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INTRODUCTION

The basic phenomenon of nuclear magnetic resonance (NMR)' was
discovered around 1945 and was used for determination of the magnetic
properties of atomic nuclei. In 1952, Bloch and Purcell were awarded the
Nobel prize in physics, for their work in developing NMR. Today, NMR
spectroscopy is widely used in molecular physics and chemistry, revealing
molecular structures, chemical reaction rates and diffusion processes.

Damadian (1971) showed that the relaxation times differed between normal
and malignant tissue. This accelerated the development of imaging systems.
Lauterbur (1973) made an MR image by using the back-projection imaging
reconstruction technique, and Damadian (1977) obtained an image of a
human body by a point scanning method. With the Fourier transformation
technique (Brunner and Ernst, 1979, Edelstein et al., 1980) the quality and
performance of MR scanners have improved in an unprecedented manner,
and MR imaging is today widely used.

MR imaging is a non-invasive method for obtaining anatomical information
with potential for physiological imaging and in vivo pathological
examinations, and compared with computerized tomography (CT), MR
imaging provides better soft-tissue disci imination since a multitude of tissue
parameters affect the MR signal (Fullerton, 1982). The dominant parameters
are the relaxation times T1 and T2 and the proton density. The user can
control the image contrast by choosing different pulse sequences and
varying the parameters within the pulse sequences.

The imaging technique implies the use of an external magnetic field. To
obtain spatial information, the static magnetic field must be homogeneous.
Normally this is not a problem, but if metallic objects are present, the
homogeneity of the magnetic field can be disturbed. Depending on the
degree of disturbance, the artifact in the image will be more, or less severe.
The disturbance of the homogeneity of the magnetic field is not necessarily a
disadvantage. Small magnetic particles that locally perturb the magnetic field
act as a contrast agent by reducing the signal intensity from regions where
the contrast agent is localized.

1 NMR is the abbreviation for nuclear magnetic resonance. In imaging contexts NMR
is often denoted MR and this abbreviation has been adopted in this part of the
thesis.
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Aims of the study

The aims of the present study were:

• To investigate the feasibility of superparamagnetic particles as a contrast
agent for the reticulo-endothelial system (RES).

• To investigate the risk for aneurysm-clip displacement and to investigate
the artifacts and the significance of the artifacts caused by various
aneurysm clips.

• To design a computer simulation program capable of demonstrating

various artifacts in the MR image.

• To evaluate to what extent image disturbances depend on the shape and
orientation of the perturbing object.

THEORY

Details on the fundamental principles of MR imaging are not given, but can
be found in any modern textbook on this subject, e.g. Wehrli, 1991 or
Oldendorf and Ofdendorf, 1991.

Resonance

When hydrogen nuclei, i.e. protons, are placed in an external magnetic field,
they will be aligned with the field. Using an rf pulse with a frequency given
by the Larmor equation, eq. 1, it is possible to excite the system. In the
process of returning to thermal equilibrium, some of the excess energy is
emitted as radiation with the frequency determined using eq. 1 . By using the
relation between frequency and magnetic flux density2, it is possible to
obtain images of patients.

2 The magnetic flux density is denoted B and given in the unit tesla [TJ . The
magnetic field strength is denoted H and given in the unit (A/m). The relation
between B and H is: B = IIQ^H, where HQ is the magnetic permeability in vacuum
and pi is the relative permeability for the medium in which B and H exist. In the MR
literature, the distinction between B and H is not very clear, and often the term
magnetic field strength is used as a synonym for magnetic flux density.
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» = T B/ (2* ) eq. 1

where 7 is the gyromagnetic ratio. B is the magnetic flux density experienced
by the proton, r is called the resonance frequency.

Spin-echo

The total magnetic vector observed in MR imaging, is the vector sum of the
magnetic moments from numerous protons within the object being imaged.
Following a 90° rf pulse, the individual nuclear spins will be in phase
coherence. Due to spin interaction and to small variations in the magnetic
field, the spins will eventually lose their coherence. The loss of phase
coherence due to static magnetic field inhomogeneities can be corrected for
by applying a 180° rf pulse. This will "invert" the spins and make them
rephase at time 2T, where T is the time between the two rf pulses. The
observed signal, called a spin-echo, will again dephase after time 2T. If the
magnetic inhomogeneities are not static or if the spins are moving and hence
experiencing different magnetic field-strengths, the rephasing will be less
successful, and the observed signal will be decreased.

