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Welcome. And congratulations. I am delighted that you could make it. Getting here
wasn’t easy, I know. In fact, I suspect it was a little tougher than you realize.
To begin with, for you to be here now trillions of drifting atoms had somehow to
assemble in an intricate and curiously obliging manner to create you. It’s an arrangement
so specialized and particular that it has never been tried before and will only exists this
once.
Bill Bryson - A Short History of Nearly Everything
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General introduction

Abstract
In general, three types of magnetic fields are applied in a
magnetic resonance imaging procedure, viz. a static magnetic field,
electromagnetic radiofrequency fields and gradient magnetic fields.
System-related and object-induced imperfections of these fields
may severely degrade the quality of the resultant images as concerns signal to noise, intensity homogeneity and geometric fidelity.
However, imperfections can also have positive consequences. For
instance, they may be employed to improve contrast, to enhance
imaging speed or to provide functional or structural information.
In this introductory chapter, attention is paid to several aspects
of the three types of fields. First, a historical overview is given of
how they were combined into an imaging procedure. Then, their
function within imaging procedures is described and sources of
imperfection are discussed. Subsequently, examples are presented
of how advantage can be taken of these imperfections. Finally, it is
outlined in which way field imperfections are treated and exploited
in this thesis.
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Chapter 1.

History
Magnetic resonance imaging (MRI) is based on the magnetic properties of hydrogen
atoms, and more specifically, on the resonance conditions of the atomic nuclei as a result of the nuclear spin. When subjected to a magnetic field, the spinning nucleus will
have a gyroscopic motion around the orientation of the magnetic field. Nuclear magnetic resonance (NMR) is characterized by the frequency of this gyroscopic motion called
precession. The precession frequency is referred to as Larmor frequency. For the observation of NMR, several magnetic fields are involved. Before it was detected, the existence
of an intrinsic nuclear spin was already postulated by Wolfgang Pauli in 1924, when
he observed hyperfine splitting in atomic spectra [1]. In 1933, Otto Stern succeeded to
measure the effect of nuclear spin by deflection of a beam of hydrogen molecules in a nonuniform magnetic field [2, 3]. Isidor Rabi was the first to experimentally observe NMR
in 1938 [4]. He measured the intensity decrease of a beam of lithium chloride molecules,
consecutively passing a non-uniform field for deflection, a homogeneous field of various
strengths in combination with a radiofrequency (RF) field for re-orientation and a second non-uniform field for refocussing. The intensity of the beam was at minimum for the
resonance condition because of incomplete refocussing by the second non-uniform field.
Despite some failing attempts of e.g. Cornelis Gorter [5, 6], it took until 1946 before
NMR was observed in bulk material. In that year, Felix Bloch and Edward Purcell independently demonstrated this phenomenon in water and paraffin wax, respectively [7, 8].
They detected the precessional signal by placing the material in a homogeneous magnetic
field with an RF field perpendicular to it. Purcell measured the RF absorption by the
impedance of the RF coil, while Bloch used a second RF coil at a certain angle with the
first to pick up the induction signal of the precessing nuclei.
In the next decades, NMR was predominantly exploited for physical and chemical
spectroscopic analysis for structural characterization of materials and molecules. It was
Paul Lauterbur who first used NMR for imaging [9]. He applied gradient fields on top of
a homogeneous field during the signal reception of an NMR experiment with two water
filled capillaries. In this way, he created one-dimensional projections of the spatial distribution of the water as a function of the gradient coordinates. The image was formed by
backprojection, a mathematical technique introduced a few years earlier with computed
tomography. Also gradients had been used before, namely to study diffusion [10, 11].
Nevertheless, with the combination of these known tools, the first real NMR images were
realized by Lauterbur. Then, development of (N)MR imaging went fast1 . Techniques
that improved and speeded up the spectroscopic procedures, such as echo formation [10]
and Fourier analysis [12], were also used for imaging. New techniques like selective excitation for 3D reconstruction [13] and echo formations [14] were introduced. Despite these
impressive developments, the principle fields for imaging are still the same as in the early
days: a homogeneous main field (B0 ) for the induction of nuclear magnetization, gradient fields for spatial encoding and RF fields for excitation and signal reception. Gradient
fields are normally applied in three orthogonal directions. Next to spatial encoding, they
1

The N was left out, because of concerns over the negative impact of the term ‘nuclear’.
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may also be used for motion and diffusion encoding to obtain velocity and diffusion maps.
Spatial and velocity encoding are both used for flow quantification, which will extensively
be described in the next chapter. Furthermore, some additional fields, e.g. for shimming
or dephasing, may be applied to improve image quality and to manipulate contrast.

The role of the magnetic fields in MR imaging and
the implication of imperfections
The clinical usefulness of an image depends on the geometric fidelity, the contrast between
the different tissues and the signal-to-noise ratio (SNR). These three factors are, among
other factors like the choice of the imaging sequence, determined by the the main field,
the gradient fields and the RF fields. The strength of B0 determines the equilibrium
value of the nuclear magnetization (M0 ) and the Larmor frequency (ω0 ). Its direction
determines the polarity of M0 . The gradient fields are several orders of magnitude lower
and are oriented parallel to B0 . Nevertheless, the spatial variation of their magnitudes
can be in every arbitrary direction. In this way, a spatial frequency distribution around
ω0 is achieved. The gradient fields are designed to be linear, i.e. the magnitude has a
linear increase or decrease. This linear spatial encoding is used for selective excitation
of a slice and for generating a set of phase and frequency encoded views of the selected
slice (the so-called k-space representation). An image is obtained by inverse Fourier
transformation of the k-space data. Here, the first influence of a field imperfection comes
into play. When B0 is inhomogeneous or a gradient field is nonlinear, the linear spatial
encoding is disturbed and the reconstructor will (partly) be mislead, leading to spatial
misregistration of image content. This is called the spin echo (SE) effect. A second effect
is signal loss in gradient echo (GE) based sequences. In such a sequence, inhomogeneity
of B0 causes intravoxel phase dispersion resulting in signal loss, the so-called gradient
echo (GE) effect. An example of each of these effects is depicted in Figure 1.1.

a

b

Figure 1.1. Typical artifacts caused by
a local distortion of B0 . a) An SE artifact (displacement of image content) and
b) a GE artifact (signal loss).

The pulsed RF transmit field takes care of M0 rotating away from its alignment with
B0 such that the precessional motion of the nuclei can be picked up by an RF receive
coil afterwards. The transmission and signal reception can be done by the same coil, but
also different coils may be used. The power given to the transmit coil determines the
flip angle, the angle of rotation of M0 with respect to B0 . An inhomogeneous transmit
field will result in a spatial variation of the flip angle, causing intensity distortions in the
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image. The same holds true for the receive field. An inhomogeneous sensitivity pattern
of the receive coil will result in intensity variations in the image. An example of an
inhomogeneous receive field is shown in Figure 1.2a. Furthermore, an inhomogeneous B0
field, a nonlinear slice-selection gradient or a non-ideal transmit pulse shape will distort
the slice profile. A completely rectangular profile is hard to achieve due to the limited
time available for the application of the pulse.

a

b

Figure 1.2. MR images of a homogeneous object. The same sequence is used for both images,
only the signal reception is done with two different coils. a) A single surface coil placed at the
bottom of the object. This coil does not depict the object homogeneously. It has high sensitivity
close to the coil, locally resulting in a high SNR. b) A quadrature body coil surrounding the
object. No intensity variations are present across the object, but the SNR is low owing to the
low filling factor.

