
INIS-mf—12567 NL90C0003

DEVELOPMENT OF METHODS FOR QUANTITATIVE IN VIVO NMR

AND THEIR APPLICATION TO THE STUDY OF HEPATIC

ENCEPHALOPATHY IN THE BRAIN

A. A. de Graaf

ppm 4 3 2
CHEMICAL SHIFT

1



DEVELOPMENT OF METHODS FOR QUANTITATIVE IN VIVO NMR
AND THEIR APPLICATION TO THE STUDY OF HEPATIC

ENCEPHALOPATHY IN THE BRAIN



DEVELOPMENT OF METHODS FOR QUANTITATIVE IN VIVO NMR
AND THEIR APPLICATION TO THE STUDY OF HEPATIC

ENCEPHALOPATHY IN THE BRAIN

Proefschrift

ter verkrijging van de graad van doctor

aan de Tecfanische Universiteit Delft,
op gezag van de Rector Magnificus,

prof.drs. P.A. Schenck,
in bet openbaar te verdedigen

ten overstaan van een commissie
aangewezen door bet College van Dekanen

op donderdag 1 juni 1989 te 14.00 uur

door

Albert Arjaan de Graaf

geboren te Zierikzee
natuurkundig ingenieur



Dit proefschrift is goedgekeurd

door de promotor prof.dr.ir. A.F. Meblkopf.

Dr. W.M.M.J. Bovée beeft als toegevoegd promotor in hoge mate

bijgedragen aan het totstandkomen van het proefschrift.

Dit onderzoek is uitgevoerd in het kader van het projekt "NMR

spectroscopie en Hepatiscbe Encephalopathie' dat financieel

ondersteund werd door de Stichting voor Medisch- en Gezondheids

Onderzoek Nederland (MEDIGON).



Aan Marga, Albcri-Jan, Bram en Christicn



Boekwerkverzorging:

Drukkerij Alevo, Delft



CONTENTS
1. Introduction '

General '
Purpose 1
Cooperation 2
Concerns for the MRS developments 3
Outline of the thesis 10
References 12

2. Requirements on RF modulation and gradients for spatially 15
resolved NMR at high fields, and their implementation on a
homebuilt 7T spectrometer system (paper)

Abstract 17

Introduction and purpose 17
Part I. Requirements IS
Part n. Implementation on a homebuilt 7T system 28
Conclusions 41
References 42

3. In vivo H-NMR procedure to determine several rat cerebral 43
metabolite levels simultaneously, undisturbed by water and
lipid signals (paper)

Abstract 45
Introduction 45
Methods 46
Results and discussion 49
Conclusions 53
References 54

4. QUALITY: QUAntification improvement by converting LIneshapes 57
to the Lorentzian TYpe (paper)

Abstract 59

Introduction 59
Principle 61
General theoretical description 63
Experimental verification 67
Conclusions 75
References 77



5. Improved quantification of in vivo H NMR spectra by 79
optimization of signal acquisition and processing and by
incorporation of prior knowledge in the fitting procedure

(paper)
Abstract 81
Introduction SI
Methods and results 82
Conclusions 101
References 103

6. In vivo P NMR spectroscopy of the rat cerebral cortex during 105
acute hepatic encephalopathy (paper)

Abstract 107
Introduction 107
Experimental 108
Results 111
Discussion 116
References 119

7. Acute Hepatic Encephalopathy and two other models of 123
byperammonemia studied with in vivo H NMR spectroscopy in the

rat (paper)
Abstract 125
Introduction 125
Methods 126
Results 131
Discussion 139
Conclusions 145

References I 4 7

8. Summary and conclusions 151

Samenvatting en conclusies 155

Concise list of abbreviations 158



CHAPTER 1. INTRODUCTION

1.1. GENERAL

The principles of KMR spectroscopy are well established (1,2) for several

decades and the technique has found wide application in analytical chemistry

and studies of molecular structure.

In 1973 (3) and 1974 (4) it was demonstrated that NMR applied to living

tissues could be used to generate images and to observe metabolic compounds

in the NMR spectrum, respectively. Since then, the attention paid by the

medical disciplines to NMR has continuously been increasing, for imaging

(MRI), as well as for spectroscopy confined to spatially well defined parts

of living objects (MRS). Application of NMR in vivo is especially attractive

from the medical point of view because:

1. tbe magnetic fields and the RF radiation used until now in in vivo

experiments have no harmful effects, as far as is presently known;

2. bone is transparent for this RF radiation;

3. MRS is the most powerful non-invasive tool available to study biochemical

and physiological processes;

4. these processes can be studied under normal and pathological conditions,

leading to valuable clinical information, but also to very fundamental

understanding;

5. in animal studies, a complete time course of e.g. a pathological process

can be monitored in a single animal, by which features are revealed that,

as a consequence of individual variations, would remain invisible for

techniques that use a large number of animals sacrificed at different

stages. Each animal serves as its own control.

Introductions to tbe field of instrumentation, methods and application of

MRI and MRS in living systems can for instance be found in references (5)

and (6).

1.2. PURPOSE

The aim of the work presented in this thesis was to develop reliable methods
for quantitative MRS that are medically relevant for the study of Hepatic
Encephalopathy in rats.



1.3. COOPERATION

At the Department of Applied Physics of the Delft University of Technology

(DUT), the research work of the group Spin Imaging (head: Prof.Dr. A.F.

Mehlkopf) is concentrated on the development of methods and instrumentation

for MRS and MRI, and on the development of advanced methods for signal

processing. The results of these investigations are evaluated and applied in

interdisciplinary cooperative studies together with medical institutes, and

in cooperation with the industry (Philips Medical Systems Division, Best,

The Netherlands), which is advantageous for the following reasons:

1. it generates realistic and concrete questions for the further development

of instrumentation and methods and stimulates this development to achieve

results that are medically relevant;

2. the developed methods can be tested and their performance can be

evaluated in the real practice.

At the Department of Experimental Medicine (head: Prof.Dr. J. van Gool) of

the Academic Medical Center (AMC) of the University of Amsterdam, the

pathophysiological mechanisms are studied which are responsible for the

induction of Hepatic Encephalopathy (HE), a neuropsycbiatric syndrome which

occurs in patients who suffer from severe liver insufiiciency (7,8).

One of the main reasons why the pathogenesis of HE untill now has not

been fully elucidated is the absence of a non-invasive technique which

enables reliable, quantitative measurement of metabolite concentrations in

vivo, repeatedly in one and the same subject in a time course study. This

problem occurs not only in the study of HE, but in many other medically and

biologically relevant studies that focus on the characterisation of

metabolic processes in living systems (e.g. the determination of the

predictive value of early metabolic changes for ultimate tumor response to

treatment (9), the characterization of muscle performance by metabolic

reaction rates (10), and judgement of the reversibility of brain damage

after ischemic events (11,12)). Because of its characteristics in this

respect, MRS has the potential of giving a very important contribution to

the solution of this problem.

Therefore, a joint research project "NMR Spectroscopy and Hepatic

Encephalopathy" of the two research groups mentioned above was established,

and financed by the Foundation for Medical and Health Research in the

Netherlands (MEDIGON), project number 900-523-O8J (project leaders: Dr.
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R.A.F.M. Chamuleau from the AMC, and Dr. W.M.M.i. Bovee from the DUT).

In this research project, the development of methods and

instrumentation for MRS, all MRS experiments on animals (rats) as well as

the quantification and the physical and chemical interpretation of the

results were carried out at the DUT using the homebuilt 7 tesla HR NMR

spectrometer system (13) of the Spin Imaging group.

The medical interpretation and all other medical aspects of the work

(e.g. the design of medical experimental models, the animal treatment) was

taken care of by the medical colleagues from the AMC.
Financial support for the MRS development was also received from the

Dutch Foundation for Technical Sciences FOM/STW, grant DTN 380486.

1.4. CONCERNS FOR THE MRS DEVELOPMENTS

The objectives of MRS development can be stated explicitly for the present

thesis as follows:

The aim of MRS development is to enable quantitative determination,

within a living object, of the concentrations of medically relevant

metabolic compounds, as well as intracellular pH, in a well defined

volume that can be sized and positioned at will.

This includes the following 3 aspects:

• Localization

- Spectral quantification

- Relation between real concentrations in vivo and spectral quantities.

The specific problems for the MRS developments with regard to these aspects

will now be discussed briefly and indications for their solution in the

application to the study of HE will be given.

1.4.1. Localization

1.4.1.1. Different methods, their characteristics and associated problems

Localization can be effected ic a number of different ways. A detailed

systematic classification of the in 19S6 existing methods for localization

is given in reference (14). For this thesis, the following principally

different ways of localization are distinguished:



A. The choice of the RF transmit and/or receive coil; and of its dimensions.

With a surface coil, signals are obtained from a region close to the coil

while the size of that region is determined by the coil dimensions.

B. By a combination of pulsed magnetic field gradients and RF pulses of

limited bandwidth, a volume element (VOI - Volume Of Interest) can be

selected. The position and dimensions of the VOI are determined by the

gradient strengths and, respectively, by the center frequency and the

bandwidth of the RF pulses.

C. By Spectroscopic Imaging (SI), an extension of MR1 to incorporate

chemical information, chemical as well as spatial information (1, 2 or

even 3 dimensional, denoted as ID, 2D and 3D, respectively) is obtained

in one single measuremeat.

ad A.

The use of a small surface coil for localization (15,16) offers the

following advantages:

- ? high sensitivity for signals from the VOI;

- an intrinsic high attenuation of contaminating signals from outside the

VOI;

- the localization is effected purely by the RF characteristics of the

coil, without any extra procedure introducing a possible time delay.

Hence, the localization is relatively insensitive to instabilities such

as motions of the object under investigation and to intensity distortions

due to eventual short T values.

Disadvantages are:

- there is little flexibility in the positioning and dimensioning of the

VOI; only superficial structures can be examined;

- the VOI is not sharply defined, even when applying special pulse

sequences (17,18) to improve the selection characteristics;

- the spatially inhomogeneous RF field of the coil results in

non-uniformous excitation of the nuclear spins over the VOI.

ad B.
Advantages of localization using pulsed gradients and selective RF pulses

are:
- a flexible adjustment of the dimensions and the position of the VOI is

possible;



- the VOX can be sharply defined as a result of improved selective RF

pulse •;*-.* '•*' been proposed recently (19,20,21), so that chemical

information is obtained exclusively from the selected volume.

These characteristics closely meet the ideal objectives for localization in

MRS as stated above. Unfortunately, the following drawbacks often interfere:

- the application of 2 or more consecutive RF pulses may give rise to

unwanted and complex phase and intensity modulations in coupled spin

systems, while in addition unwanted echo signals may be produced;

- especially add-subtract localization methods, and methods that achieve

localization only after completion of an RF phase cycling scheme, are

sensitive to motions of the object under investigation, generally

resulting in unpredictable intensity- and lineshape distortions and in

contamination with signals from outside the VOL Thus, so called single

shot methods are to be preferred, for which several pulse sequences have

been proposed already (22,23,24). These offer the additional advantage

that the magnetic field homogeneity can be adjusted selectively for the

VOI, generally resulting in an improvement of the spectral resolution.

- the instrumentation has to fulfill high requirements with respect to

gradient strengths, RF modulation facilities and their control;

- the switching of strong gradient fields generated by the commonly used

unshielded coils induces dynamic magnetic field inhomogeneities that have

a distorting effect upon the lineshape of the resonances in the MRS

spectrum (25) and also affect the spin refocusing in spin echo

experiments;

ad C.

Advantages of Spectroscopic Imaging (26) are:

- a great amount of information is obtained in a single measurement;

chemical information from many locations is present simultaneously;

- it offers the unique possibility to obtain in vivo a metabolite

concentration map.

Disadvantages aiv

- especially the measurements for spatially 2D and 3D SI are very time

consuming which also limits their application in time course studies:

- instabilities during the measurement such as motions of the object and

instrumental instabilities may easily degrade the image quality.

- the magnetic field homogeneity is optimized over a large volume,



resulting in a reduced local homogeneity and consequently a loss of

spectral resolution.

- the proposed methods are in general sensitive to intensity distortions

due to short T values.

1.4,1,2, Approach to localization in this thesis

In the application of MRS to the study of HE, NMR signals have to be

obtained from the rat forebrain. A surface coil with outer dimensions of 10

to 14 mm is convenient for localization here. The VOI can eventually be more

sharply defined by performing additional localization, for which both other

methods mentioned above may be used.

A consideration in the design of such a localization method is that

acoustic noise produced by the gradient coils upon switching of strong

gradient fields may trigger motions of the conscious animal.

1.4.2. Spectral quantification

1.4.2.1. Problems and methods

In NMR spectroscopy, concentrations are related to peak areas.

The quantification task is to perform accurate and reliable

quantification of the spectrum in terms of the separate contributions (i.e.

peak areas) of the different components. As compared to HR NMR on

non-viscous liquids, the following problems in vivo complicate this task:

• Differences in magnetic susceptibilities of the surroundings and of

various tissue components within the heterogeneous sample cause spatial

inbomogeneities of the magnetic field felt by the nuclei, resulting in

line broadening, loss of resolution in the spectrum and sometimes in

lineshape distortions.

- Motions of the sample itself and of the molecules within it (e.g.

diffusion and flow) occur which may degrade the signal-to-noise ratio

(S/N), the lineshape and the spectral resolution.

- The available measuring time is limited. Hence, S/N cannot be increased

at will by time averaging of the NMR signals. In practice, for instance

at a field strength of about 5 T the lower concentration limits for

observability of the presently most widely used nuclei for MRS, using a

sample of about 1 cubic centimetre and a measurement time of about 5

minutes are 0.1 mM for 'H, 1 mM for 31P and 2 mM for l3C (when 100%

abundant; the natural I3C abundance is only 1.1 %).



- There is a large variation in linewidth as a consequence of the large

differences in T values.

- The MRS spectrum may be overcrowded so that many resonances overlap,

while in addition very large differences in peak intensities (sometimes

amounting to SO dB) may be present. In this case, which applies

especially for *H MRS where the spectral width is only 10 ppm and

overwhelming water and lipid signals are usually present, quantification

is extremely difficult.

An approach to solve the overlap problem is the application of techniques

for spectral editing (27-31) that allow for the selective observation of the

resonances of only 1 compound. However, most of the proposed editing schemes

employ multiple shots which limits their applicability in in vivo

situations.

Because of the problems mentioned above, classical methods like
integration or weighting of excised peaks are no longer suitable, not to
mention simple peak height analysis. A good alternative is fitting of the
MRS signals to model functions, in the time domain (32-34) or in the
frequency domain (35). However, the lineshape distortions mentioned above
often still hamper this approach.

1.4.2.2. Approach to quantification in this thesis

In the application of 31P MRS to the study of HE, signals are obtained of
rather low S/N that show little spectral overlap. A suitable method for
quantification of the 3IP MRS time domain signals appeared to be LPSVD,
which has been developed by the signal processing section of the DUT Spin
Imaging group (32).

Brain !H spectra as obtained in the study of HE generally have a good
S/N but show a high degree of spectral overlap in addition to lipid and
residual water signals of unpredictable shape and intensity. Reliable time
domain fitting methods are under investigation but not yet available for
routine use. Therefore, frequency domain fitting was used for which standard
software was modified and optimized.

It would be very important to have available a method for correcting
lineshape distortions in *H MRS.



1.4.3. Relation between concentrations and spectral quantities

1.4.3.1. Problems and methods

In order to derive absolute concentrations from observed NMR signal

strenghts, in practice always a reference concentration standard is used.

For this purpose, e.g. a certain compound of known concentration can be used

which is added to or already present within the sample (internal standard),

or present in a separate sample which may be observed simultaneously with

the sample of interest or in a separate experiment (external standard).

The relative signal contribution per unit concentration of a compound in the

MRS spectrum is determined by the molecular mobility and the specific MRS

pulse sequence used. Compared to HR NMR on non-viscous liquids, in the in

vivo situation the following problems occur:

- Of certain compounds, sometimes one fraction is visible in the MRS

spectrum and another is not because it gives a very rapidly decaying

solid-state like NMR signal.

- Large T and T differences may be present between the reference standard

(internal as well as external) and the signals from one or more different

metabolites. In combination with delay times present in the applied NMR

pulse sequence, relaxation in that case results in a signal intensity

attenuation that can be very different between the reference signal and

those metabolite signals.

- The NMR pulse sequence used may introduce frequency dependent intensity

distortions as well as intensity distortions due to J-modulations (36) in

multiplet structures.

- an external standard is difficult to use because implantation in the VOI

in general is not possible, whereas positioning outside the VOI generally

goes together with quantification problems due to a distorted lineshape

of the reference signal resulting from a bad field homogeneity.

A complete solution of these problems would require an exact knowledge of

the effects of the pulse sequence used, the availability of a good

concentration standard, and the accurate experimental determination of

relaxation times, which in vivo is very difficult for many compounds because

of the high degree of spectral overlap, the low resolution and the presence

of complex coupling patterns. Although some useful approaches have appeared A-j
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already in the literature (37,38), the relation between concentrations and

MRS signal strengths is still unknown for many metabolites in vivo.

Therefore, MRS results are usually presented as (relative changes in) peak

intensity ratios with little or no attention paid to absolute

concentrations. Nevertheless, as such they can yield very useful

biomedical information.

1.4.3.2. Approach to optimal detection of MRS signals from the relevant

compounds in this thesis

The approach in the MRS application is first to decide which compounds are

the biomedically relevant ones, and then to develop an MRS pulse sequence

that enables their optimal observation.

The pathophysiological mechanisms in the induction of Hepatic

Encephalopathy are hitherto unknown, but it is generally believed that the

impaired liver function induces an increase of the concentrations of certain

poisonous compounds in the blood that can pass the blood-brain barrier. One

of these postulated "toxins" is ammonia, but others may also contribute. So

far, the question has remained unanswered whether these toxins directly

affect the brain energy metabolism, or whether the neurotransmission is

disturbed indirectly via for instance changes in neurotransmiUer and amino

acid levels, or both.

The 'energy state' of biological tissue can be studied using MP MRS,

which enables the observation of energy-rich phosphate compounds such as ATP

and PCr and of inorganic phosphate.

All molecules containing protons and present in concentrations above

about 0.1 mM, including amino acids and neurotransmitters, can in principle

be observed in the proton MRS spectrum. This applies (39) e.g. to glutamate

and glutamine, some important compounds that take part in the ammonia

detoxification metabolism, and also to lactate, which may accumulate as a

result of an increased brain ammonia concentration (40).

Because of the short T^ values of ATP (typically 20 ms), localization

methods and/or spin echo methods can only be used in the 31P experiments if

they employ very short delay times. A simple FID (Free Induction Decay)

experiment seems the best choice.

As it is unknown of which compounds visible in the 'H MRS spectrum the

concentrations will change during HE, as much compounds as possible have to



be observed while the spectral overlap has to be reduced so as to be able to

distinguish at least the compounds glutamate, glutamine and lactate. A good

compromise is a spin echo sequence in which the echo time is chosen so as to

eliminate the broad background signals from short T components while at the

same time being optimal for phase modulations (36) caused by the 7 Hz scalar

couplings commonly encountered in proton NMR. An echo time that is an

integer multiple of 136 ms seems the best choice.

The use of a spin echo technique has the added advantage that it can in

general easily be expanded for additional localization.

A water suppression technique has also to be incorporated in the ]H

pulse sequence in order to enable correct digitization and undisturbed

observation of the about 10000 times less intense metabolite signals. Of the

many suggested solvent suppression methods (41-44), the semiselective or

binomial pulses (42) generally perform well and are easy to implement. To

minimize spectral distortions, preference is given to the simplest versions.

Unfortunately, because of chemical exchange the proton NMR signals from

ammonia will be suppressed together with the water signal and therefore

cannot be observed.

1.5. OUTLINE OF THE THESIS.

1.5.1. MRS development

At the beginning of the project, the bomebuilt 7T spectrometer system of the

Spin Imaging group at DUT was not equipped with facilities to generate

strong magnetic field gradients and RF pulses of limited bandwidth,

necessary to perform good localization in MRS. The requirements for the

necessary instrumental changes were set up. New hardware components were

designed and built or purchased by the hardware building section of the

group. The required modifications of the initiation and control software of

the 7T system were made by the author (Chapter 2).

Throughout the course of the project, methods for localized MRS that are

suitable for HR NMR spectrometers as well as methods that require RF

modulation facilities and strong gradients were used. Hence, their

descriptions appear in several parts of the thesis, the most extensive being

in Chapters 3, 5 and 7.

10



Experimental methods for localized, water suppressed lH MRS with a surface

coil, including Spectroscopic Imaging, were developed in order to solve the

problems of irreproducibility and spectral overlap caused by water and lipid

signals (Chapter 3).

A method for correction of lineshapc distortions as a consequence of static

magnetic field imperfections was developed and evaluated both theoretically

and experimentally (Chapter 4).

An approach to solve the problems in the quantification of the *H MRS

spectra caused especially by spectral overlap, frequency dependent intensity

distortions and intensity modulations in coupled spin systems was developed

and evaluated (Chapter 5).

1.5.2. MRS application

The brain energy state during HE was investigated using 3IP MRS. The

experimental work was almost completed by the time of the start of the work

described in this thesis. The author consequently took only part in some of

the experiments and in the preparation of the manuscript. The latter bas

been added to this thesis so as to yield a comprehensive view on the

application of MRS to the study of HE (Chapter 6).

The developed methods for quantitative lH MRS were applied to monitor the

concentrations of several important brain amino acids and other metabolic

compounds during the development of acute HE, and during the development of

ammonia induced encephalopathy in two different animal models (Chapter 7).

In Chapter 8, the results of all the studies described in this thesis are

summarized and some conclusive remarks are given.
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REQUIREMENTS ON RF MODULATION AND GRADIENTS FOR SPATIALLY

RESOLVED NMR AT HIGH FIELDS, AND THEIR IMPLEMENTATION ON A

HOMEBUILT 7T SPECTROMETER SYSTEM

ABSTRACT

In order to obtain an NMR spectrometer system suitable for in vivo spatially
resolved NMR, it may sometimes be advantageous to extend the equipment of an
existing high resolution NMR (HR NMR) system for the generation of AM/FM
modulated RF pulses and magnetic field gradients. In the first part of this
paper, generally applicable requirements regarding RF modulation and
gradients for spatially resolved NMR at high fields are given. In the second
part of this paper, the design of a versatile waveform generator is
presented which offers high flexibility in the genaration of complicated RF
modulation schemes. Finally, the illustrative implementation on a homebuilt
7 tesla NMR system of the requirements set up in part 1 is described. By
extending the hardware and software of our system it became a highly
flexible one for spatially resolved NMR.

INTRODUCTION AND PURPOSE

During the past 15 years, application of NMR (Nuclear Magnetic Resonance) in

vtvo for medical purposes has gained an increasing importance. Techniques

for NMR imaging (MRI, since 1973, (1)) and localized in vivo NMR

spectroscopy (MRS, since 1980, (2)) are in continuous development. Many

experimental studies are carried out using relatively small animals (rats,

mice, rabbits) on high field systems suited for spatially resolved NMR.

Although such systems are commercially available since a number of years, it

may be advantageous in many cases to modify one's instrument designed for HR

NMR on liquids which is already present. In order to upgrade such a system

for spatially resolved NMR, its equipment has to be extended for the

generation of RF pulses of limited bandwidth and for imposing a spatial

dependency upon the magnetic field.

In the first part of this paper, generally applicable RF modulation and

gradient requirements for spatially resolved NMR at high fields will be set

up, while in the last part their specific implementation on our homebuilt 7

tesla system will be described, including the design of a versatile

multi-purpose waveform generator.
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PART I. REQUIREMENTS

The precession frequency of nuclear spins

A description of the principles of NMR can be found for instance in

reference (3). We only mention here that the precession frequency magnitude

F of noninteracting spins at position r in the presence of an externally

applied magnetic field in the z direction built up from a main static field

B and a magnetic field gradient G is given by:

FQ = (y/2*)-(Bo + G-r)(l-ff), [1]

in which y is tLe gyromagnelic ratio and a is the magnetic shielding

constant. The following units are used in this paper: F in Hz; (y/2?r) in

Hz/T; Bo in T; G in T/m; r in m, and a in parts per million (ppm). The

spectral widths Aa of the three nuclei most widely used till now for in

vivo NMR are: 10 ppm for *H, 30 ppm for 31P and 200 ppm for 13C. The (y/27t)

values for these respective nuclei are 42.9, 17.4 and 10.7 MHz/T.

The basic sections of methods for MR1 and MRS.

The RF modulation and gradient requirements must be set up so as to fit all

possible in vivo applications. There are many different methods for MRI and

MRS. An overview and systematic classification of existing methods in 1986)

is given in reference (4). Since then, many more new methods appeared in the

literature. However, with regard to their spatially dependent influencing of

the nuclear spins, all methods can be regarded as built up from a

combination of any number of each of 3 basic sections. These sections,

denoted by SI, S2 and S3, are (see also Fig.l):

SI. The selection section :

S1A. spatial selection:
an RF pulse of flip angle a (radians) and bandwidth BWs (Hz) built up
from N amplitude, frequency and phase settings, applied in the

presence of a linear selection field gradient of amplitude G (mT/m)

selectively influences spins in a slice of width AT (the flip angle is
the net rotation angle, around the RF field during the pulse, of the **

I

18



spins in the selected slice). The sample extends from -R to +R

SIB. chemical shift selection):

The same RF pulse as in SI A may eventually be used as a chemically

selective pulse, when applied in the absence of a gradient. It

selectively influences MRS spectral peaks within a specific bandwidth,

which is expressed in ppm. The smallest bandwidth, BW . , applies to

the case that a single spectral line is selected. In MRS, BW is

determined by the magnetic field inhomogeneity over the volume of

interest (VOI).