Rotating frame of reference

Let (x \ y',z) be a set of axes rotating with the frequency given by eq. 1 . The
rotating frame of reference is convenient to use, as it leads to simpler
mathematical expressions. In MR imaging the received signals are mixed by a
carrier at resonance frequency. In this way the observed signal can be
depicted as in the rotating frame of reference. If not stated differently,
equations regarding magnetic vectors will be expressed in the rotating frame
of reference.

Spatial signal encoding in spin-warp imaging

In order to understand the basic nature of signal distortion caused by
magnetic perturbation fields in MR imaging, one must understand the way
spatial information in MR images is achieved. The usual method for obtaining
spatial information is the spin-warp technique, or techniques using basically
the same method. In the case of two-dimensional imaging, there are two
conditions that must be met. Firstly, a slice within the patient must be
defined, and, secondly, positional information necessary for reconstructing
an image of the defined slice must be contained in the sampled signal.
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Let us consider a small volume A V containing protons, positioned at point
(X.Y.Z). in an MR scanner. Let the direction of the main field be parallel to
the z axis, and the direction of the slice-selecting, readout and phase-
encoding gradients be parallel to the x-, y- and z-direction, respectively. For
simplicity, the effects of relaxation will be ignored.

In order to select the slice containing A V , a slice-selecting gradient is applied.
The frequencies of the rf pulse are adjusted in such a way that only spins in
the selected slice, i.e. those experiencing a certain magnetic field, are
affected by the rf pulse. The condition for excitation can be expressed as:

Gsx = ± A B S / 2 + Bo,,,,, eq. 2

where Gs is the strength of the slice-selecting gradient, AB S is the interval in
which protons will be excited by the rf pulse and Boffse1 is a correction-term
for the off-frequency of the rf pulse.

Spatial information is obtained by using linear magnetic gradients. During
signal sampling a readout gradient Gr is applied. This will cause the spin-echo
signal originating from A V to have the form

S = ef <Grv"* + *> eq. 3

where t is the time and i is a phase offset. The frequency is given by

•Y = Gr-Y-r / (2») eq. 4

By analysing the signal, the frequency can be determined, and since Gr, and
y are known, the position Y of A V is obtained.

In order to determine the position of AV in the other direction of the imaged
plane, a series of spin-echoes (see figure 1) given by eq. 3 is sampled, but
for every spin-echo the phase offset is changed. This is achieved by applying
a phase-encoding gradient in the z-direction for a short time, tph, prior to the
sampling of the signal. By changing the amplitude of the phase-encoding
gradient by + AGph between the spin-echoes, eq. 3 becomes

eq. 5

where n is the sequence number of the spin-echo in the series of echoes. By
analysing the amplitudes of the spin-echoes for different n:s, a signal in
pseudo-time with frequency Kph is obtained.
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'ph = AGphZtphT / (2*) eq. 6

In the same way as for the frequency versus position in the readout
direction, the frequency rPh can be determined by analysing the signals, and
since AGpf,. tp h and y are known the position Z of A V is obtained.

Pseudo-time

Time

Figure 1. The signals obtained from a small volume AV at (X,Y,Z) have a fixed
frequency in the readout direction (left-to-right), see eq. 3. By applying an increasing
phase-encoding gradient for a short time prior to signal sampling, the phase of the
sampled signals is changed. The frequency of the pseudo-signal (top-to-bottom) is
given by eq. 6.
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Perturbation of the magnetic field

If a magnetic perturbation field
equations 3 and 5 become;

is present during imaging,

S * e' iiGry + Bpert<X-Y'Z» * +

S * e1 ( ( 6 r Y

eq. 7

eq. 8

The frequency in the readout direction is:

*\ = (GrY + Bpert(X,Y,Z» y I (2*) eq. 9

From equations 5 and 6, it follows that the pseudo-frequency in the phase-
encoding direction is not affected by the perturbation-field. In the direction of
the readout gradient the signal originating from AV is incorrectly positioned at
Y* given by eq. 10.

Bpeft(X,Y,Z)

Gr
eq. 10

The displacement of the signal is

Y' - Y
BPert<X,Y,Z)

Gr
eq. 11

Besides the fact that a perturbation field mispositions signals in the direction
of the readout gradient, the perturbation field also causes distortions in the
selected slice. If the slice-selecting gradient is in the x-direction, the
conditions for excitations is given by eq. 2.