Sources of imperfection
The homogeneity of B0 , the linearity of the gradient fields and the homogeneity of the
RF fields are determined by the setup of the MRI machine and the magnetic and electric
properties of the object to be imaged. For cylindrical, clinical scanners, the main field is
created by several sets of coil windings. A homogeneity of 5 ppm within in a spherical
volume with a diameter of 50 cm is normally regarded as acceptable [15]. Gradient
fields are realized by three sets of orthogonally-placed coils. Any arbitrary imaging plane
can be realized by combining the fields of the independently controlled coils. Eddy
currents induced by conductive parts are minimized by design of the machine and by
active shielding. For RF excitation and signal reception a single coil may be used, but also
two separate coils. For transmission, normally a quadrature coil is employed, because of
its homogeneity and relatively low power dissipation. For reception, often multiple surface
coils are employed because they can be positioned close to the region to be imaged. In
such a way, high filling factors are realized to achieve a high SNR [16]. In Figure 1.2,
examples of a coil with a high filling factor and an inhomogeneous sensitivity and a coil
with a low filling factor and a homogeneous sensitivity are shown.
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Any object to be imaged induces field imperfections itself. Also inside objects, field
variations will occur. This is certainly true for medical imaging because of heterogeneity
of the body tissues. For an ideal, homogeneously magnetized object, reconstruction
will only depend on the matching of the resonance frequency. However, at every tissue
boundary, B0 variations will exist due to the different magnetic properties of tissues.
These magnetic susceptibility variations between tissues are normally small, a few ppm
[17]. The largest natural effects are visible near air cavities. However, foreign objects
like implants, surgical clips, or even eye shadow, can cause much larger field deviations
and, hence, more severe artifacts. Examples of air cavities and a foreign object are
shown in Figure 1.3. Another source of B0 variation inside the body is chemical shift.
This phenomenon is caused by the shielding of nuclei from the external magnetic field
by their surrounding electrons [18]. The shielding causes a reduction of the effective,
local magnetic field, where the magnitude of the reduction depends on the chemical
environment. Therefore, it is called chemical shift. The most predominant chemical
shift in MR imaging is that between water and fat, which is 3.4 ppm. For imaging,
chemical shift induces artifacts, characterized by spatial misregistration and signal loss.
The interested reader is referred to appendix A, in which magnetism, chemical shift and
their implications for magnetic resonance imaging artifacts are more extensively described
and illustrated.

Figure 1.3. A practical example of the
consequences of some field imperfections
for MR imaging: A coronal gradient echo
image of the abdomen of a pig. The black
arrow points to a susceptibility artifact in
the stomach. Apparently, the pig swallowed a foreign object. The white arrow
points to the air in the bowels. At the caudal and cranial sides, the image is noisy
owing to the limited spatial sensitivity of
the receive coil.

The homogeneity of the RF field also depends on the body since the dielectric properties of the tissues and the geometry of the body determine the actual RF field distribution.
At high B0 field strengths (> 1.5T), the RF wavelength becomes comparable to the size
of the human body, leading to dielectric resonances and considerable variation in signal
intensity [19]. Furthermore, cage-structured implants, like endovascular stents and filters, interfere with the send and receive coils of the scanner, locally disturbing their fields
inside the lumen of the vessel [20].
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Analysis, correction and exploitation of imperfections
In general, field imperfections are regarded as undesirable, because they deteriorate image
quality. By proper choice of sequence parameters or special sequence design, image
degradation can be minimized or avoided. Correction algorithms can be applied for
further minimization of remaining artifacts. These correction algorithms can be based
on prior knowledge of the system and the employed sequence [21, 22] or on grid phantom
approaches in which the imperfections are empirically determined [23]. Also the image
data itself can be the source for correction, e.g. in phase map [24, 25] or image intensity
based algorithms [26]. In chapter 2, a grid phantom approach will be used for the analysis
and correction of measurement errors in flow quantification.
Field imperfections do not always have negative consequences for MRI, they can also
be exploited. B0 inhomogeneity due to chemical shift is used for in vivo magnetic resonance spectroscopy (MRS) or magnetic resonance spectroscopic imaging (MRSI). These
are important tools for characterization of metabolites, which can aid in the detection
and staging of tumors [27] or provide information about energy metabolism [28]. In a
similar way, chemical shift imaging can be used to generate separate water and fat proton
images [29] or to selectively depict protons in silicons. The latter is used for studying
the degradation of silicon based implant materials [30]. Spectral suppression of fat or
selective excitation of water is used for better depiction of lesions. The bright fatty tissue
in contrast-enhanced T1-weighted images, e.g. in bone marrow [31] or in breasts [32], can
be suppressed, which enhances the contrast and delineation of tumors or inflammations.
B0 inhomogeneity due to susceptibility variations is exploited in many ways. Examples include functional MRI based on blood oxygenation level dependent (BOLD) signal
differences [33, 34], quantification of concentrations of therapeutics [35] and iron contents
[36], visualization of instruments like biopsy needles [37] and endovascular devices [38],
molecular imaging [39], contrast enhanced MR angiography [40], perfusion imaging [41],
venography [42] and detection [43, 44] and characterization [45, 46] of foreign objects. For
these purposes often standard scanning sequences are used, but also dedicated sequence
designs [47, 48] or post-processing techniques [49] are applied to increase contrast and
improve differentiation. In this thesis, examples will be shown of the susceptibility-based
characterization of the internal microstructure of implant materials (chapter 3 and 4) and
susceptibility-based interventional device visualization (chapter 6). The latter subject is
illustrated in Figure 1.4.
For the RF field, parallel imaging is a well-known application based on field inhomogeneity [50]. In a multiple receive coil set-up, the sensitivity pattern of each coil is
exploited to enhance the imaging speed. In chapter 6, SENSE, a parallel imaging technique in the image domain [51], is used to increase the frame rate during endovascular
interventions guided by susceptibility-based passive device visualization. Next to parallel
reception, parallel excitation has been introduced [52]. A combination of transmit and
receive sensitivity is employed for the visualization of interventional devices by fiducial
markers [53].
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a

b

Figure 1.4. An example of susceptibility-based device visualization in a pig. The black dots in
frame a) are caused by field distortions invoked by disturbing material mounted onto a catheter
and a guide wire. Without the added material, the devices are difficult to trace in the MR
images. b) After some image processing, the dots representing the devices are used as overlay
on the vasculature to improve feedback on the location of the devices.

Outline of this thesis
This thesis is concerned with imperfections of the main field and the gradient fields.
In chapter 2, the inhomogeneity of B0 and the nonlinearity of the gradient fields are
analyzed in order to determine the errors in 2D phase contrast flow quantification at
off-center locations and to correct for these errors. The hypothesis was that imperfections of these fields increased at positions further off-center. The chapters 3 and 4 deal
with inhomogeneities of B0 that are induced by stainless steel and Nitinol wires. For
these materials, the magnetic properties depend on the microcrystalline structure, which
on its turn is determined by the thermal-mechanical history and state. Magnetization
measurements based on analysis of the field distortion are exploited to verify whether
MRI can be used to detect and quantify changes of the microcrystalline contents. For
these measurements, knowledge of the shape of the materials is a requisite. Chapter
5 discusses how this shape information might be derived from images of other modalities. This chapter demonstrates the synergy of a multi-modality approach for the case of
metallic foreign particles. The combination of computed tomography and plain radiography with MRI substantially improves the characterization of such particles. In chapter
6, a similar analysis of particle-induced field distortions is used for the construction and
characterization of new markers for susceptibility-based endovascular device visualization. The markers are shown to be effective at different field strengths and tracking
speeds. In chapter 7, the most important findings of the research described in this
thesis are summarized.1
1

The chapters 2 trough 6 have been adapted form journal articles, and have been written to be
self-contained. This implies that in some of the chapters, information is repeated.
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3. Estermann I, Stern O. Über die magnetische Ablenkung von Wasserstoffmolekülen und das
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At high elevations there is not only less oxygen but also lower atmospheric pressure
which can have all sorts of weird effects on the body: It can cause the brain to swell,
fill the lungs with fluid, suppress appetite and cause muscle tissue to waste away.
The rough guide: Nepal
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Analysis and correction of gradient
nonlinearity and B0 inhomogeneity related
scaling errors in 2DPC flow measurements

Abstract
Phase contrast flow measurements will be increasingly biased
at eccentric positions, where nonlinearity of gradients and inhomogeneity of the main field become important. In theory, they
scale the result of phase contrast flow values in two ways: incorrect
velocity-encoding of moving spins and geometric distortion of the
vessel cross-sectional area. A flow phantom, consisting of a 3D
grid of interconnected tubes, was used to determine the spatial
dependence of the associated scaling factors. These scaling factors
demonstrate that scaling errors in flow can be as large as 20%
within the examined volume of 336x336x336 mm3 . The same
phantom was also used to determine and minimize concomitant
gradient effects. Correction of the off-center flow values with the
local scaling factors and the concomitant gradient phase improves
the measurement accuracy substantially, both in the flow phantom
and in a volunteer study.