S2. The evolution section:

a linear evolution pulsed field gradient, of which the amplitude is a

rectangular function of time, applied during a time T and incremented

in M equidistant steps of amplitude AG , starting at an initial value

-G . This maximum amplitude G is equal to M 12. The image Field Of

from -R to R . A
m,c m,c

rectangular amplitude envelope is used for ease of description.

View (FOV) in the evolution direction is

S3. The detection section:

a linear detection pulsed field gradient of amplitude G (mT/m) applied

during a time T . M complex points are sampled in the detection

direction. The FOV in the detection direction is from -R to R .

Figure 1. The basic sections of methods for MSI and MRS, used to set
up the requirements.

bandwidth BW

flip angle a

slice vidth lr

lm
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Gradient
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The "evolution" and "detection" terminology used for convenience in S2 and

S3, respectively, is common in literature about two-dimensional NMR. In

(medical) MRI applications, different terms can be used such as "phase

encoding" instead of "evolution" and "read-out" instead of "detection".

The time intervals T and T in sections S2 and S3 in many practical

cases are determined by the maximum allowed spin echo time T Therefore, in

the requirements for T and T set up below, frequent referencing to T will

occur.

The RF modulation and gradient requirements will be set up referring to

the basic elements 51, S2 and S3. For each case, only the section(s)

imposing the highest requirements (worst case) is (are) mentioned.

Methods for oblique imaging have not been considered.

No attention will be paid to the actual design of gradient and RF

coils.

I .I . MAGNETIC FIELD GRADIENT REQUIREMENTS

Recently, methods have been developed (5,6,7) in which the gradient

amplitude and/or direction is also modulated as a function of time. The

requirements for this will not be discussed in this paper, but they can be

set up in the way as described below for RF amplitude modulation (section

1.2.)

Requirements for the following gradient parameters are set up:

1. Maximum strength

2. Rise time

3. Resolution of the amplitude control

4. Linearity of the amplitude control

5. Spatial linearity

6. Dynamic field inhomogeneity (eddy current fields)

1. Maximum strength As is not & priori clear which of the basic sections

yields the highest requirement here, it is set up for all 3 sections.

Section SI. In MRS, the slice displacement 5i caused by the spectral

width (8) is £r=B Aa /G . Requiring 6r < AT for the smallest slice width
' 0 m s ^ min

Ax leads to:
mill
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G > B <Ao i&r . [2]
t 0 m nun

Section S2. From the minimum sampling frequency as determined by the

Nyquist theorem, it follows:

c = Me / (2-R^-T^ [3]

The shortest T values, requiring the largest G values, occur in fast

gradient echo methods for MRI (e.g. Echo Planar Imaging (9)) (typically Tg <

1 ms), and in MRI applications on nuclei such as 3IP which in vivo at high

fields can have very short transverse relaxation times T (In some cases, T£

< 4 ms is required).

Section S3. A water-fat image displacement is introduced by the 3.5 ppm

chemical shift difference between the respective resonances. Allowing a

maximum image displacement of P times the pixel size 2-R /M leads to:

G > 3.5-l<T*-B -M / (2-PR ) [3a]
t 0 e m.e'

The requirement Eq. [3] also applies in the case of Section S3.

2. Rise time
Section S2. For power supply design considerations, a very short rise

time is unattractive (the maximum gradient rate of amplitude increase dG/dt

is proportional to the maximum voltage V over the gradient coil: V a

L-dG/dt, with L the self inductance of the coil). An optimum between

shortest rise time and maximum amplitude must be chosen, such that jG(t)dt

can be made sufficiently large within the shortest T values.

3. Resolution of the amplitude control
Section S2. The resolution of the amplitude control is determined by

the highest required number of evolution gradient steps M , which can be
taken 1024.

4. Linearity of the amplitude control Non-linearity of the amplitude
control will introduce image blurring, or, in the case of a periodicity in
the nonlinear deviations, FM sidebands. For the latter, £ practically
realistic case is difficult to give. Thus, only image blurring is considered
here, as follows:
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Section S2. Assuming that the gradient offset is zero, the pixel
displacement (as observed in the image) <5r = I'SG/G. at any position r in
the direction of the gradient due to a deviation of SG (T/m) from the value
G set by the amplitude control has to be smaller than P times the pixel
size, resulting in:

5G < 2P-G./Me, 14]

which is especially critical for G. values close to zero.

5. Spatial linearity Spatial nonlinearity of the gradient can lead to a

spatially variable slice thickness and/or a spatially variable slice

displacement.

Section SI A. The maximum deviation SB (T) from the purely linear

magnetic gradient field B =r-G at any position r may not introduce a slice

displacement 5i greater than the slice width At:

B,, < SxG [5]

Section S2. Requiring the image deformation caused by the gradient

nonlinearity to be less than P times the pixel size yields:

<5B < 2-P-G R / M . [5a]
G t m,e c

6. Dynamic field inhomogeneity The switching of a gradient magnetic field

induces currents in conducting structures that experience the gradient

field, generally referred to as eddy currents. The dynamic magnetic field

inhomogeneity resulting from those currents can severely degrade the

performance especially of MRS experiments and of fast MRI methods involving

gradient echoes. Therefore, whenever possible it is favorable to use

self-shielded gradient coils (10).

1.2. RF FIELD REQUIREMENTS

The RF amplitude requirements will be set up for one of the rotating

components B of the RF irradiation field rather than for the required RF

power, because the latter depends also on the RF transmission coil
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properties. Only basic section SI is relevant for the RF field requirements.

A 5 periods sine pulse (11) will be taken as a model for an AM selective
pulse (in practice, the sine envelope is always modulated witb a Gaussian
function to avoid truncation artefacts, but this does not give rise to
different requirements). The sine pulse AM is described by

B i ( t ) = B ,n >" s i n c< 2 j t"V t ) ' [6]

in which B (t) is the instantaneous amplitude in tesla of the RF field at
time t, B is the (maximum) RF amplitude at t=0, and F is the modulation
frequency. ID the linear approximation of the spin system, for a given
bandwidth BW (Hz), Fw has to be taken equal to BW12. From numerical
integration of the 5 periods sine envelope it follows approximately for the
flip angle:

«B = 0.7-(y/27t)-Bjo-2n/FM. [6a]

A good example of a selective pulse involving both AM and FM is the
hyperbolic secant inversion pulse (12), of which the working is based on the
Adiabatic Fast Passage principle. The FM part of the hyperbolic secant pulse
is described by:

F(t) = Fo + ^-tanht/M), [7]

in which F(t) is the instantaneous RF frequency at time t, Fo is the RF
center frequency and /t and 0 are specific parameters (see reference (12)).
The bandwidth is equal to the sweep width 2-fx-fi.

RF Requirements for the following parameters are set up:

A. amplitude modulation
1. maximum amplitude (B )
2. dynamic range (D )

AM

3. linearity
4. switching time
5. frequency range
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B. frequency modulation
1. sweep width (JF)
2. resolution (<5F)

3. spectra] purity of the synthesizer
4. phase noise

C. phase settings
1. resolution

The requirements for switching time and frequency range are identical for
amplitude modulation (A), frequency modulation (B) and the phase settings
(C) and therefore only set up once (A.4 and A.5).

A. Amplitude modulation

A.I. Maximum amplitude The highest RF amplitude B for slice selection is
required by a pulse of maximum bandwidth having a — it. The maximum bandwidth
(yl2n)-G -AT is determined by the broadest slice width Ax and the maximum

S 01

selection gradient strength G . Together with Eq. [6a] this leads to:

B ;> (0.36)-G Ax . [8]
lm i m

In the case that the gradient strength requirement Eq. [2] is not fulfilled,
the highest RF amplitude may be determined by requiring uniformous
excitation of the MRS spectrum, using composite pulses (13):

B, > B-Aa . [8a]
ID 0 m

A.2. Dynamic range DAM is determined by the highest (B(m (see section
A.l.))and lowest (B, . ) values of the RF amplitude Bin (Eq. [6a]) that may
be present in one single experiment, and by the minimal number N of
different amplitude levels into which B is to be divided. B . is

lain lmm

typically used by a chemically selective pulse (Basic section SIB) having
a =JI /2 , used to selectively excite a single spectral line. Taking FH in Eq.
[6a] equal to ( W Z J O - B ^ B W ^ ^ thus yields B ^ = 0.36-B^BW^^. Assuming
that sidebands due to the digitization of the AM envelope do not excite
spins in the sample (see A.4.), 16 digitizing levels available for the last
sidelobe of the 5 period sine/gauss pulse seem enough to accurately describe
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this AM function. Via (Eq. [6]), this yields N a 256 when rounded off to the

nearest power of two. Together with Eq. [8] the requirement for the AM

dynamic range is thus:

D
i U = N -B, / B £ 256-G -AT I (B -BW_ . ), [9]
AM • lm l m i n > m 0 (7 mm

or, in the case of weak gradients, using Eq. [8a]:

D > 256 Aa / (0.36-BW^ . ). [9a]
A M ID UDUD

A.3. Linearity Non-linearity in the RF amplitude control will introduce
harmonic sidebands in the excitation profiles of selective pulses that can
cause unwanted contamination of the measured NMR signal by signals from
outside the selected slice. One may therefore require that the linearity has
to be better than the best signal-to-noise ratio, which can readily reach 50
dB in MRI/MRS.

A.4. Switching time Sx is set by requiring that the sideband excitation

due to the digitization of the AM or FM envelope of a selective pulse lies

outside the sample, regardless of the slice position:

\I5T > 2-(y/2n)-G -R [10]

In the case of small values of R , likely to be encountered on high-field

systems, 6x may be determined by requiring a flip angle resolution of n/20

for a non-selective rectangular RF pulse, which together with Eq. [8a] leads
to:

l/Sr > 20-(y/2jr)-B Aa [10a]
0 m

A.5. Frequency range The frequency range should cover the Larmor
frequencies I

experiments.
frequencies (y/2*)-Bo of all different nuclei which will be used for in vivo

B. Frequeacy modulation

B.I. Sweep width /IF is set by requiring that slice selection at the
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positions -R and +R farest away from the coil center while using the
maximura gradient strength G is possible:

AF > 2-(y/2n)-G-R . [11]
i m, i *• J

In the case of weak gradients, AF may be determined by:

AF > (y/2n)-B-Ao . [lla]

B.2. Resolution For sufficient performance of a chemically selective
hyperbolic secant pulse, rounding off to a power of two, we assume that at
least 128 different frequency settings are required to be available c e r the
smallest sweep width 2 •//•/?. The latter applies to the case that a single
spectral line is inverted, yielding:

3F < (y/27t)-BW^ Bn / 128 [12]

B.3. Spectral purity The spectral purity of the synthesizer has to be
better than the best signal-to-noise ratio. For HR NMR on protons at high
fields this requirement cannot be fulfilled. Typical values for in vivo MRS
are 50 dB for metabolite signals and up to 100 dB for non-water suppressed
*H MRS.

B.4. Phase stability Frequency switching in MRI/ MRS experiments may not
introduce unknown phase jumps. Therefore, a phase continuous synthesizer
(digital synthesizer) is required.

C. Phase settings

C.I. Resolution FM modulation can be achieved by modulating the
synthesizer frequency and by modulating the synthesizer RF phase. We assume
that the former solution is taken (see requirements B.I. to B.4.). Then,
only the quadrature phase settings 0, 90, 180, 270 degrees seem to be
necessary. To avoid possible limitations for the implementation of new
MRS/MRI techniques, more settings are required but an absolute number cannot
be stated.
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1.3. FLEXIBILITY IN CONCURRENCY AND SEQUENTIALITY OF THE

BASIC SECTIONS

A full flexibility of incorporation of gradients and selective pulses in

pulse schemes sets requirements additional to the ones set up for the

isolated gradient and RF modulation parameters (section I.I and 1.2), that

are important for the design of both the software and the hardware, and of

the control structure.

Gradients

- For all sections SI, S2 and S3 it is required that the gradient amplitude

can be controlled digitally.

- The presence of sections SI, S2 and S3 in 1 experiment requires that a

gradient can be specifically applied simultaneously with an RF pulse,

simultaneously with data acquisition and simuhaneously with a delay time.

- For MRI experiments it is required that the gradient amplitude (basic

section S2) can be varied within one experiment in a loop. This is also

required to enable easy adjustment of refocusing gradient pulses in case

they are distorted by eddy current fields.

RF field modulation

- It is required that AM and FM functions can be applied simultaneously as

well as separately to enable for pure AM and pure FM selective pulses as

well as for combined AM/FM selective pulses.

- For easy implementation of new developments it is required that modulation

schemes that are described by an analytical formula as well as schemes

that result from a computer optimization or simulation can be implemented

in the system without any hardware changes.

- For full flexibility it is required that different modulation schemes and

rectangular "bard" pulses can be combined at will and with no interpulse

delay times (e.g. as described in reference (8)), without any hardware

changes.

1.4. COMPUTER REQUIREMENTS

As the computer requirements depend heavily upon the organization of the

spectrometer control, i.e. the specific spreading of control functions over
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the spectrometer hardware and the control computer, such requirements will
be set up in relation to a specific spectrometer control concept (the
stretch principle), in Part II of this paper. It can nevertheless be stated
here that in general, the extension of an existing system for spatially
resolved NMR goes together with a considerable increase of the amount of
control data, by which the memory capacity and the transfer speed of control
data may become critical parameters.

PART H. IMPLEMENTATION ON A HOMEBUILT 7T SYSTEM

II.l . DESCRIPTION OF THE SYSTEM

II.1.1. Hardware

The system is equipped with a 7 tesla 89 mm vertical bore superconducting

magnet from Oxford Instruments, England (300 MHz proton Larmor frequency).

The spectrometer system is bomebuilt (14,IS,16). It is connected with a

Hewlett-Packard HP1000 (21 MX series) minicomputer dating from 1976 working

under the RTE IV operating system. At the start of a measurement, the

operating system is switched off. However, during the measurement, it is

temporarily switched on if a time interval longer than 200 ms occurs in

which no spectrometer control or data acquisition activity of the computer

is needed.

The system was designed for HR NMR on various nuclei in liquids at a

high field and became ready to use in 1978. An important design

consideration was to make the system easily expandable for future new NMR

techniques.

The spectrometer control is based on the stretch principle (15). A stretch

is defined as the time during which the control logic autonomously controls

the spectrometer on the base of the control words transferred to it during

the previous stretch. No timing is done by the computer. All timing

performed by the stretch based control logic is derived from 1 main system

clock (10 MHz).

Each stretch consists of 1 to 5 sectors. A sector is defined as the

time interval between consecutive changes of one or more parameters of the
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spectrometer system (events). The sector lengths are generated by a

homebuilt computer programmable timing generator (CPTG).

The stretch principle offers a great flexibility because many tasks are

performed by software instead of by dedicated hardware, but it can also

fulfill high speed and time accuracy requirements because the instrument

works autonomously during a stretch with all timing performed by the

dedicated spectrometer control logic.

In the specific implementation of the stretch principle on our 7T

system, each device receives only one set of parameter settings per stretch

(examples of devices are: the transmitter, the gradient system, the

acquisition processor; examples of parameters for e.g. the acquisition

processor are: the sampling frequency, the sampling time). The activity of

some of the devices is confined to specific sectors. In a more general

implementation of the stretch principle, it is possible to send over, once

per stretch, information that enables: 1. the turning on and/or off, at

will, of each device at each sector boundary; 2. the providing of each

device with a separate, complete set of parameters in each sector (W.M.

Prins, internal report).

II. 1.2. Software

i. initialization and conversion software

The initialization software is used to compose pulse sequences. It generates

a file that completely describes the experiment in terms of physical

parameters. The parameter settings for each device are governed by a

device-specific initialization module.

A conversion program converts these physical parameters before the

start of a measurement into control information used by the execution

software.

ii. execution software

The execution software controls the spectrometer during an experiment,
performing the following tasks:

- sending control words for the next stretch to the spectrometer during the
current stretch;

- performing the data acquisition;

- writing the acquired signals to a disk file.

It has been set up completely general so that it can handle all experiments

29



that can be generated by the initialization software (16). From the short

hardware description given above it follows that the execution software

works on the stretch level, while within a stretch the control logic

hardware is active. The control logic sends so called stretch flags to the

computer that are generated at the stretch boundaries, and thereby

synchronizes the execution software with the control hardware.

All time-critical sofiware is homewritten in machine language

(assembler and microassembler code), including dedicated drivers for on-line

data averaging.

II.2. DESIGN OF A MULTI-PURPOSE WAVEFORM GENERATOR

On our 7T system, for each parameter one buffer storage and one status

register (working storage) is present. The computer sends the 16 bits

control words to the spectrometer, where they are transferred to the

appropriate buffer storages via demultiplexing of the address part of the

words (usually 8 bits). At the beginning of each stretch, the contents of

the buffer storages are duplicated in the status registers by a load pulse.

The implementation of the RF modulation facilities exactly in the same

manner would require stretch times that are too short to be handled by the

control hardware and software. Therefore, a waveform generator has been

designed which allows parameters to assume many values during one sector and

which has a timer of its own (strobed by the main system clock) to generate

sub-sector times. Figure 2 shows a diagram of this multi-purpose waveform

generator. Depending on the control word send to its mode register, it can

generate:

1. a waveform with non-equidistant points (e.g. a gradient waveform);

2. a waveform with equidistant points (e.g. an RF waveform);

3. the times at which non-equidistant sampling takes place;

4. the times at which equidistant sampling takes place.

As before, the parameter values are transferred to the buffer storages

during the stretch prior to the one in which they are needed. The TIME

INTERVAL FIFO aDd PARAMETER VALUE FIFO are deep buffer storages that store

the settings of parameters that assume several (and often many) values

during 1 sector (FIFO: First In, First Out). The TIME INTERVAL FIFO contains
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Fig-jre 2 Schematic diagrair cf the control logic for a

vcveforrr. generator.
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the values of the time intervals when the waveform points are not

equidistant. The PARAMETER VALUE FIFO contains the waveform parameter

settings.

The control logic works as follows:

Once the generator has been activated by a start strobe, the waveform

parameter settings are transferred to the devices by pairs of subsequent LS

(Load Status register) and SO (Shift Out) strobes generated by the timer. An

LS strobe loads the setting deepest in the FIFO into the status register of

the corresponding device; a subsequent SO strobe shifts the next setting to

the deepest FIFO level and so on. When the appropriate number of time

intervals has been generated, the COUNTER generates a stop strobe that

closes the GATE.The MODE register contents determine the generation of LS

and SO strobes, as follows:

- TIME INTERVAL FIFO:

When bit A is set, LS and SO strobes at the beginning of each time

interval provide for the generation of non-equidistant intervals. For the

generation of equidistant time intervals, bit A is cleared and LS and SO

occur only once, at the beginning of the first time interval.
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- PARAMETER VALUE FIFO:

When bit Bl is cleared, no SO and LS strobes are generated and the state

of the corresponding device does not change. The signal marked with "S"

now generates the strobes for a sampling device.In case bit Bl is set and

B2 is cleared, one LS and SO strobe at the beginning of the first time

interval cause tbe device to assume a new state that is constant during

the stretch. When both Bl and B2 are set, LS and SO strobes at the

beginning of each time interval cause a full waveform to be generated.

By extension of the MODE word with bits B1',B2', B l " , B 2 " , etc,

analogous to Bl and B2, more PARAMETER VALUE FIFOs can be handled. The

designed waveform generator thus enables the simultaneous and independent

execution of different waveforms.

The advantage of the MODE word is, that no more parameter settings than

those strictly needed have to be generated, transferred to the buffer

storages and transferred to the device status registers.

II.3. GRADIENTS

The implementation will be described while referencing to the numbers of the

worst case requirements set up in section I .I . . Only where necessary, these

requirements will first be quantified for the 7T system referencing to the 3

most widely used nuclei for in vivo NMR studies ('H, 3 I P and I3C). It is

recalled here for convenience that the in vivo spectral widths Aa of these

nuclei are: 10 ppm for 'H, 30 ppm for 31P and 200 ppm for 13C, whereas the

iylln) values in MHz/T for these respective nuclei are 42.9, 17.4 and 10 7.

II.3.1. Quantification of the requirements for tbe 7T system

The measuring volume on our system is about 3 cm in diameter and 3 cm high.

The smallest slice width AT . , applicable when studying partial structures

of e.g. rat brain, is 1 mm for H, 2 mm for 31P, and 4 mm for C.

1. Maximum strength Eq. [2] with B = 7T and the appropriate Aa^ and Ar^n

values yields:

G > 70 mT/m for 'H, 105 mT/m for 31P, and 350 mT/m for 13C.

32



Eq. [3] is in MRI applications only relevant for 31P applications (T_ < 4

ms). With M = 128 and R = 15 mm it yields:

G = 60 mT/m
t

In fast gradient imaging with T taken to be 1 ms, and M = 256 for H, 128

for 3 tP, and 64 for 13C, Eq, [3] yields:

G =190 mT/m for !H, 240 mT/m for 3IP and 400 mT/m for UC.

Using image matrix dimensions as mentioned above, Eq. [3a] with P fc 1 will

not give higher requirements then Eq. [2]

Clearly, the combination of a high magnetic field and a small measuring

volume is rather unfavorable with respect to the required maximum gradient

strength.

2, Rise time As we do not plan to perform high-speed gradient imaging, a

gradient rise time of about 1 ms is sufficient.

II.3.2. Specifications

A gradient power supply with a combined unshielded gradient and shim coil

set has been purchased from Oxford Instruments. The specifications are:

maximum gradient strength 20 mT/m for the 3 orthogonal x, y and z

gradients.

- gradient rise time (10-90%): less than 1 ms.

A digital input signal amplitude control system comprising 3 12 bits DACs

(Digital to Analogue Converters) was home built for independent control of

the x, y and z gradient amplitude. The specifications are:

- resolution: 11 bits + 1 sign bit;

- linearity: the largest deviation of the output signal from the ideal value

is 12 % of the smallest step size.

The gradients can be applied during an RF pulse, during data acquisition as

well as during delay times.
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The Oxford gradient power supply is equipped with an input signal
pre-empbasis electronic system to compensate for eddy currents. This
compensation is achieved as follows: the compensation system adds a signal

of the form £ A.-exp[-t/r,] to a step function input signal applied to the

gradient amplifier, with A. and r. being adjustable amplitudes and decay

time constants, respectively.

II.3.3. Evaluation

Ad 1. The gradient strength is not quite sufficient, even for protons, but

the purchased gradients were the strongest available at the time of

ordering.

Ad 2. The gradient rise time is sufficiently short.

Ad 3. The resolution meets req. 3.

Ad 4. Using the maximum gradient strength in MRI experiments, the linearity

meets req. 4 (eq. [4], with P = 1) for M < 261, which fits most

practical applications.

Ad 5. The spatial linearity of the gradients is not specified by Oxford

Instruments and has not been checked experimentally for technical

reasons (no sufficient accuracy obtainable).

Ad 6. Although after a necessary readjustment the eddy current compensation

system performed satisfactorily for eddy current compensation of the

x, y and z gradient, it appeared to be necessary also to compensate

for B eddy current fields for which an additional system has been

home built.

The eddy currents will be different for different probes,

depending on the electrically conducting materials used for their

construction. Within a probe, the eddy curreot magnetic fields vary

strongly as a function of the position in the measuring volume (it

appeared that sample displacements in the order of only 1 mm relative

to the standard position markedly degraded the eddy current

compensation performance). In order to obtain optimal eddy current

compensation for two different probes with a different sample

positioning, the whole pre-emphasis system was duplicated. With a hand

switch the appropriate compensation system can be chosen. rf "*";
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11.4. RF MODULATION

The implementation will be described while referencing to the requirements

as numbered and set up in section 1.2.. Only where necessary, these

requirements will first be quantified for the 7T system with referencing to

the nuclei lH, 31P and I3C.

II.4.1. Quantification of requirements for the 7T system

The actual available 20 mT/m is taken as the maximum gradient strength and 1

cm is taken as the largest slice width AT .

A.I. Maximum RF amplitude Because of the low gradient field strength, Eq.

[Sa] effectively sets the requirements for 6, , as follows:

B > 0.07 mT for 'H, 0.21 mT for 31P, and 1.4 mT for l3C.
1m

A.2. Dynamic range In in vivo applications, typically BW . = 0.05 ppm

for 'H, 0.5 ppm for 31P, and 1 ppm for I3C. Because of the low gradient

strength, Eq. [9a] determines D , as follows:
AM

D „ a 142000 (103 dB) for *H and 13C, and 43000 (93 dB) for 3IP.
AM

In this quantity, 48 dB results from requiring 256 different amplitude
levels over B

lmin

A.4. Switching time Because of the low gradient strength, Eq. [10a]

determines dt, as follows:

5r < 17 A»S for ' H , 14 fis for 31P, and 3.3 ps for "C.

A.5. Frequency range The measuring frequencies range from 75 MHz (I3C) to
300 MHz (*H).

B.I. Sweep width The required sweep width is higbest for protons: 26 kHz.

In case that the required maximum gradient strength of 400 mT/m would be

present, the required sweep width would have been 500 kHz.
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B.2. Resolution With the B\V values given in this section under A.2.,
Eq. [12] yields:

<5F < 0.12 Hz for 'H, 0.47 Hz for 3 IP, and 0.58 Hz for 13C.

II.4.2. Specifications

The RF modulation system has been set up as schematically depicted in Fig.

