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Foreword

Just as the ,,Heidelberg Conference™ has moved about, even as far as the Ameri-
can Southwest, it has broadened its scope to include essentially all non-clinical
magnetic resonance imaging. The immense variety of techniques and applica-
tions in human diagnostic NMR imaging is driven by medical needs, but limited
by considerations of safety, time, and economics. In the broader worlds of
science and technology, the seemingly-unlimited ways spin magnetization can
be manipulated, and the forms of matter that can be studied, are much more
various, and the experiments involve a broader range of the knowledge and
skills of physicists, chemists, and materials scientists. The addition of spatial
resolution to the tools available for such studies allows them to be applied to
many heterogeneous objects, and to processes, such as transport, that involve
spatial dimensions on the supramolecular scale.

Still, however, much of the ingenuity of practitioners in the field is devoted
to overcoming difficulties and artifacts that limit its usefulness. NMR, with or
without imaging, is a powerful but fragile technique, and all too often promising
approaches to beautiful experiments are blocked by ugly details. One way to
read this volume is to look for the implicit terrain maps of practicality. What is
being attempted, and why not something else? Why is a particular set of
techniques, a particular piece of equipment, being used? Because it is available,
or because nothing else will do? In clinical studies, the questions to be asked
and the priorities are often better defined, but in other areas NMR spectroscopy
and imaging often seem to be answers looking for questions. As practitioners
learn more about the wider world, and outsiders become more familiar with the
possibilities, limitations and peculiarities of magnetic resonance methods, the
field is maturing. This volume documents a long stride toward such maturation
and integration, along with the ever increasing power and subtlety of techniques
and analyses, and should inspire developers and users in all areas, from medi-
cine to geology.

Urbana, Janvary 1998 Paul C. Lauterbur



Preface

In the year 1991 the First Conference on Magnetic Resonance Microscopy has
taken place in Heidelberg, Germany. Based on the contributions to this meeting
the book Magnetic Resonance Microscopy: Methods and Applications in Mate-
rials Science, Agriculture and Biomedicine, VCH Weinheim, 1992, had been
edited by Bernhard Bliimich and Winfried Kuhn and provided an up-to-date
reference on the subject of non-medical imaging. At the time the methods in
magnetic resonance imaging evolved largely from the area of clinical dia-
gnostics, but were adapted more and more to other applications, and extensive
studies on test phantoms demonstrated potential use in various fields of science
and engineering.

Six years later, the Fourth International Conference on Magnetic Resonance
Microscopy was held in Albuquerque, New Mexico, and it was felt, that an up-
date of the Microscopy Book was needed. During this time, the field has ad-
vanced significantly, and several new techniques were introduced as well as
interesting new applications covering such diverse areas as polymer and elas-
tomer characterization, analysis of construction materials and material flow,
various topics in biomedicine, and plants studies. The focus on microscopy
features was broadened to include magnetic resonance of macroscopic systems.
Applications in the area of oil-well analysis, and non-destructive quality and
process control are made possible by the development of dedicated instrumen-
tation which can readily be moved to the site of interest.

The editors are indebted to the authors for timely submission of their contri-
butions and to the referees, who helped to improve a number of manuscripts.
We are indebted to Tanja Rente for transforming the manuscripts into book
format and to VCH for their cooperation and help with the final editing and
production process.

September 1998 Peter Bliimler, Bernhard Bliimich,
Robert E. Botto, and Eiichi Fukushima
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1. Spatial Resolution in Spectroscopic
Imaging

Markus von Kienlin and Rolf Pohmann
Physikalisches Institut (Biophysik) Universitit Wiirzburg, D-97074 Wiirzburg, Germany

Abstract

This contribution reviews various aspects of the spatial resolution obtained in spectro-
scopic imaging experiments. After showing the fundamental difficulty to define “spatial
resolution”, it is shown that the precision in the determination of the location of a point
source is only limited by the signal-to-noise ratio, and is much better than the nominal
resolution. Then the resolving power is analyzed using the Rayleigh criterion, and the
importance of a sufficient digital resolution is illustrated. Finally, the importance of the

“gspatial response function” is emphasized.