Based upon: J.M. Peeters, C. Bos, C.J.G. Bakker, Analysis
and correction of gradient nonlinearity and B0 inhomogeneity
related scaling errors in two-dimensional phase contrast flow
measurements , Magn Reson Med, 2005;53(1)126-133
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Introduction
In the past decade, numerous studies have been devoted to the sources of errors in phase
contrast (PC) flow quantification [1-8]. Factors affecting the accuracy and precision of
these measurements have been investigated extensively and include aliasing due to mismatched encoding velocity, intravoxel phase dispersion, angulation of the imaging plane,
inadequate temporal and/or spatial resolution, pulsatility effects, phase offset errors, measurement noise and spatial misregistration. As far as we know, only one study includes
off-center velocity miscalculation related to gradient nonuniformity [9]. Our interest in
off-center miscalculation of flow was aroused by some inconsistent results of a study in
which flow measurements were performed in the loop graft in the forearm of hemodialysis
patients (Figure 2.1). On average, PC measurements in these grafts were 9% higher than

Figure 2.1. Drawing
of the forearm of a
hemodialysis
patient
with a loop graft.

ultrasound (US) dilution measurements [10], and, occasionally, significant differences were
observed between the flow values of the arterial and venous limbs. We hypothesized that
these observations could have been caused by the nonlinearity of gradients and the inhomogeneity of the main field, as they increase further off-center. Therefore, we performed
a theoretical and experimental analysis of the influence of measurement position on PC
flow measurements. In the theoretical part, we will show that scaling of the reconstructed
vessel cross-sectional area, caused by inhomogeneity of the main field and nonlinearity of
the read and phase-encoding gradients, and scaling of the reconstructed velocity, caused
by the nonlinearity of the velocity-encoding gradient, result in incorrect flow values. In
the experimental section, we will demonstrate that the associated scaling factors can be
determined with a flow phantom and that they can be used to correct the observed flow
values. Furthermore, we will show that at off-center positions, concomitant gradients will
degrade PC flow measurements. We use the same flow phantom to measure and minimize
the sequence dependent concomitant phase evolution in order to quantify this effect. We
will demonstrate concomitant gradient correction in combination with scaling correction,
both in the flow phantom and in a volunteer study.
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Theory
The volume flow Q through a vessel is the integral of the velocity profile over the crosssectional area of the vessel. With PC techniques, it is possible to measure velocity,
which enables flow quantification by adding the velocity contents over the cross-sectional
area. However, the reconstructed cross-sectional area and velocity will be scaled due to
the nonlinearity of gradients and inhomogeneity of the main field, resulting in incorrect
2DPC flow values.
Inhomogeneity of the main field - Reichenbach et al. [11] explain distortions of
the image in gradient echo imaging as a result of inhomogeneity of the main field, resulting
in scaling, translation and shearing of the object in the read-direction. Scaling arises from
local, stationary gradients in the read direction, shearing from local, stationary gradients
in the phase direction and translation from a local field offset. We will take a closer
look at scaling as it influences the size of the reconstructed cross-sectional area. The
local, stationary gradient G0∆B (r) in the read direction x, resulting from the spatial field
inhomogeneity ∆B0 (r), can be approximated by:
G0∆B (r) =

∆B0 (r + ∆r) − ∆B0 (r)
∆B0 (x + ∆x, y, z) − ∆B0 (x, y, z)
=
∆r
∆x

(2.1)

The actual local read gradient during sampling is not Gx , but has been changed to
Gx + G0∆B and thereby scales the object by a factor λ−1
∆B , with:
λ∆B (r) =

Gx
Gx + G0∆B (r)

(2.2)

If λ∆B > 1, the object will appear shrunken, if λ∆B < 1, the object will appear stretched.
The stationary gradient G0∆B also causes an echo shift in time, resulting in signal loss and
a lower signal to noise ratio (SNR). The random phase error, and with that the random
error in reconstructed velocity, will increase [8, 12], leading to a lower precision of the
flow measurement.
Nonlinearity of the in-plane gradients - Nonlinearity of the in-plane gradients
causes scaling of the object similar to a local stationary gradient in the read direction.
−1
The read Gx and phase Gy gradient applied are locally scaled by a factor λ−1
Gx and λGy
respectively, with λGx (r) = Gx (Gx + G0x (r))−1 and λGy (r) = Gy (Gy + G0y (r))−1 . This can
easily be seen by analyzing the phase evolution of the spins at a certain location (x, y)
for a gradient echo sequence:
φ(p, t) = γp(∆Gy + ∆G0y )yτp + γ(Gx + G0x + G0∆B )xt
−1
= γpλ−1
Gy ∆Gy yτp + γ(λGx λ∆B ) Gx xt

(2.3)

with γ the gyromagnetic ratio, ∆Gy and p the phase gradient step and step number, τp the
time the phase gradient is turned on and t the readout time. The spins in a region dxdy
will be reconstructed in dxrec dyrec with dxrec = (λGx λ∆B )−1 dx and dyrec = λ−1
Gy dy, and the
−1
−1
whole object is scaled by the factor (λGx λGy λ∆B ) . Actually, dxrec = (λGx + λ−1
∆B − 1)dx,
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but the cross term G0x G0∆B G−1
x << Gx and can be neglected. Equation 2.3 only holds if
the gradient nonlinearity step ∆G0y is proportional to the gradient step ∆Gy . Therefore,
we will verify this property experimentally.
Nonlinearity of the through-plane gradients - The velocity vrec is determined
using the phase φ of a pixel:
φ = γvtrue M1
(2.4)
R
with vtrue the velocity of the flowing spins and M1 = tGve (t)dt the first moment at the
echo time of the velocity-encoding gradient Gve . PC flow quantification techniques use
bipolar gradient pulses for velocity encoding. Two acquisitions are made with opposed
polarity of the bipolar gradient pulse to change the sign of the first gradient moment
in order to minimize unintended phase-offset effects, e.g. caused by field inhomogeneity,
eddy currents and RF penetration effects. Phase subtraction then leads to the following
reconstructed velocity:
φ2 − φ1
∆φ
vrec =
=
(2.5)
γ(M1,2 − M1,1 )
γ∆M1

where ∆φ is the phase difference between both images and ∆M1 the difference in first
gradient moment. In the presence of a nonlinearity, the velocity-encoding gradient is
locally scaled by a factor λGve = Gve (Gve + G0ve (r))−1 . Thus, the first moment of Gve and
the reconstructed velocity will be scaled correspondingly:
vrec =

vtrue
λGve

(2.6)

Because the bipolar velocity-encoding gradient does not need to be symmetrical between
the two acquisitions, the first gradient moments (M1,1 and M1,2 ) have to be scaled in an
equal way, which is the case if the gradient nonlinearity is proportional to the gradient
strength. The slice selection gradient nonlinearity will influence the observed flow value
in two ways. If λGss < 1, the slice thickness decreases, resulting in a lower SNR and vice
versa. The other effect is a distortion of the slice profile; the slice profile may be tilted,
resulting in a scan plane not completely perpendicular to the vessel. A local gradient in
the slice selection direction related to the inhomogeneity of the main field adds to the slice
selection gradient nonlinearity. Neither slice thickness nor profile distortion influence the
accuracy of the measured flow value much [5].
As shown above, through-plane 2DPC flow measurements depend on gradient linearity
in all three orthogonal directions. In-plane gradient nonlinearity and B0 inhomogeneity
result in scaling of the cross-sectional area of the vessel, through-plane gradient nonlinearity in incorrect velocity-encoding of the moving spins. For small vessels, the scaling
factors λ can be assumed to be constant across the vessel cross-sectional area. Similarly,
for low velocities in combination with a short echo time, λGve can also be taken into account as a constant, because the displacement of the spins will remain small. Under these
assumptions, the reconstructed flow value will be inversely proportional to the product
of the scaling factors:
1
Qrec
=
(2.7)
Qtrue
λ∆B λGx λGy λGve
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If all four scaling factors are known, correction is possible by multiplying the reconstructed
flow by λ∆B λGx λGy λGve .

Materials and methods
The flow phantom - The experiments were performed with a flow phantom consisting
of 77 serially connected, parallel tubes placed in a regular matrix, Figure 2.2 [13]. The
phantom could be rotated in the scanner bore, such that the tubes were either parallel
or perpendicular to the main field. The distance between the tubes was large enough
to avoid interaction of the local fields of the tubes. The diameter of the tubes was
3 mm and was sufficiently small to assure constant scaling factors over the tube cross
section. The tube at the center of the phantom was positioned at the center of the scanner
bore. The circulating fluid was copper sulfate-doped water (10.0 CuSO4 ·H2 O g/(l water);
T1 /T2 = 32/28 ms at 1.5 Tesla [14]), which has a low T1 to have sufficient SNR. The tubes
were surrounded by air. Steady flow was induced by a constant gravitational pressure
head of 1.9 m water. Timed collection of the fluid served as a control for the 2DPC flow
measurements.