With a perturbing magnetic field the condition for protons to be excited is;

G,x = ±AB,/2 + Bofffet + Bpert(x, y, 2) eq. 12

It is thus clear that the profile of the slice is affected by the perturbation
field.
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Fourier transformation

With AV replaced by a continuous medium of spins, the sampled signals are
complicated interferograms, containing all phases and frequencies that carry
the spatial information of the imaged slice. The frequency analysis is
performed by an inverse fast Fourier transformation (Brigham, 1974).

Bloch equations

To predict the signals obtained in MR imaging, the behaviour of the
macroscopic magnetisation vector must be known. For weakly interacting
spin systems, the Bloch equations provide a description of the magnetic
vector.

In 1946, F Bloch presented two papers (Bloch, 1946a-b), in which the
phenomenological equations of motion for the macroscopic magnetization
vector were given, together with experimental studies. (In this context,
"motion" is referring to the rotational motion of the magnetic vector.)

Bloch assumed that the macroscopic magnetization vector from nuclei in a
homogeneous magnetic field can be described by classical mechanics.

In the laboratory frame of reference, the total magnetization, M, is in terms
of spin angular momentum P given by

M = ->P eq. 13

where y is the gyromagnetic ratio. Values of y are different for different types
of nuclei. The interaction between an external magnetic field, B, and the
moment provides a torque acting on the system, changing the angular
momentum P.

^P«-BxM eq. 14
dt

The individual moments n of M, are classically depicted to perform a
precession with angular velocity <•> = -yB, or with angular frequency » =
yBI2j, around B. This is known as the Larmor precession.

When a sample is placed in a magnetic field Bo, the magnetic moment will
eventually reach the equilibrium value MQ M is assumed to reach thermal
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equilibrium exponentially, but with different time constants T1 and T2 for the
components of M parallel and perpendicular to MQ. With the z axis chosen
along BQ the effects of relaxations are:

^ Mz = -[M2 - Mo)/T1 eq. 15a

£ M X = -Mx/T2 eq. 15b
dt *

— My = -My /T2 eq. 15c

So far we have only considered a static external field. However, with d
rotating magnetic field, at Larmor angular velocity and with amplitude B-|,
and superimposed perpendicular to Bo a dynamic field

B - BfCosM) x - Bj-sinfut) y + Bo z eq. 16

is obtained, where x , y , and i ate units vectors in the x, y, and z
directions.

By combining the above equations, the Bloch equations are obtained.

dMx

—— = y [B0My + B^inf&itVMj] - Mx / T2 eq. 17a

dMu
£ = - r IBOMX - B^osUJMj] - M v / T2 eq. 17b

dMz
-y IBvcoslwtl-My + Bvsin(«t)-Mx] - (Mz - Mo) / T1 eq. 17c

The Bloch equations can more readily be expressed in a rotating frame of
reference. Let (x1, y1, z) be a set of axes rotating with the angular velocity
-u about the z axis.

P = = rMxB e f f eq. 18
I at Jrot

where B ^ = B + uly.
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The motion of the macroscopic magnetization vector in the rotating frame,
with the effects of relaxation excluded, is a precession about Beff. With only
the static field present, the effective field is zero since u/y = - B . At
resonance the magnetic vector can be rotated about B v Note the angular
velocity of the rotating frame is the same as the angular velocity of the
individual moments according to the equation of the Larmor precession. M is
rotated an angle of $ by applying the rotating magnetic field for a time
1Q = e I {y Bj) . The possibility of moving M from its equilibrium state is
fundamental to pulse NMR experiments.

SUPERPARAMAGNETIC PARTICLES, PAPER I

Superparamagnetic particles are very effective in reducing the observed T2
relaxation time of various biological samples. The particles have a large,
unstable, magnetic moment that perturbs locally, the magnetic field of the
MR system. T2 is affected much more by the superparamagnetic agent than
the T 1 , which indicates that the predominant mechanism of signal decrease
is diffusion-induced spin dephasing (Olsson et al., 1984, Rozenman et al.,
1990).

Superparamagnetic particles as a contrast agent for MR imaging was first
reported at the "First Congress of Magnetic Resonance Imaging and
Spectroscopy" in Geneva, Switzerland, October 5-6, 1984 (Olsson et al.,
1984). The effect of changing the T2 relaxation time is clearly demonstrated
in figure 2. The superparamagnetic particles consisted of small grains of
magnetite (FesO^ with an average diameter of a few nm, embedded in a
matrix of polymerized dextrin. The diameters of the dextrin microspheres
were approximately 1 /tfn.