1.1 Introduction: Localized Spectroscopy

Most conventional methods to examine physiologic parameters or metabolic processes
directly in living tissue require to extract a sample, which then is analyzed with bio-
chemical means. These biopsies in animals or humans can not only be painful, but often
carry some risk. Localized NMR spectroscopy provides non-invasive biopsy: it can ana-
lyze the chemical composition of well defined regions within the body, without the need
to extract a specimen. Localized NMR spectroscopy therefore has not only found many
applications in fundamental research, where it contributes to a better understanding of
metabolism, but is also gaining importance in clinical diagnostics. To these ends, a high
quality and reliability of localization is prerequisite, and huge research efforts have been
made to improve the sensitivity, the spatial resolution, the stability and the patient com-

fort of these techniques.
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First attempts to acquire NMR spectra within a larger object employed surface coils
[1,2] or shaped the homogeneous region of the main, static magnetic field (“topical mag-
netic resonance TMR” [3-5]). P. Bendel et al. were the first to acquire spectroscopic
information in the presence of a magnetic field gradient [6]. The first to employ pulsed
magnetic field gradients and selective excitation pulses to select a voxel within the sam-
ple were W. Aue et al. [7]. Their work started the development of a large number of
techniques which allow to measure the spectrum of more or less rectangular volumes; the
best known of these are DRESS [8], ISIS [9], STEAM {10-12] and PRESS [13]. These
single voxel techniques today tend to be replaced by “spectroscopic imaging”, also called
“chemical shift imaging CSI [14,15].” CSI has become available to a large number of
users through the advent of actively shielded gradient systems and more sophisticated
instruments. It offers the advantage to measure spectra not only in a single volume ele-
ment, but simultaneously in a whole grid of many volumes across the sample, thus al-
lowing to compare local variations within the studied object.

In this contribution, we analyze the spatial resolution obtained in spectroscopic im-
aging. The knowledge of the spatial resolution is important for further technical de-
velopments, but it is also crucial for the correct interpretation of spectroscopic images.
After a more precise definition of the topic, the basic principle of Fourier imaging will be
briefly introduced. The concept of the spatial response function will be described, fol-
lowed by an in depth analysis of the spatial resolution. Finally, the impact of numerical

data representation will be clarified.

1.2 What is “Spatial Resolution”?

The goal of localized NMR spectroscopy ir vivo is to acquire spectra from well circum-
scribed anatomical areas. To achieve high specificity, a good discrimination from neigh-
boring regions is essential, the contamination by signals from other regions must be as
low as possible. It is furthermore advantageous to have as small a sensitive volume as
possible, which fits well into the target region, and to avoid as much as possible tissue
heterogeneity. The major hurdle is the poor sensitivity of NMR spectroscopy, which

usually imposes the lower limit for the size of the sensitive volume.
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While this qualitative description of the goal of spatial resolution is straightforward,
it is much more difficult to define a quantitative measure for the spatial resolution. The
notion “spatial resolution” can be interpreted in many different ways. A possible mean-
ing can be the precision, by which the location of a signal source within the sample can
be determined. Another and completely different definition is to measure the minimal
distance between two signal sources within the sample, which still allows to distinguish
them. Both definitions allow to calculate some specific number for the spatial resolution
of some measurement method. Such a number does allow to compare various methods —
its significance is nevertheless questionable. In biomedical applications, there are no
point sources of NMR signal, but one has to deal with extended and heterogeneous re-
gions with irregular shape. The knowledge of the “spatial response function SRF” is
essential for a correct interpretation of the results, and to estimate the degree of possible
signal contamination from adjacent regions. The SRF indicates the weight of the contri-
bution of every point in space to a localized spectrum. The shape of the SRF essentially
depends on the number of image points, the sampling scheme, and eventual filtering and
other parameters of the acquisition and the sample. It is therefore not sufficient to indi-
cate only the nominal resolution of the experiment: one should also show the SRF! Other
circumstances which can further deteriorate the quality of localization — like motion arti-

facts or diffusion — will not be considered in the following.

Fig. 1.1: The spatial resolution is mainly limited by the low sensitivity. If a spectrum with suffi-
cient SNR can be acquired from the large sphere in only 10 min, it takes almost 11 hours (!) to
obtain a spectrum with the same SNR from the smaller sphere with half the diameter!
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The issue of spatial resolution is mainly due to the low sensitivity of NMR spectro-
scopy. As demonstrated in Fig. (1.1), the low sensitivity is the main obstacle to increase
the spatial resolution. The detected NMR signal is directly proportional to the sample
magnetization within the sensitive volume. If the spin distribution is homogeneous, the
signal decreases with the third power of the linear dimension of the volume. The signal-
to-noise ratio (SNR) is proportional to the square root of the total duration of an experi-
ment, the duration required to achieve some given SNR therefore depends to the sixth
power of the linear dimension of the sensitive volume.