42 mm

3 mm

a

b

336 mm

c

240 mm
336 mm

Figure 2.2. The flow phantom with its dimensions; a) picture, b) frontal view, c) lateral view.

Inhomogeneity determination - First, the inhomogeneity of the main field and
the gradient nonlinearity distortions were determined at the grid points of the phantom.
The measured inhomogeneity and nonlinearity data were interpolated to calculate the
associated scaling factors.
Machine-dependent field inhomogeneity and nonlinearity of gradients were determined
using the distortion properties of a 2DFT SE sequence [15]:
∆BGy (r)
Gy

(2.8)

∆BGx (r) ∆B0 (r)
+
Gx
Gx

(2.9)

y1 = y +

x1 = x +
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in which (x, y) and (x1 , y1 ) refer to the true and the distorted positions respectively.
∆B0 is the inhomogeneity of the main field and ∆BGx and ∆BGy the gradient fields
representing the nonlinearity of the read and phase gradients. Images were made with
the image plane perpendicular to the tubes. The gradient nonlinearity field in the phase
direction was directly calculated from subtraction of the position of a tube in image
domain and its nominal position in the grid (equation 2.8). A second image with the phase
and read gradient direction exchanged allowed calculation of the gradient nonlinearity
field in the other direction. The inhomogeneity of the main field was calculated by taking
into account the earlier determined gradient nonlinearity field and the read gradient
strength in either the first or the second image. Maps of the gradient nonlinearity in the
third direction were determined after rotation of the phantom in the scanner bore by 90◦ .
The analysis above and, as mentioned earlier, the analyses of phase and velocityencoding gradient scaling build on the assumption that the gradient field error is proportional to the applied gradient strength. We verified this assumption by making scans
with different read gradients, in which several gradient strengths and both polarities in
one direction were used. If the assumption holds, the distortion caused by ∆B0 is inversely proportional to the read gradient strength and the positional error induced by G0x
is constant with respect to the gradient strength (equation 2.9).
The position of the tubes in the 2DFT SE images was obtained by localizing the pixel
with the maximum intensity of each tube. The center of mass was calculated around that
pixel within an area of the size of the cross-sectional area of the tubes. The scaling factors
of the nonlinearity of the gradients were determined by making third order polynomial
fits of the grid position as function of the distorted position in phase direction. These
fits were differentiated to calculate λGy :
λGy =

δy
δy1

(2.10)

λGy is independent of the gradient strength, provided Gy and ∆BGy are proportional.
However, λ∆B is acquisition specific and depends on the read direction and the read
gradient strength. A third order polynomial map of ∆B0 (r) with respect to the read
direction x was made. λ∆B was calculated with this map and the read gradient strength
of the 2DPC acquisition according to equations 2.1 and 2.2.
Concomitant gradients - We examined the effect of concomitant gradients on PC
imaging by doing some experiments with stationary fluid and different echo times, indirectly influencing the concomitant gradient phase φc ; a longer TE allows more freedom
in planning gradient timings and strengths. According to Bernstein et al. [16], the
concomitant magnetic field Bc can, to the lowest order and for B0 > 0, be described by:
Bc (x, y, z, t) =

Gz x 2
Gz y 2
1
{(Gx z −
) + (Gy z −
)}
2B0
2
2

(2.11)

which demonstrates that φc is quadratically dependent on the gradient strengths and the
off-center position. When choosing a longer echo time, the gradients can be turned on
longer with a lower strength, resulting in a lower φc .
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Imaging - Imaging was performed on two clinical 1.5-T scanners (Gyroscan, Philips,
Best, The Netherlands), which will be referred to as system 1 and 2 respectively. To
avoid frequency shifts due to wrong determination of the central frequency, the central
frequency was determined with another cylinder before the phantom was placed in the
magnet. This cylinder was made of pvc and filled with the same fluid as used for the
2DPC flow quantification and the 2DFT SE inhomogeneity measurements. It had a
diameter of 32 mm and a length of 400 mm to simulate the infinite cylinder behavior of
the tubes of the phantom and to have enough mass for central frequency determination.
The orientation of the cylinder was similar to the orientation of the phantom tubes. After
this procedure, the central frequency was fixed.
Transverse and sagittal multislice 2DFT SE images were acquired such that a volume
of 336x336x336 mm3 was examined (9 slices with slice thickness 20 mm, slice gap 22 mm,
F OV 384x384 mm2 , scan matrix 256x256, Gx = 3.4 mT/m). Low gradient strengths
with low slopes were used to minimize eddy current effects.
The 2DPC flow measurements were performed in the transverse plane (slice thickness
10 mm, F OV 384x384 mm2 , TR /TE 31/20 ms, flip angle 40◦ , Gx = 4.5 mT/m, NEX 8).
A large scan matrix of 1024x1024 was used to minimize partial volume effects [7, 8]. The
Venc of 30 cm/s was little above the maximum velocity in the tubes (±25 cm/s). The
pixels representing the tubes were selected in the magnitude image by thresholding at
20% of the maximum intensity, after which this mask was applied to the phase image for
flow quantification. At lower threshold levels, also background pixels in the intermediate
environment without signal were selected, which did not belong to the tubes.
Volunteer study - Three healthy volunteers (male, mean age 29) had a loop graft
model [17] without stenosis attached to the forearm to mimic the situation in patients.
Volunteer 1 was scanned with system 1, volunteer 2 and 3 with system 2. A glycerol water
mixture (T1 /T2 = 710/140 ms) was used as the flowing fluid. PC flow measurements were
performed with stationary fluid and with different steady flow rates (up to 45 ml/s in
steps of 5 ml/s) induced by a computer controlled pump (UDHC flow system, R.G.
Shelley Ltd., North York). The flow direction of the fluid in the model at the forearm
of volunteer 2 was reversed to verify that scaling is not dependent on it. Transverse PC
images were obtained with a 40x10 rectangular surface coil (slice thickness 5 mm, F OV
200x140 mm2 , scan matrix 512x360, TR /TE 16/10 ms, flip angle 10◦ , Venc 250 cm/s,
Gx = 6.5 mT/m, NEX 4). The rectangular surface coil was only used as receive coil
to have a higher SNR. The same gradient and RF coils as in the phantom experiments
were used, so the scaling parameters determined with the phantom could be applied for
correction.

Results
The results of the flow phantom presented here, were obtained with system 1. These include the proportionality of gradient nonlinearity, the spatial dependence of B0 inhomo-
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geneity and gradient nonlinearity, concomitant gradient effects and flow measurements.
The results of the volunteer study were obtained with system 1 and 2.
First, we verified the assumption that gradient nonlinearity is proportional to the
gradient strength. Figure 2.3 shows that the distortion (x1 − x) of one tube as a function
of the read gradient strength and polarity can be decomposed into a part proportional
to G−1
x and a constant offset. The first is related to the stationary ∆B0 and the offset to
the gradient nonlinearity field (equation 2.9), which proves that G0 is proportional to G.
At this point, the absolute gradient is too small, i.e. λGx > 1.
0.6
0.5
x1−x [mm]

0.4
0.3
0.2
0.1

Figure 2.3. Distortion for different read
gradient strengths with negative and positive polarity (solid lines) and the mean of
both (dash-dotted line).
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Next, we quantified the distortion of the tubes in image domain and obtained the
gradient distortion and field inhomogeneity maps. Figure 2.4 shows that the tubes further
off-center clearly exhibit a larger distortion than the tubes close to the iso-center. The
corresponding spatial dependence of the specific scaling factors of the 2DPC scans with
the flow phantom are rendered in the Figure 2.5, which demonstrates the symmetrical
behavior of the nonlinearity of the gradients. However, this symmetry does not apply
around a scaling factor of one (no scaling), i.e. in Figure 2.5a λx is below 1 at all the
corners. The relation between the off-center position of all the grid points within the
examined volume and the product of the scaling factors at these points is presented
in Figure 2.6, which indicates that flow values will more often be overestimated than
underestimated. It also demonstrates that flow scaling increases further off-center and
that it increases faster. Errors were well over 10% at off-centers larger than 18 cm and
even 20% at 23 cm.
Subsequently, concomitant gradient effects were investigated. Figure 2.7 clearly shows
the effect of concomitant gradients in PC imaging with stationary fluid (Q = 0 ml/s); the
phase offset is of the same sign all over the image and increases quadratically off-center.
The mean Q̄ and the maximum Qmax flow values for different echo times are given in
Table 2.1. The maximum flow values were taken at the largest off-center position. For
a TE longer than 20 ms, the mean and maximum value did not decrease significantly
anymore, indicating that concomitant gradient effects at this echo time were smaller
than other error sources. Moreover, at TE = 20 ms, the maximum flow value did not
occur at the outer ring of the flow phantom, which is also indicative for other sources of
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Figure 2.4. A 2DFT transverse
SE image of the phantom through
the iso-center with the real grid
superimposed on it.

