but T̂ s result in different degrees of contamination for each peak. 

In order to improve the performance of the detection pulse, B, insensitive pulses are 

used, for example - adiabatic half passage sin/cos pulse. The pulse sin/cos waveform is 

given in terms of amplitude (A) and frequency offset (Aco):

A-AoSin(2%vf)

Aco-P qCos(2tcvO

(67)

(68)

where v=l/(4Tp) and Pq - a parameter related to the pulsewidth. The response of the 

spins to the sin/cos excitation pulse depends on their frequency offset and can be 

described by an approximately linear gradient of flip angle across the chemical shift 

range. This is illustrated in Figure 11 showing and M, magnetization versus 

frequency offset after application of sin/cos pulses of varying durations (with phase 

along x-axis). Shorter pulses give better profiles, but also require higher RF amplitudes. 

Deviation from 90° at different chemical shifts results in increased contamination and 

decreased signal from the selected volume (VOI) in ISIS localization. For experimental 

work Tp was selected to be 3 ms. With Tp=3 ms the deviations from the optimum flip 

angle should not be more than 10 % across a bandwidth o f -1200 Hz which covers the 

‘̂P spectrum "in vivo" at Bq=2.4T.
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sin/cos read pulse

Tp = 1 ms 
Tp = 2 ms 
Tp = 3 ms 
Tp = 4 ms

-1500.0 -1000.0 -500.0 0.0 500.0 1000.0 1500.0

N

1.00

0.50

0.00

-0.50

- 1.00
500.0 1000.0 1500.0-1500.0 -1000.0 -500.0 0.0

frequency offset [Hz]
Figure 11. Off-resonance spins response to the half adiabatic sin/cos detection pulse.

T; ms 100.0 60.0 20.0 3.0

Signal loss 
Tp = 3 ms

1.5% 2.5% 7.2% 39.2%

Table V. Signal loss from the selected slice due to 7  ̂ relaxation during 3 ms sin/cos 
pulse.
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Figure 12. Effects o fT l  relaxation during sin/cos pulse.

6.3.1 Relaxation effects during 3 ms sin/cos pulse.

Due to long of metabolites "in vivo" (see § 6.2.1 ) Tj related signal losses are 

expected to be negligible. The effects of T2 relaxation during 3 ms sin/cos pulse were 

investigated theoretically. Simulated profiles for four different Tj values are shown in 

Figure 12. Signal loss (SL) was defined by equation (66) with S„ and Ŝ z denoting 

magnetization (M^) for spins on resonance with negligible relaxation and with relaxation 

described by Tj respectively. Calculated signal losses were minimal for T2 > 60 ms, but 

were substantial for short T2S values (see Table V).
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T: No Ti relaxation. 60 ms 3 ms

C% 17.7 18.8 40.0

SL(3D)% 0.0 5.6 35.0

Table VI. Effects o f 7̂  relaxation (during the 4 ms HS and 3 ms sin/cos read pulses) 
on contamination (C) and signal loss (SL) in 3D ISIS.

6.4 T2 relaxation effects on the performance of 3D ISIS.

T2 relaxation daring both HS and the read pulse effects on the 3D, ISIS experiment 

described in § 4.3 was theoretically simulated with 4 ms HS pulse used for spin 

inversion and 3ms sin/cos read pulse. Simulations were performed with the following 

assumptions: homogeneous B, field, 4̂  cm  ̂VOI size, 5̂  cm  ̂ total volume of the object 

with uniform spin distribution, and on-resonance conditions. Two Tj values were 

considered : 60 ms (published value for p-ATP) and 3 ms (very broad component of the 

PDE region) [Jung 1992]. Contamination (C) and signal loss (SL) were calculated and 

were defined as following:

C- OUT
^Voff^OUT

i o o % (69)

where Squt is the signal from regions outside VOI and Syoi is the signal detected from 

VOI. SL was defined by equation (66), with S^ and Sjj - signals from VOI. Results are 

shown in Table VI.

6.5 Experimental investigation of ISIS localization - quality assurance tests.

The accuracy of concentration calculations using localized MRS methods depends on 

the fulfilment of assumptions discussed in § 5.1. In particular localized signal should 

vary linearly with concentration and VOI size, also there should be a high degree of 

volume selectivity with minimum chemical shift displacement between different 

metabolites.

Localization quality in ISIS was evaluated following the performance assessment
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protocol which was described in § 4.5.

The ISIS sequence as implemented by Bruker on the Biospec spectrometer operating 

under the Tomikon system, was used with a 4 ms standard HS RF pulse, giving 

approximately 2750 Hz bandwidth for spin inversion and a 3ms sin/cos read pulse.

6.5.1 Test for signal amplitude linearity versus selected volume size.

In order to determine the relation between the signal and volume size amplitude, a 9.1 

cm diameter, bottle filled with 20 mM glycerylphosphocholine solution, was used. The 

VOI was placed in the isocenter of the magnet and the cubic selected volume sizes 

were: 3 \ 4 \  5 \  6̂  cm \ The transmitter frequency was adjusted to that of the 

glycerylphosphocholine resonance and the signal was acquired with T^=20 s. A linear 

relation between signal and selected volume size with correlation parameter p = 0.998 

(see Figure 13.)

6.5.2 Test for signal amplitude linearity versus phosphate concentrations.

These measurements were performed using 9.1 cm diameter bottles filled with distilled 

water and inorganic orthophosphate with the following concentrations: 5, 10, 15 and 20 

mM. A 4̂  cm  ̂ the VOI was placed in the magnet isocenter and the repetition time 

was T^=20 s. Figure 14 presents results confirming a linear relation between localized 

signal amplitude and phosphate concentrations.

6.5.3 Investigation of selection efficiency suppression efficiency (Ê p̂p), and 

contamination (C).

fse e  ^c^/ao6dov)5
These parameters were measured for different VOI sizes : 3.0 ,̂ and 3.7  ̂ cm (smaller 

than the inner volume), 4.0 ,̂ 5.0  ̂ cm  ̂ (similar and larger than the inner compartment). 

In each case, the VOI was concentric with the inner compartment of the test object and 

T, = 5s (i.e. T/Ti= 1 for both compartments since : Ti=4, and Ti«5s in the inner and 

outer compartments respectively). Ideally for VOIs smaller than the inner compartment 

Esupp =1(X ,̂C=0.0, and for VOI larger than the inner compartment = 100%. Figure 15 

presents localization characteristics measured for different VOIs. If the VOI is smaller
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Figure 13. Results from  the test fo r  linear Figure 14. Results from  the test fo r  linear 
relationship between signal amplitude and relationship between signal amplitude 
VOI size. phosphate concentration.

than the inner compartment, the contamination is about 20% and does not depend on 

VOI size. Once the VOI reaches the size of the inner cube the contamination increases 

with the VOI size. On the other hand, Ej,, increases and Ê p̂p does not change much with 

the VOI for VOI smaller than the inner compartment. Ê p̂p decreases with VOI size and 

Eje, increases slightly for VOIs larger than the inner compartment. This is what one 

would expect for the ideal localization technique. The effect of T/T, on E,g„ Ê p̂p, C 

was also investigated. A cubic 4̂  cm  ̂ VOI was positioned concentric with the inner 

volume and measurements of localization parameters were performed for T/T, = 0.25, 

0.5, 1.0, 2.5 4.0, 5.0. Figure 16 results. Ê ,̂, Ê p̂p, C are reasonably constant if T, < T,. 

However C is increased up to 40%, and E,g, and Ê p̂p decreased by = 10% for T,< T,.

6.6 Summary

Using mathematical simulations, the performances of HS inversion and sin/cos read 

pulses were investigated. In particular possible T,, T2 relaxation effects were examined. 

The application of HS pulses enables good inversion profile. Application of half 

adiabatic sin/cos pulse allows for more homogeneous excitation during detection pulse 

detection signal. However performance of sin/cos depends on the frequency offset. The 

bandwidth across which deviations from 90° are minimal depends on the pulse duration.



107

I<u

a.
§
I

a

Esupp ■

8G  -

60

Esel

0 6020 8 0 1 2 0

VOI volume [mj
Figure 15. Localization characteristics fo r  different VOI sizes (T /T ,-1 .0), experiment 
(open symbols), ideal localization (fdled symbols).

' 0 0

Ï
a.
I
1

90 ^
!

80 I-

70 h

60 L
I

50 k

^0 r-

3 0 -

20  -

0

Esel

Esupp

T/T,
Figure 16. Localization characteristics fo r  different T /T , values (4-cm cubic VOI).



108

bandwidth across which deviations from 90° are minimal depends on the pulse duration. 

T, relaxation during the HS pulse application was found to have an insignificant effect 

on the slice profile. relaxation has a more significant effect on the slice profile and 

hence on ISIS localization for metabolites with short T2, such as some PDE components. 

T2 relaxation leads to a deterioration of the slice profile resulting in increased 

contamination. In sin/cos pulse T2 relaxation causes minimal signal losses if T2 > 60 ms, 

but is substantial for very short T2. For p-ATP with the shortest, "in vivo" phosphates]^ 

T2%60 ms, total effect due to T2 relaxation in 3D ISIS experiment was found to be an 

increase in contamination by 2% and signal loss 5.6%. However if T2= 3ms, signal loss 

was as high as 35 % and contamination reached 40 %. Results presented for the ISIS 

localization quality assurance test (performed with the two-volume test object) were in 

agreement with the findings of other groups regarding the dependence on repetition time 

[Keevil 1992] leading to the conclusion that the ISIS experiment should always be 

performed with a at least longer than the longest Tj in the sample.
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CHAPTER 7

Design and experimental verification of the new pulse for reducing 

chemical shift displacement error in localized spectroscopy.

It has been recognized that spatial localization techniques based on gradient selective 

excitation, suffer from errors in localization caused by differences in chemical shifts 

between resonances (see § 4.1.5). This results in simultaneous acquisition of metabolite 

signals each from its own spatially displaced voxel. The displacement along one 

direction depends on chemical shift, Bq static field, and magnetic field gradient strength 

as described by equation (32). This displacement can be reduced by increasing the 

magnitude of the field gradient applied during selective pulse. However, to maintain the 

same dimensions of the selected region, the bandwidth of the selective pulse must be 

increased proportionately requiring a pulse of shorter duration; and therefore a pulse 

with increased RF amplitude would be required. The limitation is usually not in gradient 

strength, but in the available RF power.

A new adiabatic pulse in which displacement error may be dramatically reduced has 

recently been reported [Ordidge 1994]. This pulse was obtained by modifying the 

standard hyperbolic secant (HS) pulse without increasing the RF power requirement. 

Having a much greater tolerance to off-resonance effects this pulse is referred to as 

Frequency Offset Corrected Inversion (FOCI) pulse. In this chapter the design of FOCI 

pulses and experimental verification of their characteristics will be presented.

7.1 Theoretical description.

To explain how this pulse works, it is useful to observe first how the profile of the 

inverted spins changes across the slice, during the HS pulse. The leading (inverted first) 

and trailing (inverted last) edges of the selected region are predominantly inverted at the 

beginning and end of the RF pulse respectively. This is illustrated in Figure 17, where 

the effect of the HS pulse on the uniformly distributed spin magnetisation has been 

simulated. At selected time points during the pulse, the longitudinal spin magnetization
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Figure 17. Evolution o f inversion profile during HS puise.

was interrogated to determine the sequence of spin inversion. A, B, and C illustrate the 

progressive definition of the leading and trailing edges. In order to improve the spatial 

definition of the edges, and so reduce the displacement error, it is necessary to increase 

the localization gradient strength during these parts of the pulse that are responsible for 

edge definition. However, it is not necessary to increase the selection gradient during 

the central part of the pulse when the spins in the middle of the selected plane are being 

inverted. It follows from the analysis of the HS pulse in the rotating reference frame (at 

the instantaneous frequency of the RF field), that in order to preserve inversion and slice 

selection effects and due to the adiabatic character of the HS pulse, it is necessary to 

maintain the direction of (see Figure 18) during the RF pulse. Therefore, to correct



I l l

for an increased gradient strength at the beginning and end of the RF pulse period, 

simultaneous adjustments of RF amplitude and frequency-offset waveforms are required. 

Since RF amplitudes are small at the beginning and end of the HS pulse shape, a 

relatively large multiplication factor is possible without necessitating any net increase 

in the maximum RF power level required for inversion. The multiplication factor must 

be unity during the middle of the pulse to avoid an increase in the maximum RF 

amplitude and the increase at the beginning and the end of the pulse depends is limited 

by the maximum gradient strength according to the gradient performance. In general, the 

gradient, RF amplitude and frequency offset waveforms, G(t), B,(t) and Aco(t) 

respectively are derived from the HS pulse: G^g, B^g, and AcûHs(t) are, multiplied by a 

shaping function, A(t), according to the equations:

G(0 -  A(t)G„, (70)

5,(0  -  A{t)Q.J,sechm) (^U

Aco -  A(0Aco^^(0—A(Oltptanh(PO (72)

A(t) > 1 at the beginning and end of the pulse and = 1 in the middle of the pulse, Og 

is the RF amplitude and p, and p relate to the pulse shape, and bandwidth of the pulse. 

The effective field in the rotating reference frame, B̂ ff, is illustrated in Figure 18. The 

orientation of B^  ̂ is preserved by simultaneous adjustment of G, Aco and Bj during 

FOCI pulse. The adiabatic condition given by equation (60) is satisfied, since the 

direction of B̂ ff during a FOCI pulse varies in the same manner as an HS pulse, and B̂ fj 

is increased by a factor A(t). Selection of a volume of interest (VOI) displaced from 

tliemagnet centre is achieved, in standard HS pulses, by using a constant frequency offset. 

However, for the FOCI pulses this additional frequency offset must be varied as a 

function of time and incorporated into the expression for Acù(t):

Ao)(r) -A(f)( -pPtanh(pr) +0)^^ J  (73)

here Cû̂ ffset is the frequency offset calculated to produce the desired spatial displacement
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HS pulse FOCI pulse

ABo(t)=A(t)ABo„s(t)
Hs(O^Y

Figure 18. The ejfective field in HS and FOCI described in the frame rotating at the
instantanétosJS frequency of RF field.

and predicted by the gradient applied at the centre of FOCI pulse. In practical 

applications the gradient waveform is chosen to have desirable characteristics such as 

acceptable rise time and a gradient multiplication factor that does not produce gradient 

amplitudes exceeding the specifications of the spectrometer to be used.

In order to investigate the properties of the new pulse, three different shaping functions 

A(t) (or FOCI gradient shapes) have been considered. The waveforms of RF amplitudes, 

frequency offsets, and gradients for these pulses are shown in Figure 19, Figure 20, and 

Figure 21. For comparison, the HS waveforms are also presented in Figure 22. In the 

first, (E) gradient waveform, increases exponentially from the centre of the RF pulse. 

The (C) is defined by the requirement to keep a constant RF amplitude for most of the 

RF period. In order to keep the gradient magnitude no more than ten times the centre 

value, this gradient waveform is constant at the beginning and end of the pulse. The 

third (T) is similar to C, but is constructed of 5 discrete linear sections instead of 

continuous curve. For similar reasons to the C waveform, the gradient waveform in T 

is also constant at the beginning and end.

The response of a spin system to the RF pulse was investigated theoretically by 

simulation (see Appendix 1) of the selective excitation experiment (in the frame rotating
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Figure 21. T-shape waveforms.

with the instantaneously frequency of RF field).

For a quantitative analysis of the benefits achieved by the application of the new pulse 

for plane selection, the following, ID-parameters have been used: i) localization error, 

(ID-L), defined as a percentage of signal acquired from non overlapping regions (see
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Figure 22. HS waveforms.

Figure 23) compared to the total signal from inverted spins, ii) contamination (ID-C), 

defined as the amount of signal erroneously excited from outside the desired inversion 

slice, expressed as a percentage of total signal from inverted spins, iii) efficiency (ID- 

E), defined as the proportion of spins inverted within the limits of the slice profile 

expressed as a percentage of the magnetization compared to the ideal rectangular profile. 

Ideally ID-L and ID-C should be 0 % and ID-E : 100 %.

7.1.1 Results of simulations.

The simulated effect of the E, C, and T pulses and a standard HS pulse are shown in 

Figure 23. For each pulse, the simulation was performed on-resonance (solid line) and 

off-resonance by 500 Hz (dashed line) to simulate the displacement that would occur for 

an off-resonance peak. There is clear reduction in slice displacement and an 

improvement in definition of the slice edges for all three FOCI pulses compared with 

the standard HS pulse. The simulated results for parameters ID-L, ID-C and ID E are 

shown in Table VII. For ID-L, the C and T pulses were substantially better than the HS 

pulse: for ID-C, all three FOCI pulses showed marked improvements. The ID-C 

improvements were related to the maximum gradient multiplication factor (maximum 

of A(t)), which for E was 3.5, whereas T and C pulses have maximum factors of 10. 

Because the C and T-shape pulses were found similar, and due to the ease of 

implementation of the T-shape pulse in combination with well-defined gradient rise time 

requirements, a pulse similar to the latter was investigated experimentally.
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Figure 23. Simulated spin-inversion profiles across the selected slice.

Pulse ID-L % ID-C % ID E %

E 8.19 0.81 98.66

C 2.06 0.16 99.27

T 2.34 0.16 99.27

HS 20.49 2.79 97.40

Table VII Simulated results for parameters ID-L, ID-C, and ID-E calculated for HS 
and three FOCI pulses.
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7.2 Experimental verification.

All experiments were performed on the 2.4 T Bruker Biospec spectrometer (100.29 

MHz for ‘H, 40.59 MHz for 0.23 mT/cm maximum gradient available) with a 

birdcage RF coil for *H measurements and a 9 cm surface coil for ^'P. The FOCI pulse 

with waveforms shown in Figure 24 was experimentally reproduced. Shaping function 

A(t) with maximum value 5, was defined as:

A{t) -  5.0 o</<o.oir

A{t)~at+b O m r< t< O M T
p p

A(0-1.0 0.44T <t<0.56T
p p

A{t)~-at+c 0.56T <t<0.99T
p p

A(0-5.0 0.99T <t<T
p p

(74)

(75)

(76)

(77)

(78)

Parameters a, b, and c were found from these equations in order to obtain a continuous 

function A(t) shown in Figure 24; (a=-1.515; b=5.093; c=-4.209). In all experiments the 

pulse duration Tp was 6.14 ms and inversion bandwidth 2750 Hz.
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Figure 25. Experimental and simulated spin-inversion profiles for FOCI and HS pulses.

7.2.1 Evaluation of the slice profile (experiment in one dimension).

The effect of the FOCI pulse (see Figure 24) was simulated, and then measured using 

a uniform cylindrical water phantom and standard spin-echo experiment, with signal 

readout along the slice selection axis. The slice profile was obtained after phase sensitive 

Fourier Transform of the detected signal. The experiment was performed once on 

resonance and a second time with the frequency offset at 500 Hz. Figure 25 shows the 

measured profiles for FOCI and the standard HS pulse, normalised by division with the 

profile of the phantom without inversion and compared with the simulated results. For 

both FOCI and HS pulse there is a close correlation between experiment and theoretical 

prediction. Table VUE presents the measured values of previously defined parameters, 

ID-L, ID-C, ID E, for both pulses. The experimental T-shape pulse was clearly superior
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Pulse shape ID-L ID-C ID-E

HS (simulated) 20.5 2.8 97.4

HS (experimental) 20.5 3.5 96.8
(SD) n=3 (0.5) (1.2) (0.2)

FOCI (T-shape simulated) 5.7 0.5 99.1

FOCI (T-shape experimental) 7.5 1.4 99.0
(SD) n=3 (0.2) (0.2) (0.3)

Table VIII. Simulated and experimental values for ID-L, ID-C, and ID-E parameters 
for HS and FOCI (T-shape experimental).

to the HS pulse. Localization error was reduced by a factor of 2.7 compared to the 

theoretical of 3.6: this difference could be caused by experimental factors related to the 

exact replication of the desired RF pulse and gradient waveforms. Difficulties 

encountered implementing time variable gradient waveforms will be dealt with in the 

discussion section.

7.2.2 Evaluation of FOCI pulse in 3D - ISIS experiments.

The benefits of using FOCI pulse in a three dimensional ISIS experiment were then 

determined. A 4̂  cm  ̂cube (made of acetate sheet 2 mm thick) was filled with water and 

placed in the centre of the magnet. A 4̂  cm  ̂ cubic VOI was selected using the ISIS 

experiment and two experiments were performed. In the firs t, the transmitter frequency 

was set on-resonance, in the second one the transmitter frequency was shifted by 650 

Hz. In both experiments T, was set to 10 s. The loss of signal intensity in the second 

experiment relative to the first should reflect the volume of water that is no longer being 

selected. The resonance offset of 650 Hz was chosen, since it represents the difference 

in frequency between the phosphocreatine and p-ATP peaks in spectra obtained at 

a field strength of 2.4 T in order to give an example of chemical shift displacement error 

that occurs in ‘̂P spectroscopy. The magnitude of the localization error in 3D 

experiment, 3D-L, is defined by: ccp (

where Sq„ corresponds to the localized signal from the cube with transmitter frequency
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(79)

on resonance, and corresponds to the signal obtained off-resonance by 650 Hz. 

Table IX presents measured (mean (SDs) n=3) and calculated 3D-L values for the HS 

and FOCI pulses. Values for 3D-L compare favourably between theory and experiment, 

although the experimentally determined improvement, of a factor of 2.4 in 3D-L when 

using the n pulse, is smaller than the theoretical prediction of 3.6. This difference could 

be caused by experimental imperfections such as miss-alignment of the cube in the 

centre of the magnet so that cube faces are not exactly perpendicular to the three 

gradient directions, and again the gradient not following the desired waveform.

Pulse shape HS FOCI

Experiment
Mean 3D-L [%] (n=3) 49.3 21.0

SD (3.2) (3.8)

Simulated 3D-L [%] 55.1 15.1

Table IX. Measured (mean (SDs) n=3) and calculated 3D-L values for ISIS using HS 
or FOCI-experimental pulses for spin inversion.

7.2.2.1 Quality assurance tests of surface coil  ̂P ISIS localization using a 

FOCI pulse for spin inversion.

In order to investigate the performance of FOCI pulse in 3D surface ISIS 

localization, the quality assurance tests (see § 4.5) as reconunended by the EEC 

Concerted Action, were performed. The test object consisting of two compartments as 

described in § 4.5 was used for these experiments. ISIS experiments were performed 

with a double tuned (^H and ‘̂P), 9 cm surface coil. The volume of interest (VOI) was 

chosen to be a 3.8 cm  ̂ cube in order to exclude the walls of the inner cube. Volume 

selection was characterized by the following parameters : contamination (C), selection



120

Pulse shape C Ese. Fsupp 3D-L

HS 23.5 70.0 95.0 32.6
(SD) n=5 (2.6) (2.0) (0.9) (4.0)

FOCI 17.1 69.0 95.6 12.0
(SD) n=5 (1.3) (1.0) (0.3) (1.0)

Table X. Measured localization parameters for ISIS experiments performed with HS or 
FOCI pulses for spin inversion.

efficiency Eĵ ,, suppression efficiency which were defined in%  and localization 

error 3D-L defined by equation (79). Table X shows the 3D parameters C, Ê ff, Ê p̂p 

(mean values, (SDs) n=5) as measured in ^'P-ISIS experiments with FOCI and HS 

pulses. In surface coil ISIS experiments, the major benefits were obtained in 

decreasing chemical shift displacement (3D-L), 12.2% for FOCI as compared to 32.6% 

for HS. Contamination (C) was also lower for the FOCI nuise than for the HS (17.1 % 

and 23.5 % respectively), while the suppression and selection efficiencies were similar. 

These results (apart from displacement error) do not seem to show such dramatic 

differences between pulses as the ID experiments. However, this is related to the way 

that the experiments were performed in ID and 3D. ID experiments were performed 

using the homogeneous phantom. In the 3D experiments, a two volume test object was 

used with the VOI chosen to cover the whole inner volume, excluding the wall (2mm 

thick) which therefore was a substantial part of the "transition zone"; this would have 

affected the C, and Ê p̂p parameters. Also the contamination from the regions close to 

the surface coil will decrease differences in localization performance.

7.3 A variable rate FOCI pulse for reduction of RF power or total pulse 

duration.
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7.3.1 The variable rate FOCI pulse.

The design of this pulse is based on the variable rate selective excitation (VERSE) 

pulse principle as described by [Connoly 1988]. RF pulse with amplitude and phase 

modulation, can be considered as a series of rectangular pulses of duration At with 

thd amplitude and phases required for the waveform.lkeffect of suchQ pulse on the 

magnetization can be analyzed in the iterative process using rotation operators (see 

Appendix Al). During one "time" sample of duration At, due to a piecewise-constant RF 

pulse, a magnetization vector processes an angle 0 = One could achieve the same

angle of precession by exciting the spins for half as long with a twice as strong, 

because the precession angle is the product of the frequency and duration. Because each 

of the individual angles of precession is unchanged, the product of the rotation will not 

change, and the selective excitation profile will not be altered. Mathematical equivalent 

is that if the k-th "time" sample is applied for a duration At/a and if all excitation fields 

are multiplied by the same factor a, then the rotation matrix will be unchanged and the 

new pulse with variable steps will give the same slice profile as the original pulse with 

uniform rate.

A similar approach can be adopted to reduce the RF power required for adiabatic spin 

inversion while retaining the bandwidth of a HS pulse of similar duration. The reduction 

of RF amplitude is usually achieved by increasing the pulse duration. An alternative 

approach is to expand the bandwidth of the RF pulse by shaping the magnetic field 

gradient as a function of time and altering the shapes of the RF amplitude, and 

frequency offset, and changing the time steps appropriately. To expand the bandwidth 

of the HS pulse, the gradient values are increased at the beginning and end of the pulse 

period and in synchrony with the gradient waveform the time steps are decreased. In this 

way the pulse duration can be reduced and increased bandwidth enables spin inversion 

over the same bandwidth as an HS pulse of identical duration, but with considerably 

lower RF power.
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7.3.2 Simulation studies.