At the current state of coil and receiver technology, where the SNR already is mainly
dominated by the properties of the sample, substantial further improvements in sensitiv-
ity cannot be expected. Sensitivity thus sets a lower limit to the size of volumes selected
in localized spectroscopy. If their size can hardly be reduced, it is nevertheless possible
to improve their sharpness. The following sections show which parameters influence the

shape of the SRF, and how that shape can be improved in spectroscopic imaging.

1.3 Fourier Methods for Spectroscopic Imaging

The most common way to acquire spectroscopic images is based on a Fourier method
proposed by A. Kumar et al. [14]. As early as 1979, A. Maudsley applied phase encod-
ing and Fourier reconstruction to map an inhomogeneous magnetic field by measuring
the spatial dependence of the resonance frequency [16]. Successful experiments both on
phantoms [15,17] and in vivo [18,19] have shown the numerous advantages of spec-
troscopic imaging, which now is being used in an increasing number of clinical studies.
A more detailed survey can be found for instance in [20].

The simplest possible pulse sequence for spectroscopic imaging is plotted in Fig. 1.2.
The excitation pulse is followed by a short gradient pulse of length 1 in one, two or all
three directions, which encodes the spatial information as phase modulation of the trans-
verse magnetization. Then, all gradient fields are switched off and the signal of the freely
precessing spins is detected. This experiment is repeated for some number of repetitions,
applying regularly incremented gradient strengths. The spectroscopic image is then ob-
tained by applying Fourier-transformations in all spatial and the spectral dimensions.
This simple sequence can be modified by generating spin-echoes or stimulated echoes, or

by using slice-selective excitation or refocusing pulses, but these variations do not affect



1. Spatial Resolution in Spectroscopic Imaging 7

the basic principle of spectroscopic imaging. In the following mathematical description
only one spatial dimension is treated, the generalization to two or three dimensions is

straightforward.

RF W—_

Gx,y,z

e

Fig. 1.2: A pulse sequence of spectroscopic imaging. After excitation, gradients are switched on
for a short time to modulate the phase of the magnetization. The signal is then acquired in the
homogeneous field.

The volume covered by the spectroscopic image is usually called “field-of-view”
(FOV). The nominal resolution Ar,, . is the size of the image elements (voxels). For an

image with N points it is given by:

Aryom = FOV/N (1.1)

For the mathematical description, it is advantageous to define a variable & which de-

scribes the gradient strength integrated over time [21]:

t
k(t) = % jG(x‘)df (1.2)
-1g

with T; the duration of the gradient pulse. The variable k can be interpreted as the spatial
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frequency: the higher the value of k, the faster the spatial variation of the phase of the
transverse magnetization after the gradient pulse. The required increment Ak between
two successive gradient steps is determined directly by the FOV:

1

Ak = —— 1.3
FOv (13)

The gradient steps are usually applied in increasing order, beginning at -V Ak/2 and
ending at (N/2-1)Ak. 1t is, however, advantageous to use gradient values that are dis-
tributed symmetrically about zero, from — (N —1)Ak/2 to (N —1)Ak/2 [22-24]. Using
such a phase encoding scheme yields a purely real pointspread function (cf. section 1.4).

The strength of the nth gradient pulse then is:

kn=(n—N_l]Ak, n=0,...,N-1 (1.4)

For high N, large values of the spatial frequency k are reached, and a small nominal
resolution Ar is obtained. If p(r) is the signal emanating from location r, the signal that is
detected after the nth phase encoding gradient can be written as the integral over the
entire object, modulated by a phase which depends on the position and the gradient
strength:

sk, o< jp(r)e‘iz""n’dr (1.5)

Performing a discrete Fourier transformation on the N acquired signals, one obtains
for the signal from the point #' Ar (as long as the sampling theorem has been respected

and the signal has not been truncated):
S Ar)ec plp Ar)e ™ EIN) s Nj2 L NJ2 -1 (1.6)