error becoming more important. Therefore, an echo time of 20 ms was chosen. Another
reason for this choice was that a longer TE resulted in a lower SNR due to T2 -relaxation
(T2 = 28 ms).
Next, flow measurements were performed with the flow phantom. Timed collection
indicated that the flow was 0.78 ± 0.02 ml/s, which was used as the normalizing value
Qtrue . Normalized 2DPC flow values showed good correlation with the scaling factors
(r=0.88), Figure 2.8a. This indicates that correction with the location specific scaling
factors is possible, as is confirmed in Figure 2.8b. Correction for concomitant gradient
effects increased the correlation coefficient to r = 0.89, which shows that at that line
the main bias is caused by scaling due to the nonlinearity of gradients. Nevertheless, it
reduces the maximum error even further to less than 5%.
Table 2.1. Mean Q̄ and maximum Qmax flow value for different echo times and stationary fluid
(Q = 0 ml/s) in the transverse plane through the iso-center. The maximum flow value is taken
at the largest off-center position. The standard deviation of the mean flow value is calculated
out of all the flow values in the plane, the standard deviation of the maximum is calculated out
of the 8 measurements of the tube concerned.
TE [ms]
9.5
12
16
20
24

Q̄ [ml/s]
0.090 ± 0.040
0.018 ± 0.015
0.023 ± 0.013
0.012 ± 0.010
0.011 ± 0.008

Qmax [ml/s]
0.20 ± 0.007
0.061 ± 0.009
0.057 ± 0.010
0.025 ± 0.012
0.024 ± 0.010

Finally, we proved that correction is also possible in the volunteer study. The lateral
positions of the arterial and venous limb of the loop graft model at the forearm of the
first volunteer were 227 and 181 mm off-center respectively. For the second and third
volunteer, they were the same, namely 220 and 174 mm. The absolute flow values were
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Figure 2.5. Surface renderings of the spatial dependence of the scaling of each gradient coil
and the main field in the transverse plane through the iso-center.

first corrected for concomitant gradient offsets, measured with stationary fluid. Then,
normalization was done with the flow induced by the computer controlled pump and
correction was performed with the local scaling factors. The total local scaling factor
was 1.11 for the arterial limb and 1.03 for the venous limb of volunteer 1. For the
volunteers 2 and 3, they were 1.13 and 0.995. These values indicate that the venous and
arterial flow value differ considerably because of their difference in off-center position.
Especially at low flow values, the difference is even larger as a result of the same sign of
the concomitant gradient offsets for both the venous and the arterial limb while the flow
was of opposite sign as is shown in Figure 2.9. In this figure, the results for the venous
1.2

(λGxλGyλ∆BλGve)−1

1.15

Figure 2.6. Scaling of the flow in the examined volume of 336x336x336 mm3 as a
function of the off-center distance.
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Figure 2.7.
Thresholded phase
image of a transverse 2DPC acquisition through the iso-center with
TE = 9.5 ms and stationary fluid
(Q = 0 ml/s). The corresponding
mean and maximum flow value are
given in Table 2.1.

and arterial limbs of all three volunteers are depicted. They demonstrate that the method
of determining local scaling factors worked for both scanners. It can easily be used for
correction in combination with correction for concomitant gradient offsets, which make
it independent on flow direction. The normalized arterial flow values of volunteer 1 seem
to slightly increase with increasing flow. One explanation may be an underestimation
of the concomitant gradient offset in combination with an overestimation of the total
local scaling factor. An overestimation of the concomitant gradient bias results in a
decreasing trend in the normalized flow value, an underestimation in a increasing trend.
Another explanation is the violation of the constant locality conditions as a result of the
displacement of the flowing spins.
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Figure 2.8. a) Theoretical and experimental relation between the normalized flow and the scaling factors (the asterisks represent the measured points, the solid line the theoretical relation of
equation 2.7), b) Normalized flow values before and after correction for a line in the transverse
plane through the iso-center along the RL-axis 126 mm posterior of the iso-center. The measured values are depicted by dots, the lines denote the correction contribution of the different
bias causes (scaling due to inhomogeneity of the main field, scaling due to the nonlinearity of
gradients and offsets due to concomitant gradients) and total correction.
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Figure 2.9. Normalized measured, concomitant corrected and concomitant plus scaling corrected flow values of the venous (a,c and e) and the arterial limb (b,d and f) of the hemodialysis
loop graft phantom at the forearm of the volunteers. The results of volunteer 1 are depicted in
the upper row (a,b), of volunteer 2 in the middle row (c,d) and volunteer 3 in the bottom row
(e,f).

Discussion
We have shown that inhomogeneity of the main field and nonlinearity of the gradients
have a significant effect on PC flow measurements; we used a single flow phantom to
empirically analyze both phenomena and how they influence the flow values. Information
of the spatial dependence of G0 and ∆B0 then allows correction of the observed PC flow
values. Moreover, the flow phantom is also well-suited for mapping the 2DPC-acquisition
specific concomitant phases.
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For 2DPC flow quantification, the nonlinearity of the gradients in all three orthogonal
directions plays a role. Namely, the through-plane velocity-encoding gradient nonlinearity
causes incorrect velocity-encoding of the moving spins and as a result of the in-plane
phase and read gradient nonlinearity, geometric distortion of the vessel cross-sectional
area occurs. The introduction of the scaling factors made clear that, next to scaling
due to inhomogeneity of the main field, the nonlinearity of the gradients are of equal
importance, viz. the product of the four independent scaling factors determines the
biased flow value. The error of the measured flow was as large as 20% at an off-center of
23 cm at our system. The analysis of the nonlinearity of gradients shows that it causes
a geometric distortion that is independent of the gradient strength; the distortion as a
result of the inhomogeneity of the main field, however, is dependent on the strength of
the read gradient. The influence of ∆B0 can be diminished by increasing the strength
of the read gradient, but at the expense of SNR and, hence, measurement precision.
The nonlinearity of the gradients and the inhomogeneity of the main field are machinedependent, so the actual maps obtained in this study only apply to our machine. The
mapping procedure described, however, can be generally applied to any scanner. The
results of the loop graft model attached to the forearm of volunteers, who were scanned
in two different scanners, confirmed this.
When flow measurements are done at a location where the nonlinearity of gradients
and field inhomogeneity are known, correction with the associated scaling factors can
be done as long as SNR is sufficient and locality conditions are fulfilled. The correction
method is based on scaling factors that are position dependent. If the flow distance of the
spins up to the echo time is too long, flow values can no longer be corrected by applying
a constant local scaling factor and, instead, the integral over the trajectory of the spins
has to be used. This makes the correction more complicated, because the trajectory
would have to be known and taken into account in an iterative correction process. This
requirement becomes more strict at large off-centers, where the scaling factors depend
sensitively on position. Then, in patient examinations, the echo time has to be shortened
to fulfill the locality conditions, while in phantom studies, the fluid velocity can be
decreased as well. Because of the geometry of the phantom, no object-induced field
variations were present. In practise, they can easily be added to the ∆B0 -field and the
λ∆B scaling factor if they are known.
Concomitant gradient phase evolution in phase contrast imaging is dependent on the
gradient strengths and the gradient timings. We chose different echo times to investigate
the concomitant phase effect, as TE indirectly influences it; a longer echo time allows more
freedom in choosing these parameters and concomitant phase offsets in the phase image
can be decreased. However, a longer echo time compromises SNR due to T2 -relaxation.
In this case with a circulating fluid with relaxation times of T1 /T2 = 32/28 ms, it became
problematic, but in normal situations with blood (T1 /T2 ≈ 1200/200 ms) long echo
times can be used as long as displacements are not too large. We used the remaining
concomitant gradient phase of the stationary fluid at TE = 20 ms for correction of the flow
measurements, which also resulted, in combination with scaling correction, in a better
measurement accuracy.
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A potentially relevant application of PC flow measurements is the loop graft of
hemodialysis patients. Poor flow rates reduce dialysis efficiency and are indicative of
impending graft thrombosis due to higher flow resistance [18]. At flow values below 10
ml/s, in most cases stenotic area(s) exist within the loop graft [19, 20]. The measurements
in the loop graft model attached to the forearm of volunteers showed that flow measurements at eccentric positions are degraded by the nonlinearity of gradients, inhomogeneity
of the main field and concomitant gradient phase evolution. They demonstrated a difference between the 2DPC flow values of the arterial and venous limb of the loop graft.
When clinical decisions, e.g. intervention to decrease the resistance at flow values below
the threshold of 10 ml/s, depend on these measurements, biased flow values can give incorrect indications. Therefore, the best position of the forearm is close to the iso-center,
as scaling and concomitant gradient errors exist at eccentric locations. However, when
the patient cannot be in that position for the required scan time, which often is the case
for hemodialysis patients, measurements have to be done at an off-center location and
flow values will be biased. Our correction method allows to compensate for this bias
and shows a significant improvement in measurement accuracy. Especially at low flow
values with low velocity contents, the sequence dependent concomitant gradient offsets
have to be prevented by long echo times or have to be compensated by measuring the
spatial offsets or analytical analysis [16]. The correction method may also be practical in
other applications, like open magnet scanners, in which field inhomogeneity is generally
larger than in conventional scanners. However, positioning of the patient in open magnet
scanners is less restricted by the scanner setup and the forearm can be positioned at the
iso-center more easily.
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‘It would be curious to know who it was, a man
or a woman, an Alpha or an Epsilon ...’.
Aldous Huxley - Brave new world