3. The specifications of the components are:

- STANDARD SYNTHESIZER
-manufacturer: PTS
-type: PTS 160
-frequency range: 0.1-160 MHz
-resolution: 0.1 Hz

- DIGITAL SYNTHESIZER:
•manufacturer: SCITEQ
-type: NMR-3
-sweep width: 2 MHz
-center frequency: 11 MHz
-resolution: 0.001 Hz
-switching time: less than 0.5 us
-spectral purity: spurious output < 55 dBc, harmonics < 50 dBc
-phase noise: at 1 Hz from the carrier, -85 dBc/Hz

at 1 kHz from the carrier, -110 dBc/Hz
-phase resolution: 0.36 degrees.

- LINEAR AMPLITUDE MODULATOR:
-type: bomebuilt, with compensation for the nonlinearity of the analogue
components by an EPROM-programmed corrective transfer function.

-dynamic range: 12 bits + 1 sign bit
•linearity: total harmonics greater than 30 dB down (see req. A.3.) after
-carrier leakage: greater than 60 dB down from maximum output level
-phase characteristics: approx. 100 degrees phase shift over the lowest 6%
of the amplitude range, probably as a consequence of carrier leakage

-switching time: 0.6 /js (determined by output signal filter)
-frequency range: 10 -400 MHz

- DIGITAL ATTENUATOR 1:
-type: homebuilt, with pindiodes
-attenuation: 0 - 42dB in 6 dB steps
-linearity: less than 0.1 dB deviation at any level
-switching time: 5 fis
-frequency range: flat to +/- 0.25 dB from 210-345 MHz

- DIGITAL ATTENUATOR 2:
-manufacturer: KAY Elemetrics Corp.
-type: 4430 B Programmable Attenuator
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-attenuation: 0 - 135 dB in 1 dB steps
-switching time: 20-150 ms depending OD attenuation stepsize
-frequency range: DC - 1.3 GHz

LINEAR RF AMPLIFIER
-manufacturer: ENI
-type: 5100L-NMR
-max. RF power: 100 W, continuously or pulsed
-frequency range: 5 to 400 MHz
-linearity: third order intennodulation intercept point at 62 dBm

Figure 3. Simplified block diagram of the HF coduJatlDTi system.

SSB » single sideband mixer.

FROM BUFFER STORAGE

FROM WAVEFORM GENERATOR FIFOs

DIGITAL
SYNTHESIZES

12 KHz

LIN. AK
-I MODULATOR

DIGITAL

4 ATTENUATOR
1

DIGITAL
ATTENUATOR

2

STANDARD
SYNTHESIZER

0 - 1 6 0 KHz

X 2

A waveform generator was homebuilt following the design described in section

II.2. (refer to Fig. 2). It is equipped with the following four FIFOs of

1024 levels deep, enough to hold two waveforms of 512 points of two

successive stretches:

- the TIME INTERVAL FIFO (16 bits wide);

- the digital synthesizer FREQUENCY FIFO (32 bits wide);

- the digital synthesizer PHASE FIFO (16 bits wide)

- the AMPLITUDE MODULATION FIFO (16 bits wide).

The latter holds the amplitude settings for both the linear amplitude

modulator and the digital attenuator 1 described above (refer to Fig. 3).

The TIMER can generate time intervals from 1 up to 65536 /is with a

resolution of 1 / /s .

II.4.3. Evaluation

In the RF modulation system (Fig 3), the linear amplitude modulator executes
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the AM waveforms, digital attenuator 1 adjusts the RF level between
different pulses and digital attenuator 2 adjusts the RF level between
different experiments.

Ad A.I. The B field generated by the RF power amplifier in our probes

fulfills req. A.I. for JH and 3 IP, but not for l3C.
Ad A.2. The dynamic range meets req. A.2. for protons, D is not sufficient

AM

for the other nuclei because digital attenuator 1 is not suited to the
3IP and I3C Larmor frequencies(refer to Fig, 3).

Ad A.3. The linearity of the linear AM modulator is not yet sufficient. It

can be improved by reprogramming the EPROM, or it can be corrected by

software. The unwanted phase shifts introduced by the modulator during

the execution of AM waveforms can be corrected by simultaneously feeding

the opposite phase shift values to the digital synthesizer.

The linearity of the purchased RF power amplifier is considered

sufficient (harmonics greater than about SO dB down for the output levels

occurring in our AM/FM modulated pulses).

Ad A.4. The time resolution as determined by the waveform generator is

sufficient, provided that switching of the digital attenuator 2 (Fig. 3)

does not take place during the execution of an AM waveform.

Ad A.5. and B.I. with the synthesizer setup as shown in Fig. 3, a sweep

width of 2 MHz can be generated at any frequency between 1 and 320 MHz,

which is sufficient.

Ad B.2. the frequency resolution is sufficient. 0.1 Hz is used as the

smallest frequency increment.

Ad B.3. and B.4. the spectral purity and phase noise characteristics are

sufficiently good for in vivo metabolite signal measurements, whereas the

phase continuity requirement is fulfilled.

Ad C.I. the phase resolution meets req. C.I. well.

U.S. COMPUTER and SOFTWARE

II.5.1. The initialization software
A flexible initialization of complicated RF modulations has been realized as

follows:
The user can define a random sequence of modulation schemes in each stretch

by entering from the keyboard a table of parameters. Each row of the table
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holds the parameters that define one elementary AM/FM waveform, which may be

one out of a table of standard (analytically described) waveforms, or one

present in digitized form in a disk file on the system. Rows can easily be

inserted, deleted or changed at will. Examples of standard waveforms

available are: a rectangular pulse, a Gaussian modulated sine AM pulse, and

a hyperbolic secant AM/FM pulse. Of the standard waveforms, all the

parameters in the analytical expressions can be set at will. Of the

digitized waveforms, separate scaling factors for the RF amplitude, the FM

sweep range and the time interval length can be set at will.

The advantages of this setup are:

- in principle, any chain of elementary waveforms can be constructed in a

flexible way;

- it allows for very easy adjustment of the bandwidth and the flip angle of

RF pulses;

- any additional standard modulation scheme can be implemented by extension

of software alone.

In addition, the software has been modified in such a way that an unlimited

number of loops can be defined, in which parameter settings can be varied

(see below). Loops can easily be inserted, deleted or changed at will.

11.5.2. The execution software

The memory which is addressable by the execution software has been extended

from the former 16 kilobyte (kB) to 64 kB by making use of the EMA (Extended

Memory Area) option of the HP 1000 computer. This was necessary to cope with

the largely increased amounts of control data (an AM/FM modulated RF pulse

of 512 equidistant points already requires 6 kB of memory). Using EMA, the

addressable memory can easily be extended further to the full memory

capacity of the computer (416 kB).

The transfer of control words, formerly done via Programmed Control

taking 5 ft& per 16 bits word, was modified into DMA (Direct Memory Access)

controlled transfer, taking 3.3 /is per 16 bits word (300 kHz). For unknown

reasons the DMA speed could not be set to the highest specified 600 kHz,

although the timing of all control signals on the HP 12566B-002 microcircuit

interface I/O card was found to be correct upon inspection.

A new set up and extension of the loop structure in the execution

software was designed and realized. The number of different loops, which may

overlap, is not limited. The following parameters can simultaneously be
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incremented, decremented or be given specified values in a loop:

- the x, y and z gradient amplitudes;

- the digital synthesizer frequency;

- the digital synthesizer phase;

- the number of consecutive repetitions of a stretch (with this, a linearly

increasing, a linearly decreasing and an exponentially increasing time

parameter can be generated)

One and the same parameter can be varied in more than one overlapping loops.

The data acquired in successive loop repetitions may either be averaged

on-line or be stored as separate signals.

With these options, it has become very easy to generate by a loop

structure:

- any RF pulse phase cycling scheme, with on-line data averaging;

- the incrementing of an evolution gradient in MRI;
- an incrementing time variable in an NMR experiment.

H.6. FLEXIBILITY IN CONCURRENCY AND SEQUENTIALITY OF THE
BASIC SECTIONS

As can be concluded from the description of the implementation as given in

section II.2. to U.S., all requirements as given in section 1.4. are met.
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CONCLUSIONS

A setup of requirements foT gradients and RF modulation for spatially

resolved NMR at high magnetic fields has been given which is generally

applicable.

The design of a versatile waveform generator is presented which in

combination with the stretch control principle offers high flexibility for

the generation of complicated waveforms e.g. for AM/FM modulation of the RF

field.

An illustrative description of the implementation of the requirements on our

homebuilt 7T system has been given. The specifications are satisfactorily

except for the strengths of the purchased gradients and the 13C RF power.

The RF AM dynamic range is sufficient for *H but, due to a limited frequency

range of one component, not yet for 3IP and 1JC.

Although our system is controlled by a dated computer with limited memory

capacity, we have succeded by extending the hardware and software in

establishing a highly flexible system for spatially resolved NMR.
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IN VIVO ' H - N M R PROCEDURE TO DETERMINE SEVERAL RAT

CEREBRAL METABOLITE LEVELS SIftlULTANEOUSLY, UNDISTURBED

BY WATER AND LIPID SIGNALS

ABSTRACT

Methods developed for in vivo 1H NMR spectroscopy are evaluated and
applied using conscious rats. Good quality H spectra of the brain are
obtained using a surface coil and a spin echo pulse sequence with the
binomial 1-1 and 2-2 water suppression pulses. However, comparing spectra
from various rats with each other the water and lipid signals, which cause
spectral overlap problems, may differ while the other spectral peaks agree
well. Spatially 1- and 2-dimensional H spectroscopic imaging of the rat
brain shows that the former signals stem from distinct spatial regions
localized close to the R.F. coil. From & spectroscopic image, a spectrum
over a limited spatial region is constructed in which the water signals are
strongly reduced, the lipid signals arc eliminated and lactic acid can be
observed clearly simultaneously with other metabolites.

INTRODUCTION

In vivo *H NMR spectroscopy (MRS) is a unique and powerful tool to

determine non-invasively concentrations of many different metabolites e.g.

in the brain. However, *H MRS presents special experimental difficulties.

First, a solvent suppression technique must be used to eliminate the intense

water signal. Secondly, in the brain *H MRS spectrum many overlapping

resonances are present; special spectral editing techniques must be used to

deter*, the resonances from a certain metabolite selectively. Thirdly,

movements of the conscious anima1 severely degrade spectral resolution,

water suppression, editing and localization techniques, and the performance

of the associated phase cycling schemes.

We evaluate and apply in vivo MRS techniques in the study of the

pathogenesis of Hepatic Encephalopathy (HE), where changes in metabolite

concentrations in rat brain are monitored during 8 to 10 hours of developing

acute HE (9,10). In this application, the *H spectrum must be observed as

completely as possible because it is not yet clear which metabolite

resonances will appear, change or disappear during developing acute HE.

Other methods than the existing editing schemes (19,20) are required because

the latter allow only a few metabolites to be followed in a time course

study. Our first concern is to reduce spectral overlap. The lipid and
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residual water signals give the largest contribution to it. The specific

behaviour of these signals as a function of pulse widths, added to their

dissimilarity in appearance in spectra taken from various rats, suggested a

possible localization artifact. If this is the case, one can get around the

overlap problem by using, besides the surface coil, an additional technique

for localization. Therefore, we have investigated the spatial distribution

of the metabolic substances by spectroscopic imaging (SI) (13,18).

METHODS

Unsmesthetised but restrained rats are used, equipped with a

chronically implanted surface coil placed directly onto the skull (8). NMR

experiments are performed using a homebuilt 7T spectrometer system (14). The

single transmitter/receiver 1 turn surface coil has an ellipsoidal shape

with axes 14 and 11 mm. Both the long axis of the coil and the body axis of

the rat are along the z-direction, and the short axis of the coil is along

the x-direction (ear to ear). Thus, depth into the brain corresponds to

y-position, and displacement along the x-direction defines lateral position

in the brain.
!H spectra are obtained using the spin echo pulse sequence shown in

Fig. 1 (a). The Hore (11) 1-1 and 2-2 water suppression pulses are used with

the spectral window centered on the resonance of N-acetyl aspartate at 2.0

ppm. Two small identical gradient pulses G (4 ms, 1.5 G/cm along the

x-direction) directly behind the 1-1 and 2-1 pulses eliminate FID-like

residual water signals after the 2-2 pulse. The 68 msec delay T causes all

lines within multiplets which undergo full phase modulation arising from

about 7 Hz bomonuclear couplings to be in phase a time T after the 2-2

pulse, and gives a reduction of resonances with relatively short T values

(e.g. water and lipids). EXOR (6) phase cycling is done for the 2-2 pulse;

in addition only one half of the CYCLOPS phase cycling is necessary. 16

accumulations (i.e. 2 complete phase cyclings) yield sufficient

signal-to-noise ratio (S/N). Sampling the complete echo and taking the

absolute value spectrum yields pure absorption mode lines (2). With time

domain Lorentz-to-Gaussian transformation, Gaussian linesbapts are obtained

with linewidths reduced to 25 Hz.

The pulse scheme for the spatially 1-dimensional SI experiments, shown , ^

in Fig. 1 (b), is an extension of the scheme explained above. Spatial ft' 4

* s
46



0 B

(b)
20 2B

ACQ

13 I

V)
2B 20

ACQ

H h

Figure 1. (a) Spin echo sequence to obtain tbe watsr suppressed complete 'H
spectrum. Parameters: 0=75 deg. in the coil center, T = 6 0 0 microsec, T=6S
msec, T"=18 msec, acquisition (ACQ) time 100 msec, with 4 sec repetition
tine, (b) Pulse sequence for spatially l-dimensioni! water suppressed
spectroscopic imaging, derived from (a).

information is phase-encoded by incrementing the appreciate gradient G.

0=x,y or z) symmetrically around zero, in 48 consecutive steps. Typically

in our application, the maximum G. value is about 0.5 G/cm with T . = 8 msec.

With a repetition time of 1.5 sec, 1 complete sequence with the required

phase cycling yields a sufficient S/N in 10 minutes. Gaussian weighting is

applied for the spatial dimension to avoid truncation artifacts. The

associated linebroadening is about 0.6 mm. After partial zeTo filling and

2-dimensional Fourier traasi nation, the absolute value spectrum is taken.

For the spatially 2-dimensior.ai SI experiments the pulse sequence in Fig. 1

(b) is used, with 2 orthogonal phase encoding gradients applied during T .

The two gradients are independently incremented symmetrically around zero in

16 steps; a total of 256 different combinations. Maximum gradient value is

about 0.2 G/cm with T.=7 msec. With a repetition time of 1 sec. 1 complete

sequence with the required phase cycling yields sufficient S/N in 35

minutes. Truncation artifacts in the spatial dimensions are avoided by using

Gaussian weighting with associated linebroadening of about 1.8 mm. After

partial zero filling and 3-dimensionaI Fourier transformation, the absolute

value spectrum is taken.
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(a)

Figure 2. (a) Water suppressed in vivo H spectrum of rat brain obtained
using the pulse sequence in Fig. 1 (a), taken after 3 h of developing HE
(10). Tbc water resonance is centered around 4.S ppm. Assignments: 1. amide
proton of N-acetyl aspartaie; 2. C(-H proton of histidine; 3. N-CHh- of

creatine / o-CH of aspartate; 4. o-CH of glutamine, glutamate and alaninc;
5. o-CH: of glycine / -CKOH of inositol; 6. S-CH2 of taurine; 7. -N(CH3)3

in choline, phosphorylcholine and a-glyceropbospborylcholine; 8.

creatine and phosphocreatine; 9. ß

N-CH3 of

of aspartate and N-acetyi aspartate;

10. £-CH, of N-acetyl aspartaie y-CH2 of glutamine; 11. y-CH, of

glutamâie / CH, of succinate; 12. ^-CH^ of glutaniine and g!u:ama:e; 13.

-CH. of N-aceiyl aspartaie; 14. CHj / CH^ of lipids and amino acids in

protein sidechains / CH^ of alanine; 15. CHS of lactate.

Cb) As (a), bin wiib a different rat used. This was a coroal ra; which bad
a localised lesion and accompanying elevated ïactaie leve! in the righi
bemispbere, as was observed in a spectroscopie image like in Fig. 4. (not
shown).

(c) Spectrum from ihe same rai as in (b), constructed from a spectroscopie
ircage using ibe procedure described in the te« . n
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RESULTS AND DISCUSSION

A typical 'H MRS spectrum obtained with the 1-1 -T- 2-2 pulse sequence

of Fig. 1 (a) is shown in Fig. 2 (a). Some peak assignments based on

literature (1,3) are given. We do not use higher order Hore sequences like

e.g. 1-3-3-1 -T- 2-S-6-2 which usually give a better water suppression,

because the spectral window is much narrower. In addition, there are

stronger chemical shift dependent localization artifacts (5) when a surface

coil is used. Using another rat, the pulse sequence of Fig. 1 (a) yielded

the spectrum shown in Fig. 2 (b), where residual water signals give rise to

a large spectral background extending from 6 to 2 ppm. Comparison of the

spectra in Fig. 2 (a) and Fig. 2 (b) clearly illustrates that the

dissimilarities in spectra taken from different rats are predominantly found

in the lipid and residual water signals, the peaks between 3.3 and 1.8 ppm

being in good agreement.

The spatial distribution of metabolites over slices through the rat

brain, parallel to the surface coil, is shown in the SI of Fig. 3. The lipid

signals are all localized within about 2 mm from the skull (which is at

depth=0 mm), permitting a resonance at 1.33 ppm to be observed clearly at

depths greater than 2 mm. We assigned this peak to lactate on base of

literature data (1) and spectra we took from brain extracts of both normal

rats and rats suffering from acute HE (not shown). Residual water signals

also seem to be localized near the skull, where the water suppression is

reduced due to Bg inhomogeneity which is also apparent from the broadening

of all resonances at depths close to 0 mm. Most likely, this is due to

magnetic susceptibility effects caused by the presence of the surface coil.

From this figure it was concluded that the non-reproducibility of the water

and lipid signals is due to differences in coil placement and adjustment of

BQ homogeneity between different rats.

In Fig. 4, an SI with spectra from slices parallel to the yz-plane. at

different lateral positions through the brain is shown. Again, the lipid

resonances have restricted localization and lactate is clearly visible

within 3 mm from the centre. No restricted spatial distribution of the lipid

signals is present in the longitudinal direction (not shown).
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Figure 3. In vivo water suppressed H specttoscopic image of rat brain
showing spectra of slices parallel 10 the surface coil, at different depths
in the brain (the skull is at depth 0 mm). The water signals are spread out
widely in the spatial direction due to t noise, a phenomenon familiar to

2D-NMR, presumably caused in this case by motions of the animal. The SI was
taken after 10 h of developing HE (10).

After correlating these SI results with the anatomy of the rat skull, it was

concluded that the non-reproducing lipid resonances very likely arise from

bone marrow present in two bone ridges on the left and the right edge of the

skull, respectively. This conclusion is confirmed by the spatially

2-dimensional SI in Fig. 5, which shows the intense lipid resonances only to

appear in two regions at extreme upper left and right lateral positions and

apparently separated from brain tissue. As the surface coil was not exactly

parallel to tbe xz-plane, the lipid signals on the right appear at somewhat

different depth than those on the left. The figure also gives a good

impression of the sensitivity profile of the coil. It should be noted that

the spectrum of each pixel contains contributions from tbe neighboring

pixels due to the limited number of phase encoding steps of the gradients

and as a consequence of the weighting process applied for the spatial

dimensions.
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Figure 4. In vivo water suppressed *H spectroscopic image of rat brain
Suowing spectra of slices orthogonal to the short axis of the surface coil,
ai different lateral positions in the brain (midline position = 0 em). In
the water resonance spectral region, t noise is present in the spatial

direction. The SI was taken after 4 b of developing HE (10).

From Fig. 3, Fig. 4 and Fig. 5, obviously it seems possible to

eliminate most of the water and lipid signals simply by deleting from an SI

as in Fig. 3 the spectra from those slices containing water and lipids, and

summing the rest. In addition, the resulting spectral resolution will be

better compared to a non-localised spectrum obtained with the pulse sequence

of Fig. 1 (a). As an illustrative example, this localization procedure has

been applied to the rat where the spectrum shown in Fig. 2 (b) was taken

from. From an SI analogous to Fig. 3, spectra from slices at depths 1.7 to

4.0 mm were summed, giving the result shown in Fig. 2 (c). Comparing to Fig.

2 (b), the lipid resonances and background water signals in the region 4 to

2 ppm are almost eliminated, the resolution is enhanced and a clear lactate

resonance is observable. One could get optimal resolution by using only the

spectrum of one single slice, but then S/N would be worse. The localization

procedure described is an important tool in the study of HE by ]H MRS.
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Recent application of it proved to be succesfull in monitoring changes in
concentrations of lactate, glutamate and glutamine in the beginning of
developing acute HE.

! 5 LEFT l 0 RIGHT I5
LATERAL POSITION

(MM)

Figure 5. In vivo spatially 2-dimensiona! water suppressed 'H spectroscopic
image of rat brain, showing a matrix of spectra from bar-like pixels (as
shown in the inset) at different depths and lateral positions. The
dimensions of a pixel (0.8 • 0.95 * 15 mm) are determined by the magnitudes
of the phase encoding step; for the x- and ^-directions, and the long axis
of the surface coil (z-direction), respectively. Only spectral information
from I to 4 ppm is displayed, as shown in the inset. The SI was taken after
about 2 h of developing HE (10).

Comparing our method with volume and slice selection techniques which

use shaped R.F. pulses applied together with field gradients (7,12,15,16),

the duration of one experiment is clearly longer in the case of s u f f c ^ '

S/N. On the other hand, the described selection method also offers

advantages:
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1. it is applicable on HRNMR spectrometers with no R.F. shaping facilities;

2. relatively small gradient values are sufficient, resulting in less eddy

currents;

3. there are no chemical shift dependent artifacts in the phase-encoded

spatial localization {especially relevant at higher field strengths).

4. separate spectral information from other spatial regions becomes

available simultaneously.

Comparing with Depth pulses (4) and HASP (17) methods this last advantage of

our method also holds. In addition, the localization is better defined.

CONCLUSIONS

In this paper we present good quality in vivo spatially 1- and 2-dimensional

water suppressed spectroscopic images of the brain of conscious rats.

The duration of spatially one dimensional spectroscopic imaging is

sufficiently short to permit time course studies of acute HE.

The construction of a depth resolved spectrum from a spatially 1-dimensional
spectroscopic image of the brain of the conscious rat enables undisturbed
observation of lactate; concentration changes of metabolites having
resonances not within the region 4.0 to 5.6 ppm can be followed
simultaneously.
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QUALITY: QUANTIFICATION IMPROVEMENT BY CONVERTING

LINESBAPES TO THE LORENTZIAN TYPE

ABSTRACT

A method of time domain decon volution, QUALITY, is described for general use
in quantitative NMR spectroscopy. By division of the experimental NMR time
domain signal by a reference signal, which may either be obtained in a
separate experiment or via inverse Fourier transformation of an isolated
single resonance in the experimental spectrum, perfect Lorentzian lineshapes
can be obtained regardless of the magnetic field inhomogeneity. Experiments,
both in vivo using a surface coil and in vitro using a surface coil and a
HR NMR probe show excellent performance of the method.

INTRODUCTION

To fully exploit the potential of in vivo NMR spectroscopy, there is an

imperative need for reliable quantification methods. Usually the spectral

linewidths are so broad and the number of lines is so abundant that there is

much overlap between the different peaks, especially in in vivo H

spectroscopy. Simple integration of the absorption spectrum or determination

of peak heights and widths is then no longer suitable to determine peak

areas, i.e. concentrations.

Recently, a number of methods have been introduced to fit time domain NMR

signals to specific model functions, e.g. LPSVD (I), HSVD (2), MEM (3).

Frequency domain fitting has been used for many years (4). Most frequently,

the model functions used have Lorentzian or Gaussian lineshapes. Problems

arise when the actual lineshape deviates from the model lineshape. A

possible solution is to describe each peak as a finite sum of Lorentzian and

Gaussian lines or a mixture of both. Although this may yield a good fit, it

has the following important drawbacks. 1. Not all fitting methods allow for

it; 2. The accuracy decreases with the number of parameters to be fitted,

especially when there is a strong correlation between them as in the case of

overlapping lines; 3. Especially in the case of overlapping lines it might

become rather difficult to make proper assignments for the line components

resulting from the fit; 4. The number of parameters to be fitted, and hence

the computing time and computer memory requirements, increase.

A promising different way of dealing with non-ideal lineshapes is applied
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in the HOGWASH method (5), which performs frequency domain fitting based on

the true experimental lineshape. The latter is obtained from an isolated

peak in the measured spectrum and must be of equal or smaller width than the

other experimental lines. Broad lines are represented as a superposition of

a number of these so called lineshape masks with different frequencies and

intensities. However, in VJVO proton spectroscopy conditions are non-ideal

for application of HOGWASH mainly in two aspects. First, no isolated

reference peak of equal or smaller width than all other resonances is

available in general in the water suppressed spectrum due • to spectral

overlap. Secondly, the strong overlap between many spectral lines having

different widhts would make assignments of the line components found by the

HOGWASH program very difficult.

In the same paper (5) a method of incorporating the experimental

lineshape in a MEM fitting procedure is described, especially for resolution

enhancement. The MEM trial time domain signals are multiplied by a weighting

function which is obtained by inverse Fourier transformation of a spectral

band containing only an isolated single resonance. The inhomogeneity

broadening of that resonance has to be much greater than its natural

linewidth.