Figure 26 shows the shape of the gradient and RF amplitude for a HS pulse compared

I
aC

- -  FOCI (reduced time)

1 5 2.0 2

0.5 i-

>

cuI
Time [ms]

N

position [a.u.]

Figure 26. Simulated profiles fo r  HS and reduced time FOCI pulse.

with a variable rate FOCI pulse. Also in this figure the simulated inversion profiles for

each pulse are presented. The variable rate FOCI pulse achieves a sim ilar result with
the

maximum RF power approximately 25%  of that applied in HS pulse. Since only constant 

time steps are practical, the variable rate pulse will have to be interpolated into the 

constant rate pulse. Therefore the performance of such pulses will depend on the quality 

of the interpolation.
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7.3.3 Discussion.

Application of FOCI pulses in ISIS experiments allows substantial reduction of the 

chemical shift displacement error without any increase in the maximum RF power 

required for inversion. The threshold behaviour of the HS pulse is preserved in the FOCI 

pulse, however the total R.F. energy deposition is 1.6 times higher as estimated using 

the following equation and assuming 50 Ohm for the matched coil impedance:

E -Y ,  (y/Af/Z) (80)

where Vj is the voltage at i-time point on the RF waveform and Z is the coil impedance.

This should not be a problem in spectroscopy provided long repetition times are used,

but should be taken into consideration in rapid pulsing techniques.

Implementation of simultaneously varying RF and gradient waveforms using 2.4T

Bruker software, was only possible if the gradient waveform was approximated at

several equidistant time points selected during RF pulse execution. At each point, the

gradient value was set to that of the desired gradient waveformlln the case of ideal

rectangularly shaped gradient pulses, setting gradient rise time equal to the distance

between the time points, should allow to follow the desired gradient waveform

accurately] However, in order to compensate for eddy current effects, the preemphasis 
r 5dc

unit is used. (It allows to apply exponentially shaped pulses as an input voltage to the

gradient power supply instead of rectangularly shaped pulsesQ Therefore due to

preemphasis action, the gradient waveform as described above and also FOCI pulse

performance may be distorted.We have found that there is an optimum rise time, lower 
the

than distance between time points along the gradient waveform. Also increasing number

of points along the gradient waveform improves slice profile. This however is limited
the

by the minimum rise time available on the spectrometer. Figure 27 illustrates discussed

effects: A - presents the profile at the optimum gradient rise time, for comparison B
ihe

shows the slice profile obtained for twice . long ot rise time and half of number of 

points along the gradient waveform.
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Figure 27. Illustration o f the effects o f gradient rise time used in experimental FOCI 
gradient waveform, on the selected slice profile: A- optimum rise time; B- profile 
obtained for twice as longer as in A.

7.4 Conclusions.

The presented new FOCI pulse can be used in localized spectroscopy allowing one to 

reduce the chemical shift artefact. Slice profile is better defined i.e. the edges are sharper 

and therefore this pulse can find other applications for example in flow measurement. 

Total energy deposition is higher; generally it should not be a problem for spectroscopy 

when long repetition times are used, however care must be taken in fast pulsing 

techniques^tttmain difficulty in experimental implementation of FOCI pulse was to 

achievefJifdesired gradient waveforms. Considerable savings in RF power can be made 

during selective adiabatic inversion by use of the reduced duration, FOCI pulse designs.
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CHAPTER 8

Some aspects of  ̂P PRESS spatial localization.

This chapter deals with characteristics of "in vivo" quantitative PRESS. First the 

results of standard quality assurance are presented to show that the basic requirements 

for a localization technique are fulfilled. In order to improve the performance of the 

refocusing pulses, an adiabatic refocusing pulse design was investigated. The effect of 

inhomogeneous flip angles throughout the VOX, on T, measurements based on the 

comparison of two PRESS experiments with different T,s, was of particular interest since 

this approach is often used in clinical studies. Finally, the effects of J-coupling on the 

signals from ATP were analyzed using product operator formalism.

8.1 Quality assurance tests.

Localization and quantitation characteristics of PRESS were evaluated using quality 

assurance protocols described in § 4.5. The PRESS sequence (version VSEL 930101.0) 

as implemented by Bruker on the Biospec spectrometer, under the Tomikon system, was 

used with Hermitian RE pulses of 1.56 ms, giving approximately 88 ppm and 52 ppm 

‘̂P bandwidth for 90° and 180° pulses respectively. RE amplitudes for 90° and 180° 

pulses were calibrated as described in § 10.4.1. Also the refocussing gradients were 

optimized (trimmed) to give maximum signal. All PRESS experiments were performed 

using the 15 cm diameter Helmholtz coil [Cady 1995].

8.1.1 Test for linear relationship between signal amplitude and VOI volume.

In order to determine the relation between the signal and the VOI volume, a 9.1 cm 

diameter bottle containing 20 mM of orthophosphate (Na2HP04) solution (in distilled 

water) was used . The bottle and VOI were placed at the isocentre of the magnet and 

the following cubic VOI volumes selected: 3 \ 4 \  5̂ , 6  ̂cm \ The transmitter frequency 

was adjusted to that of the orthophosphate resonance and signal was acquired with
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Tr=20s. The results are presented in Figure 28. The correlation coefficient of the linear 

regression line through the experimental points was p=0.998, strongly suggesting a linear 

relationship between signal amplitude and VOI volume.

8.1.2 Test for linear relationship between signal amplitude and phosphate 

concentrations.

These measurements were also performed using 9.1 cm diameter bottles were filled 

with: 5, 10, 15 and 20 mM of orthophosphate in aqueous solution (these were EC 

Concerted Action phantoms circulated to all participants). A 4  ̂cm  ̂ VOI was centred at 

the magnet isocenter and T̂ = 20 s. Signal amplitudes were corrected for changes in coil 

loading using an amplitude of a hard pulse giving 180° in the coil centre. The results 

are shown in Figure 29. The linear regression had a correlation coefficient p = 0.999.

8.1.3 Investigation of localization characteristics: contamination, selection 

efficiency, and suppression efficiency.

The home-made, two-volume test object, described in § 4.5 was used for these 

experiments. The measured parameters: contamination (C), selection efficiency Ê g,, and 

suppression efficiency Ê p̂p were defined in § 4.5. These parameters were measured for 

different VOI sizes : 2.5\ and 3.5  ̂cm (both smaller than the inner volume), and 4 ,̂ and 

5̂  cm  ̂ (the same and larger than the inner compartment respectively). In each case, the 

VOI was concentric with the inner compartment of the test object. T̂  was 20 s in these 

experiments and each of them was repeated three times. The results are summarised in 

Figure 30 showing also, for comparison, the same parameters calculated for ideal 

localization and the same phantom. Effects of T2 relaxation were accounted for. Since 

T2 values were similar in both compartments (T2 ~ 333 ms) only Ê g, and Ê p̂p are 

expected to be affected by T2 relaxation. Ideally with TE=10 ms and VOIs smaller than 

the inner compartment Es„pp=l(X)%, C=0.0%, and for VOIs larger than the inner 

compartment Ejg, = 97%. The experimental results indicated that the behaviour of 

localization parameters was similar to that with ideal localization. Some differences were
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Hermite RF pulse envelope.
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Figure 32. Hermite RF pulse amplitude envelope.

caused by imperfections in the slice profiles defining the VOI. For example, if VOI was 

smaller than the inner compartment, parameters C and were higher than the ideal 

localization parameters due to increased contamination from outside the VOI. Also for 

the same reasons Ê p̂p was lower than for ideal localization. On the other hand for VOI 

larger than the inner volume Ê g, was lower suggesting additional ( - 10%) signal loss. 

Another investigated aspect was the effect of T/T, on localization. For this purpose a 

4^cm  ̂ cubic VOI was positioned concentric with the inner volume and localization 

parameters were measured for T/Tj = 0.5, 1.0, 2.0, and 5.0 (TjS of the gel in the inner 

and outer compartments were « 4.5 s and 5.6 s respectively). Results are summarised 

in Figure 31. The localization characteristics did not change much with T/Ti although, 

as will be discussed later the VOI profiles depend on T/T,.

8.1.3.1 Slice profiles.

An ideal localization technique should excite spins in the desired VOI with the nominal

flip angles, but excite no spins outside VOI. However, the slice profiles of the three

PRESS selective RF pulses do not have the ideal rectangular shape, and this leads to

lower flip angles near the edges of the VOI. In PRESS, sine or Hermite shaped RF

pulses [Warren 198^] (see Figure 32) are normally used. Simulated slice profiles for the
art.

90° (excitation) and 180° (refocusing) pulses shown in Figure 33. One of the
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Figure 33. Simulated slice profile for 90° Hermite (solid line) and 180° (dotted line) 
selective pulse.
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Figure 34. Simulated slice profiles for 90° Hermite selective pulse for different T/T,
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consequences of nonuniform flip angles is a dependence of slice profile on the T,/Tr.

This is illustrated in Figure 34 which presents simulated profiles for 90° excitation pulse

for : T=  Ti, 0.5T, and STj. The slice profile is different for each T, value for the

following reasons: for the spins that receive an exact 90°pulse the z-magnetization is

destroyed completely, and then during T̂  relaxes back towards equilibrium. However,

at the VOI edges the z magnetization nutates through smaller angles and therefore

relaxes back to equilibrium from non-zero values: during T̂  this component relaxes

closer to its equilibrium value than for the 90°case. After the next pulse, the
pro\/IC«e»5

magnetization from the VOI edges disproportionately larger contributions to the 

observed magnetization. The effect of this on the localization parameters and C was 

investigated for Hermite pulses using simulations in one dimension. The localized signal 

amplitude from the VOI and the contamination (C) were both estimated by integration 

of the transverse magnetization over the region within the selected slice and outside the 

selected slice respectively. These estimations were performed with the assumptions that 

the T,s in both compartments were the same : C and changed less than 10% for T^> 

T| but showed increases even up to 50% for very short T̂ . These findings are in 

agreement with the results presented in Figure 31.

8.1.3.1.1 VOI profiles.

The experimentally measured profiles across the VOI through the VOI centre and 

parallel to the edges, are shown in Figure 35. Measurements were performed in the 

bottle containing homogeneous acrylamide gel (Tj ~ 4.5s). The VOI profiles were 

measured from the images of the VOI (2 \ and 5̂  cm^) with Tr=20s. The image of the 

selected volume was acquired using the same spin-echo technique used for spectroscopic 

experiments, the only difference was that a phase encoding gradient and a read gradient 

were added to attain two dimensional spatial encoding. For comparison the simulated 

profiles through the centre of VOI are also shown (dotted line). For these simulation 

homogeneous B, was assumed. There is close similarity between the experimental and 

theoretical profiles. PRESS profiles for large VOI’s define the VOI less well than those 

for small VOI. The differences between experimental and theoretical profiles, across the 

large VOI, might be related to B, inhomogeneity. Also the contamination is relatively
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Figure 35. Profiles measured through the centre o f 8 ml and 125 ml cubic VOIs by 
PRESS (solid line) compared with the theoretically calculated profile (dotted lines).

high for large VOIs mainly due to the wide wings of the large VOI profile. Small VOIs 

placed entirely within the sample region exhibit a lot less contamination and the effect 

of Bj inhomogeneity is less significant. In this regard a small VOI is optimal for PRESS 

unless pulses with superior profiles are used.

8.2 Accuracy of Tj measurements using two PRESS experiments.

The longitudinal relaxation time (Tj) is often determined from two steady state 

experiments performed with different repetition times T̂ i and 7 2̂- However there is a 

problem with this approach associated with the use of selective pulses: the edges of the 

defined slice do not receive perfect 90° and 180° pulses. As approaches and exceeds 

5T, this effect becomes less and less important. In order to investigate the size of this 

effect, the PRESS sequence was simulated using Hermite RF pulse. A homogenous 

field was assumed. In the simulation the VOI was a 2cm cube centred inside a 6 cm 

cube, both cubes contained the same homogeneous spin density. Two T,s were chosen: 

T î,= 2s and T̂ 2=5s. For 0.2s < T, < 5.0s), a ratio R(T^) was calculated:
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Figure 36. Error in Tj assignment from two PRESS experiments; F(Tj) - assumes perfect 
flip angles and R(Tj) takes account o f non-ideal flip angles at the slice edges.

R (T ,y (81)

where S(TJ is the integrated transverse magnetization from each simulated experiment. 

R(Ti) was compared with the calculated value F(TJ obtained assuming perfect flip 

angles for all spins:

(l-ex p (-r /T ,))
(82)

(l-ex p (-T /r ,))

In order to investigate this problem experimentally, PRESS experiments were 

performed using phantoms containing distilled water and CuSO^ solutions at different 

concentrations to vary T,. Table XI shows T, results for each CuSO,. The T^s in 

Table XI, measured using non-localized inversion-recovery in a volume coil [Thornton 

1996] were assumed to be the true values. For each CuSO^ concentration the ratio of 

signals acquired with T̂ i = 2s and T̂ j = 5s was calculated and compared with both F(Ti) 

and R(Ti). Five experiments were performed in each case. Figure 36 shows R(TJ (solid 

line) and F(TJ (dotted line), and the experimental values (filled circles). There is a
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Phantom T, [ms]

A
distilled water 3200 (25)

B
0.1 mM of CUSO4 2605 (30)

C
0.2 mM of CUSO4 2190 (32)

D
1 mM of CUSO4 1068 (28)

Table XI. Tj values for CuSO^ solutions measured using non-localized inversion- 
recovery sequence and volume coil [Thornton 1996].

discrepancy between T, assignment assuming perfect flip angles and the theoretically 

correct curve that takes account of the slice edges. The precise form of the F(T,) curve 

will depend upon the selective-pulse shape. The error in Tj assignment becomes 

increasingly large as the ratio of T, to T 2̂ increases and reaches -25 % for T, = T,2. 

Experimental results show that for T, < 1.5s the differences between R(T,) and F(T,) 

values are within the experimental error. For higher T,s values the mean signal ratios 

are closer to R(Tj) than to F(T,). The spread in signal ratios values was probably related 

to the accuracy in adjustment of RF amplitudes.

8.2.1 Problems in the design of adiabatic, refocussing pulses.

The problem of improving the 180° pulse profile has been already addressed. The 

application of the Shinnar-Le Roux algorithm [Pauly 1991] to the design of RF pulses 

for "in vivo" spectroscopy has been described [Webb 1992]. This demonstrated the 

design of pulses matching 90° and 180° slice profiles within the RF power limitation of 

the standard MR scanner. However these pulses are relatively long and have narrow 

excitation bandwidths. As a consequence lower gradient strengths are used which results 

in increased chemical shift displacement error. If the refocussing 180° pulses are
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adiabatic, they could be modified in a similar way to the FOCI pulses described in 

chapter 7, in order to reduce chemical shift displacement error. Adiabatic pulses are also 

attractive due to their insensitivity to Bj inhomogeneities. This section discusses 

problems in the design of adiabatic, refocussing pulses. The inversion hyperbolic secant 

(HS) pulse as described in § 6.1.1 give good slice profiles. These pulses are capable of 

performing a transverse 7i rotation as well as inversion. Unfortunately, this rotation 

would not be effective as a selective spin-echo pulse because it leaves an unwanted 

nonlinear phase variation across the slice. During a hyperbolic secant (HS) 180° pulse 

of duration Tp the total phase shift can be expressed as:

1*1 -  (83)
0

|co^z,T)| -  [7^A^5gc/z^PT+(7Gz-|xPtanhpT)^]^^ (84)

where G is the gradient strength, z - the spatial coordinate, p and |i are HS pulse 

parameters, and y is the magnetogyric ratio. This phase can not be refocussed with linear 

gradients and hence causes signal loss. [Kunz 1986] suggested the use of a non-adiabatic 

7C/2 pulse, to cancel this phase shift. A drawback of this method is that both the tc/2 

pulse and phase compensation are sensitive to variations. [Conolly 1989] introduced 

an adiabatic pulse suitable for generating selective spin echoes which consisted of a In  

and a n pulse: the 27t pulse performed no net rotation, but compensated for the phase 

of the n  pulse. This pulse requires no gradient reversal to achieve phase compensation 

and unlike the HS inversion pulse leaves no phase variation across the slice. However 

the disadvantage of this pulse in clinical application is increased RF power deposition, 

since the specific absorption rate (SAR) is at least four times higher than that for the 

sine pulse.

Another approach to the design of the adiabatic refocusing derived from a HS pulse was

investigated. Waveforms for Bj, frequency offset Aco, and gradient are shown in
ihe

Figure 37. During the pulse application, B̂ ff is initially along x axis (see Figure 42), 

while Aco is being increased and Bj decreased the B̂ ff moves towards main Bg field 

direction (z axis). Halfway through the pulse Aco in inverted and since B  ̂ is very small, 

Bgff is also inverted. The magnitude of Aco is then being decreased and Bj increased, so 

Bgff returns to the x-axis. If the total magnetization of the sample is initially aligned
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Figure 37. Gradient, RF amplitude and frequency offset waveforms o f the "adiabatic" 
refocusing pulse.
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Figure 38. Evolution o f and transverse magnetization during "adiabatic" refocusing 
pulse (in the rotating reference frame).
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Figure 39. Slice profile o f magnetization component that was originally aligned with x- 
axis (Bj direction).
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Figure 40. Phase variations across the selected slice for magnetization component 
initially orthogonal to Bj.
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Figure 41. Gradient waveform designed to refocus the magnetization component initially 
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Figure 42 Selected slice profile for magnetization component orthogonal to after 
application o f refocussing gradient waveform.
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along the x axis, it will follow the vector, halfway through the pulse the 3^^ is

inverted the and since magnetization remains locked along direction, at the end of

this pulse, the magnetization will be along - x-axis. The profiles in this situation are

shown in Figure 39. Therefore for the x component the problem with the nonlinear

phase variation is not present. However if the magnetization is originally orientated

along y axis i.e orthogonally to B̂  and B̂ ff, then as was discussed above, there will be

still a nonlinear phase variation across the slice as shown in Figure 40 leading to signal

loss. However this phase variation can be removed by inverting the gradient and

switching off the B; field (see Figure 41) in the middle part of the pulse (when Bĝ y is

along z-axis). The magnetization that was initially orientated along x-axis will not be

affected since it remains aligned along Bgff, however the magnetization component which

originally was along y-axis is now orthogonal to z-axis and can be rephased as

illustrated in Figure 42. However rephasing gradient value depend on Bj throughout the

pulse and the frequency offset. Hence if it is optimized for rephasing spins on-resonance,

the off-resonance profile will be distorted. Concluding, the difficulty in designing

adiabatic refocusing pulses originates from the nonlinear phase variation across the slice.

The new idea for the design of the refocusing pulse derived from HS waveforms allows

us to eliminate the "phase" problem for a magnetization component that is initially

parallel to B̂  and remains parallel to Bgff during the pulse application. Partial solution
the

can be obtained by reversing gradient in the middle part of the pulse, but pulse losc^ 

it’s adiabatic character (only for this component) and does not rephase off-resonance 

spins.

8.3 J-coupling effects in PRESS.

In multipulse NMR experiments, which create spin-echoes, J coupling leads to 

amplitude and phase modulation effects which can cause signal loss. In particular, due 

to homonuclear spin-spin coupling between the three nuclei of the biologically 

important molecule ATP, the echo signals of these nuclei show both phase and intensity 

variations. These effects must be considered in the interpretation of echo-spectra.

For rigorous theoretical analyses of J-coupling systems in multipulse NMR experiments, 

the product-operator formalism suggested by [Sorensen 1983] is used. Others [Jung 1992
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A], [Zijl 1990] have applied this formalism to describe the AX system with pulse 

sequences similar to PRESS. [Straubinger 1994] presented a theoretical analysis for 

ATP, with a spin echo sequence with only one refocusing pulse. This section discusses 

J coupling effects on the ATP signals when using the PRESS sequence : - t, - 0y -

(t| + t2) - y.y - t2 - Acquire data, where values represents the nominal 90° pulse, and 

0y, and %y represent the nominal 180° pulses with phases y and -y respectively, a^, 0y 

and Y.y may differ from their nominal values.

8.3.1 Density operator.

In the formalism used, the state of the three-spin system was described by the density

operator a(t) and it’s time evolution. The concept of density operator is described in
the

[Cohen-Tannoudji 1977, Slichter 1964] and it has been shown that characterizing system 

by its state vector l\|/(t)> is completely equivalent to characterizing it by the density 

operator. Density operator is particularly useful for the analysis of systems information 

about which is incomplete and which can be described as the statistical mixture of 

states. For a system described at the instant t by the state vector l\|/(t)> given by:

with ^  -  1 (85)
n n

where {IUn>} are an orthonormal basis of the state space, and l\j/(t)> 

is normalized state vector, the density operator a(t) is defined by:

a(/)-|\|/(0>  <\j/(0|

where the expression on the right hand side represents the operator-projectoronto the ket
bo(-

|i|/> (see [Cohen-Tannoudji 1977]). Operator c(t) can be represented in the {lu^>] by 

a matrix called the density matrix with following elements:

where c*„(t) is the complex conjugate to c„(t). Density operator has important properties:

1) The mean value of the measurement of an observable A is given by:
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<A(t)> -  Tric(t)A) (88)

and Tr denotes the matrix trace i.e. the sum of the diagonal elements.

2)The time evolution of the a(t) obeys the following:

ChAait) -  [H(t)Mt)] (89)
dt

H(t) is the Hamiltonian of the system and [H(t),a(t)] denotes commutator between H(t) 

and a(t).

3)Probability of the various results â , P(a„) in the measurement of an observable A at 

the time "t" is given by:

P{a^) -  Tr{Pp{t)) (90)

where P„ is the projection onto the eigensubspace associated with â . The above 

properties remain valid for the description of a statistical mixture of states [Cohen 

1977].The physical interpretation of the matrix elements of a(t) is as following: diagonal 

elements represent the average probability of finding the system in the allowed state 

lu„>; non-diagonal elements CT„p expresses the interference effects between the states lu„> 

and IUp>, if it is zero it means that on average there is no interference, if it is not zero 

there is a coherence between these states.

8.3.2 Description of the formalism used to analyze an AMX system.

The density operator describing states of the three-spin (AMX) system was expressed 

as a linear combination of 4̂  base operators. These were formed by taking the products 

of one-spin operators : E, 1̂ ,̂ I^y, Lx, Imz. Ixx. Ixy» Ixz-(E is the unity operator). 

Resulting product operators can be: one-, two-, or three-spin operators. One-spin 

operators include the following forms: the z-magnetization of a spin k (k=A,M,X),

and I|^ (or Î y) the in-phase x- and y- magnetization i.e. transverse magnetization along 

the X- and y-axis. Two-spin operators, spins k and 1 (k,l =A,M,X, k?̂ l) include: 21^^^ or 

(2IkyI|z)- the antiphase x- or y-magnetization of spin k with respect to spin 1 (representing 

multiplets that have opposite phases), 21^1,  ̂ (or 21,̂ 1,y, or 21^1,y, or 21,̂ 1,̂ )-the two-spin 

coherence of spins k and 1 (representing a superposition of zero and double-quantum
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coherence), the longitudinal two spin order (which can be described as a spin

population without net polarization and without observable magnetization). Finally 

products of three-spin operators, spins k,l, and m (k,l,m =A,M,X k?̂ l, k?^m, m#l) include: 

41^1, or 41icylizlmz the x- or y-magnetization of spin k, in antiphase with respect to the 

spins 1 and m (and similar terms for 1 and k spins), (or 4 1 , ^ 1 , or 4I,,yIjyI ẑ^

or 4I^I|yI„^), the two-spin coherence of spins k and 1 with respect to m spin, (or

41kyl,xlmx etc.) the three-spin coherence, and the longitudinal three-spin order.

Operators describing observable single quantum transitions cvre referred to as 

"magnetization", while for zero quantum or multiple quantum transitions, giving no
the . thg

observable signal, term "coherence" iS  used. The formal solution of equation

describing time evolution of the density operator is given by equation (91) where ^ ( t)
ao

is the Hamiltonian, ^(t) is the density operator, and exp(-/Ar) is referred to an 

exponential operator [Schlichter 1978].

à(t) -exp(-iHt)à{0)cxp(iHt)  ̂̂

In case of a multipulse experiment, two parts of the Hamiltonian can be considered. The 

first one ( Hj (0) (see equation (92)) is valid during the free precession between pulses

Jt-3

with two terms: a chemical shift term - describing off-resonance effects for
k-\

nucleus k), and a scalar coupling term (describing spin-spin coupling).

t -3

t-1 k<l

isThe second part of the Hamiltonian f^(t), valid during the short, strong (hard) pulses 

with phase x and flip angle p:

3

k-\

Since each part of the Hamiltonian consists of mutually commuting terms, evolution
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caused by the individual terms can be computed separately. It can be proved [van de 

Ven 1983] that the effects of these terms can be described by the following 

transformations. The effect of chemical shifts (during a period t ) is a precession around 

Bo - (ie. around the z-axis) at frequency ci\= cOw -cOrf; where û\o is the resonance 

frequency of spin k and cOrp is the carrier frequency):

f̂cx-̂ f̂cx̂ os(o)̂ T) +/^sin(co^T) (94)

-/^sin(û)^T) (95)

A spin-spin coupling between spins k and 1 results in the conversion of in-phase 

magnetization into orthogonal antiphase magnetization (equations (96) and (97)); or 

antiphase magnetization into the in-phase magnetization (equations (98) and (99)):

+2y,^sin(7tJyT) (96)

-2y,sin(%y ,̂x) (97)

27Jb-^2y,^cos(7i/„x) + y  in(7x/„x) (98)

- y  in(7t7yX) (99)

A hard RF pulse with phase x-axis and flip angle p causes rotation through p about the 

x-axis:

!kz-^Ikz^os{f>)-I,^siniÇi) (100)

t̂y-^ t̂yCos(p) +/^sin( P) (101)
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. A B C D  E F

90“ 180° 180“

RP tl tl+t2 t2

Figure 43. Puise sequence in PRESS localization technique.