To investigate the feasibility of superparamagnetic particles as a contrast
agent for the reticulo-endothelial system (RES), experiments reported in
paper I were performed. Small grains of magnetite embedded in a
biodegradable starch matrix with a diameter of approximately 1 pm were
injected into a rat, at a concentration corresponding to 15 mg magnetite per
kg body weight. The rat was imaged both before and after the injection of
magnetite, see figure 3. The imaging of the rat was a historical event in the
sense that for the first time, MR images of a live animal were obtained in
Sweden. The imaging system was operating at 0.07 T. It was clearly
demonstrated that the superparamagnetic microspheres indeed acted as a
contrast agent for the liver.
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Relaxationtime (ms) PLASMA

1500
Fe-part. 0 ~1 pm

1000 -

500 -

T2 Fe3*

T2 Fe-part.
0 —r-. r

0 I 10 20

0.1 mM Fe3*

80

Fe-conc. (mg I-1)

Figure 2. Relaxation times in plasma with various concentrations of iron, both in the
form of ferric ions (Fe^ + ) and as small grains of magnetite ^0304) embedded in a
matrix of polymerized dextrin. The measurements were performed on a Praxis II MR
analyser operating at a field strength of 0.25 tesla. The temperature of the samples
was 37° C during the measurements. From Olsson et al., 1984.
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Figure 3.
The unique spin-echo images of the abdomen of a rat. The image to the right was
obtained 10 minutes after an injection of superparamagnetic microspheres. The
microspheres were quickly accumulated in the RES, thus causing a decrease in
signal intensity in this region.

The development of superparamagnetic starch microspheres, as a contrast
agent for the RES, has continued, and the contrast agent will hopefully be
available for clinical use in the near future (Schroder, 1992).

ANEURYSM CLIPS, PAPER II

An intracranial aneurysm clip (see figure 4) is a small metallic device,
commonly with a spring mechanism, used to occlude the neck of a ruptured
aneurysm. A magnetic displacement force or a torque exerted on the clip
could prove disastrous for patients harbouring such a clip (Persson and
Stähiberg, 1989, Dojovny et al., 1985). At some MR-centres, patients with a
history of cerebral aneurysm surgery are therefore excluded from
consideration of MR examination (Heindel et al., 1986, Tew and Steiger,
1985).
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Figure 4. A photography of the investigated clips.

The aim of paper II was to investigate which aneurysm clips allow for
postoperative MR imaging without risk for the patient, and to what extent
the image is distorted by various clips. This is of medical relevance since MR
imaging is known to be superior to CT in providing information especially in
white matter brain lesions (Holland, 1987).

The risk for the patient can either be a displacement of the clips or a heating
effect. The risk of heating was investigated by Davis et al., (1981), and they
concluded this risk to be insignificant for small metallic implants. Magnetic
forces acting upon metallic object are many times stronger if the object has
ferromagnetic properties. Measurements of the magnetic remanence, i.e. the
remaining magnetization after the object had been exposed to a magnetic
field, were performed to determine which clips were ferromagnetic. The clips
were exposed to a 0.2 tesla magnetic field for 0.1 seconds, and the
magnetic remanence was measured with a sensitive flux-gate magnetometer.
In table 1 the aneurysm clips investigated are listed, together with a relative
value of magnetic remanence. The clips with high relative magnetic
remanence could be lifted or dragged by a small permanent magnet.

18-



Patients known to have, or suspected to have, ferromagnetic intracranial
clips should not be examined by MR due to the risk of clip displacement.
However, if the clips are non-ferromagnetic we concluded that it is safe to
perform MR examinations on these patients using low or medium field (0.3
tesla or less) MR systems.

Aneurysm clip

Drake DR 12
Heifetz(17-7Ph>
Mayfield
Olivercrona
Scoville
silver clip
Sugita Elgiloy
Sugita, with loop (gold-
plated)
McFadden Vari-Angle
Yasargil 316
Yasargil Phynox
Yasargil (old)

Magnetic remanence
(arbitrary units ± 1SD)
100 ± 1
44 ± 1
74 ± 5
0
64 ± 2
0
0
1 ± 0

0
0
0
1 ±0

Image distortion (mm)

52 / 122
6 6 / 1 2 2
51 / 9 4
1
3 8 / 7 4
1
12
19

10
14
10
16

Table 1.
Ferromagnetic clips, i.e. clips with high magnetic remanence, showed the most
pronounced image distortion. The distortion is quantified by two distances: the first
is the largest distance from the edge of the clip to the rim of the disturbed part of
the phantom where no meaningful information is obtainable, the second (for
ferromagnetic clips) is the largest distance from the clip to the part of the phantom
where distortion can be identified (> 2mm).