In addition to these drawbacks, a problem associated with the HOGWASH and

MEM quantification methods is that until now, no evidence is available that

these methods yield the "true" spectrum.

A useful method for correction via the time domain of transient B field

shifts following the application of pulsed field gradients has also been

presented (6). In this method, the time dependent phase shift of a

separately measured reference signal from a single resonance is used. This

method is limited in its use because it only corrects a time dependent

variation in offset frequency.

In this paper we present, theoretically as well as experimentally, a

generally applicable method for lineshape correction, QUALITY. This method

in principle can remove all deviations from the pure Lorentzian lineshape in

ihe experimenta] spectrum, both in vivo and in vitro, in a simple and direct

way via time domain deconvolution. QUALITY, like the methods (5,6) mentioned

above, requires a reference signal but is not subject to the restrictions

mentioned. The reference signal may either be measured in a separate shon

experiment (e.g. the water signal in in vivo spectroscopy), or it may be

derived from an isolated resonance in the spectrum via inverse Fourier

transformation.

60



PRINCIPLE

The concept behind the QUALITY method will be introduced using a

simplified mathematical description. Consider a homogeneous solution of

compounds yielding N different lines in the NMR spectrum with offset

frequencies to-, and transverse relaxation times T2: (I £ j ^ N). For

simplicity, assume that the sample is in a static magnetic field BQ(r), with

(r) denoting the spatial dependency. For each line j the associated Larmor

frequency i2-(r) at position r is:

Q.(T) = -y.Bo(r).[l-ffj] = - M B ^ + J B ^ H l - O j ]

= -y-B^. t l -^] - y.ABo(i). [1]

with a- being the shielding constant for line j and B the average

magnetic field over the sample. The last equality in Eq. [1] holds to a very

good approximation as typically a- and ^ B (r)/B < 10" . If co is the

carrier frequency we can write

Writing -j-.2JBfl(r) = A<D(T), the observed FID signal SAt) has the form:

N
r ., r- «, 1 3

Sjt)= ) V.exp [i .«. . t- t /T,.] . d r . exp [i.Jai(r).t], [2]
•* r

with V. being the amplitude at t=0 of the signal component associated with

line j .

Deviations from the Lorentzian lineshape will be caused by the integral part

of Eq. [2] which is identical for each line j :

3
d r . exp \I.AOJ{T).\]. [2a]

This contribution can be eliminated as will be shown below, using an

additional reference signal Sr(t) of a single resonance which, apart from T^

61



differences, has exactly the same experimental lineshape. S (t) can be

obtained in two different ways:

1. In case of a very dilute solution, the non-solvent suppressed signal can

be used if acquired in a separate short experiment under experimental

conditions that are as close as possible to those for the solvent

suppressed signal S-(t).

2. In case that a spectral region containing exclusively an isolated single

resonance is available, one can use the signal obtained via inverse

Fourier transformation of that region.

Analogous to Eq. [2] the reference signal can be written as:

[3]Sr(t)=Vr.exp [ i .w r . t - t /T 2 r ] . d3r.expMo>(r).t],

with subscript r referring to "reference".

Sr(t) is normalised to Sn f(t):

Sn r(t) = Sr(t).exp[t/T-i.«r.t]/VT, [3a]

with T being a suitable time constant. This signal has zero offset frequency

and amplitude 1 at t=0. Provided that Sr(t) * 0 during the sampling time,

dividing SM by S (t) yields a corrected signal S (t):

N

Sc(t) - I Vj.exp [i.a>j.t].exp[-t/T2j], [4]

j = l

with l/r2- = ( 1/T2- - 1/T2r + 1/T ). This represents an FID signal having

pure Lorentzian lines with offset frequencies «-. The non-Lorentzian

contribution (Eq. [2a]) has been totally removed, whereas tne amplitudes at

t=0 of the different signal components j , and hence their peak areas, have

not been changed.

Three remarks should be made here:
1. When T~ is known it follows from Eq. [4] that by using T = T2r, all T2-

values can be determined directly from the linewidths in the spectrum
obtained by Fourier transformation of Sc(t). The accuracy of the
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resulting T j values is determined by the signal-to-Doise ratio (S/N) of

the reference signal S (t).

In any case, the time constant T in Eq. [3a] can be used to effect

optimal S/N filtering of the corrected signal S (t), without changing the
c

Lorentziau lineshape and the peak areas.

2. The method is also applicable if the reference signal shows

mukiexponential T~ relaxation behaviour, as for water in biological

systems may be the case. Then, the relaxation function Y C..exp[-t/T2 •]
i

should be used instead of exp[-t/T-J in Eq. [3]. The former can be
determined experimentally and easily incorporated in Eqs. [3] to [4].

3. The computer can simply test for zeroes in the reference signal, (e.g.
occurring as a consequence of an improper adjustment of the field
homogeneity). At these points, S (t) (Eq. [4]) can be given for instance
a value obtained from interpolation between the values at a number of
adjacent points.

GENERAL THEORETICAL DESCRIPTION

From the above it is clear that the success of QUALITY depends on whether
the reference signal Sf(t) has exactly the same spatial contribution (Eq.

[2a]) as the signals from the other spectral components. In this section, an

approach will be given to discuss the applicability of the method in
non-ideal situations as encountered in in vivo experiments.

In order to fully incorporate all possible variables, Eq. [2] has to be
modified into:

N f

S f ( t )=[ exp[i.a»..M/T2j].

] • 15]

In this equation is:

M . - the equilibrium magnetization associated with peak j ,

p-U) - the concentration distribution of the compound corresponding with

peak j , normalised to 1 over the sample;
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/'^(co-.r) - the complex spatial response function resulting from the

localization procedure performed (ideally: 1 in the

volume-of-interest (VOI), 0 outside);

A(a>.,r) - a complex factor that accounts for the receiver characteristics

(coil sensitivity, gain, bandwidth etc.);

Ptx (Tj.,T2.,t%£D.,/Ja»(r),Bj(r)) - a complex factor accounting for the

specific NMR spectroscopic pulse sequence used, mainly determined by

the parameters between parentheses, in which T,- is the longitudinal

relaxation time for line j , t' symbolises the time parameters and

B.(r) is the spatially dependent RF field. This factor accounts for

instance for chemical shift selectivity (7), off-resonance effects

and the possible spatial variations therein (8).

The reference signal S (t) can be obtained from Eq. [5] by skipping the

summation and replacing subscript j by r.

After normalizing S (t) to S ,(t) (see Eq. [3a], with V replaced by

Sr(0)), the corrected signal S (t) is obtained by division of SAX) by

S (t) consists of pure Lorentzians only if the integral part of Eq. [5]

divided by the analogous part of S (t) yields a complex constant which may
n,r

be different for each j . This is not necessarily the case. An exact

mathematical analysis is impossible because too many parameters are unknown.

Therefore, conditions for proper application of the method will be stated

using qualitative arguments. Four constituent terms of the integral part of

Eq. [5] will be discussed separately.

1. For each j , p.(t) has to be equal to p (r). This is true in homogeneous

solutions. In in vivo MRS, where mainly signals from metabolites in

aqueous solution are observed, the water signal can thus be used as a

reference signal only if the compounds have the same spatial distribution

as the water. In most applications of localised spectroscopy this is

expected to be reasonably well the case because generally the VOI is

chosen in order to avoid regions having a beterogenous structure. An

exception is formed by signals coming from lipids.

2. Differences between ^ w ^ - . r ) and / ^ ( a y r ) arising from the chemical

shift difference will give problems in the case that the chemical shift

displacement is of the same order of magnitude as the dimension of the
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VOI, while the VOI is not small compared to the dimension of the

surrounding uniform tissue structure. This situation is likely to be

encountered in studies with small animals on high field systems with

relatively weak field gradient strenghts.

3. In general, A(ct)-,r) differs from A(«s,r) only by a complex constant, Cj,.

A somewhat more complicated situation is encountered in the case that an

intense solvent reference signal experiences radiation damping. According

to ref. (9), the resulting additional decay may be Lorentzian or

non-Lorentzian, depending on the pulse flip angles used. In the former

case, application of QUALITY still yields Lorentzian lineshapes, even if

the linewidth is determined by radiation damping. In the latter case, a

possible solution is to detune the NMR probe for the reference signal

measurement. Only if this is not feasible, application of QUALITY is

restricted to the case that the contribution of T~ and/or the magnetic

field inbomogeneity to the reference linewidth is much larger than the

linebroadening due to radiation damping. In localized in vivo NMR

spectroscopy, this often will be the case because of the generally

encountered limited field homogeneity and the low coil filling factors

resulting from the relatively small dimensions of the VOI. In our in vivo

applications (see the Experimental section) using a surface coil,

radiation damping does not present a problem. We found experimentally

even in the non-localized case the radiation damping time constant (9) to

be in the range between 350 and 650 ms, depending on the coil Q factor,

whereas the observed decay resulting from field inhomogeneity is

typically 15 ms or less.

4 ^ e x p ^ l j ' ^ j ' 1 >»a>j»^c'(r).Bj(r)), in general, is not equal to p in the
reference signal. The dependence of p on its arguments may be very

cxp

complex and is in fact partially unknown. However, a reasonable

assumption seems to be that /> D has neglectable variation over one

linewidth so that p of peak j differs from the reference p only by

a complex constant, c2-. This assumption is easily satisfied for

homogeneous RF coils and can also hold for surface coils provided a pulse

sequence is used in which the localization is virtually non-dependeni

upon the offset frequency o- (8) and the influence of spatial variations

in off resonance effects is negligible.

The assumption wilV be violated for instance in the case of a broad line

65



j with offset frequency a- which is in the region of a steep gradient of

a chemical shift selective pulse such as a 1-3-3-1 binomial solvent

suppression pulse. With the advent of new solvent suppression pulses

having square excitation profiles this problem will be overcome.

From the above it should be clear that within some constraints which in many
cases are rather easily satisfied we can rewrite Eq. [5] using c . - . c -^C. as

N

S f( t)=[ exp[i.cy-t/T2j]. [dVM^.Cj./>r<r).plM<«r,r).A<»r,r) *

j = l {

* 'exp(Tlr lT2r' t ' 'cV4a)( r>'Bl<T)] * « P M « « . * ] ] • M

The corrected signal Sc(t) = Sj(t)/Sn r(t) is then:

N

Sc(t) = [ (Mqj/MOT).Cj.Sr(0).€atp[i.oi..t].cap[-t/T2j], [7]

equivalent to Eq. [4]. The amplitudes at t=0 are unchanged because S (0) =

1.

Equation [5] and [6] can also describe spin echo signals. In this case,

signal amplitudes at the echo top are to be used in place of signal

amplitudes at t=0.

Although the above theoretical discussion is not exhaustive and cannot be

exact, we expect the QUALITY method to perform well in a wide variety of

experimental situations and we have checked its performance experimentally

in 3 cases:

1. a model solution of N-acetyl aspartate, using a surface coil;

2. an in vivo experiment on rat brain, using a surface coil;

3. a FID experiment on 1,2-dicblorobenzene in TMS using a HR NMR probe.

All experiments were done on protons at 300 MHz using a homebuilt

spectrometer system (10).
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EXPERIMENTAL VERIFICATION

A. Experiments with a surface coil

In our in vivo ! H MRS study of hepatic encepbalopathy at 7 T (11) we are

especially interested in changes in the cerebral concentrations of glutamine

and glutamate. In the in vivo proton MRS spectrum of rat brain, the

lincwidths are usually so broad that the J?-CH2 resonances of glutamate and

glutamine at approximately 2.11 and 2.14 ppm, respectively are partly

overlapped by the N-acetyl aspartate (NAA) CH3 pealc at 2.02 ppm (Fig. 3a).

Reproducible and reliable quantification of those resonances is almost

impossible because the amount of overlap strongly depends on the lineshape

of the NAA-CH3 peak which is frequently non-Lorentzian and asymmetric.

QUALITY can be a very important tool in solving this problem.

The performance of QUALITY in surface coil experiments was first

investigated using a model solution of NAA (experiment 1). Thereafter, it

was applied in an in vivo experiment (experiment 2).

Experiment 1

Method

Neutralized 50 mM NAA solved in buffer solution of pH 7.00 at 25 °C was

put in a rat brain phantom. An ellipsoidal surface coil with axes 14 and 11

mm which we also use for our rat brain studies was used. The spectrum was

measured using an A-T-B-T'-acquire scheme. Parameters of this pulse scheme

are: A: a single 8 pulse adjusted to 150° flip angle in the center of the

coil, B: a binomial 8-r-B solvent suppression pulse with T = 600 ps, T=68

ms, T' = 14 ms and acquisition time 100 ms (the complete spin echo is

sampled). EXOR and CYCLOPS phase cycling was performed (8 steps total).

After shimming an apparent decay time constant of 40 ms was observed. A

reference water signal was acquired using the same pulse sequence with only

the receiver gain reduced and the carrier frequency lowered 800 Hz to set

the maximum excitation of the 0-T-0 pulse on the water signal.

Time domain Lorentz-to-Gauss transformation was performed, with for the

Gaussian weighting ( s'(t) = s(t).expH2/rG
2] ), TG=21ms. This was done to

mimic the in vivo situation, where we always use Gaussian lineshapes in

order to get a better separation of overlapping peaks .The spectrum was

fitted using a non-linear least squares Marquard (12) fitting procedure,

assuming Gaussian lineshapes. The inaequivalent /?-CH- resonances forming an
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AB-system were fitted with 4 lines, the CH3 peak with 1 line.

The QUALITY procedure was applied using the following steps:

1. The apparent asymmetry of the water echo signal caused by an overall T-

decay was removed by multiplication with exp[+t/A], A=400 ms, and the

signal was scaled to amplitude = 1 at the echo top;

2. The decay resulting from the inhomogeneous magnetic field was

approximately neutralised by multiplication with exp[+t/B], B=40 ms,

symmetrically around the echo top;

3. The resulting water signal was multiplied by a signal «xp[i.o.t], a> =

800.2IJ rad/s, yielding offset frequency = 0 Hz of the signal in order to

preserve the offset frequencies in the NAA experimental signal;

4. The NAA experimental signal was divided by the thus obtained normalised

reference signal Sn r(t) and then processed and fitted as described

above.

• a

2.5

Figure I. Pans of the experimental and
fitted spectrum of itae solution of
N-aoetyl aspartate described in the text,
obtained with standard FFT (a) showing ibe
two 0-CHj and the lower pan of the CH,

icionaDces (around 2.5, 2.7 and at 2.0
ppro, respectively); (b) showing the base
of the CHj peai; (c) showing the top of
•-be CH, resonance, which fcas a Elisbt'y

different position in the fit.

20 ppm 2 1

20
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Result

The important features of the original spectrum are given in Fig. 1 a,

b and c, which clearly show the lineshape asymmetry that caused the fitting

program to obtain a slightly shifted offset frequency of the CH, peak (Fig.

1c). The strongly asymmetric CH~ peak base (Fig. lb) will obscure the /J-CR,

resonances of Glu and Gin in an in vivo situation.

Analogous to Fig. 1, the results for the corrected signal are shown in Fig.

2 a, b and c. Especially from the now almost perfect fit of the CH,

resonance it is clear that QUALITY has totally removed the lineshape

asymmetry, and that the fitted peak area will now better approach the true

area. Comparing Fig. la and Fig. 2a one does not see a striking improvement

in the fitting of the /?-CH- resonances. This is due to the fact that in the

case of the non-corrected spectrum, the fitting procedure can partly mask

the lineshape asymmetry because it can fit 2 amplitudes, 2 frequencies and 2

linewidths per peak.

1

ao 2.5 2 0 ppm 21

Figure 2. The special features
correspoBding to Fie. 1 after the
application of QUALITY. The fit is almost
perfect.

2.2 ppm IB
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Experiment 2

Method

A rat with a surface coil chronically implanted on the skull (13) was

used. Localised spectroscopy was performed yielding a selected region of

dimensions 6.5 and 9 mm in the rat longitudinal and lateral dimensions,

respectively, in ordei to avoid lipid signal contributions from bone marrow

(14). An A-T-B-T*-Acquire pulse scheme was used with parameters as described

above for experiment 1, except for 2 modifications:

a. The "A" pulse was a Gaussian weighted sine modulated slice selective

pulse for the localization in the rat longitudinal direction;

b. Between the "A" and *B" pulses, a pulsed field gradient in the rat

lateral direction was varied in S steps symmetrically around zero in a

Selective Fourier Transform localization procedure (15), using 5 points

on the main lobe of a sine-Gauss gradient weighting function.

The measuring time was 20 minutes.

The acquisition of the reference water signal (taking 5 minutes), as

well as the data processing and the application of QUALITY was done

following the same procedure as described above for the in vitro experiment.

From literature data (16) and many previous experiments we have

concluded that the 1.5 - 3.4 ppm region of our in vivo proton spectra of rat

brain can be fitted satisfactorily when taking into account the resonances

of choline compounds (3.20 ppm), total creatine (3.02 ppm), aspartate (2.68

and 2.80 ppm), N-acetyl aspartate (2.01, 2.50, and 2.67 ppm), glutamine

(2.11 and 2.45 ppm), and glutamate (2.11 and 2.35 ppm). Prior knowledge

about positions, widths and relative intensities of the (overlapping) peaks

from glutamine, glutamate, N-acetyl aspartate and aspartate was obtained

from experiments on model solutions. This knowledge was incorporated in the

fitting procedure (paper submitted to this Journal), so as to enable a

better separation of the components of strongly overlapping lines. Hence,

the spectrum is fitted using a number of Gaussian lines having widths,

positions and relative intensities as expected from purely Lorentzian time

domain signals after Lorentz-to-Gauss transformation.

Result
The resulting non-corrected spectrum (experimental and fit) is shown in Fig.
3a. From the differences, especially in the tails of the lines, between the
experimental spectrum and the fitting result it is clear that the lineshapes
resulting after Lorentz-to-Gauss transformation are not Gaussian. This is
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caused by the fact that the decay resulting from the magnetic field

inhomogeneity could not be removed by single exponential multiplication.

The corrected spectrum (experimental and fit) is shown in Fig. 3b. The

agreement between the experimental and fitted spectrum is much better as

compared to Fig. 3a. Clearly, also in this in vivo case, the fitted peak

ao Z5 2.0 PP"1

D i-
2.0 ppm

Figure 3. In vivo experimental and fitted rat brain H spectra of 1
experimental data set, (a) before, and (b) after application of QUALITY as
described in the text, The approximate positions of tbe most important
resonances are indicated: 1. cboline Compounds; 2. (phospbo)creatine, 3,
^-CHj of aspanate; 4. /S-CHj of N-acetyl asparoie; 5. y-CHj of gluiansice.

6. y-CH, of gJotamate, 1. ^-CHn of glutamine and glutamate; 8. CH^ of

N-acetyl aspartate.
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areas will closer approach the true peak areas as a result of the

application of QUALITY. The fact that the fit is still not perfect could be

expected for the following main reasons:

1. Resonances are present from metabolites that were not taken into account

in the fitting procedure because of their relatively low concentrations;

2. Our gradient field strength of maximally 2 gauss/cm causes a chemical

shift localization difference of 0.35 mm/ppm in the rat longitudinal

direction. Therefore, the differences between the PuJL0* >r) a n t ]

p, (6>.,r) terms in Eq. [5] may not be ignorably small.

In addition, motional artifacts in general may result in variations in the

magnetic field inhomogeneity that cannot be corrected for by QUALITY in case

that a separately acquired reference signal is used. However, the in vivo

application described above shows that QUALITY can give a substantial

quantification improvement.

B. Experiment using a HR NMR probe

The QUALITY method should also perform well using the inverse Fourier

transform of an isolated singlet resonance in a spectrum. This was checked

using a suitable high resolution FID spectrum.

Experiment 3

Method

The FID signal was measured of a mixture of 1,2 ortho-dichlorobenzene

(ODCB) and TMS in a regular 5 mm NMR tube and HR NMR probe. The sampling

time was 2136 ms, the sample was spun with 32 Hz and the Y and Z shims

were deliberately misset to generate a distinct non-Lorentzian lineshape.

Gaussian windowing with T G = 1 4 0 0 ms was applied to avoid truncation errors.

QUALITY was applied using the following steps:

1. In order to fully incorporate the broad dispersion signal, a region of

480 Hz (1.6 ppm) full width containing the TMS resonance was extracted

from the spectrum. In order to avoid truncation errors, this spectral

band was Gaussian weighted introducing only a very small lineshape

alteration. Hereafter it was filled with zeroes to the number of points

of the original spectrum and then inversely Fourier transformed;

2. The resulting TMS FID signal was multiplied with expt+t/C], C=245 ms, to

approximately remove its decay. The offset frequency was shifted to 0 Hz

as described above;
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3. The original FID of ODCB + TMS was divided by the thus obtained

normalised TMS reference signal and Gaussian weighted to avoid truncation

artifacts.

Results
The 2 relevant parts of the non-corrected spectrum are shown in Fig.

4a. The lineshape distortion has caused a gross distortion of the relative

intensities of the ODCB multiplet lines.

Fig. 4b shows the ODCB lines after resolution enhancement using time domain

Lorentz-to-Gauss transformation ( T G = 4 5 0 ms). The individual lineshape of the

multiplet lines is seen more clearly here.

The ODCB multiplets in the QUALITY-corrected spectnim are shown in Fig.

5a. After additional resolution enhancement by Lorentz-to-Gauss

transformation ( T G = 4 5 0 ms) the result shown in Fig. 5b is obtained.

Comparison of Fig. 5a and 5b with Fig. 4a and 4b clearly shows the

quite spectacular lineshape restoration. Note that the 2 multiplets have

regained their mutual symmetry relative to 7.07 ppm.

Inspection of the feet of the ODCB resonances in the original and in

the QUALITY spectrum, Fig, 6a and 6b, clearly shows that the correction also

7/2 7?0 ppm

Figure 4. Relevant parts of FID spectra of orlbo-dichJoro benzene (ODCE) in
TMS at 25 C obtained using standard FFT of the lime domain data (a) with
vinually no line broadening applied, tbe TMS resonance shows the lincsbape
distortion; fb) after resolution enhancement by time domain Lorentz-to-Gauss
transformation, showing tbe lincshape distortions in the ODCB multiplets a:
6.94 and 7.19 ppm more clearly.
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J*- JlK

J
"75" IS" ppm

Figure 5. FID spectra showing the ODCB multiplets after application of
QUALITY as described in the text, (a) with virtually no line broadening
applied; (b) after resolution enhancement by lime domain Lorentz-to-Gauss
transformation. Compare wiih Fig. 4a and Fig. 4b.

ppm

Figure 6. Vertically expanded spectra of (a) Fig. 4a before, and (b) Fig 5a
after application of QUALITY, showing ibe noise and some modulation sideband
signals. S and M mark t ie sppromiate positions of the spinnine sidebands
and 50 Hi modulation sidebands, respectively.
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resulted in a removal of the spinning sidebands and 50 Hz modulation

signals. The noise level has increased as expected because the original FID

was divided by the reference TMS signal in which the S/N was of the same

order of magnitude as in the original FID.

Two additional remarks have to be made:

1. As the TMS peak is corrected in fact by the time domain signal from which

it originated, the TMS peak in the QUALITY spectrum is trivially a

perfect Lorentzian line and therefore not shown.

2 Provided the spectrum is correctly phased, QUALITY can also be applied

using only the absorption part of an isolated singlet resonance. In that

case, inverse Fourier transform of a much narrower spectral band than

that used for the above illustration will do.

CONCLUSIONS

The QUALITY method presented in this paper may become an important tool for

spectral quantification, especially in in vivo NMR spectroscopy. The most

important aspects are:

1. QUALITY will improve the accuracy of spectral quantification in general

because a) it is able to restore lineshapes severely affected by the

inhomogeneities of the magnetic field into true Lorentzian linesbapes

that really fit to model functions used in fitting algorithms; and b) it

enhances the spectral resolution, thereby reducing the correlation

between fitting parameters of adjacent lines.

Quality preserves peak areas.

For the determination of the statistical errors in fitted parameters, one
has to take into account the fact that QUALITY in general will change the
acise characteristics.

2. In in vivo NMR spectroscopy, this method will enable a better detection

and reliable quantification of metabolites having resonances which are

partially overlapped by one or more resonances of compounds present in

much higher concentration. In brain proton MRS, this applies for e.g.

Glu, Gin, aspartate and GABA;



3. Acquisition of the water signal in vivo in a separate experiment has an

added advantage because it can be used as an internal concentration

standard (17,18).

4. In each spectrum containing an isolated singlet resonance QUALITY can be

applied simply and directly by using as a reference signal the inverse

Fourier transform of a spectral band exclusively containing that

resonance.

5. The method can be used to remove spinning sidebands and other modulation

artifacts from the spectrum.

6. Provided the transverse relaxation time of the reference signal used is

known, T- values of all other resonances can in principle be determined

directly from their liDewidtbs in the QUALITY corrected spectrum.
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IMPROVED QUANTIFICATION OF IN VIVO *H NMR SPECTRA BY
OPTIMIZATION OF SIGNAL ACQUISITION AND PROCESSING AND BY
INCORPORATION OF PRIOR KNOWLEDGE IN THE SPECTRAL FITTING

ABSTRACT

Quantification of localized in vivo brain !H spectra is in general very
difficult due to excessive spectral overlap. In addition, intensity
distortions may result from the effects of the NMR pulse sequence on the
spins. This paper describes an approach to solve these problems. It
comprises optimization of the pulse sequence, determination of intensity
distortions, of relative line positions and of line widths using model
solutions, and incorporation of the thus obtained prior knowledge in a
non-linear least squares spectral fitting procedure. This approach resulted
in a much improved accuracy and reliability of the quantitation of our in
vivo spectra of rat brain, and enabled us to estimate absolute metabolite
concentrations.