8.3.3 Investigation of PR ESS sequence.

The A T? resonances were assumed to constitute a homonuclear AMX system with the 

following assumptions: J^x =Jmx =  ̂ und J^m = 0 where A = y-ATP, M = a-A T P and X 

= p-ATP. Relaxation and diffusion effects were not considered. For PRESS the spin 

density operator was evaluated at the successive stages (A, B, C, D, E, F, and G) of the 

PRESS sequence as shown in Figure 43. It was assumed that initially the spin system 

was at thermal equilibrium i.e. a(0 ) = Iaz+Ixz+^mz- As an example of these calculations, 

Figure 44  illustrates the evolution of the density operator for P-ATP (X spin) 

immediately after the first PRESS pulse (stage A), and after free precession during t, 

(stage B). In these calculations A denotes the local perturbations of the resonance 

frequencies, due to Bg inhomogeneities, and ô is the frequency offset from resonance. 

The inphase and antiphase magnetization are created; z-magnetization created after the 

a  pulse will not contribute to the final signal due to the presence of the spoiling 

gradients. Application of the next RF pulse creates other coherences including zero 

quantum coherence, multiple quantum coherences and two/three spin orders as illustrated 

in Figure 45 presenting the next stage (C) of the spin operator development. Due to the 

application of spoiling gradients in the PRESS sequence, these coherences do not 

contribute to the signal and therefore were excluded from the further calculations. We 

have concentrated on inphase magnetization, since pure antiphase magnetization can be
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Effects dunng t, (B);

Due to Due to J-coupling Due to J-couplmg between M and X
frequency - between A and X
-offset

Effect of 
a-pulse 
(A)

-Î ,cos(7rJ,,xt,)cos(7iJ,xt,)cos((A-t-ô)t,)sina
-Î ĉos(7tĴ t̂|)cos((A+ô)t|)sina <

I  c o s ( x  2Î 4̂ sin(7d^xfi)cos(7iJ,xt4cosffA+ô)tj)sina
//  2Ix4x.cos(:iJyxf,)sin( nJxxt,)cos((A+6)t,)sina

Ixz\ -IxyCos((A+6)t,)sina

/  \  ; 4I,4xJxvSin(7tJx,xt4sin(:iJxxt,)cos((A-i-0)t,)sina
-IxvSina /  2Ix4x,sin(7rJxxti)cos((A+5)t,)sin(x4-̂

\ Ix,cos(7cJx,xti)cos(7d̂ t,)sin( (A+0)t|)sina
Ix,cos(7iJ,xt,)sin((A-f5)t|)sina. ' '

Ix,sin((A+0)t,)sina<  ̂ 2I*4xvSin(rrĴ ,x̂ i)cos(rtJxxt,)sin((A-i-ô)tt)sina

2I,4x̂ 'os( Tdŷx̂i )sin( ( A+ô)t,)sina
2I,4xv̂ >n(TtJ,xt*,)sin((A-i-ô)t,)sina

■̂ ,̂ClxxCos(7rJ,,xt|)sin(7LJ,xt,)sin(fA+Ô)t,)sina

Figure 44. Evolution o f  operator up to stage B in the PRESS sequence.

Effect of 0y pulse (C)

Ixx ---------► I.xx cose -IxySinO
X̂y — — ► Ixy

2I^ Îx,  ^  2Im̂IxCos 0̂ -2Ix4,Ixy sin0cos0-t-2Ix,JxxSin0cos0-2Ix,,Ix,sin^0

2I^Jxx  ► 2IJxxCos'0- 2Wxy sinecosa+2IxJxxSin0cos0-2I^JxzSin'0

2Wxy  ► 2WxyCOS0 +2WxySin0

2W.\y  ► 2I^IxyCOs&4-2IxJxySin0

4IxjMxIxy ---------► 4LWxyCos'af4WMxIxyCosesinm^LWxySin0cos8-4IjMzIxySin'8

4L W xx ---------- ^  41 Jx^Ix,cos'0-4Ix,lMzIx.cos'0sin0+4Ix,lMJxxSin0cos'0 -41 J^lx,sin'0cos0-l-

4-4I.,L L sin0cos'0-4I. T_ Tx,sin^0cos0-t-4I..L.L sin'0cos0-4I. T_ L sin^e

Figure 45. Effect o f  the firs t refocussing pulse  0 - stage C in the PRESS sequence.
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only observed with sufficient spectral resolution and generally is seen as signal 

vanishing. Due to complexity of the final form of the calculated spin density operator, 

terms containing in-phase magnetization for a- , (3- , and y - ATP nuclei are given, in 

the Appendix A2. These equations show that in-phase magnetization and effectively 

signal amplitudes depend on the flip angles a, 0 and y, t,, and tj, J, and Ô, and Ô2 (where 

Ô, is the chemical shift difference between X and A and Ô2 is that between M and X). 

As discussed by others [Jung 1992, Zijl 1990] the timing of the PRESS sequence can 

be optimized to reduce signal loss. In particular, the asymmetric sequence with t, < t2 

has been recommended. In the Bruker implementation of ^'P PRESS t, is constant (1.52 

ms) and echo time TE = 2(tj+ t2).

S.3.3.1 Dependence of the ATP signal on TE and flip angles:a, 0, y.

One of the consequences of nonideal flip angles is the variation in ATP signal 

modulation with (TE). This is illustrated in Figure 46, Figure 47, and Figure 48 for 

spatially uniform flip angles. In these calculations a=90°, 5, = - 3504 rad/s, Ô2 = - 2149 

rad/s, J = 20 Hz. If the refocusing pulse is not 180° reduction of in-phase magnetization 

occurs which for coupled system depend on echo times. The in-phase magnetization of 

P-ATP signal is periodically reduced at TE=(2n-l)/J and at TE=(2n-l)/2J the signal 

results from pure antiphase (inphase magnetization vanishes). If the first refocusing pulse 

0=180°, the results are close to those calculated for the sequence with one refocusing 

pulse only [Jung 1992], shown by the dotted lines in Figure 46, Figure 47, and 

Figure 48. Figure 49 shows that amplitude and phase modulation "pattern" can be quite 

different if refocusing pulse/pulses are a lot smaller than nominal for 180°. For example 

the in-phase magnetization for P-ATP is very small at TE=(2n-l)/J, but does not vanish 

at TE=(2n-1 )/2J. These effects have direct implications for the localized PRESS signal 

and for T̂  measurements using PRESS. If metabolites with short T2S are of interest, 

when most of the signal has decayed by spin-spin relaxation for TE > 2/J, measurement 

of T2 using PRESS leads to substantial errors (underestimating of T2S). In order to avoid 

these problems, T. calculations, can be performed using the frequency selective spin- 

echo as described in § 5.8.3.1.
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S.3.3.2 J-coupIing effects on localized ATP signal.

The previous section discussed the coupling effects for the situation in which flip angles 

were uniform throughout the sample. This is not the case when using PRESS 

localization, in which flip angles vary in the VOL Spin-spin coupling effects were 

investigated for the PRESS sequence as implemented on the Bruker machine ( i.e. 1.56 

ms Hermitian 90° and 180° pulses, TE = 10 ms). Since J coupling in ATP <20 Hz, 1/J 

is very long compared with the pulse duration, modulation effects during the pulse were 

negligible. Therefore the effects of the PRESS RF pulses were calculated using equation 

(100) and equation (101) with the appropriate flip angle spatial distribution which was 

obtained from theoretical simulations of PRESS experiments. Profiles of the in-phase 

magnetization through the VOI centre for a-, and p- ATP are shown in Figure 50 

together with the profile without coupling. At this echo time (i.e. 10 ms) the profiles 

show some reduction of in-phase magnetization, but the definition of the VOI edges is 

similar for a-, P- and y and hence three ATP VOI’s are comparable. This would be of

PRESS VOI profiles for ATP 
(TE=10 ms)

1.0
V beta-ATP
A alpha and gamma - ATP 
-^on-coupled spins

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0
-7.0 -5.0 -3.0 1.0 1.0 3.0 5.0 7.0

position [a.u.]
Figure 50. VOI profiles for  a- and y-ATP (dashed line), P-ATP (dotted line), and non - 
coupled spins (solid line) obtained with PRESS localization (TE=10 ms).
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Figure 51. VOI profiles for ^-ATP obtained with PRESS localization and different TEs.

importance particularly for application of PRESS as prelocalization technique in the 

chemical shift imaging. However, VOI profiles change with TE as illustrated in 

Figure 51 for P-ATP. Please note different effects in the central and close to the edge 

regions of the VOI as a function of TE.

Modulation of the signal from VOI estimated by integration of inphase magnetization 

over VOI, was then investigated. The results for p-ATP are shown in Figure 52. Clearly 

there is a difference between the curve with nonuniform flip angles and the curve with 

exact 90° and 180° flip angles. For verification PRESS experiments were performed 

with TE: 10, 25, 50, 75, and 100 ms, and T, = 20 s, and using TSM2 phantom (see 

chapter 9) which contains ATP. Signals were corrected for Tj decay, T2 was 124 ms as 

measured with the frequency selective spin echo. Signals were quantified in the 

frequency domain using direct integration after Fourier Transform (FT), baseline 

correction, and manual phase correction using zero and first order corrections. The 

results are also shown in Figure 52. The experimental data are close to the theoretical 

predictions (for in-phase magnetization) for TE 10 ms, 75 ms, and 100 ms. However at 

TE=25 ms the signal was higher than expected, while for TE=50 ms the signal was
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Figure 52. M odulation o f  PRESS ^-ATP  yj TE: theoretical : flip  angles as in PRESS  
(solid line), and ideal 90°and 180° (dotted line), and experiment (stars)- normalized to 
the amplitude at TE=IOO ms.

lower than expected. These differences are probably related to inaccurate of RF 

amplitude adjustment, B, inhomogeneity and chemical shift displacement error. 

Inaccurate RF amplitude adjustments and B, inhomogeneity would increase to the range 

of flip angles. Therefore one would expect signal contributions from many regions to 

be characterised by different modulation patterns depending on local responses to the 

refocussing pulses, for example as shown in Figure 46 and Figure 49.

As far as chemical shift displacement error is concerned, temporal evolution of density 

operator was calculated with the assumption that this error was minimal i.e at the given 

point in space all three coupled spins receive the same flip angles. However if the
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chemical shift displacement is large enough it is possible that the a- , p- , and y- ATP 

spins may not all experience two refocussing pulses with flip angles close to 180°. In 

this situation the evolution of the spin density operator will be different from that 

described here. For example, if for any of the coupled spins both refocusing pulses 

effected a flip angle of zero degrees, there would be no phase modulation. The 

contribution of different modulation patterns depends on relative sizes of the overlapping 

regions with reduced flip angles created by chemical shift displacement and selective- 

pulse slice profiles.

Further investigations are necessary for a better understanding of these effects; a more 

sophisticated model which takes into account chemical shift artefact as well as slice 

profiles with appropriate flip angle distributions in order to describe observed intensity 

modulations in localized PRESS.

8.4 Summary

Performed quality assurance tests showed that PRESS technique (implemented on 

Bruker Biospec) fulfils the basic requirements for localization and absolute quantitation. 

VOI profiles were simulated and experimentally measured ( for Hermite shaped RF 

excitation and refocusing pulses). There was a close similarity between theory and 

experiment. The VOI profiles did not have the ideal rectangular shape i.e. the flip angles 

near the edges were lower than nominal values. This could lead to several systematic 

errors in absolute quantitation. For example in T; measurement based on two PRESS 

experiments performed with different repetition times, there is a discrepancy between 

Ti value calculated assuming perfect flip angles and T, calculated with flip angles 

inhomogeneity. Also the response of J -coupled spins to PRESS sequence is changes if 

there is an inhomogeneous flip angles distribution across VOI leading to signal loss. In 

order to improve performance of the refocusing pulses the possibility of design of the 

adiabatic refocussing pulse was investigated. The difficulty in designing adiabatic 

refocusing pulses originates from the nonlinear phase variation across the slice. In this 

thesis a pulse design was presented, that enables adiabatic refocusing of the 

magnetization component initially orientated along the B, direction, however it does not 

apply to the magnetization component initially orientated orthogonal to B; field .
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CHAPTER 9

The development of a tissue substitute phantom for the assessment 

of metabolite quantification in  ̂P MRS.

9.1 Introduction.

The need for absolute quantitation phantoms has long been recognized [Bottomley 

1989b, Mazzo 1991, Cady 1992]. Such phantoms of known composition should produce 

similar spectra (in terms of peak widths, amplitudes and chemical shifts) to those 

obtained "in vivo" in order to provide similar quantitation difficulties. Two tissue- 

substitute materials with similar characteristics are described in this chapter: (TSMl and 

TSM2) that simulate the spectrum obtained from normal neonatal brain. Details of 

their manufacture, calibration and long-term chemical stability are presented here.

9.2 Difficulties in the design of a quantitation phantom for  ̂P MRS "in vivo".

Two main problems in the design of quantitation phantoms for MRS, have been 

identified: 1 ) long-term biochemical stability assuring that concentrations of metabolites 

are constant and 2) simulation of broad components related to phosphodiesters (FOE) 

and immobile phosphate in myelin and cellular membranes in particular for spectrum 

of brain.

9.2.1 Long term chemical stability

Long term chemical stability is difficult to attain for several reasons, the main problems 

being: i) bacterial growth, ii) activity of enzymes (if present), iii) spontaneous hydrolysis 

of metabolites, in particular ATP and PCr, and iv) gel stability; it is expected that gel 

may become more liquid after a certain time. Hydrolysis of ATP and PCr leads to their 

breakdown as following:
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ATP*-+Hfi => ADP^-+ H P O t + H '  (*02)

PCr^-+Hfi => C r^H PO t + (*03)

where ADP is adenosine diphosphate, and Cr is creatine. Hydrolysis of ATP usually 

converts ATP to ADP and orthophosphate (Pi), less often to AMP and pyrophosphate. 

Also due to increase in [H ]̂ concentration, hydrolysis may eventually lead to acid pHs, 

pH=-log[[H+]]).

Hydrolysis depends on physical/chemical factors such as temperature, pH and the 

presence of metal ions [Cohn 1962]. Bacterial growth can be inhibited by using 

antibacterial agents. Enzyme activity can be suppressed by including the appropriate 

enzyme inhibitors. It was found in the course of phantom material development that 

better stability was achieved by storing the materials at low temperatures (= 5°C), 

maintaining the pH near 7, and including a chelating agent to bind the metal ions.

9.2.2 Simulation of the broad phosphodiester region.

The phosphodiester PDE feature is a cause of substantial difficulties in quantitation, due 

to its large width and non-Lorentzian line shape. In the design of tissue-like phantoms, 

chemical simulation of the PDE peak is difficult since its composition is complex and 

still a subject of discussion.

9.3 Manufacture of tissue substitute materials (TSMs).

9.3.1 Tissue substitute material 1 (TSMl).

The broad PDE component was simulated using "polline" egg yolk. Egg yolk contains 

various phospholipids contributing up to 24-30% weight of total yolk lipids [Burley 

1989]. Phosphorous is also present in phophoproteins especially phosphitin and 

lipovittelin which are a reservoir of organic phosphate for the embryo [ Belton 1983]. 

For biochemical stability, egg-yolk enzymes (mostly acid and alkaline phosphatases, and 

nucleoside phosphohydrolases [Burley 1989]) were deactivated by: incubation with 3% 

deoxycholic acid and 150 mM NaCl; heating to 80°C for 20 min; and adding inhibitors
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Figure 53. P spectrum from TSMl phantom.

(0.5 mM dihydroxymalic acid, 10 mM L-phenylalanine, and 5mM levamisole). After the

mixture of egg-yolk and stability enhancers had cooled to 7°C, the following were

added, in the amounts required to give the concentrations indicated: ATP (3 mM); PCr

(3 mM) disodium salt; tri-calcium-di-orthophosphate (Ca3(P04)2; to mimic the very

broad immobile phosphate component); sodium bicarbonate (NaHCO^; 150 mM to adjust

the pH to about 7), ethylenediaminetetraacetic acid (EDTA; 2mM; to chelate metal ions)

and sodium azide (NaN^; to stop bacterial growth). Inorganic phosphate (Pi) and

phosphomonoester; (PME; in fact phosphoserine) were artefactually produced during

manufacture. Culinary gelatine (Davis Gelatine - U.K.) was used to produce a firm gel
vn

following the producer’s guidelines (no P signal was detected this gelatine). During 

setting, the phantom was rotated vigorously to allow homogeneous distribution of the 

insoluble Ca3(P04)2 which was in powder form. A ^̂ P spectrum from TSMl (at 2.4 T) 

is shown in Figure 53. This was obtained using 9 cm surface coil, and a simple pulse 

acquire sequence with T̂  = 30s.
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9.3.2 Tissue substitute material 2 (TSM2).

The main differences in the production of this phantom were: a  - L lecithin 

(phosphatidylcholine) (60 g of produced by Sigma U.K., containing ~ 20 % of lecithin) 

was used instead of polline egg yolk as a source of cross-linked PDEs thereby 

eliminating problems with active enzymes; O - phosphoethanolamine (PEt; in the 

amount required to give 20 mM) was used to simulate the PME peak; cooking gelatine 

was replaced by aery 1 amide gel (12% weight per volume-w/v) made from liquid 

acrylamide solutions; methylenediphosphonic acid (MDA) was added as an internal 

concentration reference (ICR). MDA was chosen since it has been used by others as a 

primary chemical shift and concentration reference [Burt 1976, Batley 1982, Shine 

1987]. As in TSMl; resonances due to (ATP) and (PCr) were simulated by adding PCr 

and ATP sodium salts, in order to obtain 10 mM for both [ATP] and [PCr]; (Pi) was 

still created artefactually during manufacture; the immobile ‘̂P broad line was still 

simulated by adding (Ca3(P O j2; and NaHCOj was added to adjust pH to about 7.

First a solution containing NaHCOj, EDTA and NaNg was prepared to which (ATP, 

PCr, MDA, PEt) were added. Ultra-pure liquid acrylamide solutions (PAGE 1™) 

obtained from Boerhinger Mannheim were used to make the gels using the guidelines 

provided. The volumes of PAGE 1 Liquid Acrylamide and Liquid Bis-acrylamide 

required for gel casting solutions of any volume and concentration were calculated from 

the guideline formulae:

V  - ^ £ l l  (104)
 ̂ 200

V  (105)
“ 30 30

where Vy - is the volume of PAGE I Liquid Bis-acrylamide (ml); - is the volume of

PAGE I Liquid Acrylamide (ml); is the total volume of gel casting solution (ml);

A - is the total percentage of acrylamide in the solution (w/v); C - represents the fraction 

of acrylamide which is bis-acrylamide. The TSM2 material was prepared (following 

standard electrophoresis procedure) to obtained 12% (w/v) crosslinked gel with 2.7 %
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Figure 54. P spectrum from TSM2 phantom.

bis-acrylamide. The water content in the final TSM2 material is therefore 88% (w/v). 

Liquid acrylamide solutions contain a gaseous inhibitor to increase the stability of the 

solutions and prevent self-polymerization. De-gassing the solutions removes the 

inhibitor. Tetramethylenediamine (TEMED) and ammonium persulfate (ASP) were also 

required for complete polymerization. The freshly made solutions (using quantities given

Constituent Quantities to make 
1 1 of gel (12 % 
w/v)

2 % Page I Liquid Bis-Acrylamide 162 ml

30 % Page I Liquid Acrylamide 389 ml

TEMED 2 ml

ASP 5 ml

buffer with added metabolites 442 ml

Table XII. Quantities needed to make 11 o f acrylamide gel.

in § 9.3.2 with all constituents except the ASP were first sonicated for 15 minutes in a
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fume cupboard, to remove the gaseous inhibitor. In order to start polymerization, 20% 

APS was added followed immediately by adding the Ca3(P04)2. All was then well 

rotated (in order to disperse the Ca3(P04)2) until complete polymerization had occurred 

(~ 10-15 minutes). Figure 54 shows ^'P TSM2 spectrum, obtained under the same 

conditions as the spectrum in Figure 53. In both cases the spectra are similar to those 

from normal neonatal brain obtained with surface coil at 2.4T (see Figure 3). The MDA 

resonance is observed as a triplet. This is due to the heteronuclear coupling of ‘̂P with 

nearby protons.

9.4 Assay of P metabolites in TSMl and TSM2.

This section will present results of a ^̂ P metabolite assay of the TSM2 material. TSM2 

was used to make the phantom that was applied for testing absolute quantitation methods 

(see chapter 10) and also as the concentration reference for "in vivo" phosphorus 

metabolite quantitation (see chapter 11). Since the intended concentrations might have 

changed during phantom manufacture, it was necessary to assay the ‘̂P metabolites in 

TSM2; these concentrations could then be accepted as the standard values. The main 

method used was high-resolution NMR (7T system) with MDA as the internal 

concentration reference. For comparison, the ATP concentration was also measured 

using high pressure liquid chromatography (HPLC) [Oliver 1989].

9.4.1 NMR method

In this method MDA was used as the ICR (in case of TSMl, a sample of known 

volume was homogenised with a known volume of standard MDA solution, for TSM2 

MDA was already included. Fully relaxed spectra were acquired (Tr 60 s) on a 7 T 

system with a pulse-acquire sequence (90° flip angle at the coil centre with a short hard 

pulse, in order to avoid any signal loss) using a 25 mm surface coil. Very good Bq 

homogeneity was required in order to obtain well resolved spectra. This, however was 

very difficult to achieve, due to susceptibility effects caused by the presence of the 

insoluble particles of Ca3(P04)2. Since the partial volume effect, of Ca3(P04)2 powder 

was negligible, samples manufactured in the same manner but containing no Ca3(P04)2 

were used. In the case of TSM2, these measurements were performed before adding the 

polymerizing agent, so the sample was in the liquid form, which also improved
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shimming (a correction for volume of ASP added subsequently was included). 

Table XIII shows the measured concentrations: (mean (SD); n=3). Spectra were analyzed 

using VARPRO - The results for numerically simulated data giving similar spectra and 

S/N, showed that VARPRO is expected to give accurate results (see § 12.7).

PME
mmol/1

PCr
mmol/1

y-ATP
mmol/1

a-ATP
mmol/1

P-ATP
mmol/1

TSMl 
by NMR

5.04
(0.28)

1.89
(0.20)

2.72
(0.25)

3.40
(0.21)

2.47
(0.25)

TSM2 
by NMR

17.00
(1.02)

7.86
(0.41)

9.20
(0.49)

9.43
(0.55)

9.75
(0.59)

TSM2
by
HPLC

[ATP]= 9.86
(0.20)

Table XIII. Metabolite concentrations in TSMl and 
TSM2 by high-field NMR method and HPLC.

The PDE’s concentration was not determined in the 7 T experiment, because the PDE 

amplitude in the high-field spectrum was substantially decreased due to chemical shift 

anisotropy effect. Pi concentrations were also not included. This was due to the 

observation that the commercial Ca3(P O j2 contained some soluble phosphates giving a 

resonance at the chemical shift of Pi. Washing the Ca3(P04)2 with distilled water, 

decreased this effect, but there was still some uncertainty whether the concentration of 

Pi increased after adding Ca3(P04)2 powder. The results obtained with HPLC confirmed 

the accurate estimation of the ATP concentration with high-field NMR (no significant 

difference between the two methods by Student t-test). The concentrations of visible 

PDE, Pi and other metabolites in the final gel material, immediately after it’s 

manufacture were estimated using the same method at 2.4 T. Results for TSM2 together 

with expected values (corresponding to the amounts added) are given in Table XIV. It 

was assumed that the manufacturing process did not affect the MDA concentration (5 

mM). Although MDA was later found to be chemically unstable over a long period of 

time, for measurements performed less than 72 hours after TSM2 manufacture it was 

correct to assume that MDA concentration was equal to the expected one as evidential
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MDA PME Pi PDE PCr y-ATP a-ATP (3-ATP

Estimated 19.7
(L5)

1.9
(0.2)

5.0
(0.7)

8.4
(0.6)

10.8
(0.8)

If.8 
(0.6)

9.9
(0.9)

Expected 5.0 20.0 0.0 10.0 10.0 10.0 10.0

Table XIV. Concentrations o f all visible metabolites in TSM2 estimated using NMR (2.4 
T) together with the manufacture concentrations.

by excellent comparability between HPLC and NMR ATP concentration (see 

Table XIII). Estimated concentrations (both 7T and 2.4T ) corresponding to the p-ATP, 

a-ATP, y-ATP resonances agreed well with manufacture values and also with HPLC 

measurement. The NMR concentration of PCr is lower than the manufacture value (both 

7T and 2.4 T measurements); this might be due to the hydrolysis of PCr during sample 

preparation, which would lead to increase of Pi concentration. Pi was in fact detectable 

although not added as an intentional constituent Prediction of PDE concentration was 

difficult, since according to the supplier of a-L lecithin, 20 % phosphatadyl content was 

only approximate and varies in different packages, also because the length of fatty acid 

chains could vary in different molecules, the molecular weight was not precisely known. 

Also not all PDE could be visible and therefore NMR method may give lower values. 