Magnetic resonance imaging of microstructure
transition in stainless steel

Abstract
Magnetic resonance images are prone to artifacts caused by
metallic objects. Apart from being a source of image degradation,
such artifacts can also provide information about the magnetic
properties of the foreign object. In this chapter, we aim to
explore the potential of MRI to detect, localize and characterize
changes in magnetic properties that may occur when certain alloys
have been subjected to a thermo-mechanical stress. We drew
stainless steel 304L wire to induce a change from paramagnetic
austenitic into ferromagnetic martensitic microstructure. The
changes in magnetic behavior were quantified by analyzing the
geometric distortion in spin echo and the geometric distortion
and intravoxel dephasing in gradient echo images at 0.5, 1.5 and
3T. The results of both imaging strategies were in agreement and
in accordance with independent measurements with a vibrating
sample magnetometer. The mechanical stress of wire drawing
increased the volume fraction of the ferromagnetic martensite from
0.3% to 80%. It enhanced the magnetization up to two to three
orders of magnitude. Magnetic resonance imaging turned out
to be a suitable method to visualize and quantify magnetization
changes. It is not restricted to a single imaging strategy and does
not require any modification of the test sample.

Based upon: J.M. Peeters, E.E.H. van Faassen, C.J.G. Bakker,
Magnetic resonance imaging of microstructure transitions in
stainless steel, Magn Reson Imaging, accepted
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Introduction
An ideal magnetic resonance imaging (MRI) experiment assumes a uniform, homogeneous magnetic field, B0 . Any disruption of the homogeneity of B0 , such as caused by
the introduction of a device or the presence of a foreign object, invokes geometry and intensity distortions of the resultant MR image, generally known as a susceptibility artifact
[1, 2]. However, this sensitivity of MR to field disturbances does not only have negative
consequences. Susceptibility artifacts may, for instance, also be exploited for the visualization and tracking of interventional devices, e.g. catheters and needles [3, 4], and for
the detection of foreign particles, e.g. metal fragments after surgery [5-7]. susceptibility
artifacts may further be employed for the characterization of the magnetic properties of
materials [8, 9].
In this chapter, we aim to explore the potential of MRI to detect, localize and characterize changes in magnetic properties that may occur when certain alloys have been
subjected to a thermo-mechanical stress. MRI can be attractive, because it is a nondestructive technique that facilitates visualization of the spatial variations in magnetic
properties. To demonstrate the potential of MRI, we selected stainless steel 304L for
two reasons. First, it is used for implants and surgical tools [10, 11]. Second, the microcrystallites in this alloy are susceptible to structure transformation with a prominent
change in magnetic properties, viz. a change from paramagnetism to ferromagnetism.
At cold deformation, the crystal structure of stainless steel 304L changes from austenite
into martensite with sequence γ → ² → α0 [12, 13]. The austenitic γ is a face-centered
cubic (FCC), the martensitic ² a hexagonal close-packed (HCP) and the martensitic α0
a body-centered cubic (BCC) structure, where γ and ² are paramagnetic and α0 is ferromagnetic [14-16]. The high nickel content makes this chromium nickel steel austenitic at
room temperature. It has microcrystalline structure, with grain size, grain borders and
dislocation density changing by cold working.
Figure 3.1 shows how a local change in magnetic properties can cause significant
distortions in the MR image. Two stainless steel 304L wires were placed parallel to the
main field. In the left wire, a small incision was made with pliers, which introduced a
local microstructure change. The size of the transformation spot is illustrated by the
photos in Figure 3.1. This small incision resulted in a large artifact in the MR image.
The irregular pattern around the wires in the MR image already indicates a nonuniform
magnetization and, hence, microcrystalline structure of the wire.
Up to now, microstructure transformations in stainless steel only have been studied
by qualitative MRI [17]. In this work, we will show that the magnetization changes of
stainless steel wires deformed at different levels, cannot only be detected but also can
be quantified with MRI. We will use two different MR techniques to achieve this, viz.
a spin echo (SE) and a gradient echo (GE) technique. Knowledge of the magnetization
of the wires will be shown to enable magnetic characterization of the microstructure
transitions at field strengths of 0.5, 1.5 and 3 T, which are common clinical field strengths
nowadays. The measurements at different field strengths will further be employed to
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3 cm

1 mm

a

b

c

Figure 3.1. (a) Coronal gradient echo image at 0.5 T of two stainless steel 304L wires parallel
to the main magnetic field. In the middle of the left wire, a small incision was introduced with
pliers, (b) Photo of the wire at the same scale with the arrow pointing at the incision, (c) The
same photo five-folded enlarged.

discriminate between the paramagnetic austenite and the ferromagnetic martensite. The
magnetization measurements with the MRI techniques will be validated with a vibrating
sample magnetometer (VSM).

Theory
MRI assumes a perfectly homogeneous magnetic field, B0 . Any structure with magnetic
properties that deviate from the surrounding medium disrupts the homogeneity of B0
and gives rise to susceptibility artifacts in the resultant MR images. The appearance
and extent of these artifacts are determined by the shape, orientation and magnetic
properties of the disturbing structure, the strength of the magnetizing field, and the type
and specifics of the employed scan technique. In SE images, the field disturbance, ∆B,
induces geometry and intensity distortions. A typical SE artifact is shown in Figure 3.2a.
Image distortions are proportional to ∆B and inversely proportional to the strength
of the applied slice-selection and read gradients. In GE images, ∆B causes additional
signal loss due to intravoxel dephasing. This so-called T2∗ effect usually overwhelms the
geometric effects, as is demonstrated by a typical GE artifact in Figure 3.2b.
For an object of known geometry and orientation with respect to B0 and given magnetic properties, the field distortion and the associated artifacts in SE and GE images
can be calculated [18, 19]. Inversely, the magnetic properties of a given structure can
be derived from the observed artifacts by matching the observed and simulated images.
Below we elaborate this approach for estimating the magnetic properties of a long cylindrical structure orientated perpendicular to the external field B0 . In this simple case, the
field distortion can be analytically determined. In appendix B, the local field around a
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H

a

b

Figure 3.2. Artifacts of the same cylindrical object perpendicular to the main magnetic field.
a) SE artifact, b) GE artifact

homogeneously magnetized cylinder perpendicular to B0 is derived:
∆B(x, z) = B0

(ξ(B0 ) − χ2 )A z 2 − x2
2π
(x2 + z 2 )2

(3.1)

In this equation, B0 is in z-direction and the main axis of the cylinder is parallel to the ydirection (see the coordinate system in Figure 3.3). The field distortion is not dependent
on this direction. χ2 is the magnetic susceptibility of the surrounding matter, A is the
cross-sectional area of the cylinder and ξ is a dimensionless, field dependent parameter
defined as:
µ0 µ2 M1 (B0 )
(3.2)
ξ(B0 ) =
B0
ξ relates the magnetization, M1 , of the cylinder directly to B0 . µ0 is the magnetic
permeability in free space and µ2 is the relative permeability of the surrounding matter.
ξ is introduced to incorporate nonlinear ferromagnetic behavior. For the latter, ξ will
decrease for increasing field strength. Equation 3.1 is very similar to the commonly used
description of the field distortion around an infinite cylinder [2, 8, 20]:
∆B(x, z) = B0