INTRODUCTION

To study the pathology of hepatic encephalopathy (HE) in the rat we use in

vivo proton and phosphorous NMR spectroscopy (1,2). Especially the many

resonances in the *H spectrum, see figure 1, contain in principle a lot of

information. For our study the accurate determination of concentrations and

small variations therein as a function of time is necessary, which implies

that a good quantification of the spectra is essential. "Classical"

quantification methods like the determination of peak heights, or of peak

areas by integration of the spectrum or by weighting excised peaks, are not

able to deal correctly with overlapping lines. Therefore, fitting the

spectrum or the time domain signal to model functions is necessary. Time

domain fitting by the LPSVD method (3) gave good results for 31P spectra of

rat brain (4), but for *H MRS some problems were encountered. These had to

do with the lineshapes, the residual water signal, and the effects of the

combined localization-water suppression pulse sequence (5,6) on the time

domain echo signal and the phases and relative intensities in the final

spectrum. While progress is made in solving these problems we use fitting in

the frequency domain of the spectral region of interest. This has been used

extensively in HR NMR, see e.g. ref. (7), but in our case the following

special problems had to be dealt with:

1. Compounds like glutamine, glutamate and (N-acetyl)aspartate can give

complex spectra due to strongly coupled spin systems because the (wo /}-

and in glutamine and glutamate also the two y-protons may be magnetically
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inaequivalent.

As we use a spin-echo like pulse sequence, modulations due to the scalar

couplings (8) result in phase and intensity distortions in the generally

broad lines which overlap strongly.

2. The 1-1 water suppression pulse (9) gives rise to frequency dependent

intensity and phase distortions, and influences the J-modulations.

3. Tbe experimental lineshape most times deviates from the model lineshape

functions (Lorentziao and/or Gaussian) used for the fitting due to

magnetic field inbomogeneity, motions of the animal and unresolved

multiple! structures.

4. Fitting in the frequency domain requires perfect phasing of the spectrum.

5. In the case of strong overlap between many spectral lines, the

statistical variances of the fitting results will be large as a

consequence of the interdependancy between the fitted parameters.

6. The signal-to-noise ratio (S/N) may be limited.

The next section describes the different steps in our approach to solve

these problems, with the accompanying results.

METHODS AND RESULTS

A. Optimization of signal acquisition and processing

A.I. A pulse sequence to eliminate phasing problems

We use for our in vivo lH experiments a spin-echo water suppression pulse

sequence and an ellipsoidal shaped surface coil (5). Compared to a FID-type

experiment, this has the following advantages: 1. there is an additional

suppression of resonances having short T values, such as those from water

and lipids; 2. it is easily expandable to spectroscopic imaging and

localization. We sample the complete spin-echo because taking the absolute

value spectrum in this case results in pure absorption mode lines (10).

However, the 1-1 - T - 2-2- T - acquisition sequence with [±x,±y] (11) EXOR

phase cycling of tbe 2-1 pulse that we have used for some time (5) results

in a frequency dependent phase shift. The effect of a pulse at time t on a

magnetization M can be described using rotation matrices (12). It can easily

be shown that the rotation matrix associated with the refocusing 2-2 pulse

in combination with the Exor cycle has, both on- and off-resonance, a

diagonal form:
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A 0 0
M(t+) = I 0 -A 0 I.M(t-).

0 0 0
[1]

When the R.F. Field amplitude (in frequency units) is much larger than all

different offset frequencies a of the spectral peaks, A is given by:

A = 2.[cos(c!>.T)-l].sin2(0), [la]

with 6 being the flip angle of the 2 pulse, and r being the time interval

between the 2 and 2 pulse.

^ r

4 3 2 1 p p m °
Figure 1. Representative example (top, real part; bottom, imaginary part) of
an in vivo proton spectrum of rat brain, obtained using a Fourier
localization procedure based on the pulse sequence shown in Fig. 2. Only
zero order pbase correction was applied. The arrows indicate the peaks ihi\
are taken into account for incorporation of prior knowledge in the fining
procedures described. The peaks are assigned to the following protons (12)
L N-CH,- of creatine / aCH of asp; 2. QCH of gin, glu and alanint; 3. QCH.

of glycine / CHOH of inositol; 4. S-CH, of taurine, 5. N(CH3)3 of choLiz;

compounds; 6. N-CH3 of (phospbo)creatine; 7. />CH3 of asp; 8. 0CH, of

N-AcAsp. 9. £CH, of asp. 10. 0CH, of N-AcAsp; 11. yCH2 of gin; 12. yCH, of
2

glu; 13. £CH, of gin and glu; 14. CH^ of N-AcAsp; 15. /9CH^ of lac
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This implies that, apart from a zero order effect, the phase shift is

introduced solely by the 1-1 excitation puise, as a consequence of

precession during the time interval between the 1 and I pulse.

Therefore, to circumvent phasing problems we have replaced the binomial 1-1

pulse by a single 6 pulse which is adjusted to give a 150 degree flip angle

in the center of the surface coil. The resulting pulse sequence is shown in

Fig. 2. In order to avoid dynamic range problems and to obtain a better

water suppression, we have introduced homogeneity spoil gradient pulses G as

shown in Fig.2 since the water transverse magnetization created by the first

6 pulse would otherwise only be suppressed after EXOR phase cycling because

it has zero offset frequency and is therefore not affected by the 2-2 pulse.

ACQ

Figure 2. Spin echo sequence for in vivo use which in combination with EXOR
ph3se cycling yields water suppressed spectra without frequency dependent
phase distortions. G: homogeneity spoil gradient pu!se. The parameter values
most often used are: flip angle 6 = 150° in the coil center; T = 68 ms; T =
600 fi% for maximum excitation of the N-AcAsp CH3 resonance; T = 18 ms;

acquisition time = 1 0 0 ms; and repetition time 4 s.

A.2. Choice of localization, sampling and processing
conditions to obtain optimal S/N

In localized NMR spectroscopy, S/N depends on: the size of the volume of

interest (VOI) in relation to the dimensions of the RF detection coil; the

static magnetic field inhomogeneity; the sampling parameters; the signal

processing. In general there is interdependence between these items.

We have optimized S/N of our in vivo rat brain spectra as follows:

1. In our application (1,2) we are interested in metabolite levels in the

brain cortex. An ellipsoidal surface coil with axes of 14 and 11 mm is

used in order to obtain signals from mainly this region with maximal

sensitivity.

2. We need further localization in order to remove contributions from lipids

(present in bone ridges at the left and right edges of the skull) and to
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minimize residual water signals (arising mainly from regions with bad

field homogeneity near EEG electrodes) (5). Fullfilling these

requirements, the VOI in a Fourier localization method is still taken as

large as possible in order to obtain maximum S/N (6), about 150 cubic

millimetres.

3. In a time course study, an NMR spectrum is taken once every hour.

Efficient use of measuring time while working with 2 rats intermittently

results in 300 averages (20 minutes) per spectrum.

4. The observed decay time constant after shimming is about IS ms. Using

Lorentz to Gauss time domain windowing, a Gaussian time constant of 21 ms

appeared to be a good compromise between resolution and S/N.

5. In relation to the time domain windowing described above, an echo

sampling time of 100 ms is sufficient. By sampling the complete spin echo

signal instead of only the second halve, we gain a V2 S/N improvement.

6. When using complete spin echo signals, taking the absolute value spectrum

in principle yields pure absorption mode spectra, thereby removing phase

errors (10). However, we have returned to using the phase-sensitive

absorption spectrum for 2 reasons:

a. in the case of overlapping lines, the absolute value spectrum may

introduce intensity distortions as a consequence of phase modulations

in coupled spin systems.

b. as the imaginary part of the spectrum contributes full noise but only

little signal (Fig. 1) when using the pulse sequence of Fig. 2, taking

the absolute value spectrum would decrease S/N by almost a factor ^2.

Results ad A.I. and A.2.

From Fig. 1 it appears that using the pulse sequence of Fig. 2 in a Fourier

localization procedure as mentioned above, good phasing of the spectrum is

possible without applying any first-order phase correction. The peaks

(resulting from phase modulations) in the imaginary part of the spectrum are

of low intensity, which clearly shows that taking the absolute value

spectrum would essentially result in a S/N decrease.

The S/N is still relatively low, considering the volume size (150 cubic

millimetres) and the number of acquisitions (300). This is mainly a

consequence of: 1. the short transverse decay time constant resulting from

the poor magnetic field homogeneity ( typically < 15 ms in vivo); and 2. the

relatively low Q factor of the RF coil in vivo due to loading (typically

60-90 as compared to > 200 when unloaded).
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B. Determination of the effects of the employed pulse
sequence on the relative line intensities

In our study of HE in rats we are especially interested in quantification of

i oncentration changes of glutamate (glu), glutamine (gin) and lactate (lac)

(6), but also of aspartate (asp) (For assignments of resonances in the brain

in vivo H spectrum, see for instance reference (13)). Accurate

determination of lac is possible by using a localization technique to

eliminate contributions from lipid signals (5). From Fig. 1 it is clear that

the best spectral region to quantitate glu, gin and asp is between 2 and 3

ppm. A reasonable fitting of this region is expected to be possible by

taking into account only the resonances indicated with an arrow in Fig. 1,

since in this region we generally do not see apparent signals from other

metabolites, from which GAB A is expected on the base of literature (1,13) to

give the largest contribution.

Using the 6 - T - 2-2 - T' - acquisition pulse sequence (Fig. 2), the

frequency dependent intensity distortion due to the 2-2 water suppression

pulse is given by Eq. [la]. However, due to the presence of scalar couplings

J-modulation (8) and multiple quantum effects occur. Dealing with unresolved

multiplets and overlapping peaks, this results in intensity distortions that

may be considerable and which are in practical in vivo cases hard to

calculate. Therefore, in order to be able to correctly quantitate the

spectral region between 2 and 3 ppm, the intensity distortions due to this

and the water suppression effects were determined experimentally via

experiments using a rat brain phantom and a surface coil, positioned as in

in vivo studies. These experiments were performed (as our in vivo

experiments) at 300 MHz on a homebuilt spectrometer system (14).

Test solutions (buffered, using Electrofact buffer powder 6C234

(purple) at pH = 7.0, comparable with the in vivo situation) of a. 40 mM

N-AcAsp; b. 20 mM asp; c. 40 mM glu and d. 40 mM gin were used

(concentrations are accurate to 2% ). The pulse sequence of Fig. 2 was used,

with parameters T=68 ms, (which is optimal for J-modulations of about 7 Hz

scalar couplings), T' = 18 ms and sampling time 100 ms. The maximum excitation

of the 2-2 pulse was set at -830 Hz offset from water which resonates at

approximately 4.7 ppm. 32 acquisitions were summed. After shimming, a decay

time constant of the water signal of about 40 ms was observed.

All peak positions were referenced to the CH3 peak of N-acetyl

aspartate which is taken to be at 2.010 ppm (13).



The echo signal processing was done as follows:

In in vivo NMR spectroscopy, but also in the case of our experiments on

model solutions, quantification of the spectra is often hampered by the fact

that the actual lineshapes deviate from tbe model functions (usually

Lorentzian and/or Gaussian) used by the fitting procedure. Therefore, we

have developed a generally applicable time domain deconvolution method named

Quality (15) which in principle enables complete elimination of magnetic

field inhomogeneity contributions to the lineshape. This method was applied

in order to remove the effects of the magnetic field inhomogeneity on the

envelopes of the echo signals measured from the model solutions.

Hereafter, Gaussian time domain windowing was applied because Gaussian

lineshapes show a reduced overlap in tbe tails of the lines as compared to

Lorentzian lines. The linewidths were completely determined by the

weighting, for which a time constant of 21 ms was taken, identical to the

value used for our in vivo experiments. After Fourier transformation,

assuming t=0 at the echo center, only zero order phase correction was

applied, via minimization of the imaginary part of tbe spectrum.

The quantification of the four spectra was done as follows:

A Marquardt-Levenberg non-linear least squares algorithm (16) was used.

Position, amplitude (i.e. peak height) and width of each spectral line, and

the associated Cramer-Rao (17) minimum variance bounds (mvb) as error bars

are determined. Peak areas were calculated as (width * amplitude* nin).

The accuracy (the mvb values) of the fitted parameters resulting from

the application of the fitting procedure depend on the signal-to-noise ratio

(S/N), on the number of degrees of freedom and on the interdependence

between the parameters which is reflected in the covariance matrix

(18). Thus, fitting each spectrum was not done using the total number of HR

NMR lines (i.e. the complete multiplet structures), because the actual broad

linewidths would introduce a strong interdependency between the fitting

parameters of overlapping lines, leading to excessively large mvb errors in

those parameters. In addition, fitting our in vivo spectra using the HR

multiplet structures is not useful because these structures in many cases

are unresolved due to the large linewidths. Therefore, the number of lines

used to fit each spectrum was taken as small as possible, yet large enough
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to ensure that the fitted result represented the spectrum sufficiently

accurate. This has the added advantage of considerably shortening the

computing time.

Except for the methyl group resonance of N-AcAsp (denoted by CH ), the

proton peaks used in the fitting are identified with Greek symbols having en

optional subscript and superscript, as follows:

- the Greek symbol (a,/J,y) denotes to which carbon atom in the relevant

molecular structure the proton(s) under consideration is (are) bound;

- the subscript distinguishes between magnetically inaequivalent protons, of

which the resonances are (partly) resolved in the spectrum as a

consequence of the different chemical shifts;

- the superscript distinguishes between two peaks that are required by the

fitting procedure in order to fit a peak (from 1 proton or 1 proton group)

which has a non-Gaussian lineshape due to underlying unresolved

resonances.

These peak identifications are not aequivalent to those used in the chemical

literature.

Only the spectral region between 2 and 3 ppm was fitted.

Results ad B.

The experimental (solid lines) and fitted spectra (dotted lines) of the four

solutions of N-AcAsp, glu, gin and asp are shown in Fig. 3a to 3d.

The results of the fitting are listed in Table 1, in which an effective

intensity value I£ (last column), which accounts for the total intensity

distortion effect on peak p of the pulse sequence used, is calculated as:

!EP * < \ ' \ J • <C
m '9 . (3/Np), 12]

in which C ^ is the concentration of N- Ac Asp (40 mM), A is the peak area

of the relevant peak of the compound with concentration C , A is the area

of the N-AcAsp CH peak (both areas determined from Table 1), and N is the
P

number of protons contributing to the peak under consideration. The relative

error in the effective intensity is the sum of the relative errors in A ,
p

Cp, A M and C ^ . In the cases (also in other tables) where the area A is

determined from the areas of two separately fitted peaks, which have

relative errors that are not statistically independent, the relative error

in the total area is taken to be A /A times the relative error in the
n p

area of the N-AcAsp CH peak.
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Figure 3. The 2-3 ppm region of eiperi^tmal (solid lines) and Imec
(dotted lines) spectra of tbe 'four separate model solutions of (a) 40 naM
N-AcAsp, (b) 40 n»M glu, (c) 40 mM gin and (d) 20 D M asp. The peat labels
conform wiib those used in Tables 1 to 4.

Fig. 3 shows qualitatively that tbc spectra can be fitted

satisfactorily assuming Gaussian lines. Hie sidebands of the N-AcAsp CH3

peak (Fig. 3a) lying approximately 140 Hz apart are tbe 13C satellites.

The asymmetric peaks of tbe glu fi protons (Fig. 3b) and of the N-AcAsp

P protons (Fig. 3a) were each fitted using 2 lines. This is necessary in

order to minimize in the in vivo case systematic errois in the fitting of

the N-AcAsp CH^, the gin y and the asp p{ peaks, respectively.

Tbe imperfections in the fitted fil peak of asp (Fig. 3d> can be totally

removed when using an additional line (not shown). This was not done

however, because the deviations are expected to be irrelevant in the in viu-

case due to a low S/N of the asp signals.

Table 1 shows that the interdependency in the parameters of the fitted

pairs of lines describing the /? proton peaks of N-AcAsp and glu resulted in
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TA5LZ 1. F K L S Û parameters a~d caleulared effective IntensUy valets
I E for tïïe spectra of th* çolutlans of 40 mM N-AcAsp, A0 mM glu. 40

tr.M gin ar.d 2Q mM âîp. Errors In the fitted results are Craaer-Raa
-ir.im̂ -a variance bounds (=»vfc], 1 ppm * 300 Hi.
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considerable mvb values in the corresponding areas, indicating that no good
determination of the underlying multiplet structures is possible in this
way. The other mvb values indicate an accurate fitting of the spectra, with
particularly small errors in the positions (in the order of 0.001 ppm).

From the I values in Table 1 it can be observed that the total
intensity distortion effects (assumed to be absent for the N-AcAsp CH peak)
of the poise sequence used are much larger than the frequency dependent
attenuations given by Eq. [la] from the 2-2 water suppression pulse alone.
This indicates a considerable intensity distortion effect caused by the
presence of scalar couplings, especially for the strongly coupled ß protons
of glu and gin and the y protons of glutamine.

The thus obtained effective intensity values have not been corrected for
eventual differences in T2 values of the various peaks. The effects of such
differences are discussed in section E.
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C. Improvement of the fitting accuracy by incorporation
of prior knowledge

C.I. Fitting of a model spectrum without fixation of
parameters

In order to simulate the fitting of the 2-3 ppm region of an in vivo

spectrum such as shown in Fig. 1, a spectrum (32 acquisitions) was taken,

using the surface coil and rat brain phantom, of a mixed solution of 10 mM

N-AcAsp, 10 mM gto, 10 tnM gin and 5 mM asp, with identical signal processing

as described in section B. (concentrations are accurate to 3%). Fitting this

spectrum using all the lines mentioned in Table 1 resulted in mvb values of

more than 1000% in some peaks. In order to obtain more reliable results, the

number of fitted lines was reduced from 12 to 8 by combining the asp 0 peak

and the N-AcAsp ^* peak, combining the glu 0 and 0' peaks and the gin 0

peak, and by combining the N-AcAsp y^and 0\ peaks.

Results ad C.I.

The experimental (solid line) and the fitted (dotted line) spectrum of

the mixed solution of 10 mM N-AcAsp, 10 mM glu, 10 mM gin, and 5 mM asp are

shown in Fig. 4a. Clearly, the fit coincides perfectly with the experimental

I: M

2 0 -

3.0 2.5 2.o ppm

Figure 4. The 2-3 ppis region of the experimental (solid lines) and fitted
(dotted lines) spectra of a muted model solution of 10 mM N-AcAsp, 10 B M
glu, 10 inM gin and 5 mM asp. (a) fitted using 8 linrs and no fixation of
parameters (Table 2). and (b) fitted using 12 lines and fixation of
parameters (Table 3) Vertical units are the same as used in Fig- 3.
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spectrum, except for the 13C satellites from the N- Ac Asp CH peat.

The fitting results and resulting concentrations are shown in Table 2.

The concentrations were calculated as A * C / A , with A being the

relevant peak area determined from Table 2 , C and A being the

concentration and peak area, respectively, in the case of the non-mixed

solution (see Table 1) of the considered compound. The relative error in the

concentration is the sum of the relative errors in the 3 contributing terms

A2, A{ and C . Determination of the glu and gin concentrations from the gin

fi peak fitting result is meaningless because of the large mutual

contamination, and is therefore not done.

Although the number of lines to be fitted has been decreased to a

reasonable number, the mvb values (see Table 2) in especially the areas of

the gin y peak and the fi2 N-AcAsp peak are still excessively large, and are

also considerable for the combined 0 +ff peak of N-AcAsp, all as a

consequence of the spectral overlap. The calculated concentrations of all

peaks except CH3 of N-AcAsp clearly deviate from the actual values due to

contaminating contributions from overlapping peaks. This effect is most

prominent for the gin y peak.
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From these results it is obvious that quantification of the spectrum in
the described way leads to unreliable results.

C.2. Fitting of the spectrum with fixation of parameters

The accuracy of the fitting procedure can be improved by incorporating prior

knowledge about spectral parameters by fixing the values during the

iteration process. For this purpose the fitting algorithm was modified to

enable fixation of parameters, both absolute and relative to another

parameter (19). The same spectrum as used in the previous section was now

fitted using the total number of 12 lines shown in Table 1, but with

fixation of parameters according to the values found in the fitting of the

spectra from the four separate solutions (Table 1), as follows:

- all positions were held fixed relative to the N-AcAsp CH peak 2.010 ppm;

- the amplitudes of the fi proton lines of N-AcAsp were kept fixed relative

to the amplitude of the CH peak;

- both for gin and for glu the amplitudes of the fi proton lines were held
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fixed relative to the amplitude of the y proton peak;

- in addition, all linewidibs were kept fixed to ihe values shown in Table 1

in order to reduce in in vivo situations the sensitivity to broad spectral

background signals. Although this procedure has a great impact on the

fitting, we think it is justified by the fact that the iinewidths in our

case (both in vivo and in vitro) after application of the QUALITY

deconvolution procedure are completely determined by the time domain

windowing applied.

Results ad C.2.

The result of fitting the spectrum after fixation of parameters is shown in

Fig. 4b. The fitted parameters and calculated concentrations are given in

Table 3.

Compared to Fig. 4a, the fitted spectrum in this case also coincides

almost perfectly with the experimental spectrum and only very small

deviations are discernable, the 13C satellites of the N-AcAsp CH3 peak being

most prominent.

Comparing Table 3 with Table 2, however, a striking decrease of the mvb

values in the calculated concentrations is seen, except for the CH peak of

N-AcAsp and the y peak of glu. Moreover, the calculated concentrations,

within their error bounds, are now in agreement with the actual

concentrations, except for the ft and ft peaks of asp when considered

separately. This might be explained by the expected high sensitivity of the

aspartate fitting results to small deviations between the actual ft and /T

peaks of N-AcAsp and their fixed parameter values, thereby pointing out an

important possible source of systematic errors. In addition, the mutual

dependence of the fitted parameters of the asp peaks contribute to the

observed error. Nevertheless, the asp concentration calculated from the

total area of its 2 fitted peaks is correct.

Thus, the fixation of parameters approach as described results in a much

improved quantification of the spectrum.

D. Small adaptation of the prior knowledge obtained from
model solutions to the in vivo case

In vivo H-l brain spectra obtained using a Fourier localization procedure

based on the pulse sequence of Fig. 2 from various rats (6) were quantified

using the approach with fixation of parameters as described in section C.2..

It appeared that with some minor adjustments in the fixed peak positions
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(the 02,f2 and 0^ £; peaks of N-AcAsp shifted -.007 and +.001 ppm,
respectively; all resonances of gin and glu shifted .001 and -.005 ppm,
respectively), the 2-3 ppm region in our in vivo spectra could be fitted
satisfactorily.

Resonances outside this spectral region that are also fitted are

(phospho)choline (3.2 ppm), (phospho)creatine (3.0 ppm), lac (1.3 ppm) and

the peak resulting from alanine and residual lipid signals (1.4 ppm), the

latter in order to obtain a better quantification of the lac peak. Lac and

alanine+lipids were given fixed positions, and iactate and choline fixed

widths in the fitting procedure in order to minimize errors due to overlap.

The effective intensity values (Table 1) obtained from the in vitro

experiments described in section B were used to estimate absolute

concentrations in vivo, using as an internal standard N-AcAsp, with a

concentration of 4.9 mmol/kg w.w. (wet weight) (20). The concentrations of

choline, creatine and lac were estimated using effective intensity values

predicted by Eq [la.]. Apart from relaxation effects (see section E) these

estimations are likely to be correct because of the expected absense of

J-modulations in those peaks (see e.g. ref. (20)).

(I

r
A ; A,-^v, I/ \ / \

25 20 ppm
Figure 5. Experimental (solid line) and fined (dotted line> in i : iv
spectrum from the brain of a conscious rat, 2 h after the induction of
complete liver ischemia following 1 day of porta caval shunting (1.2). For
assignments, see Figure 2 for which the same pulse sequence was use,?. The
spectrum was fitted with ineorporauon of prior knowledge.
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Results ad D.

An illustrative example of the spectrum from a rat taken after 2 hours of

complete liver ischemia which was induced one day after porta caval shunting

(PCS) (1,2) is shown in Fig 5. Fitted parameters and estimated

concentrations are given in Table 4. The metabolite concentrations C were
v in

determined relative to the N-AcAsp concentration C as follows:

C = (A / A ) . (3 / N ) . C . (1 / I ) , [3]
m m an p nu Ep

in which A is the N-AcAsp CH peak area, A is the relevant metabolite

peak area (both from Table 4) with associated number of protons N , and I£

is the effective intensity for the considered peak as given in Table 1.

Fig. 5 shows that the fitted spectrum coincides with the experimental

spectrum reasonably well between 1 and 3.3 ppm, taking into account the

large number of uncertainties involved. The quantification of the lac peak
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at the low level present in this spectrum may not be very accurate due to

the presence of small residual lipid signals, but the relative systematic

error involved will decrease rapidly as the lac concentration rises,

typically several hundreds of percents during the course of developing HE

(2). The S/N is sufficient, as Table 4 shows that the mvb values in the

fitted parameters are small. Although these values suggest a high accuracy,

it should be noticed that the mvb errors indicate the highest attainable

accuracy, when no systematic errors are present. The latter are discussed in

section E.