Except for the phase factor, the image represents the actual distribution of the magneti-
zation in the sample. The phase factor can be compensated by either taking the magni-
tude of the image, or by applying an appropriate phase correction. Spectroscopic imaging
has the considerable advantage that in only one experiment, the spectra from all N voxels
are obtained simultaneously. Furthermore, the localization is not affected by chemical
shift artifacts.
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A disadvantage of conventional spectroscopic imaging is the long minimal duration
of an experiment: in contrast to techniques like STEAM or PRESS, which can acquire
the spectrum of a voxel in a single transient, spectroscopic imaging requires at least N
repetitions. Several methods for fast spectroscopic imaging have been proposed, which
sample the signal in the presence of gradients and reduce the minimal duration drasti-
cally [25-30]. However, they require high experimental complexity, and do not offer any

gain in sensitivity.

1.4 The Spatial Response Function

In contrast to conventional !H-imaging or to multi-dimensional spectroscopy techniques,
the number N of voxels (i.e. phase encode steps) in spectroscopic imaging is usually very
small. This is due to restrictions on the duration and to the low sensitivity of the experi-
ment. The high spatial frequencies of the sample are then inevitably truncated, and the
assumptions behind eqn. (1.6) are no longer valid.

A spectroscopic image thus does not reflect the actual distribution of the spins, but its
convolution with a function that is caused by the lack of the high spatial frequencies, the
pointspread function PSF [31-35]. The signal from some location in the sample is found
not in only one pixel of the spectroscopic image, but spread out across all pixels. The
PSF describes the amplitude of the propagation of the signal from the point r; in the

sample to the image pixel with coordinate r,=n Ar:

PSF(}"” ,r0)= Sin(TC(rn = )/Ar) (17)

N Sm(iﬁgﬁj

NAr

This equation can be read in two ways: for a fixed 5, the PSF indicates how the signal
from spins at this position is distributed over all pixels of the image. The PSF is a dis-
crete function consisting of N points. A complementary way of interpreting eqn. (1.7) is
usually more relevant for localized spectroscopy: for a fixed r,, its dependence on #
yields the spatial response function SRF. This continuous function describes the contri-

bution of every point of the sample to the spectrum in one image pixel.
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In Fig. 1.3, the shape of the SRF for the case of N = 8 phase encoding steps obtained
with an unfiltered Fourier transformation is shown. Several important properties of
Fourier imaging become visible: Not only does the magnetization from inside the volume
of interest (VOI), nominally placed in the region n' Ar, contribute to the signal of its
image pixel, but a more or less strong contamination by signals from outside this pixel is
possible. The spatial response function even extends beyond the actual FOV. This has to
be taken into account for samples that are larger than the FOV, and this can cause con-
tamination of voxels close to the edge of the image by signals emanating from the oppo-

site side of the image.

1.0

o
4
;

spatial response function
(o]
o
™~

o
o
:

| |
FOv 1
-1.0 ; . . : } + t t . : . + t ———

spatial coordinate r

Fig. 1.3: The spatial response function (SRF) of a spectroscopic image with N = 8 phase encode
steps for an unfiltered Fourier transformation. The largest contribution to the signal emanates from
the region marked 'VOI'. The SRF, however, extends beyond the VOI and even beyond the entire
FOV. Signals from outside the FOV thus are aliased into the FOV. Mainly signals from sharply
edged regions with high signal amplitudes can propagate over the entire image.

The contamination due to the SRF is particularly high if regions with a high signal
amplitude and sharp edges are present. This situation is given for instance in spectro-
scopic 1H-imaging of the brain, where a thin layer of fat outside the skull often contami-

nates all the spectra in the brain. The quality of the spectra then does not allow reliable
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conclusions about the spatial distribution of the examined substances as long as no addi-
tional measures are applied to correct or to avoid these effects. Only with an accurate

knowledge of the SRF, the reliability of an experiment can be assessed.

1.5 Position of a Point Source

In section 1.2, one possible definition for “spatial resolution” was given as the precision
in the determination of the location of a single signal source. In the following section, it
will be demonstrated that in a Fourier imaging experiment the exact location of a point
source can be determined with very high precision. The accuracy of this measurement is
only limited by the signal-to-noise ratio, and it is in all practical circumstances much
better than the nominal resolution. These statements will be further clarified and quanti-
fied.