The total visible phosphate Ptot=3*[ATP]-i-[PCR]-H[PDE]-i-[Pi]+[PME]-i-2*[MDA], was 

estimated to be 77mM. Because of the closed system, concentration of total NMR 

visible phosphate [P^̂ J, should stay constant in TSM2 phantom.
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9.5 Investigation of long term stability

9.5.1 Chemical stability of TSMl.

Biochemical stability has been tested in the case of TSMl for one year. Stability was 

monitored at 2.4 T using a simple pulse-acquire sequence (90° coil-centre flip angle and 

a 60 s Tr). Spectra were analyzed in the time domain using VARPRO. The amplitude 

of each resonance was expressed as a percentage of the total mobile phosphate - 

defined as PME + Pi + PCr + PDE+(y + a  + p)-ATP. No significant changes in 

PME/Pfot, or PCr/Ptoi (see Figure 55 and Figure 56 were observed over the period of 

twelve months. No significant changes in p-ATP/P^^ ,̂ or Pi/Ptot occurred in TSMl over 

a period of 8 months. However, a decrease in p-ATP/P^^  ̂and an increase in Pi/Ptot (see 

Figure 57 and Figure 58 ) occurred after 9 months. A linear regression through the p- 

ATP data for the whole year shows a significant correlation: m = - 0.54 x 10 ^ (day'^), 

b= 0.096, p < 0.005), where P-ATP/Pf^t = m x days + b. As a consequence of ATP 

hydrolysis ADP increases. If ATP decreases say by x mM, ADP increases thereby by 

X mM. Hence y-ATP + p-ADP should stay constant and similarly a-ATP + a-ADP 

should be constant. Since the p and a  ADP doublets co resonate with y and a-ATP 

respectively and are not resolved in 2.4 T spectra one would expect that a-ATP/Pt^t and 

y-ATP/Ptot will be constant. This was not the case for the TSMl phantom - both a- and 

y- ATP were found to increase with the phantom ageing. One possible explanation could 

be he presence of initially NMR invisible ADP, that was changing it’s mobility, but this 

is only a speculation not supported by the evidence. Pi/Ptot showed a clear increase with 

time the regression constants for the whole year were :( m = 1.53 x 10 (1/day), b =

0.07, p <0.005). Changes in PME/P,^ were found to be non significant, however 

tendency to increase was observable (see Figure 56). Finally stability of gel needs to be 

considered. For culinary gelatine it was necessary to store it in the fridge ~5° C and 

limit time it was at the room temperature to minimum. Gelatine in small samples (=125 

ml) was more susceptible to temperature changes and less stable; therefore . Careful 

handling of TMSl allowed to preserve gelatine consistency up to -13 months, when the 

presence of a liquid phase became obvious.
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9.5.2 Chemical stability of TSM2.

The chemical stability of TSM2 was investigated over a period of 18 months by 

measuring ratios of the given metabolite signal to the total visible phosphate 

Changes in p-, y- ,a- ATP/P^^„ PCr/P.̂ ,̂ Pi/Ptot, PME/Ptot and MDA/Pto, are shown in 

Figure 61 to Figure 68. Similar to TSMl, PCr was found to be most stable - no 

significant changes in PCr/P̂ ^̂  were observed (see Figure 66). For P-ATP no significant 

changes were observed during the first 7 months, however a linear regression through 

the data up to 18 months shows a significant correlation described by a line : m= - 

0.59x10"^ (day'^), b=0.144, p<0.005). a-(in fact a-ATP+a-ADP) and y-ATP (y-ATP + 

p-ADP) did not changed significantly during the whole 18 months, not like in the case 

of TSMl - (see § 9.5.1), in addition HPLC measurement showed that initially there was 

only little 0.12 mM ADP in TSM2 (total NMR-visible and -invisible ADP). Signal 

amplitudes of a- and y-ATP were characterised by large scattering, which was probably 

related to uncertainties in estimation of signal amplitudes, which were in fact sums of 

resonances characterized by multiplet structures. Also for Pi, regression analysis showed 

no significant changes in Pi/P,ot during the first 7 months. However correlation was 

significant for data acquired over the full 18 months and changes in Pi/Ptot were 

described by : m = 1.46 x 10^ day'\ b=0.02, p< 0.005. Analysis of regression performed 

on data from the last 11 months gave better correlation and : m= 1.68 x 10 ^ day'\ This 

showed two components in Pi/Ptot changes over full 18 months: first 7 months (no or
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very slow changes) and then 11 months (significant increase). Because of the above 

observations, the actual concentrations of ATP and Pi had to be estimated using the 

regression lines or measured via NMR using the stable component (PCr) as the ICR. The 

consideration of nonlinear changes in Pi/Ptot allowed more accurate estimation of actual 

relative concentrations. In the case of PME/P^o,, no significant changes were measured, 

however a tendency has been noticed that PME/Pt^t has increased over the period of the 

first 3 months, and but not after that. This may be related to the possible synthesis of 

phosphoethanolamine (from ethanolamine which can be present in the sample of o- 

phosphoethanolamine, in a small amount < 1% - according to the producer, although 

exact content is not known). MDA/P,ot fell significantly over the 18 months: m=-1.0x10^ 

day ', b=0.065, p<0.005, leading to increase in Pi. Stability of acrylamide gel was a lot 

better than that of cooking gelatine. TSM2 phantom remained a gel longer than 18 

months.

9.5.3 Accuracy of estimated relative concentrations.

All measurements of concentrations relative to P̂ o, used for monitoring biochemical 

stability were performed under very similar conditions: phantom positioning (to match 

the coil loadings), same single pulse acquire sequence, and T̂  = 60s was chosen so that 

even for T,~12 s, the spectra were fully relaxed. Since the measurements were relative, 

any system instabilities would cancel. Therefore the uncertainty of concentrations 

relative to P̂ ,̂ was mainly related to accuracy in signal amplitude estimation. In all 

spectra S/N -10 and using results from simulated data (see § 12.7.4) it was decided that 

VARPRO technique would give reliable estimates of FED amplitudes. In this approach 

the SDs could be estimated by Cramer Rao (CR) lower bounds (see § 12.4.1) and were 

reaching up to 6%.
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9.6 Relaxation times of metabolites in TSMs

9.6.1 Tj measurements.

Estimation of the spin-lattice relaxation times of phosphorous metabolites in TSM2 

material were performed using a phase-shift saturation recovery (PSSR) surface coil, T, 

experiment with periodic phase shifts in the saturating irradiation, as described by 

[Matson 1984]. Data analysis was performed using three parameter exponential fitting 

(as described by [Evelhoch 1983]). Five independent T, measurements were performed. 

For comparison T /s  were also estimated from the saturation factor as measured using 

PRESS localization (echo time =10 ms, and T r i =  3 0 s ,  T ^ =  2 s )  and a Helmholtz coil. 

T, values were assigned from the theoretical calculations accounting for nonideal flip 

angles at VOI edges (see § 8.2). Table XV shows the results. These relaxation times are 

shorter than for metabolites in aqueous solutions, but are longer than those measured "in 

vivo" in human neonatal brain [Gruetter 1990] [Buchli 1992]. The large SDs might be

T, [s] PME Pi PCR yATP aATP PATP

T5M1 PSSR. 5.8 5.1 4.7 3.2 3.4 5.7
(n=5) (0.7) (1.0) (0.3) (1.0) (1.0) (1.6)
TSMl PRESS 

(n=l)
6.4 6.1 4.8 3.6 2.6 4.0

TSM2 PSSR 7.2 5.7 4.2 4.1 2.7 3.3
(n=5) (1.3) (1.0) (0.6) (0.4) (0.9) (1.1)
TSM2 PRESS 
(n=l)

6.2 6.4 4.6 4.2 2.6 4.5

Table XV. Tj of^'P  metabolites in TSM phantoms (mean (SD)).

related to changes in T, times with phantom ageinj- However if this was the case.
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selecting = 30s for all experiments assures that signals from all metabolites would be 

fully relaxed. Also results obtained using two PRESS experiments were close to those 

measured using PSSR method.

9.6.2 T2 measurements.

T2 relaxation times of PME, Pi, PCr, and PDE region were measured using a 6 cm 

surface coil and a spin-echo pulse sequence with phase cycling [Bodenhausen 1977]. For

ATP, a frequency selective spin echo sequence was applied: 90°-TE/2-2662^E/2-acquire 

data [Jung 1993]. This sequence was used for elimination of ATP phase-modulation 

effects due to J-coupling. The binomial delay used was 0.93 ms, and the transmitter 

frequency corresponded to that of p-ATP for T2 measurements of a- and y-ATP or to 

the value half way between a-ATP and y-ATP for T2 measurements of p-ATP. Results 

for all metabolites are presented in Table XVI. TSM values are on average twice as long 

as those measured in brain "in vivo" [Jung 1993].

T2[ms] PME Pi PCR PDE y-ATP a-ATP P-ATP

TSMl 575.4 670.0 463.6 116.1 220.1 98.8
(n=3) 37.5 204.0 26.6 51.9 33.1 20.1

TSM2 452.1 907.4 695.1 28.8 272.4 153.1 124.3
(n=3) 99.2 277.1 100.2 15.0 75.3 20.3 12.8

Table XVI. T2S of^^P metabolites in TSMs (mean(SD)). 

9.7 Conclusions.

TSMl and TSM2 can be used as materials for the construction of phantoms for the 

testing of quantitation methods. However for reasons of stability such phantoms are best 

used for less than 7-8 months. If studies with a particular phantom are to be performed 

over a longer period, additional experiments i.e. constant monitoring of chemical 

stability of metabolites is needed. This requirement is caused by a observed breakdown
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of ATP and increase of Pi concentrations in TSM materials. Chemical stability of 

metabolites was found to be similar in both TSMl and TSM2. PCr appeared to be the 

most stable component. While ATP and Pi seem to be stable over the first 8 or 6 

months, changes became significant up to 12 or 18 months respectively. Therefore in 

order to avoid any systematic errors due to changes in chemical composition the actual 

concentrations should be estimated. Ideally one should perform regular assay using non- 

NMR methods, for example HPLC. This was not possible, since HPLC equipment was 

not available at the Department of Medical Physics. Due to the courtesy of the Institute 

of Neurology, HPLC analysis was performed for ATP immediately after during the time 

of TSM2 manufacture. TSM2 material in the final form contained broad components 

which introduced spectral overlap thereby making difficulties for spectral analysis and 

estimation of actual concentrations. Chemical instability to necessity for 

monitoring phantom metabolite concentrations is the main disadvantage of TSMl and 

TSM2. The culinary gelatine used in TSMl, was a lot less stable that acrylamide gel, 

used in TSM2. The TSMl phantom was declared useless when a liquid phase appeared. 

However TSM2 remained a gel and this was why this material was used for testing 

quantitation methods and also as an external reference for "in vivo" studies. Estimation 

of Tj and T2 relaxation times showed that for TSM2 material repetition time T,= 30s 

should provide fully relaxed spectra and that signal loss due to T2 relaxation will be < 

10 % in PRESS acquisition with echo time TE= 10 ms.
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CHAPTER 10

Investigation of metabolite quantitation accuracy using localized 

P MRS - tissue-like phantom studies.
10.1 Introduction.

A review of MRS absolute quantitation methods and their theoretical bases were given 

in § 5.2. Here results from experimental validation and testing of quantitation methods 

applied to MRS are presented. For these experiments the tissue-like phantom (TSM2- 

see chapter 9), was used to simulate spectra from "in vivo" studies. Tests were also 

performed using standard inorganic phosphate (Pi) gel phantoms. Conventional surface 

coil localization and two single voxel techniques ‘̂P ISIS, and ‘̂P PRESS were used for 

acquisition of spectra. Calibration strategies included heteronuclear with water as an 

internal concentration reference (ICR), and two protocols using an external concentration 

reference: the load matched phantom method (ECR LM), and the modified ECR-LM 

protocol.

10.2 Surface coil localization (no gradients)

A circular ^^P/^H inductively balanced, double-tuned 9 cm diameter surface coil was 

used as transmitter and receiver with a pulse-acquire sequence incorporating 90° flip 

angle at the coil centre (70 ps square pulse).

10.2.1 Internal concentration reference

Metabolite concentrations were calculated from the equation (46) where Sh2o» ^ d  Sjjp 

U/ew fully relaxed signals from water protons (Tr=20s, NS=8) and phosphorous 

metabolites in TSM2 (Tr=30s, NS=64) respectively. Cg,p represents measured 

concentrations of ^̂ P metabolites, D- relative sensitivity between ^*P/‘H channels, and

111.1 mol/1 - the concentration of water protons in pure water. W^-water content in



176

acrylamide gel was 88% w/v (if gel prepared according to the guidelines given in §

9.3.2.

10.2.1.1 Calibration of relative sensitivity between channels P and H.

a  • Q -

The purpose of these measurements 

was to investigate the effects of coil 

loading on the nutation angle and the 

signal size for both the and the ‘H 

channels; and to measure the calibration 

factor D.

F igure  69. R ela tion  betw een  the 
transmitter output RF voltage and GJ.

10.2.1.1.1 Effects of variations

in the coil loading.

The first relation to be investigated was

that between RF amplitude expressed in

operating-system software as G1 and the

RF voltage measured directly from the

transmitter output. This revealed a linear

relationship between transmitter output

voltage and G1 as shown in Figure 69.

This finding was supported  by

manufacture’s specification which stated

that the broad -band transmitter amplifier

had a linear relationship between input and

output up to 100 MHz.

The coil loading has an effect on both

Figure 70. Q] values required fo r  90 flip  nutation angle and the signal size. As
angle (centre o f  surface coil) fo r  ‘H  and
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channels vj coil loading. a result of increased coil loading the 

nutation angle for a given G1 is decreased 

(so higher amplitudes are required in order to keep the same flip angles), and coil

sensitivity on receive is decreased. In order to avoid any systematic errors it was 

necessary to investigate these effects for both ^‘P and ‘H channels. The first effect was
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examined by mesCsuring the RF amplitude of the hard pulse required to obtain

a 90° flip angle at the coil centre for different coil loadings. The pulse length was kept 

constant, and both water and Pj were set "on-resonance". RF amplitude was measured 

in G1 units. The effects on the coil sensitivity, were examined by measurement of the 

signal versus coil loading, with G1 adjusted to give a constant 90° flip angle at the coil 

centre. In all these measurements, two disks (3 cm diameter, 0.3 cm height), one filled 

with 150 mM Na2HP04 (for the channel) another with vegetable oil (for the 

channel), were placed in the coil centre and parallel to the plane of the coil. The surface 

coil was covered by a 10 cm  ̂ cube which could be filled with additional loading 

material: distilled water, 50 mM, 150 mM, 200 mM, 300 mM of NaCl. Figure 70 shows 

that G1 values required for 90° flip angle at the coil centre, change in a similar way 

with the coil loading, for both: ^'P and channels. Figure 71, Figure 72 presents the 

effects of loading on *̂P and ‘H signal strength. The signal seems to change in a similar 

manner for both channels.

10.2.1.1.2 Measurement of the calibration factor relating ^̂ P and ‘H signals

In order to find the factor D (see equation (46)), calibration measurements were 

performed using solutions containing 5, 10, 20, and 50 mM solution of Na2HP04 loaded 

with 100 mM NaCl. These were placed in a 10̂  cm  ̂ perspex cube so as to have a 

similar geometry to the TSM2 phantom. T̂  was 60s in order to obtain fully relaxed 

spectra. The dependence of signal-amplitude ratio on [Pi] is shown in Figure 72. 

From the linear regression, ( with a correlation coefficient R=0.999), the calibration 

factor D (see equation (46)) was then calculated to be 26.99.

10.2.2 Surface coil localization with load-matched protocol ECR-LM.

A bottle 9 cm in diameter and 10 cm long was filled with 20 mM of Na2HP04 in 

distilled water and used as a standard phantom (SP). Two to four small bottles of saline 

were used for adjusting the coil loading as described in § 5.3.1.2. Fully relaxed spectra 

were acquired from TSM2 (T̂  = 30 s) and NS= 64. For a spectra from SP, T, was 60s 

and NS = 64 (T,~12s for Na2HP04 solution). Concentrations were calculated from the 

equation (48), where S^ct, Spj, are signals from a metabolite and the standard phantom 

and Cph is the concentration of Pi in SP.
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Figure 71. Effect o f  coil loading on 'H  
{filled circles) and ^'P (open circles) 
signal strength.Signals are normalised to 
that obtained from  sample with no NaCl.

10.3 ISIS localization.

Figure 72. Calibration o f  relative  
sensitivity o f  'H  and ^'P channels fo r  9 
cm surface coil.

10.3.1 Parameters for experiments with ISIS.

For ISIS experiments a 4 ms hyperbolic secant inversion pulse (5% truncation level, 

squareness factor 5, 2.75 kHz bandwidth); and a 3 ms adiabatic read, sin/cos pulse were 

used. The orthogonal VOI was 3.5 cm x 3.5 cm x 3 cm. Gradient strengths were (for 

•̂‘P): 0.046 mT/cm and 0.053m T/cm  for 3.5 cm and 3 cm slices respectively. A 9 cm 

in diam eter surface coil was used for all ISIS experiments. The VOI centre was on the 

coil axis 3 cm from the coil centre with the 3 cm sides parallel to the coil axis. In 

experiments with TSM 2, ^‘P spectra were acquired with the transmitter frequency set on 

PCr and T  ̂was 30s. No presaturation pulses were used. For H , the threshold am plitude 

for the selective adiabatic inversion pulse (expressed in operating-system  software as 

0 2 )  was measured by optimization of the inverted spins slice profile. Then by 

m aximizing the signal (while keeping 0 2  constant), the amplitude of the read pulse 

(denoted by 0 4  in the system software) was set up. It was found that the threshold
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values for G2 were approximately twice G4. For due to the low sensitivity, the slice 

profiles could not be used directly for setting up G2 and G4. Hence, pulses were 

calibrated with respect to those for using a two volume test object (see § 4.5 ) 

containing 50 mM of pyrophosphate in 4̂  cm  ̂ inner cube placed in 10̂  cm  ̂ outer cube 

filled with lOOmM of inorganic phosphate. G2 and G4 for ’̂P were optimized to give 

maximum signal from pyrophosphate (keeping G4 = 1/2 G2) ). G2 for ‘̂P was then 

related to the amplitude of the nominal 90° Hermite RF-pulse used for scout imaging 

expressed by G1 in the system software: 1.5 G I'hscoui ~ G2. The relation G2=1.5 Gl;c.̂ + 

seemed to be preserved for different coil loading, so this approach was accepted as a 

practical way for setting up ^'P inversion pulse amplitude from slice profiles.

10.3.2 Internal concentration reference.

Water in the gel phantom was used as the concentration reference also with ISIS 

localization. However in order to account for the chemical shift displacement error, 

water signal from VOI was individually measured for each component in ‘̂P spectrum 

using ‘H ISIS experiments with the transmitter frequency selected on the resonance 

frequency of this individual component. For ‘H acquisition = 20s, and NS = 8, while 

for ‘̂P experiments with gel phantoms : = 30s (or = 60s for liquid phantoms) and

NS=96. Concentrations for each of metabolites were calculated using equation (46).

10.3.2.1 Measurement of the calibration factor relating  ̂P and H signals.

The calibration factor D relating the ratio of ‘H ISIS to ^̂ P ISIS signals to phosphorous 

concentration was measured using the same phosphate solutions as for the surface coil 

experiments described in 10.2.1.1. From the linear regression (R=0.998), D was found 

to be 5.56.

10.3.3 External concentration reference.

Two ECR methods were tested ; load matched ECR-LM (see 5.3.1.2) and the modified 

load matched ECR-LM 1 (see 5.3.1.3). Standard Pi phantom was used as a concentration 

reference and coil loading was adjusted with 2-4 small bottles containing saline. 

Concentrations were calculated using equation (48), where S^ ,̂, Sp̂  werf fully relaxed
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signals from a metabolite and the standard phantom and Cp̂  is the concentration of Pi 

in SP. For spectra from SP, T, was 60 s (T,~12 s).

10.4 PRESS localization.

10.4.1 Parameters for experiments with PRESS.

The PRESS sequence (version VSEL 930101.0) as implemented by Broker on the 

Biospec spectrometer, under the Tomikon system, was used with Hermitian RF pulses 

of 1.56 ms, giving approximately 88 ppm and 52 ppm bandwidth (for ^̂ P at Bq=2.4 T) 

for 90° and 180° pulses respectively. Hermite selective RF pulses were used for volume 

selection. ‘H RF pulse amplitudes were optimized by maximizing the 90°- and 180°- 

pulse voxel profiles. This was not possible for ‘̂P RF pulse amplitudes due to low 

signal. However, measurements showed that the ratios between ’̂P and ‘H 180° hard 

pulse (750 ps) amplitudes, found to be 0.5, were stable with respect to the coil loading 

in the "in vivo" range [Cady 1996]. Measurements described in § 10.2.1.1 showed a 

linear relationship between RF voltage measured directly from the transmitter output and 

RF amplitude expressed in G1 values (see Figure 69). It was concluded therefore that 

^H 90°/^^P 90° and ‘H 180°/^*P 180° amplitude ratios for the Hermite pulses used for 

PRESS should be 0.5. This enabled fast set up of the ^̂ P transmitter pulse amplitudes 

from the 'H values. All PRESS experiments were performed using Helmholtz coil (15 

cm in diameter). Echo time (TE) was 10 ms, and all refocussing gradients were 

"trimmed" i.e. optimized to give maximum signal for both ^H and ^̂ P. For ‘̂P the 

transmitter frequency was set half-way between the y-ATP and a-ATP resonances.

10.4.2 Internal concentration reference.

The concentrations of ‘̂P metabolites were calculated using (46) with water signal Sh2o 

extrapolated to TE=0 as a result of monoexponential fitting to multi TE water 

amplitudes. These were obtained from ^H acquisitions performed with TE 25, 270, 540, 

1000, 1500, 2000 ms. T, was 30s or 60s for ‘̂P acquisitions from gel or liquid phantoms 

respectively and T=20s for ‘H acquisitions. For ^̂ P, CStunctfriofv of signal loss due to T2
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relaxation was performed according to the equation (42). Also signals from J-coupling 

nuclei (eg. ATP) were corrected for amplitude and phase modulation. Assuming that 

distribution of 90° and 180° flip angles was uniform across VOI, modulation of each 

doublet component was described by:

A -  A^cos(kJTE) (106)

while for triplet only signals of the outer components were modulated according to:

A -  A^cos{2nJTE) (107)

and J is the coupling constant and TE - echo time. It follows from the above equations 

that total signal amplitudes from the triplet or doublet could be corrected using the 

factors faCĵ  and facj  ̂ as below and (TE?^(2n-l)/2J, n=l,2..)

/ a c , - ------------------  (108)
' 1 +cos(27L/TE)

/<3c,  ------ !------  (109)
" c o s ( tl/ T £ )

This was only an approximate correction, not accounting for variations in flip angles 

across VOI; amplitude and phase modulation due to J-coupling is described in more 

details in § 8.3.

10.4.2.1 Measurement of the calibration factor relating and signals.

The calibration factor D was determined [Cady 1996] using ‘H- and PRESS to 

acquire fully-relaxed spectra from a 125-ml cubic voxel in the phantom containing 50 

mM of Na2HP04 and 300 mM NaCl. D was calculated using equation (46) where the 

Pi signal from the phantom was compared with the water signal corrected for signal loss 

due to Tj relaxation. If time domain VARPRO data analysis was used, D was 0.90 

which was different from the value obtained for frequency domain curve fitting of 

D=6.02. This demonstrates the importance of protocol consistency for calibration and 

"in vivo" measurements. Since the ratios of ‘̂P- to 'H-RF pulses amplitudes were found 

to be independent of coil loading (in the "in vivo" range), it was concluded that
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calibration constant D should be in a similar way independent from coil loading.

10.4.3 External concentration reference.

The modified ECR-LM 1 load matched protocol was applied using SP phantom (see § 

10.2.2) as the concentration reference and equation (48) for calculations. Corrections for 

signal loss due to Tj relaxation and J -modulation were eS'HmoJtê  as described in §

10.4.2.

10.5 Experimental validation of quantitation methods using ISIS and PRESS

10.5.1 Experiments with a standard Pi gel phantom.

Since both ICR and ECR-LM methods were used for "in vivo" studies it was important 

to perform basic quality assurance tests with a gel Pi phantom (16.5 mM of Na2HPO^, 

T[~ 6.2 s, T2- 3OO ms, water content 88% w/v). The experimental conditions were the 

same as described above for ISIS (see § 10.3.1) and PRESS (see § 10.4.1) respectively. 

Protocols for ICR/ISIS was as described in § 10.3.2, ECR/ISIS in § 10.3.3 ,

ICR/PRESS in § 10.4.2, and ECR/PRESS in § 10.4.3. In PRESS signal loss due to T2 

relaxation was negligible, due to the long Tj value, and not corrected for.

10.5.2 Experiments with tissue substitute material phantom.

The tissue-like phantom TSM2 was used to simulate "in vivo" studies. Concentrations 

of all metabolites (except for PDE) were estimated with the following protocols: ICR 

(see § 10.3.2), ECR-LM, and ECR-LM 1 (see § 10.3.3) protocols (for ISIS localization) 

and ICR (see § 10.4.2), and ECR-LM (see § 10.4.3) protocols (PRESS localization). For 

experiments with TSM2 T̂  was 30 s and 20s for ‘̂P and ‘H respectively, while for ‘̂P 

acquisitions from SP, T̂  was 60s. Correction for the dependence of MRS signal on 

temperature was not needed , since all phantoms were stored at the same temperature. 

Due to the long T2 values (except for PDE) estimated for metabolites in TSM2 (see § 

9.7), signal loss due to T2 relaxation in PRESS was expected to be less than 5% for 

most metabolites and less then 10 % for p-ATP and hence not accounted for. For spectra
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Method [Pi]

ISIS/ECR-LM 15.7
n=5 (0.8)

ISIS/ICR 16.2
n=5 (0.9)

PRESS/ECR-LM 16.8
n=l

PRESS/ICR 18.2
n=l

TRUE VALUE 16.5

Table XVII. Pi concentrations (mean (SD), mM) in the gel phantom estimated with 
ISIS/ECR-LM, ISIS/ICR, PRESS/ECR-LM, PRESS/ICR,

acquired with PRESS ATP signals were corrected for J modulation with the correction 

factors given by (108) and (109): facj,= 1.527 for (3-ATP (J=20, TE=10 ms) and facjj=

1.236 for both a- and y-ATP. In order to be able to compare the results with the high- 

field NMR assay due to the observed chemical instability of TSM2, nominal 

concentrations of ATP and Pi were corrected using appropriate regression lines described 

in § 9.5.2.