As mentioned before, we are especially interested in the concentrations

of glu, gin lac and asp. The estimated concentrations of gin and asp agree

well with the biochemical data obtained previously (1), namely 5.2 and 2.3

mmol/kg w.w., respectively, for rats after one day of porta caval shunting

(taking into account that the gin concentration rises during developing HE

(2)). The estimated glu concentration is less than 50 % of the biochemically

determined value (11.5 mmol/kg w.w.). This may indicate a partial NMR

visibility of glu in vivo, as a consequence of compartmentation. Comparison

of the estimated lactate concentration with biochemical values is difficult

because of its generally observed large increase during developing HE (2) as

pointed out before.

£ . Discussion of systematic errors
The three most important sources of systematic errors in the quantification

method presented here are discussed, i.e.:

1. Ignored signals
2. Incorrectness of the prior knowledge
3. T relaxation differences between the various peaks.

Ad 1. Ignored signals
Partially unknown background signals are present from compounds not taken

into account in the fitting procedure. In the 2-3 ppm region of our spectra,

the most important contributions could be expected from GABA which has a

concentration in the millimolar range (1). However, we have never discerned

apparent contributions from GABA in our spectra and therefore we do not take

this compound into account in the fitting.

Ad 2. Incorrectness of the prior knowledge
In general, all deviations between the parameter values set by the prior
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knowledge input and the actual parameter values in vivo will result in

systematic errors in the determined concentrations. This applies to

line widths, positions and relative intensities of various peaks, and also

to their lineshape. The latter may deviate from the assumed Gaussian shape,

even after application of the QUALITY deconvolution procedure using a

separately acquired reference signal. The most important source of such

deviations are motions of the animal which is not anesthetised i i our

experiments (1). Deviations in the relative peak intensities mainly arise

from T differences, which are discussed below.
2

Ad 3. T- relaxation differences between the various peaks

Relaxation effects may interfere with the I values determined from the

model solutions and with the peak areas in the in vivo spectrum. This may

result in systematic errors in: 1. the prior knowledge incorporated in the

fitting procedure (Tables 1 and 3); 2. the determined absolute

concentrations in vivo (Eq. [3]). These errors will be discussed below,

after a brief mentioning of the relaxation mechanisms that are likely to

play a role in our case.

At the echo time T used in our echo pulse sequence, the amplitude A of

a signal having a transverse relaxation time T will have decayed relative

to its value A directly after the excitation pulse according to:

A = Ao.exp[-TE/T']. [4]

The decay factor exp[-T .T'1] (Eq. [4]) may be different for each peak, and
E 2

also between the in vivo and the in vitro situation. Several relaxation

mechanisms contribute to T*' (21,22). In the following, the limit of extreme

narrowing is assumed, which is likely to be valid for the small metabolite

molecules visible in the MRS spectrum. In this limit, the in vitro proton

relaxation time T of a peak p is essentially built up of an intramolecular

dipole-dipole relaxation term T and an intermolecular relaxation term
T

T"' = T"' + T ' ' [51
2p J2DDp ' l i p ' P J

in which T"' is directly proportional to the molecular rotational

correlation time T . When the relaxation is completely determined by

intermolecular contributions, the T values of all proton groups in the
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same molecule become equal when these protons are at the periphery of the
molecule. In the in vivo situation, we can, analogous to Eq, [5], write for
the transverse relaxation time T :

J p . V

T 1 = T"1 + T ' . [5a]
2p,» 2DDp,v l i p . * l

T"1 can be expected to differ from T due to a different T value and due
2 p . v r 2p c

to different concentrations of paramagnetic substances m the sample and due

to different molecular translational diffusion coefficient. Combination of

Eqs. [3] to [5] shows that the experimentally determined I value (Eq. [3})

is related to the true value I (i.e. the value accounting for Eq. [la]
EpO

and for intensity distortions due to J-modulation in the case that no

relaxation would be present) as follows:

with subscript N addressing the N-AcAsp CH peak. Assuming isotropic
molecular reorientation of a molecule containing both CH and CH^ protons,
T2DD

 o f t h e C H2 P r o l o n s w i l 1 b e l w o t i m e s !a r£e r t h a n T i o D
 o f lDC C H

3

protons. This only holds (21) if the rotation of the CH group is much

faster than the molecular rotation, and if the relaxation of the protons

from the CH and the CH groups is only the result of the dipolar

interaction between the protons within the groups (i.e. no dipolar

interaction between protons of different groups is present).

Regarding N-Ac Asp, it can be calculated that T^ is determined by the

effects just mentioned to about 96 % for the CH3 protons, and to about 80 %

for the fi CH2 protons. Now assume that T M of the N-AcAsp CH3 group is

determined by T . Then, T of the fi protons would be about T. /2. Using

a measured T value of 545 ± 30 ms and an echo time T£ of 136 ms in our

case, Eq. [6] would predict an I£ value of 0.791 for the N-AcAsp fi

protons. From Eq. [la] and from J-modulation effects as observed in a high

resolution spectrum, I was estimated to be 0.7 ± 0.2. Thus, if the above

assumption is correct, an I value of about 0.6 ± 0.2 should be observed.

Since the actual average I value for the N-Ac Asp fi protons (Table 1) is
Ep

larger than 0.8, it is concluded thai the assumption is not correct, and

that in our in vitro experiments, a large relative intermolecular relaxation
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contribution is present. This can be understood since the non-degased

samples contain oxygen (paramagnetic) and an overwhelming concentration of

water, which both will contribute greatly to TjJ . From the similarity of

the molecules, we expect that the relative intermolecular relaxation

contribution also in the case of the other compounds studied in vitro will

be large. Therefore, we conclude that the determined I values in vitro

(Table 1) are close to the true values I .
EpO

Regarding the validity in vivo of the prior knowledge determined from

in vitro experiments, T differences will influence only the relative peak

heights (from protons present in the same molecule). From Eq. [4], it

readily follows that the relation between the ratio of the heights of two

peaks p and Q in vitro, R , and the same ratio in vivo, R , is:

since, due to tbe time domain windowing applied, the linewidtbs in vitro are

equal to those in vivo. As tbe relative intermolecular relaxation

contribution in vivo is likely to be larger than in the in vitro case (see

above), we expect both exponential terms in Eq [7] to be approximately equal

to one (p and Q address peaks from protons of the same molecule). This

implies that the prior knowledge is correct to that same approximation.

Regarding the determined absolute concentrations in vivo, it follows

from combination of Eqs. [2] to [4] that the relation between the

experimentally determined in vivo concentration C of metabolite m and tbe
IP

true value C is also given by Eq. [7], with R_^ replaced by C „, R_^

replaced by C^, and subscript Q addressing the N-AcAsp CH3 peak. Because of

the absence of accurate quantitative knowledge about the relaxation times of

gin, glu and asp (which is very difficult to obtain, both in vitro (8) and

in vivo (see e.g. ref (20)), no quantitative conclusions can be drawn about

the correctness of their determined in vivo concentrations. Nevertheless, Eq

[7] together with Eqs. [5] and [Sa] can provide a valuable insight in the

relaxation effects involved.

In the case that a peak p is used that does not undergo phase

modulation due to scalar couplings, the relevant I value is calculated

from Eq. [la] instead of Eq. [2]. We than have:

C = C -cxpf-T-CT" 1 - T " 1 ) 1 . [8]
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Using a single rat, we have measured in vivo T values of ISO ± 30 ms for
the choline peak (3.2 ppm), 140 ± 30 ms for the total creatine peak (3.0
ppm) and 230 ± 50 ins for the N-AcAsp CH peak. Values reported in ref. (20)
are: 143 ± 10 ms for creatine, 170 i 9 ms for N-AcAsp, and 144 ± II ms for
lactate. The agreement is excellent for creatine. Using our value of 230 ms
for N-AcAsp, the estimated concentrations in mmol/kg w.w. of
(phospho)creatine, lac and (phospho)choline become 8.0, 0.90 and 1.6,
respectively. The (phospho)creatine concentration agrees reasonably well
with literature data of 7.3 ± 0.5 (20) and 7.8 ± 0.6 (23) mmol/kg w.w.. As
mentioned earlier, no good comparison of the (phospbo)cboline and lac
concentrations to otber data is possible.

CONCLUSIONS

1. Our method of acquiring in vivo !H spectra of rat brain using a surface
coil and a Fourier localization procedure based on a 6 - T - 2-2 -
T'-ACQUIRE water suppression spin echo pulse sequence yields good quality
spectra that can be quantitated well.

2. Our data show that the quantification of a spectrum having overlapping
lines, representative for in vivo brain *H spectra, can be improved in
such a way as to yield reliable results, by incorporating prior knowledge
in a least squares frequency domain fitting procedure. Fitting of the
spectrum without these modifications leads to unreliable results, even in
in vitro experiments with high S/N.

3. Our approach of obtaining prior knowledge about positions, widths and
relative amplitudes of peaks in the in vivo spectrum by performing in
vitro experiments using representative test solutions in a suitable
phantom has proved to be extremely useful in achieving a reliable
quantification of in vivo spectra with overlapping lines. Although the
fitting is not yet perfect, it performs much better than the "classical"
quantification methods mentioned in the Introduction. The quantitative
concentration estimates resulting from our approach are in good agreement
with biochemically obtained data and furthermore will enable the drawing
of better founded conclusions about absolute concentrations and partial
NMR visibility. The latter may be an indication for compartmentation or
interactions with macromolecules of compounds such as glutamate.
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At present we think that motions of the conscious animal (1) present the
most important problem for further quantification improvements such as
taking into account resonances of more compounds.
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IN VIVO 31-P NMR SPECTROSCOPY OF THE RAT CEREBRAL CORTEX

DURING ACUTE HEPATIC ENCEPHALOPATHY

ABSTRACT

1. During the development of acute hepatic encephalopathy, induced by acute
liver ischemia, changes in brain P-NMR spectra and EEG spectra were
studied during 8:45 b in 8 rats. At the end of this period the brain
amino acid concentrations were determined. The results were compared with
the same measurements in 4 normal and 3 portacaval shunted rats.

2. Signs of acute HE, as judged by the EEG left index, started Sh after the
induction of acute liver ischemia. No accompanying significant changes in
the cortical relative pbosphocreatine and ATP concentration and
intracellular pH were observed. The cortical relative Pi concentration
had only slightly increased at t=8h. The concentrations of almost all
measured brain amino acids, especially glutamine had increased at
t=8:45h. At t = 8 h, rats with very severe HE had a small, but significant
decrease of brain ATP concentrations. Their brain amino acids
concentrations were more disturbed than in rats with less severe HE.

3. It is concluded that a change in the cortical cerebral energy rich
phosphate concentration is not an important pathophysiological mechanism
during the development of acute HE. The observed changes in brain amino
acids concentrations could be either part of a multifactorial
pathogenesis or could be epiphenomena.

INTRODUCTION

Several investigations (1-4) have been reported in order to study the

interrelationship between acute hepatic encephalopathy (HE) and the

biochemically obtained concentrations of cerebral energy rich phosphate

compounds. Studies using an experimental model of acute HE revealed

conflicting results: either no effect (2) or an increase of the ATP content

(4) as well as a decrease of the phosphocreatine (PCr) content were found

(1,3).

After the first in vivc 31-Phosphorus Nuclear Magnetic Resonance

Spectroscopic (3IP-MRS) study on a brain performed by Chance et al. (5), it

became clear that this method offers a unique possibility to measure in

vivo, repeatedly the relative concentrations of PCr, ATP. and Pi. as the

indicators of the cerebral energy state and the intracellular pH of the

brain in one and the same animal. Hereafter, several 3IP-MRS studies have

been performed and they confirm that it is an invaluable method (6-9).
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Quantification of the severity of acute HE may be performed by EEG spectral
analysis (10-12) and therefore we have simultanously performed 31P-MRS and
EEG spectral analysis during the development of acute HE in rats with the
purpose to clarify the above-mentioned controversy.

EXPERIMENTAL

Male Wistar rats (220-330 g, TNO Zcist, The Netherlands) (12 h light cycle;
S a.m.- 8 p.m.) were used in all experiments. The animals were fed with
standard laboratory chow (RMH 1410, Hope Pbarms, The Netherlands) and water
ad libitum.

Three groups of rats were investigated:
Group Al: Normal rats (n=4).
Group A2: PCS rats (n=3).
Group B: Liverischemia rats (n=8).

Surgical procedures
These can be divided into 3 phases:
Phase 1: At day 0, all rats were anaesthetized (pentobarbital-Na 50 mg/kg BW
i.p.) and equipped with a pear-shaped transmit-receive surface coil (8).
After this procedure the rats were allowed to recover.
Phase 2: At day 4, rats from the groups A2 and B were operated under ether
anaesthesia. A ligation was placed around the coeliac trunc. The wires of
the ligation were led through the dorsal muscles and fixed on the back of
the rat. Hereafter a shunt was made between the portal vein and the inferior
caval vein at the level of the right renal vein. A peritoneal catheter was
placed in all rats (group Al, A2 and B), then the rats were allowed to
recover.

Phase 3: At day 5 (8 a.m.), after immobilization of the rat in a head-body
holder (8), initial EEG and 3lP-MRS spectra were obtained; hereafter
complete liverischemia was obtained in group B by tightening up the wire
around the coeliac trunk.

All rats had free access to water and food and during the experiment at day
5, every boar 2 ml glucose 5% was given through the peritoneal catheter in
order to prevent possible bypogrycaemia. In the magnet, rectal temperature
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of the rats was monitored continuously and in order to prevent hypothermia,
temperature controUed air was circulated around the bead-body holder.

EEG measurements

The EEG signal was measured intermittently outside the magnet utilizing as
electrodes one frontal and two occipital screws, used for the surface coil
attachment. The signal was amplified (Ninon Kohden) and stored on tape
(Analog-7, Philips). The on tape stored EEG signal, duration two and a half
minutes, was led through a Butterworth filter (Low-Pass, cut off frequency
70 Hz, with a roll-off of 48 dB/octave) and transformed into an EEG-power
density spectrum (13). The left index (the ratio between the low frequency
power (1.0-7.5 Hz) and the high frequency power (13.5-26.4 Hz)) was used as
an indicator of the left shift of the EEG spectrum.

31P-MRS measurements
31P-MRS spectra were obtained in the way described elsewhere (8), using a
bome-built 7 tesla NMR spectrometer (14). The free induction decay (FID)
pulse sequence was used with a pulse repetition time of 0.25 s and a flip
angle of 45 degrees in the centre of the surface coil. Time averaging was
done for 20 min. The short pulse repetition time was used in order to get a
sufficiently high signal-to-noise ratio which is necessary to detect
possible small concentration changes. However, it may lead to partial
saturation, depending on the distance to the surface coil and the
longitudinal relaxation time T . Our PCr/ATP ratio e.g. is about 10% lower
than under non-saturated conditions as described by Sboubridge et al (15).
Using a procedure analogous to the one described by Evelhoch et al. (16), it
was calculated tbat under our experimental conditions about 90% of the
observable signal was in the range 0-4 mm before the coil. Taking into
account the thickness of the cranial bone and the dental acrylic cement
between the cranium and the coil, it was concluded tbat after correction for
the broad cranial bone signal, signals mainly from the cerebral cortex are
observed.

Analysing of the FID's was not done using the Fourier transform method in
conjunction with time domain windowing, because the windowing (usually
convolution-difference to remove the broad cranial bone signal) has a
non-uniform distorting effect on different spectral lines and hence on their
areas. In addition, areas of overlapping peaks are difficult to determine.
Instead, we have used the Linear Prediction and Singular Value Decomposition
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(LPSVD) fitting technique as described by Barkhuijsen et al. (17), which
circumvents the above mentioned problems by directly fitting the time domain
signal to a model of exponentially damped sinusoids, using linear least
squares fitting. In our study of quantification of 3>P-MRS spectra of the
brain (18), this method indeed proved to be more reliable than the Fourier
transform method. The details of the LPSVD analysis of the brain FID's are
also given in reference 18. As it was not possible to determine absolute
concentrations, we used the relative concentrations of the compounds Pi,
ATP, and PCr visible in the spectra which we represented for our purpose as
the ratio of the LPSVD amplitude of the Pi, the /J-ATP or the PCr peak,
resp., and the sum of the LPSVD amplitudes of the three ATP, the PCr, tbe Pi
and the pbosphomonoester (PME) signals. Tbe intracellular pH was determined
from the chemical shift difference between the PCr and Pi peak (!9).

Biochemical analysis
At 8:45 h, after judging the level of consciousness, all rats were
sacrificed and blood was collected by carotid artery dissection. Within 2
min after sacrifice, the forebrain was taken out, sealed in aluminum foil
and immediately immersed in liquid nitrogen. No visible signs of brain
oedema were observed. Hereafter, it was stored at -70 deg. C until analysis.
Liver tissue was processed for bistological examination according to
standard bistological techniques. Tbe efficiency of the liver ischemia was
concluded from the histology of the liver and tbe increased plasma ammonia
concentrations. Blood analysis on ammonia and glucose was done by standard
clinical chemical methods. Brain amino acids were measured in perchloric
acid extracts by the use of a Beckman amino acid analyser. The 2 min delay
between brain death and freezing does not induce changes in brain amino acid
concentrations above 1.2 x the value, obtained without delay (20).

Statistics
Results are presented as means ± 1 SEM. A statistical analysis (21) of the
results was made using tbe following tests:

univariate analysis of variance (repeated measurement design) for the NMR,
EEG and temperature measurements and the Mann-Whitney rank-sum test for
comparison of the group means of the biochemical results. Linear regression
analysis was used to calculate tbe correlation coefficients.
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RESULTS

Table 1 shows the plasma ammonia concentration at tbe time of sacrifice of

the rats in the three different groups. After one day of PCS (Group A2) the

plasma ammonia concentration is increased to 235 ± 41 /jmol/1. After 8:45h of

liverischemia (Group B) it has increased even more (969 ± 144 /unol/l).

Table 2 shows tbe brain amino acid concentration of normal rats and rats

8:45h after liver ischemia. Increases of the brain amino acid concentrations

were significant with the exception of Tau, Ser, Val, Cys, He, GABA, Trp,

Orn and Arg. Quantitatively, the increase of the brain glutamine

concentration was most striking. Only Asp and Pser have significantly

decreased. Brain amino acid analysis of rats, one day after PCS only showed

a significant increase of the brain concentration of Gin to 5.16 mmol/kg

w.w. (not shown).

The upper panel of Fig. 1 shows the normalized EEG left index as an

indicator of the severity of the HE (12). Control rats and rats after one

day PCS showed no significant differences in EEG and NMR parameters (P>0.05)

a ad therefore, the liver ischemia rats have been compared to the combined

value; of the first two groups (Al and A2, n=7). After 5b of liverischemia,

tbe iefi index increased significantly and progressively (P<0.05) in

comparison to the control groups.

Tbe lower panel of Fig. 1 shows the course of the body temperature of both

groups. Although temperature controlled air was circulated around the

head-body holder, a significant decrease in body temperature was observed in

the liver ischemia rats during the first 3h. Hereafter body temperature

remained stable at about 33 deg. C.

In Fig. 2 a typical series of 3 l p spectra is shown.

Table 1: Flasna armor.ia cor.cer.trat Lsr.s

NorMl ra ts (Al) 100 i 16

Cne day PCS !A2) 235 i 4!

Liverlscr-.enia 1 E) ?£9 i Hi S'

S P<C-35 vs normal group. V P<0.05 vs PCS grovp
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Table 1; The train a-l.no a =
weight) of the groups studied.
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c: tr'-:l 1: ne
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tyrosir.e

=her.yla!a-i.-.e

•r -a.Ti i noiji; t yr i z

-•/ptz-har.
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1 ys I -"*.e

hiftitdi.-is

argtnl.ie

(Pse.-)

(Asp)

(Th.-)

(Ser;
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(Gin)

(Pro)
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(Ala)

(Val)

(Cys)

(Met)

(CSH)

( l i e )

(Leu)

(Tyr)

(Phe)

arid (GABA)

(Trp)

(Orn)

(Lys)

(His)

(Arg)

Normal rats

0. 11

4.46

2.26
0.57

1. 13
11.52

2.7S

0.009

1.01

0. 02
0.67

C. 11

0.02

0.057

0. 05

0.06B

C. 116

0-07

0,09

2.40

0.32

0 025

0.36

0.09

0,12

i 0.01

± 0.13

• 0.11

t 0.04

± O.DS

i 0.33

i 0.07

± 0.001

i 0.C9

i 0.01

± 0.03

1 0.01

t 0.01

+ O.OQ!

± 0.01

± 0.001

± 0.002

t C.01

t 001

i 0,15

- 0.02

z 0.007

± 0,04

i 0.01

i 0.003

Liver ischemia
* SEM

0.09

4.60

1.73

1.18

1.37

15.83

12.03

0.018

1.41

O.OS

1.18

0.13

0.02

0. I l l

0, 10

0.070

0. 140

0. 3S

0.38

2.47

0.36

0.046

0.70

0.24

0.09

i 0.Dl*

± 0.22

t 0.09"

i 0. 07'

i 0.10

± 0.82'

t 0.79"

* 0.002'

i O.Cf.'

i 0.01*

• 0.IS*

± 0.01

t 0.01

i 0.015*

t o-Oi1

t 0.003

± 0. 010*

1 0.03*

I 0.04*

t O.09

- f . <;

^ 0.007

I 0.05'

t 0.02*

i 0.01

*; P<0.05 vs normal group.

Fig. 3 shows the J1P-MRS results. During the whole experiment, no

significant changes (P>0.05) were observed in the brain PCr concentration

and intraccllular pH curves of the control group and the liver ischemia

group. However, the PCr concentration (from the beginning) and the

intracellular pH (from t=3h until the *;nd of the experiment) were

significantly lower in the control group (P<0,005 and P<0.0l resp.). During

the First 2-3h after the induction of liverischemia, ATP concentrations

decreased significantly (P< 0.005). However, ATP concentration was restored

at t=4h and was no longer significantly (P>0.05) different from the control

group. Pi Concentration was significantly increased at t = 8h (P<0.05).
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Figure I: The EEG left index relative to its value ac t=Ob (Upper part) and
ihe body temperature [lower pan) during the development of HE (Group B) and
of the control group (Group A). The values are expressed as mean ± SEM. At
t = 0 cosnplete liver ischemia was induced.

Table 3 shows the interrelationships at the time of sacrifice between the

EEG left index, tbe ATP and Pi concentrations, their ratio, the plasma

ammonia concentration and the brain concentrations of the excitatory

neurotransmiuers: Asp and Glu, the neurotransmitter precursor: Tyr and Gin

as a product of brain ammonia detoxification. Data were obtained from
31P-MRS immediately before sacrifice and the biochemical analysis of brain

tissue afterwards. A significant correlation (P<0.05) was found between the

EEG left index and the plasma ammonia, tbe brain aspartate and glutamine

concentration. Also between the plasma ammonia concentration and the brain

aspartate, glutamate, tyrosine and glutamine concentration a significant

correlation (P<0.01) was found. Tbe brain ATP/Pi ratio was negatively

correlated with the left index, plasma ammonia and brain concentration of

glutamate, tyrosine and glutamine. A significant positive correlation was

found between the ATP/Pi ratio and the brain aspartate concentration.

At the end of the experiment (8:45h of liverischemia), the level of

consciousness of the liver ischemia rats varied among the rats. Four rats

(group Bl) had decreased motor activity, mild ataxia and diminished response
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Figure 2: Typical series of J lP MRS spectra of rat brain at t = 0 (bottom), 2,
4, 6, and 8 (top) hours after ihe induction of acute liver ischemia.

to painful] stimuli. Four other rats (group B2) had severe ataxia, absence
of righting reflex and nearly a loss of response to painfull stimuli.
However, until t=7 h, the course of the brain Pi, PCr and ATP, intracellular
pH and EEG left index was identical in both groups. Only at t=8 h, the brain
ATP concentration was significantly lower (P<0.05) in group B2, 19.4 ± 0.6
versus 21.8 ± 0.3 in group Bl. At t=8 b, no significant difference was found
in the Pi and PCr concentration, intracellular pH and EEG left index between
group Bl and B2. The brain concentration of Val, Meth and Tyr was
significantly (P<0.05) higher in group B2 and the Arg concentration was
significantly (P<0.05) lower (not shown). The plasma concentration of
ammonia and the brain concentrations of Thr, Glu, Gin, Pro, Gly, Ala and Phe
were somewhat higher in group B2 (P>0.05) (not shown).
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Figure 3: The Pi, PCr and ATP concentration as defined in the text, and the
intracellular pH during the development of acme HE (Group B) and of the
control group (Group A). The values are expressed as mean ± 5EM. At t=0
complete liver ischemia was induced.

Table 3:
Correlations between the parameters at sacrifice.

EEC
left index

Plasaa
a.T.-nor, La

Erain:
Pi
AT?
ATP/Pi -

ratio

EEC
left

-

G

C
-0

-0

lr.dex

.74'

.s i -

.27

.81*

Plasma
axTicnia

0.74*

-

C.6S*
-2.53

-0.S2*

Asp

-0-68'

-0.71*

-0.74*
0.36

C-Sl"

Br<

0.43

0.84'

CHS
-0.76"

-0655

kin

Tyr

0.52

0.9S*

0.75"
-D.55

-0. 9D-

I
Gin

I

C.60S'

0-92'

C 75'
-0.49

-0.B6*

S: P<0.05. p<o.oi
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DISCUSSION

Several studies (1,3,4) have found conflicting changes in brain PCr and/or
ATP concentrations during acute HE. Theoretically, it is possible that toxic
substances released by or not metabolized by the diseased liver have a
direct or indirect inhibitory effect on brain ATP synthesis and/or
stimulated ATP consumption. Direct inhibition of energy metabolism has e.g.
been shown for mercaptans (22) and octanoate (23) as putative toxins for HE.
About ammonia, generally accepted as an important toxin, it is known that it
stimulates glycolysis and inhibits tricarboxylic acid (TCA) cycle activity.
Furthermore, the transmitochondrial shuttle mechanism needed for NADH
transport can be inhibited by increased ammonia concentrations (24).
Increased ATP consumption can be the consequence of ammonia detoxification
in astrocytes by ATP dependent glutamine synthesis (25). The possible direct
or indirect impairment of cerebral energy metabolism could be used to
explain the fact that the brain is more vulnerable to hypoxia during chronic
HE (26).