(χ1 − χ2 )A z 2 − x2
2π
(x2 + z 2 )2

(3.3)

with χ1 the magnetic susceptibility of the cylinder material. However, ξ may not simply
be exchanged with χ1 for three reasons. First, equation 3.3 is only valid for linear
materials in the case χ1 << 1. Second, ξ relates M1 directly to B0 , while χ1 gives
the proportionality between M1 and the internal magnetic field H1 . Third, equation 3.1
may only be applied at constant, high fields, such that remanent magnetization effects
are negligible. This is the case for MRI scanners, because the gradients applied for
spatial encoding are several orders lower than the main field. Nevertheless, the spatial
dependence of the field pattern is similar in both equations, which will result in a similar
artifact. Because the local field is known for a homogeneously magnetized cylinder, the
image artifact, which has a spearheaded shape, can be analyzed to provide information
about the magnetic properties of the cylinder.
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Materials and methods
Stainless steel 304L - We drew stainless steel 304L (composition C = 0.012, Mn =
1.55, Si = 0.86, Cr = 19.72, Ni = 10.07, Mo = 0.02, P = 0.014 , S = 0.011 wt%) wire
of 1 mm-diameter (Lastek, Lexmond, The Netherlands) at room temperature to thinner
straight wires in steps of approximately 0.1 mm. Diameter uniformity was better than
1%. We defined a dimensionless cross-sectional area parameter xi as follows:
xi = (

di 2
)
d1

(3.4)

with di the diameter of the ith sample and d1 the diameter of the first sample. The
sample numbers and their corresponding diameters and dimensionless cross-sectional area
parameters are given in Table 3.1.
Table 3.1. Sample numbers and their corresponding diameter after drawing from a diameter
of 1 mm.
Sample number
1
2
3
4
5
6
7
8
9
10
11

di [mm]
1.000
0.900
0.813
0.742
0.677
0.618
0.564
0.515
0.470
0.429
0.392

xi [-]
1.000
0.810
0.661
0.551
0.458
0.382
0.318
0.265
0.221
0.184
0.154

Sample number
12
13
14
15
16
17
18
19
20
21
22

di [mm]
0.358
0.327
0.272
0.248
0.227
0.207
0.189
0.172
0.157
0.144
0.131

xi [-]
0.128
0.107
0.074
0.062
0.052
0.043
0.036
0.030
0.025
0.021
0.017

MR imaging - The wires were mounted on a perspex rectangular frame of height 13
cm and width 10 cm. The frame was immersed in a glass cylinder filled with a 19.2 mg/l
MnCl2 ·4H2 O solution. The wires were oriented perpendicular to the main magnetic field
in the anterior-posterior direction (Figure 3.3). Coronal SE and GE scans were made at
a 0.5 T (Gyroscan, Philips, Best, The Netherlands), a 1.5 T (Gyroscan, Philips, Best,
The Netherlands) and a 3 T (Achieva, Philips, Best, The Netherlands) clinical scanner.
The sequence parameters of the SE and GE scans are given in Table 3.2. Prior to these
scans, a survey was made to plan them and to check the orientation of the wire. The GE
images were acquired with a shorter echo time, because at longer echo times the artifact
grew out of the phantom due to the dephasing effect. For signal reception the head coil
was used.
MR quantification of magnetization - Two approaches of image analysis for the
magnetization quantification were used, viz. a SE and a GE method. The SE method
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Table 3.2. Sequence parameters of the SE and GE scans.
Sequence parameter
Repetition time, TR [ms]
Echo time, TE [ms]
Slice thickness, T H [mm]
Field-of-view, F OV [mm2 ]
Matrix, M T X [pixels2 ]
Flip angle, α [◦ ]
Read gradient, Gr [mT/m]

SE
100
20
10
150x150
256x256
90
2.6

GE
20
10
10
150x150
128x128
15
1.3

was introduced by Beuf [8] and Schenck [20]. In this method, the distance H (Figure
3.2a) in read direction between the maxima of the spearheaded artifact is a measure of
the product (ξ − χ2 )AB0 (2Gr π)−1 , from which it follows:
ξ=(

H 3 2Gr π
)
+ χ2
T B0 A

(3.5)

√
with T = 21/3 (3/2 − 2−1/6 ( 2 − 2)1/3 ) ≈ 2.829. Because a wire of known diameter was
immersed in a medium with a known susceptibility, ξ and M1 (equation 3.2) could be
calculated from the position of the maxima in the SE intensity. Simply selecting the
maxima in the digitized images introduced an error of up to 1 pixel. Therefore, a better
estimate with subpixel precision was obtained by analyzing the whole pattern [8] and
interpolating between adjacent pixels.

Figure 3.3. The positioning phantom of the
stainless steel wires in the scanner bore. The
coordinate system used for the field distortion analysis is represented by the dashed,
gray arrows, the thick gray arrow denotes the
direction of B0 . The thick black line represents the wire, the grey square the perspex
frame and the thin black line the outer contour of the glass cylinder.

y
B0
x
z

In the GE method, time domain simulation of the GE MR-signal was performed
with the same parameters as used for the acquisition. The simulation program was
implemented similar to the one described in ref. [19] and takes the field distortion into
account to determine the intravoxel dephasing and spatial misregistration effects. For
integration discrete steps of 0.25 mm were used in both read and phase direction. GE
images were simulated with different values of ξ in the range -20% and +20% of the
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ξ-value estimated by the SE method. The spatial extension of the observed artifact was
manually matched with the simulated artifacts. Prior to subtraction, the background
without signal was normalized at a pixel value of 0, the background containing signal at
100. The background values were determined by taking the mean of 25 pixels to minimize
noise and Gibbs ringing effects. In the subtracted image, the L2-norm was determined in
a square region of interest (ROI) containing the artifact. The size of the ROI was adjusted
to the size of the artifact having a border of 5 pixels around it. The normalization was
done to have the pixel values at the same level for the calculation of the L2-norm, so
the minimum value of this norm gave the best match between the simulation and the
observed artifact and, accordingly, the magnetization value.
VSM quantification of magnetization - The magnetization of sample 1, 8 and 14
was also independently determined at 0.5 T with a VSM (Princeton Applied Research,
model 155) equipped with a Varian V3603 magnet (12 inch, fields up to 1.6 T). The
magnetization readings were calibrated at a field of 1.0 T with an ultrapure nickel sample
(0.0895 gram with a saturation moment of 4.923×10−3 Am2 ). Typically, several stainless
steel sections of ca. 9 mm length with a total weight of 30 - 100 mg were immobilized
by wrapping in teflon tape and placing the wrapped sections in the sample holder of
the magnetometer. Reproducibility for sample change and repositioning was ca. 0.3%
of the magnetic moment. First, a complete magnetization curve was measured. The
cutting of the pieces of wire induced a transition from austenitic material to ferromagnetic
martensite near the cut. Therefore, the total magnetic moment of a given section of wire
appeared as the superposition of bulk material with properties as studied with MRI
plus a contribution from the end points. The contribution from the end points could be
estimated by cutting the sections into smaller pieces and extrapolating the total magnetic
moment to the situation with zero end points. This extrapolated magnetic moment
represented the bulk material.
Determination of the α0 content - According to Mangonon et al. [14], the intrinsic
saturation magnetization for 100% martensitic α0 is 1.24×106 Am−1 . The volume fraction
α0 can thus be inferred from the ratio between the sample magnetization and intrinsic
saturation magnetization. Nonetheless, there are two restrictions to this method. First,
it only can be applied at sufficiently high fields at which the ferromagnetic component is
saturated. Second, the ferromagnetic volume fraction needs to be sufficiently large, such
that the paramagnetic contribution to the total magnetization can be neglected. The
last restriction can be overcome by measuring at at least two field strengths. Assuming
that magnetization of γ and ² phases are proportional to B0 , the total magnetization of
the composite can be written as:
M1 = Mpara + Mf erro
= (1 − fα0 )cB0 + fα0 Msat

(3.6)
(3.7)

in which Mpara and Mf erro are the paramagnetic and ferromagnetic contribution to the
total magnetization respectively, fα0 is the volume fraction of α0 , c the proportionality
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constant of the paramagnetic contribution and Msat the intrinsic saturation magnetization of α0 . The term (1 − fα0 )c can therefore be estimated by the difference between
the magnetization measurements at different field strengths for which α0 is completely
saturated, after which extrapolation to a zero field strength gives Mf erro . Then, fα0 is
calculated by dividing Mf erro by Msat . We applied this principle of correction for the
paramagnetic contribution at 1.5 and 3 T for all the samples. The correction is very
important for the thick wires, in which the volume fraction of the ferromagnetic martensite is low. If neglected, a significant overestimation of fα0 will occur. This approach
(equation 3.7) assumes implicitly that the ferromagnetic contribution has reached its
saturation magnetization for fields higher than 1.5 T, which we vindicated by the results
shown below.