10.6 Results of tests of absolute quantitation methods and discussion.

Amplitudes of NMR signal from metabolites were quantified using frequency selective 

VARPRO. Statistical analysis was performed using Student t-test and values p < 0.05 

were considered significant.

Table XVII presents results of experimental verification of ICR and ECR-LM methods 

using the Pi gel phantom. ISIS localization results were not significantly different from 

the true Pi concentration. For PRESS the results are close to the true concentration, 

however statistical analysis was not possible, since only a single ECR-LM and a single 

ICR measurement were performed. Table XVm presents combined results from 

concentrations measurements of phosphorous metabolites in the TSM2 using different 

techniques: 1) high-field NMR with MDA as ICR- (High-field); 2) single-pulse-acquire 

surface coil with the ECR-LM protocol-(S/C ECR-LM); 3) single-pulse-acquire surface
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PME
mmol/1

Pi
mmol/1

PDE
mmol/1

PCR
mmol/1

y-ATP
mmol/1

a-ATP
mmol/1

P-ATP
mmol/1

High-field 
NMR (n=3)

17.0
(1.0)

7.9
(0.4)

9.2
(0.5)

9.4
(0.6)

9.8
(0.6)

S/C ECR-LM 17.9
(1.1)

3.3
(0.5)

2.1
(1.3)

7.2
(0.5)

9.3
(0.8)

10.1
(1.5)

10.2
(1.5)

S/C ICR 19.0
(1.5)

3.1
(0.9)

1.5
(1.4)

8.0
(0.7)

9.6
(0.9)

10.2
(1.5)

8.8
(1.3)

ISIS/ECR-LM 20.4
(1.2)

p<0.05

5.7
(1.3)

- 7.6
(0.4)

9.7
(0.3)

7.5
(0.6)

p<0.05

5.9
(0.6)

p<0.05

ISIS/ECR-LM 1 20.2
(2^0

3.0
(0.7)

- 8.1
(1.0)

10.5
(1.2)

9.6
(1.0)

8.5
(1.1)

ISIS/ICR 21.2
(4.2)

2.7
(0.7)

7.3
(0.8)

11.0
(1.9)

7.8
(0.6)

p<0.05

8.7
(0.6)

p<0.05

PRESS/ICR 20.0
(3.5)

2.8
(0.8)

- 8.5
(1.3)

12.3
(2.6)

10.6
(2.4)

8.2
(2.1)

PRESS/ECR-LM
(n=3)

19.6
(3.5)

2.8
(1.2)

7.8
(1.7)

9.8
(2.5)

12.0
(3.0)

7.8
(1.7)

Table XVIII. Metabolite concentrations in the TSM2 phantom estimated by dijfevent 
quantitation techniques (mean (SD) n=6, unless otherwise indicated).

coil and internal water ICR-(S/C ICR); 4) ISIS with ECR-LM protocol- (ISIS/ECR-LM); 

5)ISIS with modified ECR protocol (ISIS/ECR-LM 1); 6) ISIS with water as ICR 

(ISIS/ICR); 7) PRESS with water as ICR (PRESS/ICR); 8) PRESS with modified ECR 

protocol (PRESS/ECR-LM 1). Concentrations of metabolites (except PDE and Pi) were 

compared with the corresponding concentrations measured by high-field NMR. Most 

results were similar to the high-resolution NMR values. However, the concentrations
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pertaining to p-ATP, and a-ATP obtained with the ISIS/ECR-LM method (using 

surface-coil - see § 10.3.1) were significantly lower, and the concentration of PME was 

significantly higher than the expected values. These differences were due to chemical 

shift displacement error and its effect on signal amplitude as a result of reduced local 

surface-coil B,. On the other hand ISIS/ECR-LM 1 protocol allowed to overcome this 

problems, however for the price of increased SDs than those obtained with ISIS/ECR- 

LM, which was most likely related to accuracy of transmitter frequency adjustment for 

individual calibration for each metabolite. Also for surface-coil ISIS/ICR, [y-ATP] was 

significantly higher and [p-ATP] lower, while other metabolite concentrations were not 

significantly different to the high-field NMR assay. This could 0.160 b0 caused by 

inaccurate setting of RF frequency for water acquisitions individually for each 

metabolite. It seems that pulse acquire surface coil localization methods on average gave 

lower SDs. This might be due to several causes: generally lower S/N was achieved in 

ISIS and PRESS experiments, chemical shift displacement error (if not accounted for) 

in an inhomogeneous B, field introduced signal variability depending on phantom 

position and VOI selection. This would not only affect surface-coil results; since, 

although to a lesser extent, the Helmholtz coil’s B, was also inhomogeneous. In PRESS 

additional uncertainty in quantitation of [ATP] was related to the approximation of 

analyzed signal by in-phase magnetization. Another source of error was the correction 

for chemical instability of ATP and Pi in TSM2: ISIS and PRESS spectra tended to be 

acquired later, when this correction was necessary. Another observation made was that, 

since for a single pulse acquire sequence and surface coil localization, the same ‘̂P 

spectra were used to compare different reference techniques, one would expect that if 

metabolite concentrations obtained with one reference technique were different from 

that obtained with another reference technique, they should be all higher or lower and 

by the same proportion. However [p-ATP] and [Pi] obtained with S/C ICR were lower 

than their concentrations estimated by S/C ECR-LM, while the other S/C ICR values are 

all higher then corresponding S/C ECR-LM values. This suggests high random errors 

which might have been related to the system instability, inaccuracy of calibration 

measurements or uncertainty in signal amplitudes estimation.
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10.7 Conclusions

The estimated concentrations of Pi in the standard phantom were close to the expected 

values supporting accuracy of ICR and ECR-LM methods used with PRESS or ISIS. 

Experiments with the TSM2 phantom suggested that chemical shift displacement error 

(in inhomogeneous B )̂ was the main reason for errors in metabolite quantitation when 

slice selective localization methods were used. If these effects were accounted for, all 

methods gave similar TSM2 metabolite concentrations, close to expected values. Also 

inaccurate measurement of signal amplitudes of overlapping resonances can lead to 

overestimating/underestimating concentrations. Accuracy in quantitation of [ATP] 

concentration may be improved if rigorous analysis (accounting flip angle distribution 

across the VOI) of signals from J-coupled spins, is applied ( § 8.3 ).
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CHAPTER 11

Comparison of methods for the determination of absolute 

metabolite concentrations in human neonatal brain and human calf 

muscle by  ̂P MRS "in vivo".

11.1 Introduction.

This chapter presents results of the "in vivo" application of two quantitation protocols: 

i) using tissue water as ICR and ii) ECR-LM with TSM2 phantom as the reference. 

These protocols were used to measure the concentrations of metabolites in human 

calf muscle and in neonatal brain. ISIS localization was used for muscle studies and 

PRESS for neonatal brain. Optimization of data acquisition, calibration and phantom 

tests of quantitation protocols were discussed in chapter 10. The purpose of these studies 

was to evaluate the methods by comparison of the results obtained by each technique 

with previously published data and to investigate the application (in terms of simplicity 

of use) of the ECR-LM protocol to "in vivo" studies.

11.2 P quantitation in human calf muscle.

The ISIS localization technique was applied with hyperbolic-secant RF pulses for spin 

inversion (2.75 kHz pulse bandwidth, 4 ms duration) and an adiabatic half passage 

sin/cos read pulse (3 ms duration). No presaturation pulses were applied. A 9 cm surface 

coil was used as the transmitter and the receiver. Calibration of RF amplitudes was 

described in § 10.3.1. Two protocols for metabolite quantitation were applied: load 

matched ECR-LM with TSM2 phantom as the reference and heteronuclear, internal 

water ICR.
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11.2.1 "In vivo" studies.

The right calf muscles of six healthy male subjects aged 20-35 years were studied. The

calf rested on the coil, with leg positioned in a specially designed support parallel to the

magnet axis. ‘H MR images were used to select an orthogonal 3.5x3.5x3.0 cm  ̂ voxel

inside soleus muscle thereby avoiding fat tissue as much as possible. The phosphorous

content in fat is low, therefore the presence of large amounts of the fat tissue would lead

to a partial volume effect, which was not corrected for. 112 transients were summed

with a repetition time (T̂ ) = 14 s. Saturation factors (E(T;, T̂ ) see equation (41)) were
ATF

calculated using published T, values in human calf muscle (PCr - 5.5 s; ~ 4.3 s; Pi 4.5 

s [ Roth 1989, Dunn 1992]) and assuming 90° flip angle for detection pulse. For T̂  

= 14s; Epcr = 1.127; Ep.y>̂yp = 1.060; and Epj = 1.074. TSM2 spectra were fully relaxed 

(Tr = 30 s) and hence corrections for T, relaxation were unnecessary. Water spectra for 

ICR quantitation were acquired with T̂  = 10 s and NS=8.

11.2.2 Metabolite quantitation.

11.2.2.1 External concentration reference load-match protocol.

This protocol was very similar to that of ECR-LM which has been described in 

§ 5.3.1.2. The only difference was that instead of a reference with one resonance only, 

a multicomponent phantom mimicking the tissue spectrum, was used. Details of the 

construction and properties of this material was given in chapter 9.

If the coil loading in the phantom experiment is matched to the loading in the " in 

vivo" study, the concentrations can be determined using equation (48), where the signals 

from tissue metabolites were compared with those from the same metabolites in the 

phantom. Corrections for differences between internal body and phantom temperatures 

were included: "in vivo" signal amplitudes were multiplied by a factor 1.14; derived 

from equation (43) with assumption that the phantom and muscle temperatures were : 

5 °C and 36.6 °C respectively .
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11.2.2.2 Heteronuclear tissue water concentration reference protocol.

Using the tissue water as the reference signal, concentrations of metabolites were 

determined according to equation (46). Water spectra were acquired from VOI, using 

‘H ISIS setup as described in § 10.3.1. However since a surface coil was used in the 

muscle studies it was necessary to account for chemical shift artefact and therefore water 

signal was acquired separately for each metabolite: with the transmitter frequency 

adjusted such that each water voxel corresponded to that of each metabolite. Tissue 

water fraction (W^) was 0.79 (per volume of tissue) [Buchli 1993]. The spectrometer 

calibration constant D was measured as described in § 10.3.2.

11.2.3 Results

Figure 73 showes: i) an example calf muscle ISIS spectrum -top, and ii) ISIS 

spectrum from the TSM2 phantom. All calibration measurements, in vivo and in vitro 

signals were analyzed using the frequency selective VARPRO technique. Results 

obtained by the two protocols were compared using paired t-test and values of p<0.05 

were considered significant. S/N (defined for PCr amplitude as described in 12.7.4 ) for 

"in vivo" spectra was about 5; S/N for Pi and ATP were lower. Table XIX presents 

results for ATP, PCr and Pi concentrations as obtained with ECR-LM and ICR methods 

for each subject individually and as mean and SD. For comparison Table XX presents 

phosphorous metabolite concentrations obtained by others using MRS and biopsy data.

113 31P quantitation in neonatal brain.

Six normal, newborn infants with GPA ( gestational plus postnatal age in weeks) range 

34 to 39 weeks were studied. Localized ‘̂P and *H spectra were obtained using PRESS. 

Phosphorous metabolites were quantified by two methods: internal water ICR; and ECR- 

LM with the TSM2 phantom as the concentration reference.
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Subject ATP ATP PCr PCr Pi Pi
ECR-LM ICR ECR-LM ICR ECR-LM ICR

1 4.5 5.4 27.1 31.1 4.8 4.9

2 7.2 5.4 17.8 21.8 1.2 1.8

3 4.7 6.5 28.5 33.4 3.7 3.8

4 6.2 7.4 27.2 25.7 4.1 4.4

5 4.7 6.3 29.0 26.5 4.6 3.6

6 4.4 4.9 18.5 24.3 2.8 2.9

Mean 5.3 6.0 24.7 27.1 3.5 3.6
SD 1.1 0.9 5.1 4.4 1.3 1.1

Table XIX. Concentrations o f PCr and p-A7P in human calf muscle (mmol/kg wet 
tissue) obtained with two quantitation methods : ICR and ECR-LM.

Method Ref. Pi PCr ATP

Biopsy Edstrom 1982 18.0 5.6
(2.0) (0.4)

ISIS/ECR-LC Roth 1989 5.2 33.0 6.6
(0.4) (0.3) (0.3)

ISIS/ECR-LM Buchli 1993 2.9 21.9 5.7

ISIS/ECR-LC Doyle 1995 3.3 24.5 6.2

Table XX Literature values o f phosphor-^us metabolite concentrations (mmol/kg wet 
tissue) in human calf muscle ( the units have been converted to mmol/kg wet using a 
tissue density o f 1.1 kg/l [Mendez I960]).

11.3.1 Data acquisition.

For data acquisition PRESS was used with an echo time TE = 10ms, as described 

previously [Cady 1996]. A double tuned (^^P/^H), 15 cm in diameter, Helmholtz coil.
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31-P  (ISIS) spectrum from normal calf muscle.
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Figure 73. ISIS spectrum from normal calf muscle (top) and from the reference 
phayntom TSM2 (bottom).
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specially designed to study thé heads of the newborn infants was used as a transmitter 

and a receiver [Cady 1995]. A cubic 125 ml voxel centred on the thalami was positioned 

using a sagittal scout image coplanar with the midline. The voxel was shimmed using 

‘H PRESS with no water suppression. Selective excitation was achieved with Hermite- 

polynomial RF pulses. Calibration of RF amplitudes was as described in § 10.4.1. 

‘̂P-PRESS brain spectra were obtained with echo time (TE) 10 ms; T̂  12 s; and 160 

averaged echoes. T̂  values measured for phosphorous metabolites in neonatal brain 

indicate that for T, = 12s, signal loss due to saturation is expected to be less than

3.5 % (3.5 % is the estimate for the component with the longest T; i.e. PME) [Buchli 

1992b, Gruetter 1990]. Since PRESS is based on a spin-echo sequence, signal loss due 

to T2 relaxation is expected. Recent investigations [Jung 1993] have shown that the TjS 

of many ^'P metabolites are longer than previously thought: PME-200 ms; P i-130 ms; 

PCr-240 ms (3-NTP-60 ms. So if TE=10 ms, the signal loss due to T2 relaxation will 

be minimal apart from P-ATP for which signal loss can be higher (up to 15%, if T2- 6O 

ms). Also signal from the very broad components attributable to immobile *̂P in 

membrane phospholipids and cross-link phosphodiesters characterised by a very short 

T2 (3 ms) [Jung 1993], will be significantly attenuated. In this study, Tj values were not 

measured in the neonatal brain and the results were not corrected for T2 relaxation. In 

order to avoid the voxel displacement outside the brain (due to the chemical shift 

displacement error) the spectrometer frequency was adjusted to be -5 ppm (-203 Hz) 

from PCr (ie centred between y- and a-ATP). With 88 ppm and 52 ppm bandwidths for 

90° and 180° RF pulses, the p-NTP voxel was shifted by 1.1, 0.6, and 1.1 cm relative 

to an on resonance voxel.
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11.3.2 Metabolite quantitation

11.3.2.1 Internal water reference.

In this protocol [Cady 1995] metabolite concentrations were estimated using internal 

water as a reference and partitioning the water signals from brain and CSF as described 

by [Ernst 1993]. Phosphorous metabolite concentrations were estimated using the 

following equation derived from equation (46) :

[C mmol/(kg wet weight) (110)

Where is the fully relaxed metabolite phosphorous signal, facj is the factor needed 

only for the ATP resonances which exhibit homonuclear J coupling and corrects for 

phase modulation (i.e. faCj = 1.0 for non-coupled components), brain(O) is the fully 

relaxed brain -water signal extrapolated to TE=0 ms, 2[H20brain] is the concentration of 

brain water protons. D is the calibration constant relating the sensitivities of the 

spectrometer channels. D was measured using *H- and *̂P- PRESS fully relax spectra 

as described in § 10.4.1. The brain-water was measured using the model described by 

[Kreis 1993], based on the assumption that the total water signal S^^o Tot contains two 

components: S^zo bmm (brain-water signal) with a short Tj (T2 brain ~ 160 ms in neonatal 

brain [Koenig 1990]) and Shjocsf (CSF water signal (T2csF ~ Is)). acquisitions from 

the ‘̂P voxel were made without water suppression (TE = 25, 270, 540, 1000, 1500 and 

2000 ms). The brain-water signal was partitioned from that of CSF water by fitting these 

data with a double exponential decay function:

^ b r a i r )  CSF^ (HU

Where SH2(yrot(TE) is the total water signal, SHzobramCO) &nd ShzocsfCO) ^re brain water and 

CSF water signal amplitudes fitted at TE=0 ms, and T2brain ^nd T2CSF ^re the respective 

T2 values. A double exponential function was fitted to the water data using the least 

square minimization method. The brain water concentration [H20braiJ (per tissue wet
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weight) was described by the following expression based on data obtained from whole 

postmortem infant brain [Dobbing 1993]:.

-  556.0 * [94.7-0.17+GPA] mmoU{kg wet weight) (112)

Assuming J=16 Hz for brain J-coupling in ATP, the correction factors faCj for phase 

and amplitude modulation were (see equation (108)): facj  ̂=1.11 ( required for a-NTP, 

and y-NTP doublets) and for P-NTP triplet faCj = 1.24. As already mentioned, this was 

approximation, since only modulation of the in-phase magnetization was considered with 

assumption that excitation and refocussing pulses flip angles were uniform across VOI, 

equal to 90° and 180° respectively. As discussed in chapter 8, both in-phase and 

antiphase magnetization eventually produce a signal and their contributions vary 

depending on TE and the actual flip angles.

11.3.2.2 External concentration reference protocol.

This protocol required a separate load-matched experiment as described in § 5.3.1.2. 

The ‘̂P metabolite concentrations were calculated according to equation (48). ’̂P spectra 

from the TSM2 phantom were acquired with T, = 30s, and NS = 96. Corrections for 

differences between internal body and phantom temperatures were included: "in vivo" 

signal amplitudes were multiplied by a factor 1.14; derived from equation (43) with 

assumption that the phantom and brain temperatures were : 5 °C and 36.6 °C 

respectively). ATP- J coupling in the TSM2 phantom was expected to be different from 

the in vivo brain J coupling (due for example to different free [Mĝ ""] [Pettergrew 

1988]). Hence metabolite signals from both: brain and the TSM2 phantom had to be 

corrected for amplitude and phase modulation individually using appropriate J- values. 

The concentrations calculated in this way were expressed in mmol/1. In order to convert 

them into mmol/kg wet, they had to be divided by density of brain 1.05 kg/l and 

corrected for the CSF partial volume. Brain water/CSF partitioning was achieved as 

described in § 11.3.2.1 using a double exponential fitting to multi TE water amplitudes.
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11.3.2.3 Data analysis protocol.

and ‘H spectra were all analyzed using time-domain frequency-selective VARPRO. 

J coupling 16 Hz was assumed for "in vivo" and 20 Hz for phantom data respectively. 

On average S/N in ’̂P spectra, defined for PCr resonance (see 12.7.4), was about 4. 

Paired t-tests were performed to find statistical differences between quantitation methods 

at significance level p< 0.05.

11.3.3 Results

PRESS spectra from neonatal brain and the reference phantom TSM2 are shown in 

Figure 74. The broad components due to immobile-^^P and cross-linked PDE were 

negligible in the PRESS spectra, due to their short TjS (~ 3 ms): these components were 

almost completely dephased during the 10 ms TE. However the mobile phosphodiester 

components (PDEs) consisting mainly of glycerylphosphorylcholine (GPC) and 

glycerylphosphorylethanolamine (GPE) were detected. Since Tj relaxation of PME, PCr, 

and Pi was negligible due to their long T2 times, these peaks were strong. Due to phase 

modulation and Tj relaxation P-NTP was clearly attenuated, a- and y-NTP were detected 

as doublets, including contributions from adenosine diphosphate (ADP), a-NTP also 

overlapped with nicotinamide adenine dinucleotides NAD+NADH quartet. Table XXI 

presents metabolite concentrations quantified with the ECR-LM, and ICR methods 

methods for each subject individually and as mean and SD.

11.4 Discussion and Conclusions
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Subject/
Method

(3-NTP a-NTP y-NTP PCr PDE Pi PME

1/ ICR 1.6 3.8 2.2 2.0 1.9 0.5 3.8
ECR-LM 1.8 1.9 1.4 1.4 1.3 0.5 3.3

2/ ICR 2.7 5.1 3.0 2.7 3.7 1.3 6.5
ECR-LM 1.6 3.3 2.2 2.2 2.9 0.9 7.1

3/ ICR 1.4 3.5 2.7 2.2 1.8 1.0 5.4
ECR-LM 1.7 1.2 2.1 2.1 1.4 0.8 4.5

4/ ICR 2.1 4.6 2.0 2.9 1.8 1.8 6.5
ECR-LM 1.2 1.3 1.9 1.8 2.0 1.8 5.0

5/ ICR 0.9 1.2 1.3 1.4 2.2 1.2 3.6
ECR-LM 0.8 1.5 2.6 1.5 2.3 1.7 4.7

6/ ICR 3.0 4.2 2.1 2.3 1.9 1.7 4.5
ECR-LM 1.7 2.5 1.2 1.3 1.1 1.0 2.6

Mean (SD)

ICR 2.0 3.7 2.2 2.3 2.2 1.3 5.05
(SD)

vs
(0.8) (1.4)

p<0.05
(0.6) (0.5) (0.7) (0.5) (1.3)

ECR-LM 1.5 2.0 1.9 1.7 1.8 1.1 4.5
(SD) (0.4) (0.8) (0.5) (0.4) (0.7) (0.5) (1.6)

Table XXI. metabolite concentrations (mmol/kg wet wt) in neonatal brain as 
determined by ICR and ECR-LM methods.

11.4.1 Muscle studies.

In calf muscle studies no significant differences were found between the ECR-LM a 

nd ICR methods. Both ECR-LM and ICR ATP and PCr concentrations were comparable 

with those obtained by others using MRS and correspond well with results for 

mammalian skeletal muscles [Fitch 1974, Beis 1975], thus supporting the accuracy an 

d reproducibility of the protocols. Lower concentrations obtained for ATP and PCr from 

the biochemical analysis of biopsy samples could be explained by loss of metabolites 

due to autolysis. Using ISIS localization, it was not possible to estimate the partial
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volume effect caused by fat; it was assumed that careful selection of the calf-muscle 

volume of interest (VOI) excluded fat tissue.

11.4.2 Brain studies.

metabolite concentrations obtained using the ECR-LM protocol with the TSM2 

phantom as a reference gave results which were not significantly different from those 

obtained with water as ICR. Table XXII compares results obtained with ECR- 

LM/PRBSS protocol and previously published concentrations of ^̂ P metabolites in the 

neonatal brain obtained by ECR-LM/ISIS [Buchli 1994] and ICR/PRESS-C [Cady 

1996] (this was the same ICR/PRESS as described in § 11.3.2.1, but presented results 

included larger group of 8 neonates and data was analyzed in the frequency domain - 

see § 12.7.3). All results were obtained with similar voxel and the same T̂ .

Ref. Method NTP PCr PDE Pi PME

This study PRESS 1.5 1.7 1.8 1.1 4.5
ECR (0.4) (0.4) (0.7) (0.5) (1.5)

Buchli ISIS 1.6 1.4 3.2 0.6 4.5
1994 ECR (0.2) (0.8) (0.2) (0.1) (0.7)

Cady PRESS 2.2 2.7 2.2 1.3 5.3
1996 ICR (0.3) (0.3) (0.6) (0.3) (0.9)

Table XXII. Published metabolite concentrations (mmol/kg wet wt) in neonatal 
brain compared with the present study.

In all three methods [PCr] was lower than in adults [Bottomley 1989, Roth 1989, Lu

yten 1989, Buchli 1994] suggesting that [PCr] increases during maturation. Such
W  CPM£J

developmental changes in [PCr] were also found in rat [Tofts 1985, Burri 1988] and 

canine brain [Gyulai 1984]. [NTP] estimated with ECR-LM/PRESS was closer to the 

ECR-LM/ISIS results, and was lower than the value obtained with ICR/PRESS-C. 

There is some controversy in the interpretation of these findings. The ECR-LM/ISIS 

results led to the conclusion that the NTP concentration in the human brain almost 

doubles between birth and adulthood [Buchli 1994]. ICR/PRESS results were close to 

those obtained with surface coil [Cady 1990] (although in this study the cortical grey
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and white matter -were mainly examined) and were close to adult values. The ECR- 

LM/PRESS results were not significantly different from the ECR-LM/ISIS or 

ICR/PRESS and hence do not resolve this issue. On the other hand, animal studies 

[Mandel 1966] and [Miller 1977] reported no age dependence of the ATP. A possible 

explanation for these contradicting results [Buchli 1994], is that although the rat pup at 

10 days of age has a brain at the same stage of morphological development as for the 

full-term human neonate, metabolic development may not be similar. In fact higher 

cerebral energy metabolism is expected in rat pups than in human , neonates. The 

differences in [PDE] concentration between ISIS and PRESS measurements is related 

to smaller Tj losses.

For the ICR method, estimation of water concentration and amount of NMR-invisible 

water in the neonatal brain could be sources of systematic error. The absolute size of 

the water content is underestimated by MRS due to influence of blood in the voxel, 

MRS-invisible water in the myelin sheath (with Tj = 15 ms) and possible RF eddy 

currents [Ernst 1993]. The water compartiment with a Tn = 15 ms contributing ~ 1% 

to the total water signal has been detected in adult brain [Mackay 1991]. If such a 

component was present in newborn brain, than only a small proportion = 15 % of it 

would be detected in ICR/PRESS, because the shortest TE used for acquiring water 

signal was 25 ms and this would lead to overestimation of metabolite concentrations. 

However, since this "NMR-invisible" water component has been identified with hydrated 

myelin layers [Menon 1991], and since myelination in the very early stage or has not 

started yet in some parts of neonatal brain, the amount of NMR-invisible water is 

expected to be low. Results obtained by Kreis suggested [Kreis 1993] that this 

underestimation corresponded to 3-4 mass% only. The chemical shift displacement error 

may be another source of error,if Bj is inhomogeneous (there is some displacement 

between water voxel and the voxels of metabolites with different chemical shifts).