Our data show that complete liverischemia induces a certain degree of HE
as indicated by the raised plasma ammonia concentration at t=8h and the
'left shift' at t=5-6h in the EEG spectra (Fig. 1) as well as the impaired
consciousness.

As ammonia may play an important role in the patbogenesis of HE (24), we
have paid special attention to changes in ths brain amino acid
concentrations including glutamine and glutamate, which are important
parameters of brain ammonia detoxification. As expected, plasma ammonia
concentrations are significantly correlated to the EEG left index and the
brain glutamine and glutamate concentration (Table 3).

The amino acid changes shown in Table 2 are in agreement with the
observations of others, except the increased glutamate concentration (4,27).

As HE starts after t=4 h, the small decrease in ATP concentration in the
first 3b after liver ischemia (Fig. 3) doesn't seem to be related to HE.
This decrease of the ATP concentration may be related to the decrease of
body temperature during the same period (Fig. 1), but we can not exclude the
possibility that this decrease in ATP concentration is related to the
initially stimulated glutamine synthesis (28).

However, during the period in which EEG changes are seen, characteristic
of the development of HE (Fig. 1) (t=5 to 8 h), no significant change in PCr
concentrations could be observed. In the same period, brain ATP
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concentrations were not significantly different in the liver ischemia group,

compared to controls, although ATP concentrations fluctuated more than PCr

concentrations. Therefore, we conclude that within the accuracy of our
31P-MRS measurements, HE after acute liver ischemia is not associated with a

significant change in the cortical ATP and PCr concentration. It is obvious

that changes in localized areas of the brain (e.g. brain stem) can not be

excluded. We consider the consistently slightly higher values of the

intracellular pH as well as the PCr concentration in group B compared to

controls, a biological variation that will disappear if a larger number of

animals is studied.

In a recent 3>P MRS study on humans suffering from chronic HE (29), a

decreased Pi content was reported which seems contrary to the increase at

t = 8 h found in our experiments. However, the two studies cannot be compared

directly since different kinds of HE (acute HE in a rat model vs. chronic HE

in humans) were investigated, and also since rather different methods for

quantification have been used.

The significant correlations between the plasma ammonia concentration and

the EEG left index and several brain amino acids, including glutamine (Table

3), suggest that ammonia plays an important role in the concentration

changes of these amino acids, possibly by increasing the brain glutamine

concentration and subsequently the stimulation of neutral amino acid

transport across the blood-brain barrier (30).

Although significant correlations between the ATP/Pi ratio and the plasma

ammonia and EEG left index were observed, the rats with the most severe HE,

as concluded from their level of consciousness, only have a small alteration

of the level of cortical high energy phosphates at the end of the

experiment, as brain ATP and Pi concentration have only marginally changed

at t=8h (see results: the comparison between group Bl and B2).

We conclude that a change in the cortical cerebral energy rich phosphates is

not an important pathophysiological mechanism during the development of

acute HE. If very severe HE or real coma develops, a small decrease in the

cortical ATP concentration can be observed. Therefore it seems more likely

that the observed changes in ammonia or other putative substances play a

role in the early development of HE. To investigate this, a study using in

vivo proton MRS is in progress.
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ACUTE HEPATIC ENCEPHALOPATHY AND TWO OTHER MODELS OF
HYPERAMMC
IN THE RAT
HYPERAMMONEMIA STUDIED WITH IN VIVO *H NMR SPECTROSCOPY

ABSTRACT

The effects of hyperammonemia on cerebral function have been studied by in
vivo H NMR spectroscopy (H MRS) and biochemical analysis in three
different experimental models in the rat: 1. acute liver ischemia (L1S); 2.
UREASE treatment; and 3. inhibition of glutamine synthetasc by methionine
sulfoximine (MSO) treatment.

In all groups, comparable results were obtained with regard to changes
in the EEG power density spectra and a decreased level of consciousness
which correlated significantly with an increased brain ammonia concentration
occurring in all 3 models.

The H MRS measurements showed the following concentration changes: 1.
for glutamate: a comparable decrease in all three models which was not
reflected in the biochemical results except for the MSO model; 2. for
glutamine: a strong increase in LIS and UREASE rats (due to ammonia
detoxification via glutamine syntbetase), and a small decrease in the MSO
model, both changes reflected in our biochemical data; 3. for lactate: a
strong increase in the LIS and UREASE model (possibly due to effects of
ammonia on glycolysis and TCA cycle activity); 4. for (phospho)choline and
N-acetyl aspartate (new parameters in the study of HE): various decreases in
all 3 models.

The results support the hypothesis that ammonia is of key importance in
the pathogenesis of acute Hepatic Encephalopathy, probably via its effects
on the availability of glutamate for neurotransmission.

INTRODUCTION

Ammonia is an important factor is the pathogenesis of Acute Hepatic
encephalopathy (HE). An increase of brain ammonia concentrations is observed
after total hepatectomy (1) and after acute liver ischemia (2). For a recent
review of studies concerning the neurotoxicity of ammonia, the reader is
referred to ref. (3). Detoxification of both endogenous and exogeneous
ammonia in the brain occurs mainly by glutamine synthetase in the astrocyte
(3). Inhibition of the glutamine synthetase enzyme by methionine sulfoxiniine
(MSO) (4) increases brain ammonia levels (5,6,7), and induces the
development of Alzheimer type II astrocytes (8). An increased brain ammonia
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concentration is probably the explanation for the decrease of the cortical

post synaptic inhibition (7) as observed after MSO administration. MSO also

induces a decrease of the brain glutamine and glutamate concentration (6,9).

A single injection in vivo of MSO causes an inhibition of glutamine

synthetase that lasts for at least 24h (10). The enzyme urease catalyses the

hydrolysis of urea into ammonia and C O . Urease injections in vivo have been

used as a model of subacute ammonia intoxication (11-16). Two subsequent

urease injections (13) induce a progressive increase of plasma ammonia

concentrations for 6 to 8 h comparable to the increase of blood ammonia

concentrations observed after acute liver ischemia.

If ammonia is an important factor in the pathogenesis of acute HE, it

might be expected that MSO and urease induced hyperammonemia m vivo

resemble acute Hepatic Encephalopathy.

In order to quantitate the development of acute HE, we have used both

clinical judgement of the level of consciousness and EEG spectral analysis

(17) as an indicator of the severity of the encephalopatby.

Metabolite concentration changes can be monitored in the intact,

conscious animal by in vivo NMR spectroscopy (MRS). We have previously used
31P MRS to study the rat brain energy state during developing acute Hepatic

Encephalopathy (18). In the present study, changes in the brain

concentrations of glutamine, glutamate, lactate, N-acetyl aspartate and

(phospho)choline were measured by in vivo 'H-NMR spectroscopy (19,20) after

MSO or urease administration in normal rats and after acute liver ischemia

in portacaval shunted rats. In addition, concentrations of brain ammonia,

glutamine and glutamate were measured by biochemical analysis at the end of

the experiments after sacrificing the animals.

METHODS

1. Animals

Male Wistar rats (200-300 g, TNO Zeist, The Netherlands) (12 h light cycle;
S a.m.- 8 p.m.) were used in all experiments. The animals were fed standard
laboratory chow (RM 1410, Hope Pharms, The Netherlands) and water ad
libitum.

126



2. Studied groups

Three groups of rats were studied:

MSO: Normal rats given MSO (a = 21)

UREASE: Normal rats given urease (n=20)

LIS: Liver ischemia rats (n = 18).

3. Animal treatment and monitoring of the encepbalopathy

At least one week before the experiment EEG electrodes were implanted in all

rats (17), except for those used for the 'H-NMR study (see below).

In the rats of the LIS group, acute liver ischemia was induced by

ligation of the coeliac trunc one day after portacaval shunting (IS). All

liver ischemia rats received every hour, 1 ml of a 5% glucose solution ip

and temperature was, after an initial decrease in the first 2 h,

artificially maintained at about 34 °C.

The rats of the MSO group were given 100 mg/kg

L-Methionine-DL-Sulfoximine (Sigma M 5379) dissolved in sterile water

intraperitoneally (ip) (t=0 h).

The rats of the UREASE group received at t=-16 h 1000 units/kg urease

ip and at t=0 h 1250 units/kg ip. Urease was dissolved in 0.65% NaCl

solution (one unit urease liberates 1.0 /jmol NH from urea per minute at pH

7.0 at 25 °C - Sigma U 0251).

Of each group, 3 rats were studied by *H MRS, while the others were

used for biochemical analysis. In the latter, during the biochemical

experiments both EEG spectral power density analysis and judgement of the

level of consciousness (Table I) was performed at regular time intervals.

Table I. Clinics] grading of HE phase.

0: Normal behaviour

!• Mild lethsrgy

2: Decreased mctar activity, peor control cf p^?"^re

ar.d ci-lr.'lshed respor.se to pairjul stlsuli

3: Severe etexja, no spcr.tar.ecjs righting reflex

4: No riehti.-.E reflex or. p£:?.f»l Eiircul^s

5: COKA. no reaction to pain.
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The EEG signal was amplified (Nibon Kobden), directly or from tape led
through a Butterworth filter (low pass, cut off frequency SO Hz with a roll
off of 48 dB/octave) and analyzed on line. The ratio between low frequency
power (1.0-7.4 Hz) and high frequency power (13.5-26.4 Hz) was used as an
indicator of the slow wave activity in tbe EEG, the so called left index.

4. Biochemistry

Four rats of the UREASE group were sacrificed at t==0 h, 4 rats at t=4 h and
9 rats at t=8 b. Four rats of the MSO group were sacrificed at t=4 h and 14
rats at t=8 h. The 15 rats of the US group were all sacrificed at t=8 h.
Five normal rats served as controls. Rats were sacrificed under ether
anaesthesia and blood was obtained by cardiac punction. Blood for lactate
and ammonia determination was immediately deproteinized in perchloric acid
and stored until analysis. For glucose determination, blood was stored on
ice until analysis.

Within 2 min after sacrifice, the forebrain was taken out, sealed in
aluminum foil and immediately immersed into liquid nitrogen. Hereafter it
was stored at -70 °C until analysis. Blood analysis on ammmonia, glucose and
lactate was done by standard laboratory techniques. Brain analysis on
ammonia was done in perchloric acid brain extracts, using glutamate
dehydrogenase (21).

5. In vivo H NMR spectroscopk measurements

Nine rats were studied by *H MRS, three of each group.
All MRS experiments were performed at 300 MHz on a bomebuilt 7 tesla

spectrometer system (22).
Two days before the experiments an ellipsoidal surface coil (axes 13

and 10 mm) was implanted on the skull (23) in order to receive NMR signals
selectively from the forebrain. Hereafter a peritoneal catheter was
implanted. All experiments started at about 8 a.m. with an initial lH MRS
measurement (t=0 h). Immediately thereafter, in the respective groups the
MSO injection or the second ureasc injection was given or the induction of
liver ischemia was done. From then on, JH MRS spectra were taken once every
hour. Rats were unanaesthetized during the MRS experiments.
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5.1. Pulse sequence

In vivo *H spectra were obtained using a combined water suppression -
localization spin echo pulse sequence of the form:

9t - T - 20w - T' - ACQ, LA]

in which T and T are time intervals of 68 ms and 14 ms, respectively; ACQ
represents signal acquisition of 100 ms duration (the complete spin-echo is
sampled), and 9 and 16 represent RF pulses whose function will be
explained below. The repetition time was 4 seconds, and the total measuring
time per spectrum was IS minutes.

5.1.1. Water suppression
In scheme [A], 2$ is a 2-2 binomial water suppression refocusing RF pulse
(24), with the spectral window centered on the methyl resonance of N-acetyl
aspartate at 2.01 ppm. The flip angle 9 of the "1" pulse was adjusted to ISO
degrees in the coil center.

5.1.2. Localization
Additional localization besides the surface coil is performed in order to
eliminate intense lipid signals and improve the water suppression (20).

Localization in the rat brain longitudinal direction is effected by the
d pulse in scheme [A], which is a sine-Gauss amplitude modulated RF pulse
(25) of duration 2.5 ms, applied in the presence of a magnetic field
gradient (strength: 20 mT/m) in the longitudinal direction. The slice width
was 6 mm, centrally in the brain, and the flip angle of the 9 pulse was 150
degrees in the coil center. The gradient pulse required for the refocusing
of the transverse magnetization in the selected slice (25) is applied
directly after the 26 pulse, in order to improve the water suppression.

Depth localization is effected by the mentioned choice of the pulse
flip angles, in combination with EXOR (26) phase cycling of the 20^ pulse
(27) which is also necessary for water suppression and artifact reduction.
As a consequence, NMR signals are observed mainly from depths between 1 and
4 mm under the skull (20)

Localization in the brain lateral direction is achieved by means of a
Selective Fourier Transform Localization (28,29) procedure for which the
appropriate phase encoding gradient is applied between the 9^ and 20^ pulses
in scheme [A]. As an optimal compromise between measuring time.
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signal-to-noise ratio and spatial selectivity, a gradient weighting function

(28,29) consisting of only 5 points was used, with real coefficients 0.36;

0.80; 1.00; 0.80; and 0.36, respectively. This was partially effected by 1,

2, 3, 2, and 1 time(s) signal averaging for the respective gradient

settings. The amplitude coefficients given describe the main lobe of a

Gaussian truncated sine function. The width of the associated spatial

response function was set to approximately 9 mm by the choice of the

gradient stepsize.

5.2. Lineshape correction

A newly developed time domain deconvolmion method, QUALITY (30), was used

to correct lineshape distortions due to static magnetic field inhomogeneity.

After correction, the lineshapes fit well to the model functions (Lorentzian

or Gaussian) assumed by the spectral fitting program. Hence, a strong

reduction of systematic errors in the quantification results is achieved.

However, motions of the animals can reduce the performance of QUALITY.

5.3. Signal processing and quantification

After performing linesbape correction, Gaussian lineshapes were obtained by

Lorentz-to-Gauss time domain windowing (Gaussian time constant: 21 IDS).

The spectra resulting after Fourier Transformation were quantitated

using a fitting procedure based on a non-linear least squares algorithm

(31), that has been modified for incorporation of prior knowledge about

positions, linewidths, and intensity distortions by the pulse sequence used,

of the peaks from N-acetyl aspartate, glutamate, glutamine and aspartate

(32, 33).

All peak areas were normalized by referencing them to the area of the

peak of total creatine at 3.03 ppm which did not seem to change in the

course of all our experiments. This was done in order to reduce the effects

of variations in experimental conditions such as motions of the animals.

The peak areas (normalized to tot.;l creatine) resulting from the MRS

experiments are presented relative to their values in the normal brain. The

latter were obtained for each peak by averaging the areas (normalized to

total creatine) in the t = O h spectra of the 3 rats from the MSO group (i.e.

normal rats). Estimates were made for the concentrations of the observed

metabolites in the normal brain, using the total creatine concentration in

these spectra as a standard. Literature data (34-36) about this

concentration are not consistent with each other. We used the value of 7.8
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mM/kg w.w. reported in ref. (35) for mouse brain, as this yielded an

N-acetyl aspartate concentration which is consistent with literature data

(34,35). In the concentration estimates, the intensity distortions

introduced by the MRS pulse sequence are taken into account, as well as T

differences between the total creatine peak and the peaks of N-acetyl

aspartate, choline and lactate (32,34). The T values of the peaks of total

creatine, gtutamine, glutamate and aspartate are assumed to be equal.

6. Statistics

Results are presented as means ± SEM. Statistical analysis (37) of the

results was made using the following tests: repeated measurement analysis of

variance and unpaired t-test for the EEG and HE phase measurements; and

unpaired t-test for comparison of the group means of the biochemical

results. Linear regression analysis was used to calculate correlation

coefficients.

Table II. Plasma concentrations (mean i SEH) at sacrifice U=S hi of
normal, LIS. UREASE a^d MSO treated rats.

GROUP N GLUCOSE LACTATE MMOISIA
nH nM uM

NORMAL

MSO

UREASE

US

S

14

9

IS

6.

7.

9.

7.

9

9

4

0

± 0-

± 0.

i 0.

i 1.

3

4

5

3

1.

1.

1.

4.

04 t 0-

4S t 0.

47 i 0.

19 1 0.

09

ie

12

«7

53 ±

205 *

730 i

831 i

4

21

29

78

p s Q.05 versus normal.

RESULTS

Biochemistry

Table II shows the plasma concentrations of ammonia, lactate and

glucose in the different experimental groups. Hypoglycemia did not occur.

Plasma ammonia and lactate concentrations increased significantly in all

groups in comparison to normal controls, whereas the highest values were

observed in the LIS group. No significant difference between the LIS and

UREASE groups in plasma ammonia concentration was observed.
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Tötle 111. srîin trjaonia and an.ino acids cor.cent rations at
sacrifice (l=S h) Df ncrusl. LIE, KSO and UREASE
treated rats.

GBCfJP

NORMAL

KSO

USEA.SE

LIS

N

S

14

9

15

AKM0N1A
jur.ol /kg u . w.

306 ± 2 5

£39 i 52*

1443 i 75*

2368 î 109*

CllTAKATE
maol/ltg w.w

10.6

6. «

.13.2

11.4

• 0 . 6

1 0.5*
î 0.2*
; 2 . 1

GLUTAMIKE

roiol/kg

3. 9 ±
1.1 t

22.0 ±
12.1 î

w.

0.

0.

2,

1.

V.

.3

3
•

0
.7*

p s 0.05 versus normal.

The cerebral concentrations of ammonia, glutamate and glutamine at

sacrifice are shown in Table m . All experimental groups show as expected a

significant increase in brain ammonia in comparison to normal controls.

Brain glutamate concentration bad only significantly decreased in MSO

treated rats, whereas its concentration had increased in the UREASE group.

Brain glutamine concentration had significantly decreased i s MSO treated

rats and bad increased in the LIS and UREASE groups.

A

2 4 6 8

Time h ->
2 4 6 8

Time h -> Time h ->

C
Figure 1. The changes in the concentrations of plasma ammonia y
square symbol) and brain ammonia (pmol/kg w.w. • octagonal symbol, dashed)
for (a) the MSO, f » the UREASE. aod (c) ihe LIS group. The curves for the
US group were obtained from rats not included in the present study. Blood
for the values at 1=2 b of tbe UREASE group was obtained by orbita punction
from tbe rais sacrificed at f =4 b.
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Figure 1 shows the time curves of the changes in brain and plasma
ammonia concentrations of the UREASE and MSO groups. A maximum in those
curves at t=4 h followed by a decline is observed in the UREASE model.

Figure 2. The changes in the level of consciousness (HE phase} of the rats
from the MSO, UREASE and LIS group.

G
•H -

0)

<—>

0 MSO

A LIS

+ UREASE

/ s ^4

\ i i 1 1

0 1 2 3 4 5 6 7 8

Time h
Figure 3. Tbe changes in tbe EEG left index of tbe rats from tbe MSO, UREASE
and LIS group.
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UREASE

6h

Oh 1h Oh

2 1 ppm 0 4 3 2 1 p p m 0

a

4 3 2 1 ppm 0

c

Figure 4. Illustrative ' H MRS spectra of single rals showing the spectral
changes following (») MSO administration; (b) repeated UREASE administration-,
(c) acute liver ischemia (LIS) induced one day after portacava) shunting. The
numbered peaks are assigned to ibe following compounds (38): 1. choline
compounds; 2. total of pbosphocreatine and creatine; 3. aspartate; 4. N-acetyl
aspartale; 5. glutamine; 6. glutamate; 7. alaninc; 8. lactate; 9. lipids
(residual signals).



EEG and clinical monitoring of tbe eocephalopalhj
Tbe increase of the HE phase (Figure 2) and the EEG left index (Figure

3) is not significantly different (p > 0.05) among the different groups,
except for the EEG left index at t=3 h and t=4 h in the UREASE group.

Table IV. Ersin r.etEbollte concentrations (mmol/kg w.w. . i SEM values!,
determined by H HHS (see Methods section 5.3), of normal. MSO, UnEAEE
and US treated rats. The total creallne concentration uas assuned tD be
7.E imol/kg U.H. [35). Values for the UREASE group were taken iron
spectra that shoued corresponding, highly elevated, lactate levels.

ncnral

MSO (t=Eh)

USEASE

U S (t=Eh)

giulaitite

6

4

4.

5

7 i 0

2 i 0

2 t 0

2 + 0

3

3

2

3

glutair.ine

2

D

14

11

1

9

6

6

i 0

1 0

i 1

± 1

5

9

2

2

lactate

1.1

1.4

10.3

3.8

1 0

i 0

1

3

• 0.6

i 1 0

cheline
compounds

2.2 + 0.1
2.0 ± 0.1

1.4 * 0.1
1.7 i 0.1

M-acetyl
aspartate

5.2

5.0

4.7

4.7

t 0.1
i 0. i

i 0.2

± C . I

1H-MRS
Illustrative JH spectra of one rat of the MSO, the UREASE and the LIS

model are shown in Figure 4a, b and c, respectively. Some assignments based
on literature (38) are given.

The cerebral concentrations of the monitored metabolites determined by
!H MRS, as described in Methods section 5.3, are shown in Table IV.

The *H MRS time curves until t=8 h of the monitored metabolite
concentrations in the different models are shown in Figures 5 to 7.

After administration of MSO (Fig. 5), the brain glutamate concentration
(Fig. 5c) decreased progressively, whereas until t=6 h no changes were
observed in brain lactate concentrations (Fig. 5a). A slight lactate
increase occured in two of tbe three rats after t=6 h. Brain glutamine (Fig.
5b) showed, as expected, a slight decrease. Choline (Fig. 5d) showed a
slight continuous decrease, as did N-acetyl aspartate (Fig. 5e) in two rats.

After repeated administration of urease (Fig. 6), an increase of brain
glutamine (Fig. fib) and lactate (Fig. 6a) was observed, as well as a
decrease already present at t=0 of tbe glutamate concentration (Fig. 6c).
The choline concentration (Fig. 6d) had already decreased at t=0 h and
declined further after the second urease injection. The N-acetyl aspamte
concentration (Fig. 6e) showed a similar behaviour, and in addition sharply
decreased in the last measurements of two of the three rats, which died
before the end of the experiments.
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MSO

Time

Figure 5. The perceptual changes in the cerebral concentrations of (a)
laciatc: (b) glulamioe; (c) glutamate; (d) cboline compounds; and (e)
N-acetyl aspartate of 3 rats of the MSO group as measured by *H MRS. The 100
% value at t = - l b represents the concentration in the normal brain (see Table
IV). Eacb rat has its own symbol. For technical reasons, no data at t=5 b
could be obtained from the rat having tbe square symbol.
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MSO

n

Figure S. (Continued)

In LIS rats (Fig. 7), an increase of lactate (Fig. 7a) and glutamine
(Fig. 7b) was observed, which showed the same trend as in the UREASE group.
A tendency towards a decreased glutamate concentration (Fig. 7c) could be
observed in two of the three rats already at t=0 h; in the third one this
occured after 4 to S h of liver ischemia. The choline concentration (Fig.
7d), which had already decreased at t=0 b, remained stable until after i=5 h
it declined in two rats, to a common level at t=8 b of all three rats. The
N-acetyl aspartate concentration (Fig. 7e) had decreased at t=0 h but seemed
not to change further.
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UREASE

! 1 ! 1 1 1

Time

Figure 6. The perccnuia) changes in the cerebral concentrations of (a)
lactatc; (b) glutamine; (c) glutunate; (d) cholinc Compounds; and (e)
N-aeetyl aspaxtate of 3 lais of the UREASE group as measured by H MRS. The
100 ? value at t = -l h represents the conceDtratton in the normal brain (see
Table IV). Each rat bas its own symbol.
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UREASE

0 1 2 3 4 5 6 7 8

- 1 0 1 2 3
Time

Figure 6. (Continued)

Figures 8 and 9 show the relationship between the brain lactate and

the brain glutamine concentration as measured by *H MRS, in the UREASE and

L1S rats, respectively. Obviously, the glutamine concentration levels off at

700 to 800 %, whereas brain Jactate concentration is still increasing.

DISCUSSION

Both after urease and MSO administration as well as after acute liver

ischemia, a significantly increased plasma ammonia concentration is observed

(Table II). The moderate decrease of the plasma ammonia concentration after
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LIS

Figure 7. The perccntual changes in the cerebral concentrations of (a)
hetate; (b) glutaminc; (c) glutaniaie; (d) cbotine compounds: and (e)
N-acenl asparuie of 3 rats of the LIS group as measured by H MRS. Tbe 100
% value ai ( = -1 b represents tbe concentration in [he norma
IV). Each rat bas its OWD symbol.

normal brain (see Table
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- 1 0

Figure 1. (Continued)

t=4 h in the UREASE model (Fig. 1) is possibly due to the inactivation of

urease in vivo (11). The fact that the increase of the plasma ammonia

concentration in the MSO model was less than in the UREASE and LIS model

(Table II) is expected as MSO only inhibits glutamine synthesis, while urea

synthesis remains intact. In the urease treated rats, a continuous ammonia

production is created by the breakdown of circulating urea in the blood.

During liver ischemia, ammonia also accumulates continuously because of an

impaired hepatic urea and glutamine synthesis.