The artifacts produced by the various clips were investigated using a
geometrical phantom. Using such a phantom, distances of image distortion
can be evaluated. Note that the distances are not measured on the distorted
MR images but are calculated from the known geometry of the phantom. The
clips investigated were placed in the centre cavity of the phantom. Axial,
coronal and sagittal MR scans were performed on a PONAR S-3000M system
operating at 0.3 tesla. In table 1, the distortion is quantified by two
distances: the first is the largest distance from the edge of the clip to the rim
of the disturbed part of the phantom where no meaningful information is
obtainable, and the second (for the ferromagnetic clips) is the largest
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distance from the clip to the part of the phantom where distortion can be
identified ( > 2mm).

In two-dimensional spin-warp imaging the spatial information is encoded by
frequency and phase. From the Larmor expression (eq. 1), it follows that the
frequency of the spins is directly proportional to the external field. Normally
the spatial information in one direction is achieved by applying a linear
magnetic gradient field in that direction during the sampling of the signal.
The position of the spins are coded to the frequency of the sampled signal.
The image reconstruction is performed with the assumption of a linear
gradient field, but with the perturbing object present, the reconstruction will
be erroneous and thus image distortions occur.

To understand the appearance of the image distortion, it is useful to examine
the shape of the perturbing field from a small magnetic object.
Conventionally, the external magnetic field is parallel to the z-direction. With
the external field perpendicular to the image plane, i.e. the image plane being
parallel to the xy-plane, the magnetic perturbation field around a small
magnetic object is increased close to the object, see figure 5a. Most protons
in this region are off-resonance. The few protons on-resonance will be
displaced "up-stream" on the frequency encoding gradient, see signal at (A)
in figure 6a. At some distance from the object the field is decreased, causing
a displacement of the signal "down-stream" on the frequency encoding
gradient, see (B) in figure 6a. With the external field parallel to the image
plane, e.g. the image plane being parallel to the xz-plane, the magnetic
perturbation field is increased in the z-direction (at x * 0) , and decreased in
the x-direction (at z * 0), see figure 5b. Signals originating from regions with
a increased magnetic field will be displaced "up-stream" on the frequency
encoding gradient, see (D) in figure 6b. Signals from spins experiencing a
decreased magnetic field will displaced "down-stream" on the frequency
encoding gradient, see (C) in figure 6b.
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fig. 5a fig. 5b

Figure 5. Plots of the magnetic perturbation field, caused by a small magnetic
sphere. The field is truncated at high absolute values. In figure 5a the direction of
the external magnetic field is perpendicular to the plane of the plot. In figure 5b the
direction of the external field is parallel to the plane of trie plot.

fig. 6a fig. 6b

Figure 6. MR images of the geometrical phantom, distorted by a ferromagnetic
aneurysm clip (Drake clip) placed in the centre cavity. In figure 6a the external
magnetic field is perpendicular to the imaged plane, and in figure 6b the external
field is parallel to t i e image plane. On both images, the direction of the frequency
encoding gradient s bottom-to-top, i.e. the total magnetic field is increased by the
readout gradient on the top-half of the images.



CLIPS, MR AND CT, PAPER III

In paper III a comparison study between MR imaging and CT was carried out
in patients with intracranial aneurysm clips. Since it was concluded in paper
II, that patients with non-ferromagnetic aneurysm clips could be examined
with a low or a medium field MR scanner without risk, 16 patients
harbouring non-ferromagnetic aneurysm clips were examined both by MR
and CT. The aims were to evaluate the quality and diagnostic information of
MR images from patients with non-ferromagnetic aneurysm clips, and to
compare the results with CT.

As MR and CT use different techniques for obtaining spatial information, the
artifacts caused by metallic implants are very different. MR artifacts are due
to distortion of the external magnetic field, which affects the frequency
encoding. In CT the artifacts are caused by the large differences in the X-ray
linear attenuation coefficient between brain tissue and metallic objects. The
back-projection image reconstruction method used in CT, will produce an
erroneous star pattern in the reconstructed image (Christensen et al., 1978).