For the ECR method there are several sources of errors. These include incorrect values 

for metabolite concentrations in phantom, inaccurate load matching, inaccuracy related 

to phantom spectra quantitation. The metabolite concentrations in the phantom are 

believed to be estimated with error < 10%, including correction for chemical instability 

(see chapter 9). Coil loading was matched after the "in vivo" study was completed, any 

changes in coil matching during the study and due to the patient movement would not
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be accounted for.

In term of practical application, it was found that accurate matching of the "in vivo" coil 

loading was not always easy and was time consuming. Another aspect is that due to the 

variable heads geometries, and inhomogeneity of B , field in brain, different amounts of 

contamination, is expected. Especially assuming that the concentrations are higher in the 

central part of the brain (i.e. effectively higher inside the big voxel) and lower in the 

peripheral parts of the brain, a higher contamination is expected for the phantom.

Another aspect is related to the fact that in the ICR method only the "in vivo" spectrum 

contains overlapping lines, the reference signal gives a single resonance, which can be 

easily quantitated. In the ECR method, two multiresonance spectra (containing 

overlapping lines), are compared and the broad components, although reduced, make 

quantitation more difficult and increase the uncertainty of estimated parameters.

11.5 Conclusions

In calf muscle studies no significant differences were found between the ECR and ICR 

methods. ATP results were comparable both with those obtained by others using MRS 

and with biopsy data thus supporting the accuracy and reproducibility of the protocol. 

In neonatal brain studies the results obtained for metabolites with use of ECR-LM 

protocol with a tissue-like phantom as a reference gave results similar to published 

values obtained using an ECR-LM and ISIS localization. The results obtained using 

ECR-LM/PRESS were also not significantly different than those obtained by 

ICR/PRESS for the same group of 6 neonates. However mean values for metabolite 

concentrations from ECR-LM/PRESS were lower than corresponding values obtained 

for ICR/PRESS-C (similar quantitation protocol, but larger group of infants). Using 

PRESS localization, analysis of the water Tj decay curve enabled estimation of the C$F 

fraction in the volume of interest. In practical terms, application of the TSM2 phantom 

as the ECR in the load-match ECR-LM protocol was easier for surface coil ISIS studies 

of calf muscle, than in the brain studies with PRESS and Helmholtz coil.
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CHAPTER 12

Data analysis in P MRS.

12.1 Introduction.

The NMR signal is analyzed in order to evaluate certain physical parameters that can 

be used for determination of biochemical and physiological parameters including 

concentrations of metabolites and intracellular pH.

In the first part of this chapter^theoretical model of the NMR signal will be described, 

followed by an outline of data analysis methods based on model function fitting with 

particular attention to the time-domain techniques. The second part of this chapter 

presents the results of experimental investigation of the utility of three time domain data 

analysis techniques: Variable Projection (VARPRO) [van der Veen 1988], Hankel matrix 

Singular Value Decomposition (HLSVD) [Barkhuijsen 1987], Linear Prediction Singular 

Value Decomposition (LPSVD) [Barkhuijsen 1985a] and Lorentzian lineshape fitting in 

the frequency domain. Also presented is the comparison of absolute quantitation results 

obtained with VARPRO data analysis and frequency domain fitting.

12.2 A theoretical model of NMR signal.

It is assumed that a spectrum consists of N resonances. If relaxation can be 

considered as a first order process, the theoretical impulse response will be a sum of N 

exponentially decaying sinusoids: 443^

Where i=V-l, Ij, Vj, oCj (sometimes called a transverse relaxation rate), and (|)j are the 

amplitude, frequency, damping factor, and phase of resonance j. Amplitude and phase 

is often represented by a complex amplitude Cj. Usually (})j can be described as a sum 

of a zero order phase, which is the same for all components, and a first order linear
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Y ,  /.exp(i2rcv^-a )f+i(pp -

N

F{t)~ ^  7.exp(/(ppexp(i27üv^-a.)/ -  (H3)
H
N

C.exp(/27cv^-a.)r

phase. Equation (113) applies when data is collected with the spectrometer in the 

simultaneous (i.e. real and imaginary parts are digitised at the exactly the same time) 

quadrature detection mode [Hoult 1980]. The theoretical frequency response function i.e. 

spectrum, is obtained by applying the continuous Fourier Transform (FT) to the FID, 

which gives, Lorentzian resonance profile:

e x p ( , ( M4)  
^  M-/(27t(v .-v)/ap

These two descriptions are related; the area under the Lorentzian profile corresponds to 

the amplitude of the corresponding exponentially decaying sinusoid.

12.3 Methods for NMR data analysis

There are two main approaches to data analysis: data can be analyzed in the frequency 

or time domain using the models just described. Numerous methods have been described 

for the analysis of "in vivo" spectra and several review articles have been published 

including [Haselgrove 1988, Hoffman 1991, and de Beer 1992].

12.3.1 Early methods

The early methods for the analysis of "in vivo" data were based on the traditional 

frequency domain techniques used in "in vitro" spectroscopy, including determination 

of peak heights, integration of the area under the peaks between chemical-shift limits 

or manual techniques such as literally cutting and weighing them [Nelson 1987]. These 

methods which may have been appropriate for well resolved "in vitro" spectra, were not 

suitable for the less well resolved "in vivo" spectra.
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12.3.2 Problems with quantitation of ”in vivo" P spectra

Difficulty in analysis of spectrum "in vivo" vary depending on the tissue from 

which it was acquired. For example calf muscle (see Figure 73) spectral lines usually 

do not overlap apart from PME region and the broad component is small. However in 

cerebral ^̂ P spectra (see Figure 3), lines are often poorly resolved; broad components 

due to phospholipids and immobile phosphate in membranes and bone are present, which 

underlie the narrow resonances and cause difficulty in calculating peak areas. In order 

to separate overlapping components curve fitting routines have been introduced in both 

the frequency and time domains.

In the frequency domain, fitting algorithms based on a non-linear least squares (LS) 

[Golub 1989] approach have been used for the estimation of the amplitude, width, and 

chemical shift of each resonance: the sum of all the components simulates the spectrum. 

In the time domain the model function if fitted to the sampled FID signal giving as a 

result amplitudes, dampmg factors and frequencies of FID components. Several 

difficulties with curve fitting in both domains have been recognized. Experimental 

lineshape often deviates from the model lineshape function used for fitting: this is for 

various reasons including field inhomogeneity, spin-spin coupling, chemical exchange 

or the experimental limitation (such as signal distortion due to eddy currents). 

Furthermore in the case of significant peak overlap interdependency between the 

parameters of the fit may occur. These problems can be reduced by incorporating prior 

knowledge about the spectrum such as approximate chemical shifts, linewidths, and 

multiplet structure. This reduces the number of independent parameters and helps the 

convergence of the iteration processes thereby improving the accuracy of the results. 

Since the FID signal is sampled over a finite period of time, the discrete Fourier 

Transform (DFT) can be determined instead of the continuous FT. In general the DFT 

is not a sum of pure Lorentzian lines: truncation of FID at the end, due to limited study 

time, can distort the spectrum baseline, and truncation of FID at the beginning which 

sometimes occurs in localized MRS, introduces the frequency dependent phase 

distortion, which is difficult to correct for broad overlapping peaks. This creates a 

problem for curve fitting in the frequency domain, where extremely good phasing and 

baseline correction are required.
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Also it is ots<7 . uncertain by how much preprocessed spectrum differs from the true 

spectrum. In order to avoid these problems, time-domain are often chosen to quantify 

the NMR signal in the same domain as the measurement was performed. Also this 

approach can handle truncated FIDs, and enable reconstruction of missing part of FID 

( eg. by means of Linear Prediction (LP) [Kumaresan 1982]).

12.3.3 Curve fitting in the time domain

FID signal can be fitted in two ways: non-interactively or interactively.

12.3.3.1 Non-interactive methods

There are two main non-interactive techniques: Linear Prediction Singular Value 

Decomposition (LPSVD) [Barkhuijsen 1985a, 1985b, 1986a], and Hankel Singular 

Value Decomposition (HSVD) [Barkhuijsen 1987 ]. They both are based on

Singular Value Decomposition (SVD) of the data matrix (created from time-points in 

FID). SVD allows separation of the signal from the noise: the noise can then be 

eliminated by using the truncated version of SVD.

12.3.3.1.1 LPSVD

In LPSVD, the nonlinear fit to the model is linearized by means of Linear Prediction 

(LP), coefficients of which are found from the SVD based solution, to the matrix 

equation. The frequencies and damping factors of resonances are found from the signal 

poles, which are the "signal related" roots (with absolute value > 1.0) of the polynomial 

created from the LP coefficients. Once the nonlinear parameters are known, the linear 

parameters (amplitudes and phases) are fitted using a separate linear least square routine. 

Root selection is a very important step, but it is very sensitive to the presence of the 

noise. It has suggested that combination of both backwards and forwards LP can 

increase accuracy of LPSVD [Delsuc 1987]. A modified Toeplitz approximation [Kung 

1983] was proposed to generalize the SVD algorithm in order to improve the spectral 

resolution of overlapping lines and this estimated closely spaced frequencies more 

accurately than LPSVD [Biswal 1993].
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12.3.3.1.2 HSVD/HLSVD

This algorithm uses the properties of a data matrix with Hankel structure. The singular 

vectors of SVD give the nonlinear parameters in the form of signal poles from which 

frequencies and damping factors are obtained. The amplitudes and phases are obtained 

in a similar way to LPSVD. HSVD precision can be increased if Total Least Squares 

(TLS) [Huffel 1934, Rahman 1987] approach is used. The speed of HSVD has been 

increased by implementation of a rapid SVD algorithm called Lanczos SVD (HLSVD) 

[van den Boogaart 1994]. An analysis of statistical errors in LPSVD and HSVD is given 

in [Barkhuijsen 1986] showing that random errors can be calculated with the 

straightforward formalism based on the theory of Cramer and Rao (see §12.4.1). 

LPSVD and HSVD methods offer an automatic way of data analysis and therefore are 

very attractive for the processing of large number of spectra. Many different applications 

of LPSVD and HSVD have been reported. LPSVD has been used in quantitation of "in 

vivo" ‘̂P spectra from animal work [Barkhuijsen 1985a, Barkhuijsen 1986b, Bovee

1987]; in ‘H and '^C NMR of liquids such as solutions of small proteins [Gesmar 1988]; 

in 2-D NMR of liquids [Schussheim 1987, Johnson 1988, Gesmar 1989]; "in vivo" ‘̂P 

spectra obtained from neonatal brain using surface coil localization [Cady 1992]; and 

reconstruction of the missing part of the spectrum [Bito 1992]. HSVD was successfully 

applied in the quantitation of "in vivo" *̂ C spectra from rat liver [de Beer 1988a]; "in 

vitro" NMR of blood [de Beer 1988b] ;and removal of the residual water signal from ^H 

"in vivo" spectra [de Beer 1990]. The performance of LPSVD/HSVD often breaks down 

with noisy data. Signal enhancement techniques based on Cadzow iteration [Cadzow

1988], have been recently suggested to help with this problem [Diop 1992, Diop 1993].

12.3.3.2 Interactive fitting

Another approach to the analysis of NMR data in the time domain is interactive fitting 

to a model function, with starting values for non-linear parameters, the incorporation of 

prior knowledge. Different interactive algorithms for estimating model parameters have 

been can be used including simulated annealing [Hoffman 1989, Shekihara 1990]; 

genetic algorithm [Sharman 1989]; gradient methods such as Variable Projection- 

VARPRO or Gauss-Newton [Fraley 1989] iterative fitting based on Newton-Raphston
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gradient search. The latter methods have been used for automatic analysis of "in vivo"^‘P 

spectra [Burger 1991]. Due to the long computation time required by methods such as 

simulated annealing, the gradient methods have so far been most widely used. Among 

them VARPRO, has become important for analysis of MRS data, mainly because linear 

and nonlinear parameters are handled in separate fitting procedures. Therefore, in 

VARPRO the number of simultaneously fitted parameters as well as number of starting 

values, to be supplied are reduced.

VARPRO method [van der Veen 1988, Golub 1973] is based on nonlinear least squares

(LS) fitting (i.e minimizing the sum of square residues between vector containg model

function data and the vector containg time domain data points). The model function 
by

given equation (113) is expressed in the matrix form: FC, where C is a vector of 

complex amplitudes and F is the matrix containg independent functions of nonlinear 

parameters (i.e. exponentially deacying sinusoids with different frequencies and 

dampling factors). The routine works in two steps. In the first, by application of the 

analytical solution to this problem ( given by [Golub 1973]}, the complex amplitudes 

are eliminated and through an iterative minimizing process (such as the Levenberg- 

Marquardt algorithm), the nonlinear model parameters (frequencies and damping factors) 

are determined. Then the same Golub solution is used to calculate complex amplitudes 

using already determined non-linear parameters. VARPRO possftSproperties of Maximum 

Likehood (ML) methods (see § 12.4). Frequency selective VARPRO is a version which 

enables the analysis of resonances in a limited frequency region [Dijk 1990]. There are 

several reports on application of VARPRO in the analysis of "in vivo" data including 

^'P obtained in ISIS localization [Segebarth 1989], [Logo 1993]. Gauss-Newton type 

nonlinear least squares fitting, employing the properties of exponential damping has 

decreased the computational time; successful application of this approach to MRS 

data analysis has been reported [de Beer 1988a].
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12.3.4 Other techniques

Apart from the techniques mentioned above, various other methods have been devised 

to construct the "true" spectrum from incomplete, noisy data. These include the 

Maximum Entropy Method (MEM) [Stephenson 1988], and Bayesian analysis [Bretthorst

1989]. Both of these methods çjrC applicable in time and frequency domains, but they 

require long computation timeS. An interesting technique, based on a constrained 

regularization method, was reported by [Provencher 1992, 1993], in which an "in vivo" 

spectrum is analyzed as a linear combination of a set of complete spectra (not individual 

peaks) each from model metabolite solution obtained "in vitro" using the identical 

experimental conditions to the "in vivo" spectra. In this way the complicated effects of 

spin-spin coupling are automatically accounted for. This method has been found to be 

robust and can deal with noisy data. The main disadvantage is that a "libraries" of basic 

spectra is required for each acquisition method. There has been a lot of discussion as 

to whether analysis in the time or frequency domain is optimum and to use and many 

comparisons between different approaches have been performed. As a result it can be 

concluded that the choice of method depends on data type, prior knowledge available, 

amount of data to be processed (for example for SI data, the non-interactive methods 

with minimal user involvement are preferable) and computer requirements. However it 

is recommended, that for "in vivo" MRS data, the time domain approach is more 

suitable.

12.4 The fundamental limit of the statistical error.

Standard of precision is required for interpretation of quantitation results. Maximum 

Likehood methods (ML) allow to define a standard of precision with which the model 

parameters are determined. In ML fitted parameters are adjusted in such a way that the 

joint probability distribution function P (defined below, and called the likehood

N - \

/I-O
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function), is maximized.

X is the data set, x  is the model function (associated with the given model parameters), 

x„ and Xn are samples of data and model function respectively and p„ are distribution 

of noise of each data point. The important properties of ML methods are: the statistical 

errors (standard deviations) of the ML estimates reach fundamental lower bounds, the 

so called Cramer-Rao lower bounds; and assuming that the model function is correct, 

the ML estimates have no bias( no systematic error).

12.4.1 Cramer-Rao lower bounds.

The theory of maximum likehood estimation leads to lower bounds on the statistical 

errors in the parameter estimates. The existence of such bounds assumes that irrespective 

of the method used to estimate the values of model parameters from the data set, there 

is a lower bound on the precision that can not be exceeded. It can be shown [Norton 

1986] that the Cramer-Rao (CR) lower bounds for the standard deviation of the 

parameter estimates are given by:

sD(,ep>̂ IF~ , (I'G)

Where ly are defined as:

-  E
d  6j  88 ,

(117)

Where L is the log-likehood function, and 8j and 0j are the model parameters concerned. 

The evaluated fundamental lower bounds define the precision of for example resonance 

amplitude measurement and in this way the precision can be controlled to a certain 

degree. [Segebarth 1989] investigated the uncertainties of estimates for different spectral 

parameters in order to assess to what extent the CR lower bounds can be used as 

substitutes for the actual SDs on the spectral parameters, under particular S/N conditions 

and with the model function employed. Statistical uncertainties of spectral estimates and 

their minimization by introducing prior knowledge into the fitting procedures, were
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investigated by [Logo 1993]. It was shown that if S/N is sufficient, then the CR lower 

bounds are reliable approximations to the experimental SDs. In marginal S/N conditions, 

the CR of a particular spectral parameter may vary considerably from one experiment 

to another.

12.5 A critical comparison of data analysis techniques.

Several comparisons between techniques have been made: [Schwartz 1992] compared 

triangulation, frequency domain curve fitting (NMRl), and VARPRO algorithms in the 

analysis of spectra from porcine heart and showed significant differences between 

PCR/ATP values obtained for the same data set, while using different methods for 

spectra analysis. For analysis of ^'P spectra from neonatal brain, integration of peak 

areas was compared with the Lorentzian curve fitting [Cady 1991]. "In vivo" estimates 

of [PCr] and [Pi] were both lower using Lorentzian fitting giving values that agreed 

better with the published mammalian data (the [PCr] obtained using integration was 

almost twice that measured using Lorentzian fitting). However PCr/Pj was not 

significantly different to the integration results. Estimates of [PDE] were higher with 

Lorentzian fitting, while [PME] and [P̂ Ĵ were similar to integration values. 

Conventional methods for ‘̂P spectrum quantitation: curve fitting in the frequency 

domain, TLS LPSVD in the time domain and direct peak area integration, have also 

been compared [Carlier 1993] with joined time and frequency representation ,the Wigner 

distribution (WD) [Lecrerc 1991, 1992]. The comparison was made in terms of 

sensitivity to " in vivo" S/N. All methods performed equally well with respect to the 

intra-and inter- operator variability, but in terms of inter observer variability WD was 

clearly superior. Time- and frequency-domain signal processing algorithms which fit 

model functions were evaluated [Decanniere 1993] for the quantitation of overlapping 

Pj and PME peaks in a series of consecutive signals from pig muscle during malignant 

hyperthermia. Bruker software for frequency domain curve fitting - LINESIM, SVD- 

based non-iterative algorithm HTLS [ Van Huffel 1988], and VARPRO. HTLS was 

found to be unreliable in quantifying overlapping peaks at low S/N (it was unable to 

resolve the Pi and PME ). LINESIM always resolved two peaks, and also did VARPRO 

with constraints on the number of components, phases and damping factors. However 

the Pj amplitudes estimated by VARPRO were higher than those estimated by LINESIM,
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and the differences were larger than CR lower bounds ( this was thought to be due to 

an overestimation of the damping factors by VARPRO).

The accuracies of time-domain (iterative least-squares method), frequency domain 

(Lorentzian lines curve fitting), and frequency domain integration were compared 

[Buchli 1993], using simulated data. Accurate results were only obtained by time-domain 

fitting; frequency domain fitting and direct integration were both corrupted by the 

baseline correction.

In this project, data, were analyzed using frequency selective VARPRO. Non

interactive techniques LPSVD, and HLSVD have been also used for investigation of the 

influence of the data analysis technique on absolute quantitation results. Results of these 

investigation will be presented in the next section.

12.6 Investigation of the influence of the data analysis technique on metabolite 

quantification - simulation, phantom, and "in vivo" studies.

This section presents the results of experiments performed to investigate the accuracy 

in spectral parameter estimation of time-domain frequency-selective VARPRO and to 

compare this with the performances of Lorentzian curve fitting in the frequency domain 

and two non-interactive time domain methods LPSVD and HLSVD. Signal amplitudes 

and peak areas, in the time and frequency domains respectively, were of main interest, 

since they were directly used for metabolite quantitation. The evaluation of the 

techniques was performed using simulated signals and experimental data obtained from 

the tissue-like phantom of known metabolite concentrations. In the simulated-data study, 

the quantitation methods were applied to signals with known quantitative parameters 

and the purpose was to find out both how close to the true parameter values were the 

estimates and how accuracy depended on S/N. The phantom study enabled testing of the 

analysis techniques on signals with realistic lineshapes and real noise. Finally, 

dependence of absolute concentration measurements, based on the internal water ICR 

protocol, on the method of data- analysis was investigated by comparing results obtained 

with VARPRO with those obtained using curve fitting in the frequency domain. For 

these studies spectra from the tissue-like phantom and from in vivo studies were used.
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Figure 75. Example o f  VARPRO fitting: FT o f  raw FID (solid line); F T  o f  fitted  FID  
with broad hump exluded (dotted line); and FT o f residual signal (dashed line).

12.7 Data analysis software.

The software used for the time domain techniques was based on subroutines developed 

and supplied by Dr. de Beer from the University of Delft (Netherlands).

12.7.1 Frequency-selective VARPRO.

Starting values for frequencies, damping factors, amplitudes, and zero order phase 

correction. These values were obtained from a graphical presentation of the spectrum in 

the frequency domain using the GKS graphical interface on the Sun microcomputers. 

The following a priori knowledge was included : J coupling of ATP multiplets (20 Hz); 

damping factors were assumed the same within one group of ATP multiplets. No 

truncation of the FID was applied (the frequency selective version of VARPRO 

automatically eliminates very broad components), this broad baseline was then visible 

in the residual. Figure 75 presents an example of VARPRO fitting : FT of the raw data 

(solid line); the FT of the reconstructed FID according to the estimated parameters and 

broad component eliminated (dotted line), and the residual after substraction (dashed 

line). For analysis of echo signals obtained in PRESS acquisitions, the amplitude 

modulation of the ATP multiplets was accounted for by inclusion in a priori knowledge
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(as described in § 10.4.2).

12.7.2 LPSVD and HLSVD

For LPSVD the number of Linear Prediction coefficients had to be given and this was 

set to be 0.75 * N, where N was the number of complex FID points. The number of 

significant singular values was assumed to be 11, in ^̂ P spectrum of human brain. In 

order to attenuate the very broad component, with no effect on the narrow resonances, 

the first few initial points (corresponding to 1ms), was truncated from the FID. The 

number of points truncated from the FID was kept constant, since it was found that the 

results of fitting using LPSVD, can depend on this factor. For HLSVD, the size of the 

Hankel matrix was taken as 0.75 * N., and as for LPSVD, the number of frequencies 

was assumed to be 11, and the first 1 ms was truncated from the FID. Both techniques 

although attractive for automation in data analysis, are not designed to include the same 

amount of a priori knowledge as in case of VARPRO or curve fitting in the frequency 

domain.

12.7.3 Curve fitting in the frequency domain.

Curve fitting of Lorentzian lineshapes (FREQ) in the frequency domain was based on 

X [Bevington 1969] and software developed by [Cady 1990] was used. The only 

preprocessing of the FID incliided: zero filling (to 1024 points), FID baseline correction 

to remove DC offset between the "real" and "imaginary " parts of FID signal, and Fourier 

transformation. In the frequency domain spectra were manually phased using zero and 

first order phase correction, and the baseline was "flattened" using a cubic spline 

function. Starting values for chemical shifts, amplitudes and half height widths were 

used and these were obtained from a GKS graphical presentation of the spectrum.

12.7.4 Analysis of computer simulated data.

FID signals with added noise were numerically simulated assuming Lorentzian 

lineshape and parameters (amplitudes, damping factors, frequencies, and phases) close 

to those estimated from fully relaxed, surface coil spectra from the TSM2 phantom. 

Then, using a generator of random numbers, noise (characterized by a normal
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S/N < 7 S/N > 7 TRUE VALUES

VARPRO FREQ \'ARPRO FREQ Amp. Relat.
ampl.

PME 254 0.181 240 0.175 238 0.175
(8) (0.02) (3) (0.006)

Pi 71 0.054 76 0.056 75 0.055
(3) (0.022) (2) (0.001)

PCr 109 0.084 108 0.08 105 0.078
(2) (0.006) (1) (0.002)

y-ATP 129 0.101 148 0.108 152 0.112
(9) (0.10) (3) (0.003)

a-ATP 196 0.134 163 0.119 159 0.117
(23) (0.017) (3) (0.004)

p-ATP 105 0.096 128 0.096 133 0.100
(13) (0.011) (4) (0.004)

Table XXIII. Estimates o f amplitudes in simulated spectra obtained with VARPRO and 
FREQ data analysis methods (mean SD); N=18 for S/N < 7, N=12 S/N >7.

distribution) was added. The noise amplitude was varied in order to obtain simulated 

FIDs with different S/N (defined as 10.0 log(PCr/noise SDs). The purpose of this 

experiment was to find out how close to the true values were the estimated amplitudes 

and whether a given technique was reliable when applied to experimental data with 

similar characteristics (similar spectrum with similar S/N). Each FID signal was 

analyzed using three time domain methods and frequency domain curve fitting; 

amplitudes were of main interest since they are relevant to concentration measurements, 

for FREQ, the ratios of peak areas to the sum of all peak areas were used. Figure 76 to 

Figure 82 present amplitude estimates from the simulated data with different S/N , using 

VARPRO (#), LPSVD(V), and HLSVD (▼). Figure 83 to Figure 89 present relative 

amplitudes estimated with Lorentzian curve fitting in the frequency domain.

Generally, with increasing S/N the amplitude estimates for all the techniques get
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closer to each other and to the true values. Amplitudes for all components estimated 

with VARPRO and FREQ are shown in Table XXIII: results for S/N < 7 and S/N > 7 

are given separately.

Performance of VARPRO and FREQ was very similar, ^or signals with S/N > 7, 

estimated amplitudes were very close to the true values (differences < 3% ). For S/N <7, 

the deviations from the true values were higher ~ 20% : p-ATP, y-ATP seemed to be 

underestimated while a-A T P  and PME were overestim ated (p< 0.05) with VARPRO; 

for FREQ only a -A T P  seemed to be overestimated while the for the other components 

only increased scatter of the data was noted. Results obtained with different time domain 

techniques were com pared using paired t-test (all 30 FID signals were considered). 