In a one-dimensional situation (see Fig. 1.4), a single point source is located at posi-
tion x,. One conducts N phase-encoded experiments, in each of which the strength of the
phase-encoding gradient is incremented by Ak. According to eqn. (1.5), the detected
signals s, can be written as:

:Ae—inAkxxo, N N 1,

n=-t -4

S 2 7 s

o=

-1 (1.8)

In this equation, A is the amplitude of all the signals, andi = +/—1. The phase ¢, of the

measured signals is given by:

Im{s, }
Rels, ! (19

¢, =arctan

From the exponent in eqn. (1.8), one can also recognize the following relation for the

phase of the signal:

¢, =n Ak, xg (1.10)

This is the expression of a straight line through the origin, with the slope m = Ak, x;
(cf. Fig. 1.4). If one determines m from the measured values ¢, the location of the signal



12 M. vor Kienlin and R. Pohmann

source can be calculated as:

m
Ak

X = (1.11)

X

The values of the employed phase-encoding gradients are known, the precision of the
calculated position x; hence depends mainly from on accuracy of the phase measure-
ment. In principle, it is even possible to determine the position with only two independ-
ent experiments.

In Fourier imaging, the detected signals are generally reconstructed with a Fourier
transformation. A spatial Fourier transformation can be looked at as a correlation of the

~idkxn Through variation of x the fre-

measured signal with the reference functione
quency of the reference function is changed, and the correlation yields the image of the
spatial distribution of the spin magnetization. In our particular case of a single point
source, this corresponds to determining the spatial frequency Ak x; in the measured
signal. Under these circumstances, (continuous) Fourier transformation and the determi-

nation of the slope (eqn. 1.10) are equivalent.

a) b) phase

point source s |
\ 4 3 2 -

} : > X .

0 X0 e

Fig. 1.4: The position of a single point source can be measured with an accuracy that is only lim-
ited by the signal-to-noise ratio. a) Let the location of the point source in a one-dimensional setup
be x,. b) The phase of the NMR signal is measured in N = 8 phase-encoded experiments. The
location of the point source can be determined from the slope of the obtained phase ramp.

How precisely can one determine the position of a point source, if each of the meas-
ured signals is deteriorated by thermal noise? Let the signal-to-noise ratio SVR of each

measurement be

SNR = =~ (1.12)
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with 6 being the standard deviation of the thermal noise, and A the signal amplitude in
each measurement. The noise in the real and imaginary parts of the signal is independent.
How does this noise propagate when computing the phase of the signals? In conventional
error analysis, the standard deviation o, of a variable y, = f (x,,%, ..,x, ) is given by

the standard deviations o; as:

(1.13)

In eqn. (1.9), both the numerator and the denominator contain an uncertainty due to the
(uncorrelated) noise. Partial derivatives according to eqn. (1.13) yield for the standard

deviation of the phase O

P O, 1 1+Im2{sn}
R R

Rez{sn}

(1.14)

) \/Rez{sn }+ Im2 {Sn}

1
SNR

Os
A

The slope m of the regression line through all phase values is calculated as [36]:

N()Empn)—%n-g@n
m= n=1

n=l  n=l

N inz—(inj
SIS (1.15)

12(§n¢n j—é(N+1)§<p,,

N3

The standard deviation o, of this slope becomes, using eqn. (1.14):



14 M. von Kienlin and R. Pohmann

N o
G =
" oNY12

o, |12

T A VN?

(1.16)

The position of the point source is calculated from eqn. (1.11). The standard deviation G,
in this calculation, which is the uncertainty of the position, is related to the standard
deviation of the slope as:

Gm
O, =
Ak,
:G_S_‘/—l—z_ (1.17)
A Ak AIN?
1 Fovi12
SNR NN

Incorporating the expression for the nominal resolution Ax = FOV/N , one finally ob-

tains the following, simple expression for the relative error of the position:

V12

S, L 1.18
SNR N (118

Gx

Ax
The error in the determination of the position of a point source is inversely proportional
to the signal-to-noise ratio of the individual measurements, and to the square root of the
number of phase-encoding steps. With an SNR of 25 and N =8 phase-encoding steps,
one obtains G, /Ax =0.049: the precision is more than twenty times higher than the
nominal resolution! On the other hand, a low SNR can be the factor limiting the resolu-
tion.