Aneurysm dips causes image artifacts on both MR and CT. We found that in
a region of roughly 3 cm diameter around the clips, no meaningful
information could be obtained from MR or CT. Further away from the clips,
the MR image was not affected, but on CT, star artifacts disturbed the image
over a large area. As patients with non-ferromagnetic aneurysm clips can
safely be examined with MR with low or medium field strengths, and since
MR, also in the presence of non-ferromagnetic aneurysm clips, is superior to
CT in soft-tissue discrimination, MR may be considered if CT-scans are
inadequate.

COMPUTER SIMULATION PROGRAM, PAPER IV

Paper IV has the grand title "A Universal Computer Simulation Program for
MR-lmaging of 3D Objects: A Scientific Research Tool". The program is
"universal" in the sense that it mimics an MR scanner. Most kind of
performances of MR scanners can be simulated by the program with only
some restrictions. Firstly, the behaviour of the magnetic vectors is described
by the Bloch equations, and spin-systems not correctly depicted by these
equations are consequently not correctly simulated by the program. In proton
MR imaging, the Bloch equations are normally valid. However, the validity
becomes questionable when the amplitude of the applied rf field is
comparable with the external field-strength, or when the T2 relaxation time is
very short (Abragam, 1961). Secondly, the number of spins that makes up
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the image slice has to be limited. The algorithms used can handle an
unlimited number of spins, although the computation time will be
unmanageably long unless the number of spins is restricted. Due to this
limitation, dephasing and rephasing of the magnetic spins within a voxel is
not properly described without corrections. In earlier articles on MR imaging
simulations (Bittoun et al-, 1984, Stewart, 1986, Summers et al., 1986) this
problem was never identified. For commonly used pulse sequences,
algorithms that correctly simulates the signals in spite of the limited number
of spins have been implemented in the program described in paper (V.

The basic idea of the present computer simulation program is to solve the
Bloch equations in order to simulate MR-scanners in the process of obtaining
raw data matrices (signals in k-space) (Bloch, 1946, Bittoun et al., 1984).
The signal obtained with an MR-scanner is the collective magnetization of an
excited slice. The computer program cannot handle the complex nature of
the collective magnetization directly, but takes one magnetic subvector or
magnetic voxel vector at a time, from a pool of subvectors forming the
imaged object, and follows it through a given pulse sequence. The sum of all
subvectors forms the collective magnetization.

The general-purpose programming language C has been used. The source
code of the simulation program covers approximately 5000 lines, with an
additional 2000 lines for Fourier transformation, filtering and a small
graphical display program. The programs were developed on a 486-PC under
MS-DOS, but can easily be adapted for use on virtually any computer system
with a standard C-compiler (except for the display program).

A schematic flowchart of the basic structure of the program is shown in
figure 7. The program starts by building the pulse sequence defined by the
user, and calculates the tables of rotation matrices corresponding to the rf
pulses. The pool of magnetic subvectors that makes up the simulated object,
is either a digital phantom or a file made from a 2D or 3D MR image, where
each subvector corresponds to one image pixel/voxel with defined position,
proton density and relaxation times. The magnetic subvector is calculated at
every step in the pulse sequence, and for each and every subvector. During
signal sampling, the "real" and "imaginary" signals are added to the k-space
matrices. The pulse sequence is repeated for each phase-encoding step. To
obtain the fina! image, the sampled matrices must be filtered and Fourier
transformed.

With fast algorithms, efficient techniques and a correction for intravoxular
dephasing and rephasing, the simulation program is a powerful research tool.
It can be used for numerous applications, especially in simulation of imaging
situations involving changes in the magnetic subvectors during signal
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sampling, like phase and frequency changes due to flow or motion. Since the
parameters to be set in the program are similar to those in MR scanners, it is
easy to perform simulations under realistic conditions by using settings from
MR scanners. A high degree of user-friendliness has been maintained without
loss in calculation performance or program flexibility by the extensive use of
the C-compiler's preprocessor,

An illustrative example

Consider a computer simulation in which the object is a homogeneous 3D
box, 100 x 100 x 10 mm3, with a T1 relaxation time of 800 ms and a T2
relaxation time of 160 ms. The field of view is 256 x 256 mm?, the matrix
size is 64 x 64, the pulse sequence is a field echo with TE = 10 ms, TR =
500 ms and a 3-period, sine-modulated rf pulse with a flip-angle of 20° and,
finally, the slice thickness is 5 mm (FWHM). The most important steps in the
simulation process are listed below. Options such as gradient orientations,
approximations, speed improvements etc. are not considered.