Significant differences (p<0.05) between VARPRO and LPSVD were found for all ATP 

components, Pi, and PDE, but not for PME and PCr. W hen comparing VARPRO vs 

HLSVD, estimates o f all amplitudes were significantly different. How ever there were 

no significant differences between HLSVD and LPSVD estimates.

12.8 Analysis of experimental signals acquired from the tissue-like phantom.

A sim ilar investigation was performed using signals acquired from the TSM 2 phantom. 

Use of experimental data made it possible to test data analysis performance with real 

data which included the presence of instrumental artifacts and real noise wiU*unknown 

characteristics. The purposes of these experiments were to verify VARPRO performance
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and to investigate how results depend on the data analysis technique. S/N was 

calculated for the PCr peak (since from the PCr concentration was stable). Two sets of 

spectra were acquired from the TSM2 phantom: i) simple pulse acquire with a surface 

coil; and ii) PRESS (TE=10 ms).

12.8.1 Analysis of surface coil spectra.

Spectra were acquired from the TSM2 phantom (Tr=4s) with different, minimum of 4 

a maximum of 1024, number of scans (NS) to vary S/N (4 < NS < 1024). This gave S/N 

in the range of (14 to 21): most of the resonances had S/N> 10. Amplitudes were 

corrected for T; relaxation using saturation factors measured from spectra with Tr=25s 

and Tr=4s. Since the metabolite concentrations in the TSM2 were known, ratios of 

resonance amplitude to the sum of all amplitudes (the latter corresponding to the total 

phosphate signal) were considered. This enabled comparison of the estimated and the 

expected values and to avoid problems related to system instabilities, and changes in the 

coil loading that would affect signal amplitude. Each FID was analyzed using four 

methods. Relative amplitudes (N=15) are shown in Table XXIV and compared with the 

expected values known from the relative concentrations. Paired t-test was used

to compare results obtained with different methods. There were no significant 

differences between VARPRO and frequency domain fitting. Significant differences were 

found between VARPRO and LPSVD for the following resonances: y-ATP (p<0.003), 

PCr(p<0.001), and PME (p<0.001). For VARPRO versus HLSVD the following 

estimates were significantly different: a-ATP (p<0.006), y-ATP (p<0.015) and PME 

(p<0.004). These results suggest that, for this particular data set, performance of 

VARPRO and frequency domain curve fitting was similar. One aspect of this similarity 

may be related to the fact that the same starting values for frequencies and line widths 

(or damping factors) were used, and the same a-priori knowledge about multiplets, were 

applied. On the other hand LPSVD and HLSVD performed as well as each other. Since 

most of the analyzed spectra had high S/N (> 10), uncertainty in parameter estimation 

due to signal overlap and deviation of the lineshape from the ideal Lorentzian, were the 

probable sources of differences. For p-ATP (with minimal overlap with the broad 

underlying component) no significant differences between techniques were observed. 

However for both a- and y-ATP, multiplet structure and overlap with the broad
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Method/
Metabolit
e

VARPRO LPSVD HLSVD FREQ. Expected

PME 0.328
(0.036)

0.277
(0.039)

0.279
(0.018)

0.310
(0.015)

0.320

Pi 0.084
(0.017)

0.085
(0.011)

0.084
(0.011)

0.089
(0.028)

0.090

Per 0.121
(0.017)

0.109
(0.017)

0.106
(0.021)

0.125
(0.008)

0.112

y-ATP 0.136
(0.021)

0.173
(0.025)

0.174
(0.034)

0.126
(0.031)

0.140

a-ATP 0.141
(0.020)

0.155
(0.025)

0.164
(0.012)

0.142
(0.03)

0.150

P-ATP 0.109
(0.008)

0.116
(0.028)

0.116
(0.026)

0.114
(0.021)

0.117

Table XXIV. Estimated amplitudes (relative to total signal) with different analysis 
techniques from surface coil pulse-acquire experiments.

component made it more difficult to quantitate when using noninteractive methods. 

Finally the CR lower bounds for PCr amplitudes estimated with VARPRO (amplitudes 

were corrected for number of scans and T, relaxation) were compared with SDs for the 

same amplitudes. For a group of N=15 FIDs : 7400.< CR < 8750; and SD was 10762. 

This agreed with equation (116) and indicated that the CR lower bounds can be used to 

estimate SDs.

12.8.1.1 PRESS signals.

The purpose of these experiments was to compare performances of : VARPRO, 

LPSVD, HLSVD, and the curve fitting in the frequency domain for the analysis of 

PRESS spectra. ‘̂P PRESS experiments were performed using a Helmholtz coil, echo 

time TE=10 ms, and Tr = 20s. Twelve spectra were analyzed with 8 < S/N < 12. 

Correction for J modulation^ as described in § 10.4.2 was applied to the ATP 

amplitudes. Table XXV compares relative amplitude estimates with the expected values 

calculated as relative concentrations (PDE was excluded from P̂ Ĵ. paired t-
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Method
Metabolite

VARPRO LPSVD HLSVD FREQ. Expected

PME 0.362
(0.063)

0.277
(0.039)

0.279
(0.018)

0.310
(0.015)

0.352

Pi 0.089
(0.012)

0.096
(0.014)

0.089
(0.012)

0.091
(0.019)

0.086

PCr 0.132
(0.007)

0.133
(0.011)

0.127
(0.011)

0.133
(0.014)

0.123

y-ATP 0.173
(0.009)

0.191
(0.027)

0.198
(0.013)

0.179
(0.012)

0.160

a-ATP 0.198
(0.016)

0.184
(0.016)

0.190
(0.012)

0.185
(0.025)

0.178

p-ATP 0.125
(0.017)

0.110
(0.032)

0.121
(0.032)

0.132
(0.021)

0.130

Table XXV. Relative amplitudes estimates obtained with dijferent methods for PRESS 
spectra.

test showed no significant differences between VARPRO and FREQ curve fitting apart

from for PME (p<0.01). When comparing VARPRO with LPSVD: P-ATP (p<0.01), a-

ATP (p<0.01), y-ATP (p<0.008). Significant differences between VARPRO and HLSVD
ancjt.

were found for a-ATP (p<0.004),y-ATP (p<0.005).

12.9 Comparison between concentration results obtained with the different 

analysis techniques (VARPRO vs curve fitting in the frequency domain) - 

"in vivo" studies.

This section discusses the effect of data analysis methods on metabolite concentrations 

estimated using the ICR protocol with tissue water as a reference and PRESS 

localization. Time domain frequency selective VARPRO was compared with Lorentzian 

curve frequency domain fitting. The essential requirement for heteronuclear ICR 

methods is accurate calibration of the relative sensitivities of the ‘̂P and channels, 

as described in § 10.4.1. Factor D ( see equation (46)) was calculated for two data 

analysis methods and the values obtained were different: 0.91 and 6.04 for VARPRO 

and the frequency domain fitting respectively. These results stress the necessity of using
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Metabolite VARPRO FREQ.

PME 5.2 5.6
(1.3) (1.0)

Pi 1.2 1.2
(0.4) (0.3)

PDE 2.3 2.2
(0.6) (0.5)

PCr 2.4 2.8
(0.6) (0.4)

y-ATP 2.3 2.5
(0.6) (0.4)

a-ATP 4.1 3.8
(1.5) (0.6)

(3-ATP 2.2 2.7
(0.9) (0.6)

Table XXVI. Absolute quantitation results for phosphorus metabolites in neonatal brain 
obtained with VARPRO and FREQ for data analysis: mean(SD).

the same data analysis method for all the calibration measurements needed in the 

quantitation protocol. "In vivo" data with 8< S/N< 12 from 10 normal neonates were 

then analyzed using the two different methods: estimates of metabolite concentrations 

compared. Data acquisition conditions and the ICR protocol were as described in § 

11.3.2.1. For ICR quantitation using water as the concentration reference, it was 

important to calculate brain-water T2 values. TjS were calculated by a double-exponential 

fitting (see § 11.3.2.1) using water spectra analyzed with VARPRO and FREQ. The T2S 

obtained by the two techniques were 146.7 (+ 16.3) ms and 148.4 (+ 17.3) for 

VARPRO and FREQ respectively and were not significantly different. Absolute 

quantitation results for phosphorous metabolites in neoanatal brain obtained with 

VARPRO and FREQ methods are shown in Table XXVI: mean (SDs, n=iO). 

paired t-test was used for comparison between the methods.

There was no differences between results obtained by VARPRO and FREQ. However 

the SDs were slightly higher for VARPRO.
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12.10 Conclusions.

Using the simulated data it was confirmed that the performance of a data analysis 

method depends on S/N and it was found that all four methods considered gave similar 

results which were close to the true values when S/N > 7. For tissue-like phantom 

studies, the performance of the techniques varied for different metabolites. Performance 

of VARPRO and FREQ was similar, so was performance of LPSVD and HLSVD. 

However differences were found between estimates obtained with VARPRO and those 

determined by noninteractive methods mainly for a- and y- ATP. These differences 

might be related to signal overlap and lack of a-priori knowledge about multiplet 

structure in LPSVD/HLSVD. Also SDs were most often higher for LPSVD and HLSVD 

than those for VARPRO and FREQ. Comparison between concentration results obtained 

with VARPRO and FREQ showed no significant differences provided that all calibration 

measurement were analyzed with the same analysis technique.
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CHAPTER 13

Summary of the thesis and Conclusions.

The purpose of this thesis was to investigate factors that may affect spatial localization 

and absolute quantitation in MRS and if possible improve the accuracy of both. I am 

aware that not all the problems were taken into consideration; we looked at those that 

were most relevant and required attention in the current "in vivo" studies of neonatal 

brain at UCL/UCLH. However our findings are of importance for other applications. The 

aspects that have been looked at fall into three groups: 1) the acquisition/localization 

technique; 2) the strategy for conversion of signal amplitude/peak areas into 

concentrations; and 3) methods for signal processing and analysis. For spatial 

localization the single-voxel techniques: image selected in vivo spectroscopy (ISIS) and 

point resolved spectroscopy (PRESS), were considered. Regarding the absolute- 

quantitation protocols accuracy and sources of systematic errors were focused on and, 

two approaches were investigated: use of tissue water as an internal concentration 

reference (ICR) and use of a standard phantom as an external reference (ECR). An 

appropriate tissue substitute material with known metabolite concentrations, had to be 

developed which could be used for testing quantitation accuracy. For data analysis the 

time-domain techniques VARPRO (also used for analysis of all spectra in the thesis), 

LPSVD, and HLSVD were considered and compared with Lorentzian profile fitting via 

minimisation.

13.1 Localization performance of ISIS and PRESS.

13.1.1 Quality assurance tests.

Quality assurance (QA) tests of ISIS and PRESS were performed using a two volume 
cwict

test object following recommendations [Keevil 1992a] resulting from EC Concerted 

Action Project : "Tissue Charecterization by MRS and MRI". The motivation for
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measurements using ISIS and PRESS was to check if the Bruker implementations of 

these techniques fulfils the requirements expected for adequate localization and absolute 

quantitation.

A linear relationship between signal amplitude and selected volume size and phosphate 

concentration was confirmed for both the ISIS and PRESS sequences.

For localization tests with respect to voxel volume, results were similar for both 

localization techniques. However contamination (C) was lower for PRESS for small 

vois, and selection efficiency Ê g, was slightly better for ISIS than PRESS by ~ 20 % 

and ~ 10 % for VOIs smaller and larger than the inner compartment respectively. For 

both techniques, experimental values of selection efficiency Ê g, and suppression 

efficiency Ê p̂p were close to the theoretical values (calculated for ideal localization and 

the test object used) for a VOI inside the inner compartment. For VOIs equal to (64 ml) 

and larger than (125 ml) the inner compartment, selection efficiency-E^g, dropped by 10 

to 20 % relative to theoretical values, while contamination C was always higher, but 

changes with VOI size were similar to the predictions. As far as the dependence on T/T^ 

acquisition conditions, ISIS localization was found to be Tj dependent for < T,. For 

PRESS, this dependence did not show up in the range of T/T, >= 0.5. However 

simulation results suggested that for the very short < 0.5 T, may be significantly 

higher. Results for ‘̂P ISIS are in agreement with the values, published by other groups 

[Keevil 1992]. These findings, have implications for practical "in vivo" applications in 

which T; -  1 to 2 sec, and varies from metabolite to metabolite, especially for ^̂ P ISIS 

Tr has to be carefully selected to ensure that localization performance is adequate for all 

metabolites. Fully relaxed spectra do not have this problem (as accepted in this project). 

If full relaxation is not possible, computer simulation of the ISIS experiment (including 

coil sensitivity) can be applied to correct for Tj dependent localized signal as suggested 

by [Doyle 1995, Matson 1993].

13.1.2 Some aspects of  ̂P ISIS localization.

ISIS performance has been analyzed by several groups and a summary of their results 

was presented in the review chapter on localization methods. In this project, using 

simulations we further investigated: i) T,, and T2 effects during inversion hyperbolic 

secant HS and read sin/cos pulses; ii) performance of the former (read sin/cos pulse).
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especially it’s profile for off-resonance spins within the frequency range of the "in vivo" 

spectrum. So far most attention has been given to relaxation effects during 

hyperbolic secant pulses [Norris 1990], however adiabatic half-passage read pulses (such 

as sin/cos) are often used and these are potentially even more susceptible to Tj losses. 

It was also necessary to ensure uniform excitation across the spectrum: deviation 

from 90° flip angle for some spectral components will deteriorate selection efficiency. 

Simulation results showed that for an hyperbolic secant pulse not longer than 10 ms and 

for Ti values for ^̂ P metabolites "in vivo" (at field strength < 2.4 T) > 300 ms [Roth 

1989, Buchtal 1989, van Ormondt 1989], T, relaxation during hyperbolic secant pulse 

will have an insignificant effect on slice profile. Tj relaxation has a more significant 

effect on hyperbolic secant pulse performance for the pulse length 4 ms, there is a 

substantial signal loss from the SC^C^, for metabolites with a very short Tj (T2~ 

3 ms), such as some PDE components [Jung 1993]. T2 relaxation also leads to 

deterioration of the slice profile resulting in increased contamination (more than twice 

of that when relaxation is insignificant). 3D ISIS localization effects due to T2 relaxation 

were simulated for hyperbolic secant and sin/cos pulses of duration of ̂ ms and 3ms 

respectively. p-ATP (-60 ms) has an in-vivo T2 of ~ 60 ms and for this case -  5% 

signal loss from VOI was predicted with a contamination similar to that without 

relaxation. However for metabolites with T2S as short as 3ms, signal loss from VOI was 

up to 35 % and contamination substantially increased -  40%. It was found that the 

bandwidth of sin/cos detection pulse depended on pulse length and has to be adjusted 

so that the deviation from 90° flip angle would be less than 10 % across the ‘̂P spectral 

range. This resulted in decreased Tj-weighting of the localization characteristics.

13.1.3 Some aspects of PRESS localization.

In addition to the quality assurance tests, the following aspects of PRESS localization 

were investigated: i) performance of selective excitation and refocussing pulses and the 

quality of the VOI profile, the effect of inhomogeneous flip angles throughout the VOI 

on Ti measurements based on two PRESS experiments performed with different 

repetition times, and iii) investigation of the effects of J-coupling on the signals from
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ATP using product operator formalism.

In PRESS, sine or Hermite shaped RF pulses are commonly used, however, their 

selected slice profiles do not have the ideal rectangular shape and this leads to flip 

angles which are less than nominal values near the edges the VOI. VOI profile were 

experimentally measured and theoretically calculated. There was close similarity between 

experiment and theory. Large VOI’s were less well defined than small VOI. For large 

vois, differences between experimental and theoretical profiles were due to B, 

inhomogeneity across the large VOI. Also due to the "wide wings" of the large VOI 

profile, contamination was relatively high. One of the consequences of the 

inhomogeneous flip angle distribution is the dependence of the slice profile on T/T, and 

hence T̂  measurements using two PRESS experiments with different repetition times:(T^  ̂

and Tr2l T̂ , < T̂ z)- The importance of this effect was investigated using theoretical 

simulations. The results showed a discrepancy between T, value determined assuming 

perfect flip angles and T, value calculated with flip angle inhomogeneity. The magnitude 

of this discrepancy will depend upon the selective-pulse shape. The error in T, 

assignment becomes increasingly large as Tj/T^j increases and reaches -25% for T,~T,2. 

These findings were experimentally verified. Experimental results (i.e. the ratio of signal 

amplitudes at two different repetition times) were closer to the theoretical curve that 

took account of nonideal flip angles at the VOI edges. In order to improve the 

performance of the refocusing pulses especially in inhomogeneous B, fields, the 

possibility of the pulse design for adiabatic refocusing was investigated. The difficulty 

in designing adiabatic refocusing pulses originates from the nonlinear phase variation 

across the slice. In this thesis a pulse design was presented, that enables adiabatic 

refocusing of the magnetization component initially orientated along the B; direction, 

however magnetization component initially orientated orthogonal to B; field is refocused 

in non-adiabatic manner. Further development of such pulses is in progress and will be 

a subject of future work.

The response of the three J-coupled spins in ATP, to the single-refocussed spin-echo 

sequence with nonideal flip angles, was previously analyzed [Jung 1994] using product- 

operator formalism. In the thesis, this analysis was extended to investigate the response 

of these to the PRESS sequence. As a result of the RF pulses, scalar coupling and free 

precession between pulses; inphase and antiphase magnetization together with different



22 7

coherences and .spin orders are created. Due to the presence of the PRESS spoiling 

gradients only inphase and antiphase magnetization eventually produce a signal. The 

inphase and antiphase contributions vary depending on TE and the actual flip angles 

resulting in amplitude and phase modulation of the signal. I have concentrated on 

inphase magnetization, since pure antiphase magnetization can be only observed with 

sufficient spectral resolution and generally is seen as signal vanishing. If refocussing 

pulses are not exactly 180°, the in-phase magnetizations of ATP components are 

generally reduced, especially at TE=(2n-l)/J, n= 1,2,3.... These effects have direct 

implications for the PRESS signal amplitude and for T2 measurements using PRESS. For 

example, if metabolites with short T2 are of interest, vanishing of the inphase 

magnetization at TE=(2n-l)/2J, can lead to the conclusion that T2 of ATPs are even 

shorter than 2/J. Therefore, in order to avoid this problem, T2 measurements of ATP, 

should be performed using the frequency selective spin-echo suppressing phase 

modulation [Jung 1994, Re my 1987].

Spin-spin coupling effects on the localized signal were investigated for the PRESS 

sequence as implemented on the Bruker machine (i.e. with 1.56 ms standard Hermitian 

shapes for the 90° and 180° pulses, echo time TE = 10 ms). Since J coupling in ATP 

<20 Hz, 1/J »  pulse duration, and the modulation effects during the pulse were 

negligible. The profiles of the inphase magnetization through the VOI centre were found 

to be comparable for all three ATP components, except for the signal loss in the centre 

of the voxel (reaching -20 % for a - and y- ATP and -35% for (3-ATP compared with 

the profile without coupling). However, VOI profiles changed with TE and this would 

be of importance if PRESS was used as a prelocalization technique for example in 

chemical shift imaging. Modulation of the VOI signal as a function of TE was then 

investigated for P-ATP by integration of the inphase magnetization over the voxel (with 

the appropriate spatial flip angle distribution). There was a clear difference between 

dependence on TE for curve non-uniform flip angles and the dependence for exact 90° 

and 180° flip angles. Experiment gave results close to the theoretical predictions for 

TE=10 ms, 75 ms, and 100 ms, but signal amplitude was higher at TE=25 ms, and lower 

at TE=50 ms, than expected. These differences were related to inaccurate RF amplitude 

adjustment, B, inhomogeneity, and chemical shift displacement error. Chemical-shift 

displacement error was assumed to be minimal i.e. at the given point in space all three
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spins receive the same flip angles. If however chemical shift displacement error is large, 

a-, 7- ,and (3-ATP spins may each experience different flip angles as a result of the 

excitation and refocussing pulses. This would result in the creation of regions with 

different modulation patterns, whose contribution would depend on their relative sizes. 

In order to describe these effects in better detail a more complex model is needed and 

this will be a subject for the future work. Chemical shift displacement error, particularly 

in surface coil ISIS, was also found to be the most significant source of systematic 

errors in absolute quantitation, especially if large VOI sizes were used. In order to 

eliminate/reduce this problem a new adiabatic pulse for spin inversion was designed for 

reduction of a chemical-shift displacement error.

13.2 Design and experimental verification of a new pulse.

A design for a new adiabatic pulse. Frequency Offset Corrected Irradiation (FOCI) is 

presented in this thesis: displacement error is dramatically reduced. These FOCI pulses 

were obtained using modifications of the (HS) pulse by increasing gradient strength at 

the beginning and end of RF pulse with simultaneous adjustment of the RF amplitude 

and frequency offset waveforms to preserve adiabatical character and slice definition. 

Since RF amplitudes are small at the start and the end of the HS pulse, this modification 

does not increase of the RF power. Using theoretical simulations, four different gradient 

modification, were investigated. The simulations indicated that the FOCI pulses 

improved slice definition i.e. the edges were sharper and also reduced slice displacement 

error. These improvements in localization were related to the maximum multiplication 

factor used for gradient strength. The best slice profile with negligible displacement 

error was obtained for the gradient shape referred to as C in which RF amplitude was 

kept constant for most of the pulse (equal to the maximum amplitude in the HS pulse). 

Important for practical application is the observation that in order to invert a slice 

shifted from zero gradient slice, a time dependent frequency offset has to be applied 

which has the same shape as the gradient (for standard HS pulses, only a constant 

frequency offset is needed). For experimental verification the gradient waveform referred 

to as T-shape (resembling the outline of an inverted trapezoid) was used with maximum 

multiplication factor 5. Experiments on a water phantom, showed that the inverted spins 

profiles on resonance and 500 Hz off-resonance, were close to the simulated ones.
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Experimental parameters were defined for comparison of the profiles in a quantitative 

manner and they showed that FOCI pulse was clearly superior to the HS pulse. The 

FOCI pulses reduced localization error by a factor of 2.8. The FOCI pulse was also 

applied to 3D ISIS. Experiments were performed using a birdcage head coil and a cubic 

water phantom orientated such that the VOI could coincide with this object: 

displacement errors would lead to signal loss. Localization error for a frequency offset 

of 650 Hz (corresponding to the frequency difference between PCr and P-ATP in a ^'P 

spectrum at 2.4 T) was reduced by a factor of 2.4 (the theoretical prediction was 3.6). 

Differences between theoretical predictions and experiment were caused by experimental 

factors related to the exact replication of the desired RF pulse and gradient waveforms 

and also to the accuracy with which the phantom could be positioned in the magnet 

centre and with which the VOI could be located. Quality assurance tests performed with 

a two volume test object and using a surface coil showed that in *̂P surface-coil ISIS 

using a FOCI pulse, the major benefits were reduction of chemical shift displacement 

error, which was 12% as compared to 33% when a standard HS pulse was used in. 

Contamination (C) was lower for the FOCI pulse than for a standard HS pulse (17 % 

versus 23.5 % respectively), while the suppression and selection efficiencies were 

similar. Total energy deposition was expected to be higher; but this should not be a 

problem for spectroscopy if long repetition times are used, however care must be taken 

in fast pulsing techniques. Since the slice profile is better defined than with the standard 

pulses (i.e. the edges are sharper), apart from in localized spectroscopy the FOCI pulses, 

may find other applications for example in flow measurement. Using simulations, we 

showed that considerable savings in RF power can be made during selective adiabatic 

inversion by use of a reduced duration FOCI pulse design based the Variable Rate 

Selective (VERSE) pulses.

13.3 Design and characteristics of tissue-like phantom (TSM).

In this thesis two tissue substitute materials TSMl and TSM2 were described. Both 

TSMl and TSM2 were found to be suitable for phantoms for testing quantitation 

methods, and in particular data analysis techniques, since they provided similar 

quantitation difficulty. A few points however have to be bom in mind in practical
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applications of TSMs. Chemical stability varied between the metabolites and for a given 

metabolite was similar in both TSMl and TSM2. PCr was the most stable component. 

ATP and Pi were stable for the first 6-8 months, then changes became significant up to 

12-18 months for TSMl and TSM2 respectively. Once the ATP breakdown was noticed, 

its rate seemed to increase. Therefore in order to avoid any systematic errors due to 

changes in chemical composition, it was necessary to monitor stability, particularly for 

periods of time longer than 8 months. Ideally a non-NMR method (such as HPLC) 

should be used to perform regular assay (for the purpose of this thesis, regular HPLC 

measurements were not possible, since HPLC equipment was not available at the 

Department of Medical Physics). A single HPLC assay of [ATP] in TSM2 agreed well 

with [P-ATP] estimated using high-field (7T) NMR. However assay of metabolites using 

high field NMR had be performed before adding insoluble particles (needed to simulate 

a very broad component) and before gélification, due to difficulty to obtain acceptable 

Bq inhomogeneity in the TSM material. Actual metabolite concentration in the TSM 

material can be estimated from the relative concentrations using the most stable 

component ([PCr]) or by [P,ot], assuming a closed system. Another limiting factor for 

TSM materials is the stability of gelatine and acrylamide gel. According to the 

manufacturer of Liquid Acrylamide, the gel should preserve it’s integrity up to 12 

months; culinary gelatine was found to be a lot less stable. Experience with TSM2 as 

the concentration reference, showed that it is better to exclude the constituents (Ca2P2Û4) 

used to simulate the PDE and broad components in order to reduce signal overlap and 

hence improve accuracy in peak amplitudes estimations.

13.4 Experimental validation of metabolite quantitation methods: tissue-like 

phantom studies.