MSO as well as urease administration provoke a picture that resembles

acute HE, as indicated by the comparable changes in the clinical grading
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(Fig. 2) and EEG left shift (Fig. 3). This development of symptoms of

encepbalopathy was also observed by others (11,39,40). The EEG changes

suggest a certain threshold effect. In the MSO model, they occur after t=4 h

and are not caused by a direct effect of MSO, as MSO uptake in the brain is

already maximal at t=2 h (41). Therefore, we believe the observed EEG

changes to be due to the prolonged inhibition of glutamine synthetase and

o

o\° .

o
o_ •

•
•

400 800 1200

Lact % ->
1600

Figure 8. The relation between the brain laciate and brain glutamine
concentrations ot 3 rats of tbe UREASE group as measured by H MRS.

o\°
o
o_

CD ~

ffl
B

•
400

Lact
800 1200
o

Figure 9. The relation between tbe braio lactaie and braiu
concentrations of 3 rats of tbe L1S group as measured by H MRS.
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the concomitant increase of brain ammonia concentration.
The significant correlation between brain ammonia and HE phase at

sacrifice (r=0.57) suggests that ammonia plays a role in the induction of
the observed encephalopathy. However, comparison of Figs. 1, 2 and 3 with
each other reveals that the changes in the HE phase and EEG left index in
MSO treated rats develop at a less elevated brain ammonia concentration
than in rats from the UREASE group. This suggests that indirect (possibly
metabolic) effects of ammonia are more important than direct toxic effects.
This is not in disagreement with the assumption that the EEG changes develop
above a certain threshold concentration of ammonia. A critical brain ammonia
concentration, above which ncurophysiological changes occur, has also been
found by Raabe et al. (42,43), who showed that ammonia decreases the
byperpolarizing action of the post synaptic inhibition above a concentration
of about 1000 /imol/kg w.w.

Comparison of the normal brain metabolite concentrations as estimated
by 'H MRS (Table TV) with biochemical data shows good agreement for lactate
((44), 1.4 mmol/kg w.w.), but an underestimation for glutamate (compare with
Table III) which may be a consequence of differences in T̂  values between
this compound and (phospbo)creatine, but also of partial NMR visibility of
glutamate. The glutamine concentration also seems to be underestimated
(compare with Table m), for which T̂  differences and systematic errors in
the spectral fitting procedure may be responsible. The estimated N-acetyl
aspartate concentration agrees well with values reported in two NMR studies
on brain extracts ((34,45), 4.9 and 5.5 mmolfltg w.w., resp.). To pur
knowledge, no comparative data are available for cboline (i.e. sum of
(phospho)choline compounds) concentrations.

The ]H MRS results show a significant decrease of glutamate in the MSO
model (Fig. 5c, Table IV). In the LIS and UREASE model, glutamate has
already decreased at t=0 h (Figs. 6c, 7c), probably due to increased brain
ammonia concentration at that time as a consequence of portacaval shunting
and the first urease injection, respectively. Thereafter, it seems that no
important changes of the glutamate concentration occur in most rats.

Whereas a decreased brain glutamate concentration in the MSO model is
also reflected in our biochemical data (Table JS) and in literature data
(6,46,47), the post mortem biochemical data of LIS and UREASE rats show a
discrepancy in comparison to the MRS data (Table TV). A good explanation is
lacking, but it might be that the molecular mobility of part of the brain
glutamate in the rats from the LIS and UREASE model is decreased in such a
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way that it is no longer NMR-visible. Another tentative explanation could be

that already in the normal rat brain, the mobility of a certain fraction of

the total glutamate is such that it cannot be observed by NMR, and that this

specific fraction decreases in relation to an increase in the brain ammonia

concentration. In the LIS and UREASE model, the NMR invisible fraction would

simultaneously increase, yielding a total glutamate behaviour as reflected

in the biochemical data (Table HI). This view would also explain the

discrepancy in the glutamate concentrations as estimated by MRS and

biochemical methods discussed above in relation to Table IV. In both

hypotheses it remains an open question which part or pool of the glutamate

is visible for NMR and which part is not, i.e. which are the specific

functions of these different fractions.

The glutamine concentration in the LIS and UREASE model as observed by

both MRS (Fig. 6b, 7b and Table IV) and biochemical determinations (Table

III) had increased, as was expected from the increased glutamine synthesis

and a possible decreased glutamine breakdown due to inhibition of neuronal

glutaminase by ammonia (48). The decrease of the glutamine concentration in

the MSO model (Fig. 5b, Table m , IV) was expected from the inhibition of

glutamine synthetase by MSO and the continuation of glutamine breakdown. In

the MSO and LIS models, the changes in the glutamine concentration as shown

by 'H MRS and biochemical determinations are comparable (Table TV). This

contrasts with the UREASE treated rats, where the MRS glutamine

concentration estimates (Table IV) are lower than the biochemical values

(Table III). A satisfying explanation has not yet been found.

The increase of the brain lactate concentration as observed by *H MRS

in the UREASE and LIS model (Figs. 6a, 7as Tsble IV) is related to the

increase of brain ammonia and is in agreement with earlier observations

(49). The increase may be due to a combination of the following effects of

ammonia: stimulation of phosphofructokinase (SO); inhibition of the

tricarboxylic acid cycle enzyme isocitrate debydrogenase; and inhibition of

the malate-aspartate shuttle (3). It was unfortunately not possible to

directly correlate the lactate and ammonia concentrations, because ammonia

cannot be observed in the water suppressed *H MRS spectrum.

Both in the LIS and UREASE groups, the MRS data show that the brain

glutamine concentration does not increase further while brain lactate

concentration is still increasing (Figs. 8, 9). Assuming that brain lactate

parallels brain ammonia under these conditions, this might indicate that

saturation of glutamine synthetase is the limiting factor (19).
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The MSO group contrastingly shows no important increase in the brain

lactate concentration (Fig. 5a, Table IV). From Table III it appears that

the brain ammonia concentration is less increased in the MSO group as

compared to the other groups. Possibly there is also a treshold effect of

ammonia in this respect.

*H MRS shows a decrease of the concentration of choline compounds in

especially the LIS and UREASE models (Table IV), but different time course

patterns for the different models (Fig. Sd, 6d, 7d). The relevancy of these

observations is not clear presently, as it is not yet known from which

specific (parts and/or fractions of) compounds the choline NMR signals

arise. A possibility might be, choline parts of phospbolipids present in

cell membranes (38), in which case the MRS results could indicate a decrease

of membrane fluidity during developing ammonia induced encepbalopathy.

N-acctyl aspartate, as detected by *H MRS, also shows different

behaviour in the different models (Fig. Se, 6e, 7c), with a tendency to a

concentration decline in especially the LIS and UREASE models (Table IV).

Again in this case, the relevancy of the observations is not clear because

the function of N-acetyl aspartate in the brain until now has remained

definitely unclear.

CONCLUSIONS

Since the 3 experimental models (acute liver ischemia, urease

administration and MSO administration) show comparable changes in the level

of consciousness and EEG spectral parameters in relation to an increased

brain ammonia concentration, we conclude that ammonia is of key importance

in the pBthogenesis of acute Hepatic Encepbalopathy i s the rat.

Our hypothesis is that the increased brain ammonia concentration

results in an impaired availability of ghitamate for neurotransmission, as a

consequence of an increased flux through glutamine synthetasc and an

inhibited glutaminase activity by ammonia (48).

The observed EEG analysis and brain lactate concentration changes

suggest a certain treshold ammonia concentration above which brain function

is impaired. From the present data and literature the suggestion arises that

this threshold ammonia concentration is about 900 ± 100 ^imol/kg w.w..
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Regarding the measurement techniques, we conclude that in vivo !H MRS
is a unique tool in tbe study of Hepatic Encephalopatby as it enables the
monitoring of complete concentration time courses of important brain
metabolites in vivo in one and tbe same animal, thereby providing new
parameters and eliminating statistical variations caused by individual
differences between different rats.
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CHAPTER 8. SUMMARY AND CONCLUSIONS

The work described in this thesis was carried out in the framework of a

cooperative project "NMR spectroscopy and Hepatic Encephalopathy' of the

group Spin Imaging at the Department of Applied Physics of the Delft

University of Technology (DUT) and of the Department of Experimental

Medicine at the Academic Medical Center of the University of Amsterdam

(AMC), The Netherlands.

The work was concerned with the development and evaluation of reliable

methods for quantitative in vivo NMR spectroscopy (MRS) and their

application to the study of the pathogenesis of Hepatic Encephalopathy.

A. The development and evaluation of MRS methods:

The instrumental requirements concerning magnetic field gradients and RF

modulation for localized MRS were set up. Their implementation on the

homebuilt 7 tesla NMR spectrometer system of the DUT Spin Imaging group

resulted in a highly flexible system for localized MRS. (Chapter 2)

Water suppressed *H spatially one- and two-dimensional spectroscopic images

of rat brain were obtained from which it appeared that additional

localization (besides the surface coil) resulted in an MRS spectrum in which

the water and lipid signal suppression as well as the resolution are

strongly enhanced. This enables the simultaneous observation by 'H MRS of a

number of medically important rat brain metabolites including glutamine,

glutamate and lactate. (Chapter 3)

A method of deconvolution in the time domain, QUALITY, was developed which

is able to correct spectral lineshape distortions which are caused by static

magnetic field inhomogeneity and various kinds of modulations. Based on a

theoretical description, the conditions under which the method is expected

to perform well were formulated. Experiments showed excellent performance of

the method in vitro as well as in vivo. Very likely, QUALITY can also

correct effects of dynamic magnetic field inbomogeneity. Whereas the peak

areas are not affected, the restored lineshape in the ideal case (i.e. under

the specified conditions, and without disturbance by animal motions) is

purely Lorentzian which is used by many fitting algorithms. Because of these

qualities, QUALITY offers a solution to an important problem in the reliable
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quantification of MRS spectra and therefore it is expected to become an

important tool in MRS. (Chapter 4)

An approach to solve the quantification problems caused by excessive
spectral overlap, and by intensity distortions introduced by the applied MRS
pulse sequence, resulted in a much improved accuracy and reliability of the
quantification of the measured lH MRS spectra of rat brain.
The approach comprised the optimization of the pulse sequence, the
determination of spectral parameters and intensity distortions using model
solutions, and the incorporation of the thus obtained prior knowledge in a

non-linear least squares spectral fitting procedure.
Absolute concentration estimates resulting from this approach provide a
firmer base for drawing conclusions about partial MRS visibility of

compounds such as glutamate.
Motional artifacts presently form the limiting factor for further progress
in the quantification of the brain *H MRS spectra. (Chapter 5)

B. The application of the developed MRS methods to the study of Hepatic
Eocephalopathy:

The hypothesis that an impairment of cortical brain energy metabolism is an
important pathophysiological mechanism in Hepatic Encephalopathy (HE) was
studied using 3IP MRS. During developing acute HE in rats, no important
changes in the cortical cerebral energy rich phosphate concentrations were
observed in the spectra. Therefore, the hypothesis is rejected. (Chapter 6)

A second hypothesis for the pathogenesis of HE is that the increased
concentrations of toxic compounds in the brain induce coma, possibly via a
disturbance of aeurotransmitter and amino acid levels. Using *H MRS, the
concentration changes of a number of important brain metabolites, including
glutamine, glutamate and lactate, were followed in different models of
developing encephalopathy in rats. For each rat used, complete courses of
concentration vs. time of those metabolites were obtained. Although not all
observations can be explained yet, the MRS results together with data
obtained via biochemical analysis support the hypothesis that ammonia plays
an important role in the pathogenesis of Hepatic Encephalopathy, probably
via its effects on the availability of glutamate for neurotransmission.
(Chapter 7)
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The results presented in this thesis support the qualification of MRS
potentionally being an invaluable technique for medical research and
diagnosis. Using 'H and 3>P MRS, changes in metabolite concentrations during
pathological processes were non-invasively monitored in vivo. Individual
differences herein between different rats of the same experimental model
were clearly revealed. In these respects, MRS is advantageous compared to
biochemical analysis experiments. The latter generally are invasive and can
monitor a pathological process only via sacrificing many animals, whereas,
due to individual differences in the time scale of the process between
various animals, in the obtained concentration courses certain regularities
can remain hidden.

The back of this page shows a spectroscopic image of rat brain
that reveals a highly elevated lactate concentration in the left
hemisphere as a consequence of a localized lesion. The measurement
technique is described in Chapter 3. The peak assignments arc
identical to those of Figure 2.a. in Chapter 3.
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SAMENVATTING

Titel: "Ontwikkeling van methoden voor kwantitatieve in vivo NMR en faun

toepassing op de hersenen in bet onderzoek naar de pathogeness van

Hepatische Eacephalopathie"

Dit proefschrift heeft als onderwerp de ontwikkeling en evaluatie van

betrouwbare kwantitatieve methoden voor in vivo NMR spectroscopie (MRS), en

bun toepassing in bet onderzoek naar de exacte pathogenese van Hepatische

Encephalopathie. Het beschreven onderzoek werd uitgevoerd in het kader van

een gezamenlijk projekt "NMR spectroscopie eo Hepatische Encephalopathie"

van de onderzoeksgroep Spinafbeelding aan de Faculteit der Technische

Natuurkunde van de Technische Universiteit Delft (TUD) en de Afdeling

Experimentele Geneeskunde van het Academisch Medisch Centrum van de

Universiteit van Amsterdam (AMC).

A. De ontwikkeling en evaluatie van MRS methoden.

De instrumentele eisen voor MRS wat betreft magnetische veldgradienten en

modulatie van gepulste radiofrequent velden werden opgesteld. Hun

implementatie op het eigengebouwde 7 tesla NMR spectrometer systeem van de

groep Spinafbeelding aan de TUD maakte dit tot een zeer flexibel systeem

voor MRS. (Hoofdstuk 2)

Ruimtelijk 1- en 2-dimensionale spectroscopische afbeeldingen van de

hersenen van de intacte rat werden verkregen waaruit bleek dat het oplossend

vermogen van, alsmede de vet- en watersignaalonderdrukking in de *H MRS

spectra verbeterd kunnen worden door naast de gebruikte oppervlaktespoel een

extra localisering toe te passen. Hierdoor wordt de gelijktijdige waarneming

door 'H MRS van een aantal belangrijke verbindingen zoals glutamaat,

glutamine en lactaat in de hersenen mogelijk. (Hoofdstuk 3)

Een tijdsdomein deconvoluticmethode, QUALITY, werd ontwikkeld welke de

correctie mogelijk maakt van spectrale lijnvormverstoringen veroorzaakt door

statische magneetveldinhomogeniteiten en diverse ongewenste modulaties.

Gebaseerd op een theoretische beschrijving werden de voorwaarden voor

correct gebruik JHP de methode afgeleid. Experimenten toonden aan dat de
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methode zowel in vitro als in vivo uitstekend kan werken. QUALITY corrigeert

zeer waarschijnlijk ook voor effecten van dynamische

magneet veldinhomogeniteiten. Door de correctie verandert het piekoppervlak

niet, terwijl in het ideale geval (d.w.z. onder de relevante voorwaarden, en

zonder verstoring door bewegingen van het proefdier) de lijnvonn na

correctie een zuivere Lorentzfunctie is zoals gewenst voor veel

kwantificerings algorithmes. Vanwege de genoemde kwaliteiten wordt verwacht

dat de QUALITY methode een belangrijk gereedschap zal gaan worden voor het

betrouwbaar kwantificeren van MRS spectra. (Hoofdstuk 4)

Kwantificeringsproblemen die veroorzaakt worden door sterke spectrale

overlapping en door intensiteitsverstoringen als gevolg van de toegepaste

MRS pulsreeks, werden aangepakt met als resultaat een sterk verbeterde

nauwkeurigheid en betrouwbaarheid van de kwantificering der opgemeten 'H MRS

spectra van de hersenen van ratten.

De aanpak omvatte de optimalisering van de MRS pulsreeks, de bepaling van

spectrale parameters en intensiteitsverstoringen in de spectra via meting

van model oplossingen, en het inbouwen van de aldus verkregen à priori

kennis in een niet-lineaire kleinste kwadraten aanpassingsmethode.

Schattingen van absolute concentraties op basis van de aldus verbeterde

kwantificering geven een betere fundering voor het trekken van conclusies

omtrent gedeeltelijke zichtbaarheid voor MRS van verbindingen als glutamaat.

Bewegingsartefacten vormen momenteel de belangrijkste hinderpaal voor een

verdere verbetering van de speetrumkwantjficering. (Hoofdstuk 5)

B. De toepassing van de ontwikkelde MRS methoden in het onderzoek van

Hepatische Encephalopathie.

De hypothese dat een aantasting van bet corticale energiemetabolisme in de

hersenen een belangrijk pathofysiologisch mechanisme zou zijn bij Hepatiscbe

Encepbalopathie (HE) werd onderzocht met behulp van 31P MRS. Tijdens de

ontwikkeling van acute HE in ratten werden met deze techniek in de spectra

geen veranderingen in de concentraties van de corticale cerebrale

hoog-energetische fosfaat verbindingen waargenomen, zodat de hypothese

verworpen dient te worden. (Hoofdstuk 6)

Een tweede hypothese voor de pathogenese van HE is, dat het coma veroorzaakt

wordt door toegenomen concentraties van giftige verbindingen in de hersenen,
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mogelijk leidend tot een verstoring van neurotransmitter- en

aminozuurspiegels. Met behulp van *H MRS werden de cerebrale

cottcentratieveranderingen van o.a. glutamine, glutamaat en lactaat gevolgd

tijdens de ontwikkeling van encephalopathie volgens verschillende

biomedische modellen in de rat. Van elk individueel proefdier werden

volledige curves van concentraties als runktie van de tijd van de beschouwde

metabolieten verkregen. Hoewel nog niet alle waarnemingen afdoende verklaard

kunnen worden, ondersteunen de MRS resultaten samengenomen met de via

biochemische analyse verkregen gegevens de veronderstelling dat ammoniak een

belangrijke rol speelt bij het ontstaan van Hepatische Encephalopathie,

mogelijk via effecten op de beschikbaarheid van glutamaat voor <û;

neurotransmissie. (Hoofdstuk 7)

De in dit proefschrift gemelde resultaten ondersteunen de kwalificatie van

MRS als zijnde een potentieel zeer waardevolle techniek voor medische

research en diagnostiek. Met behulp van *H en 31P MRS werden veranderingen

in concentraties van metabolieten tijdens pathologische processen in vivo

niet invasief vervolgd. Individuele verschillen in de verkregen

concentratie-tijd curven tussen diverse ratten van hetzelfde experimentele

model werden duidelijk aangetoond. Wat betreft de genoemde feiten is MRS in

het voordeel ten opzichte van biochcniisch-analytische experimenten. Deze

zijn »a het algemeen wel invasief, terwijl voor het volgen van een

pathologisch proces meerdere proefdieren opgeofferd moeten worden. Bovendien

kunnen, door individuele variaties tussen proefdieren in de tijdschaal van

zo'n proces, in de via biochemische analyse verkregen curves bepaalde

wetmatigheden verborgen blijven.
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Concise list of abbreviations

P phosphorus

ID one-dimensional

2D two-dimensional

3D three-dimensional

'H proton

7T 7 tesla

AM amplitude modulation

AMC Academic Medical Center of the university of Amsterdam

ammonia sum of NH and NH 4

asp aspartate (L-aspartic acid)

ATP adenosine triphospbate

Cfao sum of choline compounds

DAC digital-to-analogue converter

DMA direct memory access

DUT Delft University of Technology

EEG electro encephalogram

EPROM erasable programmable read only memory

FID free induction decay

FIFO first in, first out buffer storage hardware component

FM frequency modulation

FOV field of view

GABA gamma-aminobutyric acid

gin glutamine (L-glutamine)

glu glutamatc (L-gtutamic acid)

h hour

HE hepatic encephalopathy

HR high resolution

HR NMR high resolution nuclear magnetic resonance

in vitro as opposed to in vivo

in vivo in the intact animal or human

ip intraperitoneally

kB kilobyte

lac lactate (lactic acid)

LIS liver ischemia

LPSVD linear prediction and singular value decomposition
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LS
min
MRI
MRS
MRSI

MSO

mvb
NAA
N-AcAsp

NMR
ODCB

PCr
PCS

PH
Pi
PME
QUALITY

RF
S/N
SEM
SI
SO
TCA
TMS
VOI
w.w.

load status register strobe

minute

magnetic resonance imaging

(localized) in vivo NMR spectroscopy

magnetic resonance spectroscopic imaging

L-methionine DL-sulfoximine

minimum variance bound

N-acetyl aspartate (N-acetyl L-aspartic acid)

(same as NAA)

nuclear magnetic resonance

1,2 ortho-dichlorobenzene

phosphocreatine (in 3IP MRS) or total creatine (in *H MRS)

porta caval shunting

-I0log( IH+] )

inorganic phosphate

phosphomonoestcrs

method for quantification improvement by converting lii

the Lorentzian type

radio frequent

signal-to-noise ratio

standard error of the mean

spectroscopic imaging

shift out strobe

tricarboxilic acid

tetra methyl silane

volume of interest

wet weight
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onder wie Jan de Haan voor de vakkundige chirurgie;
de heer Suiters voor het fotowerk;
Hans van Dijk, voor het verbeteren van de eddy current compensatie;
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Jan de Looff en Bram Huis, voor het bouwen van de in vivo probes;
Charlotte en Hanneke, voor hun onmisbare hulp in een kritieke fase.
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Levensloop

Albert Arjaan de Graaf, geboren op 9 november 1958, bezocht na de lagere
schoot de scholengemeenschap "Wereofridus" te Hoorn (N-H).
Na het behalen van het einddiploma Atheneum-B in 1977 studeerde hij voor
scheepswerktuigkundige aan de hogere zeevaartschool "Noorderhaaks" te Den
Helder, welke studie werd afgebroken.
Vanaf 1978 studeerde hij natuurkunde aan de faculteit der Wiskunde en
Natuurwetenschappen van de Vrije Universiteit te Amsterdam. Deze studie werd
in 1980 aansluitend voortgezet aan de Afdeling der Technische Natuurkunde
van de toenmalige Technische Hogeschool te Delft, waar hij in 198S bet
doctoraal examen aflegde.
Hij bleef daarna tot april 1989 werkzaam bij diezelfde afdeling, in een door
de Stichting voor Medisch- en Gezondheidsonderzoek in Nederland (MED1G0N)
gesubsidieerd promotieonderzoek dat verricht werd in nauwe samenwerking met
dr. R.A.F.M. Cbamuleau van de Afdeling Experimentele Geneeskunde van het
Academisch Medisch Centrum bij de Universiteit van Amsterdam.
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STELLINGEN behorende bij bet proefschrift van A.A. de Graaf

1. Naast de kwaliteit van de volumeselcctie dient ook de in de gemeten
spectraallijnen geïntroduceerde intensiteitsverstoring een belangrijk
aandachtspunt te vormen bij de evaluatie van pulssequenties voor
gelocaliseerde NMR spectroscopie, (dit proefschrift)

2. Voor een werkelijke doorbraak van in vivo NMR spectroscopie als medisch
diagnostische onderzoeksmethode zijn toepassingsgerichte studies met
deze techniek van vergelijkbaar belang als techmsch-fysisebe innovaties
in apparatuur en meetmethoden, (dit proefschrift)

3. De door McKinnon en Boesiger gewekte indruk als zou de Volume Selective
Refocusing (VSR) localisatiemethode probleemloos in elke spin-echo
pulssequentie ingepast kunnen worden, geeft een te eenvoudige
voorstelling van zaken, (dit proefschrift)

G.C. McKinnon and P. Bocsiger, Magnetic Resonance in Medicine 6,
334-343 (1988)

4. Belangrijke nadelen van de door Ordidge et al. geïntroduceerde metbode
ISIS voor gelocaliseerde in vivo NMR spectroscopie zijn, dat men
onvoldoende controle heeft over de signaalbijdrage die van buiten het
gewenste volume afkomstig is, en dat de eisen ten aanzien van het
dynamisch bereik van het ontvangsysteem uitzonderlijk hoog zijn. (dit
proefschrift)

RJ. Ordidge, A. Connelly, and J.A.B. Lobman, Journal of Magnetic
Resonance 66, 283-294 (1986)

5. Een regelmatig terugkerende korte periode van rolwisseling tussen
partners, waarbij deze om beurten voor het huishouden en de in hun gezin
aanwezige kinderen zorgen, is om meer dan één reden wenselijk.

6. De wantrouwende houding van de Israëlische regering ten aanzien van de
recente vredesinitiatieven van de PLO-leider Yasser Arafat is, gezien de
historie, legitiem.

7. Er bestaan gronden om de Arabische wereld aan te wijzen als
hoofdschuldige aan bet Palestijnse probleem in het Midden-Oosten.

8. Het Bijbelgedeelte Prediker 2:21 kan als geneesmiddel toegepast worden
bij personen die als work-aholic bestempeld moeten worden.

9. In elk geval vanuit het oogpunt van stabiliteit, verdient het
aanbeveling om voor het vervoer per fiets van kinderen onder de 5 jaar
een daartoe ingerichte fietsaanhangwagen te nemen, in plaats van de
gebruikelijke stuur- en achterzitjes.

10. Het gebruik van het milieuvriendelijke vervoermiddel trein wordt thans
onvoldoende gestimuleerd. Een integratie van trein en flets, via het
probleemloos meenemen door de reiziger zelf, maakt voor een aanzienlijke
categorie forensen de trein een aantrekkelijk alternatief.

Delft, 1 juni 1989
A.A. de Graaf