1. Choose the function that generates the subvectors of the 3D object.

2. Define the pulse sequence. The amplitude and the duration of the
gradients, the duration of the rf pulse and the sampling frequency are
obtained according to eqs. 1, 2 and 5 in paper IV.

Slice select, grad. Time on: 0 ms
Time off: 5.0 ms
Amplitude: 5.5 mT/m

Slice select, grad. Time on: 5.0 ms
Time off: 7.5 ms
Amplitude: -5.5 ms

Readout gradient Time on: 7.5 ms
Time off: 9.0 ms
Amplitude: 2.0 mT/m

Readout gradient Time on: 11.0 ms
Time off: 14.0 ms
Amplitude: -2.0 mT/m

Phase encod. grad Time on: 7.5 ms
Time off: 8.945 ms
Max. amplitude: 2.0 mT/m
Number of steps: 64
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Flip angle: 20°
Type: 3 period sine
Centre time: 2.5 ms
Length: 5 ms
Sampled centred at time: 12.5 ms
Number of samples: 64
Sampling frequency: 21.8 kHz
TR: 500 ms.

Rf pulse

Sample signal

Repetition time

3. Compile the program.

4. Run the program.

5. Filter the sampled signals, perform an inverse Fourier transformation and
display.

The program starts by generating the event sequence. This will, with the
pulse sequence defined above, look as follows:

Sample

Event sequence.

Time
(ms)

0.000
2.500
5.000
7.500
8.945
9.000
11.000
11.055
11.101
11.147

Freq.Grad
(mT/m)

0.00
0.00
0.00
2.00
2.00
0.00
-2.00
-2.00
-2.00
-2.00

PhaseGrad
(mT/m)

0.00
0.00
0.00
2.00
0.00
0.00
0.00
0.00
0.00
0.00

SliceGrad
(mT/m)

5.50
5.50
-5.50
0.00
0.00
0.00
0.00
0.00
0.00
0.00

rf pulse
(address)

0
21962
0
0
0
0
0
0
0
0

S

0
0
0
0
0
0
0
1
2
3

13.899
13.945
14.000
500.00

-2.00
-2.00
0.00
0.00

0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00

0
0
0
0

63
64
0
0
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The program continues by constructing the table containing numerical values
of the rotation that describes the rf pulse at different magnetic field-strength
offsets. After this, the main part of the program is executed. This consists of
three loops, and can be described in a "pseudo-language" as;

For every subvector, or part of the digital phantom, do
begin

For every phase encoding step do
begin

For every step (but the first) in the event sequence do
begin

Update subvectors angle 9,
Update subvectors z-component z,
Update subvectors xy-component r,
If rf pulse, do rf pulse,
If sample signal, do sample signal,

end
end

end
Save sampled matrices on secondary memory.

The first event in the event sequence is used to define a "start time". At the
n:th event, the program updates the angle of the subvector according to eq.
6 in paper IV, with At = time(n) - time(n-1(. (In order to avoid repeated
calculation of the time differences, At is also included in the table of the
event sequence even though it is not listed above.) B s e c is calculated from
the amplitudes of the gradient fields in event n - 1 , with the appropriate value
of the phase-encoding gradient. The z-component is updated due to the
effects of T1 relaxation during At, and the xy-component is updated due to
the effects of T2 relaxation during At. If the rf pulse value in event n is not
equal to zero, the subvector is rotated according to the "rf table" located at
the memory address given in event n. A rotation describing the effect of the
rf pulse is carried out dt the magnetic field-strength offset calculated from
the amplitudes of the gradient fields in event n. If the Sample value in event
n is not equal to zero, the signal is sampled, and added to the k-space
matrices at the position given by the phase-encoding step and the Sample
value in event n.

The C preprocessor

One of the problems in designing the simulation program is to be able to
allow for all reasonable simulation situations, without making the program
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less efficient. In order to handle all these simulation situations, numerous "if
statements" have to be implemented into the program code. This would
without doubt increase the computation time. By placing the "if statements"
outside the main loop of the program, the time-increase would be
insignificant, but then the machine code would be unmanageably large. For
example, the option of turning the effects of relaxation on or off could be
implemented either as an "if statement", executed repeatedly whenever the
magnetic subvector is updated, or as two nearly identical codes of the
program; one ignoring the effects of relaxation and one including these
effects. Neither of the two options turned out to be acceptable.