Experimental verification of calibration strategies used for localized quantitation of *̂P 

metabolites was performed using TSM2 and standard Pi phantoms. Protocols that were 

tested included: i) water as an internal concentration reference (ICR), and ii) the load 

matched external concentration reference method (ECR-LM) - in particular for surface 

coil applications, the modified ECR-LM 1 protocol was used (which by calibration for 

each spectral component accounted for off-resonance effects). These protocols were
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combined with three localization methods: i) surface coil with pulse acquire, ii) ISIS 

using a surface coil, and iii) PRESS using a Helmholtz coil. The estimated 

concentrations of Pi in the standard phantom were close to the expected values 

supporting the accuracy of the protocols. Experiments with TSM2 showed that when B; 

was inhomogeneous, chemical shift displacement error was the main source of 

systematic errors in metabolite quantitation. The dependencies of the sensitivities of the 

‘H and ^̂ P channels on coil loading, (important for ICR methods), was investigated and 

it was concluded that in the range of coil loading expected for "in vivo" studies of calf 

muscle or neonatal brain, the relative sensitivity was fairly constant.

13.5 Accuracy in metabolite quantitation - "in vivo" studies of human calf 

muscle and neonatal brain.

^'P metabolite concentrations in human calf muscle and neonatal brain were measured 

using two approaches: ECR with a tissue-like phantom as a concentration reference and 

ICR with tissue water as an internal reference. For brain studies, the absolute reference 

method was also included. ISIS localization was used for muscle studies and PRESS for 

neonatal brain.

13.5.1 Calf muscle.

In calf muscle studies no significant differences were found between the ECR and ICR 

methods. ATP concentrations were comparable both with those obtained by MRS [Roth 

1989, Buchli 1993, Doyle 1995] and with biopsy data [Edstrom 1982] and corresponded 

well with results for mammalian skeletal muscles [Fitch 1974, Beis 1975] thus 

supporting the accuracy and reproducibility of the protocol. Similar results are reported 

for [PCr] apart from [Cady 1990], who reported higher concentrations than the others. 

These results however may depend on the particular muscle studied. In the cases of both 

ATP and PCr, however the biochemical analysis of biopsy samples always gave lower 

concentrations; this could be explained by loss of ATP and PCr due to autolysis. Using 

ISIS localization, it was not possible to estimate the partial volume effect caused by fat; 

it was assumed that selection of the calf-muscle VOI excluded fat tissue.
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13.5.2 Brain studies.

metabolite concentrations obtained for the group of 6 normal infants, using load 

matched external concentration reference (ECR'-LM) with tissue-like phantom as a 

reference gave results close to those obtained with ICR, except for a-NTP ( which was 

probably due to difficulty in a-NTP fitting in the presence of the overlapping NAD). 

These results were compared with previously published data for neonatal brain acquired 

with similar voxel and the same repetition time, but different localization and 

quantitation techniques: ECR-LM/ISIS with the standard Pi phantom as a reference 

[Buchli 1994], and PRESS with brain water as an ICR [Cady 1996], but for larger group 

of infants (N=8) and using curve fitting in the frequency domain for data analysis. The 

same data set was analyzed with VARPRO and no significant differences were found. 

[PCr] and [NTP] obtained by ECRrLM/?SlSand ECR-LM /PRESS were not significantly 

different. However ECR-LM /PRESS mean values were significantly lower than those 

estimated by ICR/PRESS-C [Cady 1996]. In the thesis I have presented results which 

showed that there were no significant differences between concentrations obtained with 

ECR-LM /PRESS and ICR/PRESS. In the view of the small number of ECR- 

LM /PRESS studies performed and the large standard deviation, which may have been 

due to intersubject variability, it was difficult at that stage to decide if there was a 

difference between results obtained by ECR-LM /PRESS and ICR/PRESS. For the 

ICR/PRESS method there were many sources of systematic error. These might include 

errors in calibration of the ‘̂P and channel sensitivities, in calibration of the 

selective-pulse ^̂ P amplitudes, in the assumed water concentration and the amount of 

NMR-invisible water. Results from experiments with a tissue-like phantom enabled to 

exclusion of error related to the calibrations. Error due to an inappropriate assumed 

water concentration was estimated to be less than 1%: this applies only to normal brain, 

since [H2O] may change in pathology. The amount of "NMR-invisible" water is expected 

to be low in the neonatal brain, since this component has been identified with myelin 

hydration layers [Menon 1991], and myelination is at a very early stage or has not yet 

started in many parts of brain. Results for neonatal brain obtained by [Kreis 1993] 

suggested that this underestimation corresponded to 3-4% mass only.

In adult brain, the situation would be different, because apart from the presence of a
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significant MR-invisible water fraction in white matter, there is another problem: there 

is a difference in brain-water fraction between grey and white matter. In newborn infants 

the brain-water fraction is much more homogeneous.

For ECR-LM 1 /PRESS there were also several sources of errors. These included 

incorrect metabolite concentrations in the reference phantom, inaccurate load matching, 

and inaccuracy related to phantom spectrum quantitation. The metabolite concentrations 

in the phantom were estimated with error < 10%, including corrections for chemical 

instability. Coil loading was matched after the "in vivo" study was completed, any 

changes in coil matching during the study (due to the patient movement) would not be 

accounted for. However the latter changes were believed to be minimal. Another aspect 

is that due to differences in head and phantom geometry and the fact that the brain 

tissue was inhomogeneous when compared with the uniform reference phantom, different 

amounts of contamination from outside VOI, were expected, especially if there were 

regional variations in metabolite concentrations. From the point of view of practicality 

it was found that accurate matching of the phantom sample to the "in vivo" coil loading 

was not always easy and was time consuming. The main advantage of the ECR protocol 

was that no assumptions about "in vivo" concentrations were needed and therefore this 

approach could be a method of choice for pathological studies. However considering the 

advantages of the ICR approach, we conclude that the most accurate approach would be 

to combine the ECR and ICR protocols, use an external phantom to measure water 

content (such as in method designed by [Kreis 1993]) and then the ICR method to 

measure metabolite concentrations.

13.6 Comparison of data analysis methods and their effect on absolute 

quantitation.

With respect to data analysis aspect, the time domain techniques (free induction decay): 

frequency selective VARPRO and two non-interactive methods LPSVD and HLSVD 

were investigated and compared. Curve fitting in the frequency domain was also 

examined (FREQ).

The techniques were evaluated using both simulated signals and experimental data 

obtained from the tissue-like phantom with known metabolite concentrations. Using the
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simulated data all four data analysis methods gave similar results, which were close to 

the true values when S/N > 7. LPSVD and HLSVD often failed to resolve the ATP 

multiplets and simply fitted a broad signal to these peaks, particularly when S/N < 10 

(this may explain why LPSVD and HLSVD overestimated ATP amplitudes when S/N 

was low). ATP fitting could be improved by assuming more singular values than the 

expected number of components, and then rejecting all artefactual lines. This however 

requires quality assurance of results and LPSVD, and HLSVD are then operator 

dependent.

For tissue-like phantom studies, performance of the techniques varied for different 

metabolites. Generally, techniques gave similar results and close to the expected one. 

Performance of VARPRO and FREQ was similar, LPSVD produced similar results to 

HLSVD. However differences (mainly for a- and y- ATP) were found between 

VARPRO estimates and those obtained by noninteractive methods: these differences 

might be related to signal overlap and lack of a priori knowledge about multiplet 

structure in LPSVD and HLSVD. Also SDs were often higher for LPSVD and HLSVD 

than those obtained using VARPRO and FREQ. Comparison between concentration 

results obtained with VARPRO and FREQ showed no significant differences provided 

that calibration measurements were analyzed with the same technique. Signal overlap 

appeared to be the main source of uncertainty in signal amplitude estimation even for 

spectra with high S/N. In order to reduce this problem, *̂P spectrum analysis based on 

linear combinations of model spectra (LCM) [Provecher 1992, 1993] will be investigated 

in the future.
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APPENDIX

Al. The algorithm for numerical simulation of frequency selective excitation 

experiment.

In order to investigate the performance of frequency selective pulses, a program was 

written in C to study the response of a spin system to the RF pulse. The algorithm was 

similar to those described elsewhere [Bottomley 1987, Sharp 1989]. The 

net magnetization at the end of RF pulse was calculated by numerical integration of the 

Bloch equation (see equations (18) - (23)) in the reference frame used was the one 

rotating at the instantaneous frequency of RF field. In this frame the B^  ̂ is described 

by:

(118)

Where is the z component (direction of the Bq field) of the applied gradient. Aco is 

the frequency offset between RF field frequency and Larmour frequency. It is assumed 

that initially magnetization vector is aligned along z -axis. Calculations of magnetization 

components were performed in a iterative process using rotation operators in spherical 

polar coordinates [Mansfield 1982] as described by:

M it^dt)- R^R^R;'R;'M(t) (119)

where R  ̂denotes rotation by angle (j) around z-axis and arctan(<j)) =B^/By and B ,̂ By are 

are components of B, vector along x and y axis respectively. R@ is a rotation by angle 

0 (arctan(B) = B^y/BJ around y \  and B̂ y, and B̂  denote components of B̂ ff field in the 

x'y' plane and along z-axis respectively. Rq* transform magnetization into the 

coordinate system in which B̂ ff is parallel to the t! -axis. Finally S is the rotation by 

a=^cffAt around z'. The above rotation can be described in the matrix form as 

following:

cos(}) sin(j) 0 
R^--sin(j) cos(j) 0 ( 120)

0 0 1

At each iteration step rotation of magnetization was performed for the given B̂
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COS0 0 sin0
Rg -  0 1 0  (*21)

-sin0 0 COS0

cosa sina 0 

S -  -sina cosa 0 

0 0 1

amplitude and phase of a rectangular RF pulse. The RF waveform of the complex B, 

was constructed from a series of rectangular pulses with amplitudes needed for the

waveform (256 points were used, similar to the definition of the pulse shape in the

Bruker system).

The following subroutine was written for calculation of the selective slice profile:

/ *  subroutine for simulation of selected slice profile, relaxation not 
considered;

define in the main program :
- bl [ ], b2 [ ] - vectors n_tpoints long describing x, and y
components of RF field;
- grad [ ] -vector n_tpoints long describing gradient field;
- w[ ] -vector n_tpoints long describing frequency offset;
- pos [ ] - vector n_spoints describing ID-spatial localization;
- xmj [ ], ymj [ ], zmj[ ] - vectors n_spoints describing starting 
values for magnetization distribution at the beginning of each 
iteration step;

output :
- xm[ ] , ym[ ] , zm[ ] -vectors n_spoints describing ditribution of 
magnetization after cessation of the pulse. */

void profile(void)
{

int i, j
double bx, by, bz, bxy, beff, phi, theta, alpha; 
double mx_0, my_0, raz_0, mx_l, my_l,- mz_l ;

/*time loop*/

for ( j=l; j<=n_tpoints; j++)
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{

bx=bl[j ]; 
by=b2[j ];

/*space loop*/ 
for(i=l; i<=n_spoints; i++)

{

mx=xmj[i ]; 
my=ymj[i]; 
mz=zmj[i];

oz=pos[i]*grad[j] - w[j]; 
bxy=sqrt(bx*bx+by*by); 
beff=sqrt(bz*bz+bxy*bxy); 
if(bxy==0.0) phi=0.0; 

else
phi=atan2(by,bx);

/ * rotation */
mx_l= -my sin(phi)+mx cos(phi); 
my_l= my cos(phi) +mx sin(phi); 
mz_l= mz;

if(beff == 0.0) theta=0.0; 
else

theta = atan2(bxy,bz);

/ * Rg'̂  rotation */
mx_2 = -mz_l sin(theta) + mx_l cos(theta); 
my_2 = my_l;
mz_2 = mz_l cos(theta) +mx_l sin(theta); 

alpha = beff*df;

/* S rotation*/

mx_3 = mx_2 *cos(alpha) +my_2*sin(alpha); 
my_3 = -mx_2*sin(alpha) + my_2 *cos(theta); 
mz_3 = mz_2;

/*Rg rotation/
mx_l = mz_3*sin(theta) +mx_2*cos(theta); 
my_l = my_3;
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mz_l = mz_3*cos(theta) -mx_2* sin(theta); 

/* rotation */

mx = mx_l*cos(phi)+my_l*sin(phi); 
my = -mx_l*sin(phi) + my_l*cos(phi); 
mz = mz_fl;

zm [ i ] = mz; 
x m [i ] = mx; 
ym[i] = my;

zmj[i ]=mz; 
xmj [ i ] =mx ; 
y m j [i ]=ym;

}
}

}
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The effects of relaxation are included after each iteration step according to the 

following:

and

AM M -M„
Z Z 0

At r,

K y

M -M +

(123)

(124)

(125)

M
M  -M -_J2+A f (126)

X .y  X .y  r jy

The accuracy of the above equations is better if the time step At is very small compared 

with the T, and T2, therefore for the purpose of the relaxation effects calculation, the 

number of time steps were increased from 256 to 4096.
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A2. Final form of inphase magnetization operators for ATP multiplets after application 

of PRESS sequence:

Below are presented final forms for operators descsribing inphase magnetization for A, 

M, and X spins in AMX system, calculated using product operators formalism (see 

chapter 8). The following was assumed: A = a-ATP, M = y-ATP and X = p-ATP, 

Jax=Jxm=J» Jam=0, ô r  chemical shift between a-ATP and p-ATP, and 62 -chemical shift 

between y-ATP and p-ATP. PRESS sequence with the following flip angles was 

considered; (|) - flip angle for the first pulse of nominal value 90°, 0 - the flip angle of 

the second pulse of nominal value 180°, and y the flip angle of the third pulse (of 

nominal value of 180°).'t, 2 delays in PRESS sequence (see Figure 43). The parameters 

a , P, PAl, PA2, PBl, PCI, PC2, PDl, PEI, PE2, PFl, PGl, PHI, PIl, PJl, PMl, 

PN1,P01, PPl, PRl, PSl, PTl, PUl, PWl, PZl, PYl are defined as following:

(127)

(128)
PAl -  Asin((())sin^(0)sin^(a)cos(a)cos(6/;);

PA2-  2sin(()))( 1 -cos(0))(cos^(a) +sin^(a)cos(ô/,));

PBl -  sin((|))sin^(0)sin^(a)cos(a)sin(8j/j);

PCI ~ .lsin((())sin^(0)sin^(a)cos(a)cos(02̂ i);

PC2 -  J-sin((t))(l-cos(0))(cos^(a)+sin^(a)cos(0)); 
4

PDl -  --isin((j))sin^(0)sin^(a)cos(a)sin(Ô2rj);

PEI -  Asin((|))sin^(0)sin^(a)cos(a)cos(0j/j);

(129)

(130)

(131)

(132)

(133)

(134)



1PE2-  _sin((|))( 1 -cos(0))(cos^(a) +sin^(a)cos(9))^;
1 , , (135)

P F7- _sin((())sin(2a)(sin^(0)cos(a)cos(ô,)-(l-cos(0)) );

PGl -  J-sin((|))sin(2a)(sin^(0)cos(a)cos(0j)-(l-cos(0))^;

PHI -  i-sin((j))sin(2a)sin^(0)cos(a)sin(02̂ i); 
8

PIl -  J-sin((j))sin^(0)cos(a)sin(0jrj); 
8

PKl -  -  J-sin((())(2sin^(0)cos(0)sin^(a)sin(ô,/,); 
8

PLI -  J-sin((}))(2sin^(0)cos(0)sin^(a)cos(Ô2^2); 
8

PMI -  J-sin((j))(2sin^(0)cos(0)sin^(a)sin(Ô2ri); 
8

-  J-sin((}))(sin(2a)(( 1 -cos(0))^((cos^(a) +sin^(a) .
4 ;

-sin^(0)cos(a)cos(ôjfj))+2sin^(0)sin^(a)cos(Ô2̂ i)

(136)

(137)

(138)

(139)

PJl -  J-sin(<j))(2sin^(0)cos(0)sin^(a)cos(Ô,r,); (140)
8

(141)

(142)

(143)

- J-sin((j))(sin(2a)((( 1 -cos(0))^(cos^(a) +sin^(a)cos(0) r^A<\
POl -  8 ; (140)

-sin^(0)cos(a)cos(Ô2ri))+2sin^(0)sin^(a)sin(Ô2̂ i))
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PPl -  — sin(()))(sin^(0 )(sin(2a)cos(a)sin(Ô j)+2sin^(a)sin(Ô2/j))); 

8

PR] = -J-sin((|))(sin^(0)(sin(2a)cos(a)sin(Ô2)+2sin^(a)sin(Ô,rj)); 
8

PSI -  -JLsin((j))(2sin^(0)cos(0)sin(2a)sin(a)cos(ôjrj); 
16

PTI -  -^sin((j))(2sin^(0)cos(0)sin(2a)sin(a)cos(Ô2r2); 
16

PUI = ^sin((|))2sin^(0)cos(0)sin(2a)sin(a)sin(Ô2^i);
16

-  J_sin((l) )(sin(2a)(( 1 -cos(0))^sin(2a) -2sin^(0)sin(a)(cos(ôjr, ) 
PWl -  16

+005(62/,)));

(146)

(147)

(148)

(149)

(150)

(151)

PZI = -_Lsin((}))(2sin^(0 )sin(2a)sin (a )(sin (6 ,)-sin(Ô2/,)); (152)
16

PYI = -^sin((J))(2sin^(0)cos(0)sin(2a)sin(a)sin(ô,/,); (153)
16

(3- nJt-  (154)

Then :
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+ A PGl sin(2p)(l-cos(y)^

+P//7 cos(ô/2)sin^(p)sin^(y) +PP7sin(Ô2f2)sin^(P)sin^(y)
-(P07)sin (̂y)cos(Ô2r2)sin(p)cos (̂P)-(PP7)sin(Ô2r2)sin(p)sin (̂y)cos (̂p)
+PW7co5(P)sin^(p)cos(Ô2^2)cos^(y)
+PZ7sin(Ô2r2)sin^(P)cos(p)sin^(y)

+PXlsin ^(y)sin^(p)sin(C2̂2)î

(155)

7̂  -  PBl (cos^(y)sin^(p)-cos^(p)+cos^(p)cos(y)-sin^(p)cos(y))
+(PE1 +PE2) (sin(ô/2)sin^(P)cos(P)sin%)

+ 2  PII (sin(2p)+sin(2p)cos(y)-2sin(2p)cos(y))

+PNI sin(ô,r2)cos^(P)sin(P)sin^(y)-P(97 sin(Ô;T2)sin^(P)sin^(y)
-PPl cos(Ô/2)cos^(P)sin(P)sin^(y) + PRI cos(ô/2)sin^(p)sin^(y)
-PWI  sin(ÔjT2)sin^(p)cos(p)sin^(y)-PZI  cos(ôjf2)sin^(p)cos(P)sin^(y) 
+PXIcos{G^Çsin\P)cos\yy,

7̂  -  (PAI +PA2)(sin^(p)cos(y) +cos^(p) -cos^(y)sin^(p) -cos^(p)cos(y))

+App7 sin(2p) (1 -cos(y))^-(PP7 +PP2)sin^(p)cos(p)cos(ô/2)sin^(y)

-PNI  sin(p)cos^(p)cos(Ô,/2)sin^(y)+ POI sin^(p)sin^(y)cos(ô,r2) ; (156)
-PPl sin(p)cos^(p)sin(Ôjr2)sin^(y)+PP7 sin^(P)sin(Ô/2)sin^(y)
+PW7 sin^((p)cos(p)cos(Ôjr2)sin^)+PZ7sin^(P)cos(p)sin(Ôj/2)sin^(y) 
-PX7jm(a,r2)sin^(P)cos^(y)

7^ -  PD7(sin^(P)cos^(y)+cos^(P)cos(y)-sin^(P)cos(y)-cos^(p)
-  (PP7 +PP2)sin^(p)cos(P)sin(Ô2T2)sin^(y)

+Ap777sin(2p)(l -cos(y))^-P//7sin(Ô2T2)sin^(y)sin^(a) (157)

+P07sin(Ô2T2)sin^(y)cos^(p)sin(P)+PP7cos(62'C2)sli'^(P)sin^(y)
-PP7cos(Ô2T2)sin (̂y)sin(p)cos (̂P)+PZ7cos(Ô2T2)sin (̂p)cos(p)sin (̂y)
-PXI sin^(y)sin^(P)cos(P)cos(a2f2) ;

7 -  {PCI +PC2)(cos^(p)( 1 -cos(y)) +sin^(p)cos(y)( 1 -cos(y)

(158)
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-  (PA7+PA2)sin^(y)sin(Ôjr2)sin\P)cos(P)-PB7cos(Ô,r2)sin^(P)cos(p)sin^(y) 
+(PC7+PC2)sin(Ô2r2)sin^(P)cos(P)sin^(y) 
-PD7(cos(Ô2r2)sin^(P)cos(p)sin^(y)+sin^(p)cos(p)cos^(y)) 
-PF7sin(Ôjr2)cos (̂P)sin(p)sin (̂y)-PG7sin(Ô2r2)sin(P)cos (̂p)sin (̂y) 
-P7ï'7cos(Ô2/2)cos^(p)sin(p)sin^(y)
-P77cos(ôjf2)sin(p)cos^(p)sin^(y)-P/7 sin^(p)sin(ô/2)sin^(y)cos(y)
-PKI sin^(P)cos(ôjr2)sin^(y)cos(y) -PLI sin^(p)sin(Ô2̂2)sin^(y)cos(y) 
-PM 75m^(p)cos(Ô2/2)sin^(y)cos(y)+PP7(cos^(P)sin(p)cos^(y)-cos^(p)sin(p)cos(y) 
+sin(p)cos^(p) -sin^(P)cos(P)cos^(y) -sin(P)cos^(p)cos(y) 
+sin^(P)cos(p)cos(y)-sin^(P)cos(p)cos^(y))
+PR1 (sin^(p)cos(p)cos(y)-sin^(p)cos(p)cos^(y)+sin(p)cos^(p)cos^(y) 
+sin(P)cos^(p)-sin^(P)cos(P)cos^(y)
-sin(p)cos^(p)cos(y)-sin(p)cos^(p)cos(y)
+sin^(p)cos(P)cos^(y))-P57jm^(P)cos(p)sin(Ô,r2)sin^(y)cos(y)
-PTl  sin^(p)cos(p)sin(Ô2r2)sin^(y)cos(y)
+PG7sin^(p)cos(p)cos(Ô2r2)sin^(y)cos(y)
+PZ7(sin^(p)cos^(p)cos^(y)-sin^(P)cos^(p)cos(y)
+sin^(p)cos^(P)cos^(y) +sin^(p)cos^(P) +sin^(p)cos^(P)cos^(y) 
-sin^(P)cos^(p)cos(y)-sin^(p)cos^(p)cos(y))+PF7cos(p)cos(5jf2)sin^(y)cos(y))

+py7sin^(y)cos(y)cos(P)cos(G2r2)
+PX7(sin^(p)cos(P)cos^(y)-sin^(p)cos^(p)cos(y)+sin^(p)cos^(p)cos^(y) 
-sin(P)cos^(P)+cos'^(P)cos(y); (159)
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-  (PA7+PA2)sin^(P)cos(P)cos(ôj/2)sin^(y)
+PB1 sin^(p)cos(P)sin(Ô^ysin^(y)
+PZ)7jm^(p)cos(p)sin(Ô2r2)sin^(Y)

+{PE1 +P£’2)( J-sin^(2P)(2cos(y) -cos^(y) -sin^(y))
4

+cos'^(P)+sin'‘(P)cos^y)-cos'‘(P)cos(y-sin'‘(P)cos^(y))
-PF7sin(p)cos(p)cos(ôj/2)sin^(y)
-FG7sin(p)cos^(p)cos(Ô2/2)sin^(y)
+P777sin(P)cos^(p)sin(Ô2^2)sin^(y)
+F/75m(p)cos^(P)sin(ÔjT2)sin^(y)-Py7 sin^(P)cos(8/2)sin^(y)cos(y) 
+PF75i>i^(P)sin(Ôjr2sin^(y)cos(y)
-PL75m^(p)cos(Ô2/2)sin^(y)cos(y)
+PMlsin ^(p)sin(Ô2̂2)sin^(y)cos(y)  ̂̂
+PA^7(sin(p)cos^(p)cos^(y)-sin(P)cos^(p)cos(y)
-sin^(P)cos(P)cos^(y)+sin(P)cos^(p)-sin^(p)cos(p)cos^(y)-sin(P)cos^(p)cos(y)
+sin^(p)cos(p)cos(y)+sin^(p)cos(p)cos^(y))
+PG7(sin^(P)cos(P)cos(y)-sin^(p)cos(p)cos^(y)
+cos\p)sin(p)cos^(y)+sin(p)cos^(p)-sin\p)cos(P)cos^(y)-sin(p)cos^(p)cos(y)
- 2sin(p)cos^(p)cos(y)+sin^(p)cos(p)cos^(y))
-PS I sin^(p)cos(p)cos(ô, r2)sin^(y)cos(y)
-Pr7jm^(p)cos(p)cos(Ô2/2)sin^(y)cos(y)
-PÎ/7jm^(p)cos(p)sin(Ô2/2)sin^(y)cos(y)

+PlV7_lsin^(2p)(cos^(y) -cos^(y)
4

-Py7^m^(P)cos(p)sin(6,r2)sin^(y)cos(y))
-PZ7cos^(y)sin(a/2)cos(p)sin^(p);
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Errata

(Page, Paragraph, Line)

(25, 1, 2up) Replace with: Techniques have been developed, that allowed spectra to be 
obtained, from the defined volume of interest and express metabolite levels in absolute values.

(82, 3, 1) Replace with: Failing to estimate voxel fraction occupied by the tissue of 
interest may lead to underestimation of metabolite concentrations and techniques allowing 
determination of voxel compartmentation were described in § 5.5.

(123, 2, 4) Replace with: In the case of ideal rectangularly shaped gradient pulses, setting 
the gradient rise time equal to the distance between the time points, should allow the desired 
gradient waveform to be followed accurately.

(123, 2, 8) Replace with: It allows exponentially shaped pulses to be applied as an input 
voltage to the gradient power supply instead of rectangularly shaped pulses.