The crucial part of the program is to make it run efficiently. The fewer "if
statements" or choices present in the program, the more efficiently it will
run. This implies that no input options should be allowed, and that the code
should be optimized for only one particular task. At first, it seems impossible
to construct a universal MR simulation program without allowing for inputs.
It is, in fact, quite possible. The "trick" is to construct another program that
does accept input in order to define the simulation. The program, from the
given input, then writes the specific simulation program that is optimized to
do nothing more than the task defined by the input of the first program. If,
for instance, the effects of relaxation are turned off, then the specific
simulation program knows nothing about relaxation, and there is no need to
have an "if statement" to exclude the effects of relaxation in the program.
Even though possible, it is a major task to write such a program that writes
the specific simulation programs. A slightly different approach, giving the
same results, is to write a program that can read an enlarged program
language, where the extension of the language is used in order to specify the
input data and the performance of the specific MR simulation program.

Fortunately, one does not have to write such a program. In the C language,
an enlarged program language already exists, called the "preprocessor". The
preprocessor is the first stage of the C language compiler. It performs file
inclusion, simple macro replacements, and conditional code inclusion. The
basic directives of the preprocessor are:

#define identifier string
^include filename
#if constant-expression

statement sequence
#else

statement sequence
#endif
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The "#define" preprocessor directive is used to tell the compiler to,
whenever the identifier is found in the source code, substitute it for the
string. This is known as a "macro-substitution". The "#include" directive
instructs the compiler to include another source file. If the constant-
expression is true (i.e. any integer but zero) in an #if directive, then the first
statement sequence is included in the source code that will be compiled, else
is the other statement sequence included. The lelse directive is optional. The
instruction for npj including the effect of relaxation can look like the
following:

#define INCLUDE RELAXATION EFFECTS 0

#if INCLUDE_RELAXATION_EFFECTS
"source code for dealing with relaxation effects"

#else
"source code for restoring the magnetic subvector
after each complete passage of the pulse sequence"

lendif

IMAGE DISTORTION, PAPER V

Artifacts caused by metallic objects have been reported many times in the
literature, see review article by Shellock and Curtis, (1991). However, only
vague attempts have been made to quantify the distortion and signal loss in
the MR images, see Teitelbaum et al., (1988), Fache et al., (1987) and
Hinshaw et al., (1988). In paper V, we have performed a quantitative study
of signal displacement and signal loss in MR imaging caused by small metallic
implants. Computer simulations were used, instead of experimental studies,
due to the inherent complexity of the problem and the fact that most imaging
systems do not allow for free alteration of software imaging parameters.

We have derived an exact expression for the magnetic perturbation field
around a homogeneous ellipsoid, with the length of its three axes
independent of each other. The shape of such an ellipsoid can be varied
considerably, and hence it can serve as a useful model when studying image
distortion caused by various metallic implants. Knowledge of the perturbation
field around an ellipsoid, allowed us to investigate to what extent image
disturbances, such as signal displacement and signal loss due to molecular
diffusion, depend on the shape and orientation of the perturbing object. Also
investigated was the possibility of reducing the severity of signal
displacement by the use of different amplitudes for the slice-selecting
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gradients during the excitation rf pulse and the refocusing rf pulse in spin-
echo pulse sequences.

We have found that the orientation and shape of a perturbing object have
only a limited effect on the amount of signal displaced. Hence it is not
possible to substantially reduce the total effect of signal displacement by
choosing the orientations of the linear magnetic gradients or the main
magnetic field in a particular way relative to the orientation of the perturbing
object. Note that the signal displacement is in the direction of the readout
gradient, and that the direction (not the amount) of the displacement can be
controlled by interchanging the directions of the readout and the phase-
encoding gradients, or by reversing the readout gradient.

The effect of molecular diffusion is small, and restricted to signals originating
in the close proximity to the perturbing object. However, the lack of signal
observed close to metallic implants in spin-echo images is not due to
diffusion, but an effect of signal displacement.

It is possible to reduce some of the severe displacement artifacts by using
different slice-selecting gradients during the 90° rf pulse and the 180° rf
pulse. If the slice-selecting gradient is completely reversed, only spins within
the targeted slice contribute to the image.
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