Results
The observed artifact for all the examined steel samples indeed showed the predicted
spearheaded shape for both the SE and GE images at 0.5, 1.5 and 3T (Figure 3.4). The
symmetry in the artifacts denotes that the wire is perpendicular to the imaging slice. The
survey scans showed that the deviation from the perpendicular orientation with respect
to B0 was less than 3◦ for all cases. Even at 3 T no significant lateral displacement of
the wires was observed, the wire stayed straight. The difference between the SE and
GE artifact due to the intravoxel dephasing was observed. In Figure 3.4, it can be
seen that the artifacts were larger for the 0.515 mm-diameter wire than for the 1 mm
wire, indicating that the magnetization has increased. However, at 0.272 mm they were
smaller, which signifies that the magnetization increase is compensated by the decrease
in cross-sectional area as the artifact size is determined by the product of both (equations
3.1 and 3.2). Also from Figure 3.4, it follows that the artifacts of thin wire did not grow
significantly with the magnetic field. This is a clear experimental evidence of magnetic
saturation.
The magnetization was also quantitatively determined. Figure 3.5 illustrates the
matching procedure of the GE technique for sample 8 at 0.5 T. The simulated artifact
shows a good correspondence with the observed artifact. The magnetization values of
the SE and GE technique are depicted in Figure 3.6. The SE and GE method gave
compatible results. The magnetization increases for thinner wires, denoting the increase
in α0 content. All samples showed a larger magnetization at 1.5 and 3 T compared to
0.5 T. However, for the thinner wires, the magnetization was the same at 1.5 and 3
T, which confirms the magnetic saturation of the α0 -structure. Because only a small
fraction α0 is present at the thicker wires, the paramagnetic contribution of γ and ² to
the total magnetization can be distinguished. This is clearly visible in Figure 3.6c at the
ratios between the magnetization values at the different field strengths, namely the ratios
increase for increasing wire thickness. If no ferromagnetic component is present in the
non-deformed wire, the ratio between 3 T and 1.5 T will end at 2 and the ratio between
3 T and 0.5 T at 6. The ratio between 3 T and 1.5 T converged to 1 for decreasing wire
thickness, which suggests that the ferromagnetic contribution is reaching full saturation at
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SE Sample 1 SE Sample 8 SE Sample 14 GE Sample 1 GE Sample 8 GE Sample 14

0.5 T

1.5 T

3T

Figure 3.4. SE and GE images of sample 1, 8 and 14 at 0.5 (row 1), 1.5 (row 2) and 3 T (row
3). The circle represents the water filled glass cylinder, the black squares at the rims are the
signal voids of the perspex frame.

fields above 1.5 T. This full saturation was implicitly assumed in equation 3.7. However,
the ratio between 3 T and 0.5 T did not converge to 1, denoting that at 0.5 T the
ferromagnetic α0 is not completely saturated.
The magnetization values of sample 1, 8 and 14 at 0.5 T were verified with the VSM.
According to Table 3.3, both methods give compatible results with the VSM measurements. A complete hysteresis curve, measured with the VSM, is depicted in Figure 3.7.
Table 3.3. Magnetization values of the samples 1, 8 and 14 measured at 0.5 T with the VSM
(MV SM ), the SE (MSE ) and the GE (MGE ) method.
Sample
1
8
14

MV SM [A/m]
5.2 × 103 ± 0.1 × 103
1.8 × 105 ± 0.1 × 105
4.5 × 105 ± 0.1 × 105

MSE [A/m]
5.7 × 103 ± 0.2 × 103
1.9 × 105 ± 0.1 × 105
4.7 × 105 ± 0.1 × 105

MGE [A/m]
5.3 × 103 ± 0.1 × 103
1.9 × 105 ± 0.1 × 105
4.4 × 105 ± 0.1 × 105

It confirms that the martensitic α0 is far from saturated at 0.5 T. Using linear extrapolation, M1 increases by a maximum of 0.3% at B = 3 T. This again signifies that we may
use equation 3.7 for the quantification of the α0 volume fraction. Figure 3.7 also confirms
that remanent magnetization effects indeed can be neglected at the field strengths of 0.5,
1.5 and 3 T, already at 0.2T the hysteresis loop merges.
Figure 3.8 shows the α0 volume fraction as function of the wire thickness. It indeed
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c

Figure 3.5. GE images of sample 8 at 0.5 T, a) observed image, b) simulated image. The
quality of the simulation is illustrated in the composed image c), where the upper right and the
lower left quadrant are from the observed image and the upper left and lower right from the
simulated image.
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Figure 3.6. Magnetization as function xi at three different field strengths measured with a)
the SE method and b) the GE method. xi is defined by equation 3.4. c) The ratio between the
magnetization measured at 3 and 1.5 T (black line) and 3 and 0.5 T (grey line). For the ratios
the mean magnetization values of the SE and GE method were taken.

increases for thinner wires. For a wire thickness of 0.618 mm, the paramagnetic contribution is sufficiently small to be negligible. However, the α0 volume fraction of the
thickest wire of 1 mm is overestimated by a factor of 2 without the correction for the
paramagnetic fraction.

Discussion
We have shown that MRI can be used to visualize and quantify the magnetic changes
accompanying crystal structure transitions in stainless steel 304L. We used an SE and
a GE technique for the magnetization quantification. After drawing of the stainless
steel wires, the magnetization of the wires increased, indicating the crystal structure
transformation in the specimen from the paramagnetic γ and ² into the ferromagnetic α0 .
The SE and the GE technique gave compatible results, which were in accordance with
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Figure 3.7. Magnetization curve of sample 14 measured with the VSM containing 4 sections
of the sample, a) The complete curve, b) Zoomed at the central part.

the VSM measurements. Because measurements were performed at three field strengths,
viz. 0.5, 1.5 and 3 T, the nonlinear magnetic behavior of the ferromagnetic α0 could be
displayed. The measurements at 1.5 and 3 T were used for the determination of the α0
fraction. It increased from 0.3% for the thickest wire of 1 mm to 80% for the thinnest wire
of 0.131 mm. For the samples thinner than 0.618 mm, the paramagnetic contribution
was lower than the detection limit and could be neglected.
Because of the results summarized above, we may conclude that with MRI it is not
only possible to qualitatively describe the magnetization changes in materials, but also
quantitatively. It is also possible to use different methods. In our case, the GE method
was the more general method, which takes both the image distortion and the intravoxel
dephasing effects into account. It can also be applied for other geometries when the
associated field distortion is known, while the distance H in the SE method is only valid
for the cylindrical geometry perpendicular to B0 .
The major strength of using MR imaging for the detection of magnetization changes
lies in the fact that it can be used without any modification of the test sample. In this case,
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the cutting of the samples for the VSM measurements introduced large magnetization
changes, directly influencing the measurements and demanding additional measurements
and extrapolation to get rid of the cutting edge effects.
The qualification of foreign particles by MRI artifact analysis depends on the particle’s size and its magnetic properties [2, 9]. For alloys like stainless steel 304L, however,
the magnetic behavior depends on the microcrystalline structure and may have changed
due to thermo-mechanical stress. Then, interpretation of the artifact with given magnetic properties is dangerous. Changes in microstructure will affect the magnetization
measurements and the determination of the particle size.
In stainless steel 304L, a microstructure transformation is accompanied by a large
change in magnetic properties. However, other materials might show a smaller magnetic
change at a transformation, i.e. a change that stays within the paramagnetic region.
Future research will have to show whether such a transition can also be detected and
quantified using similar MR techniques.
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Magnetic resonance imaging of phase
transitions in Nitinol

Abstract
Magnetic resonance images are prone to artifacts caused by
metallic objects. Apart from being a source of image degradation,
such artifacts can also provide information about the magnetic
properties of the foreign object. In this chapter, we aim to
explore the potential of MRI to detect and characterize changes
in magnetic properties of Nitinol undergoing temperature or
strain induced phase changes. A spin echo and a gradient echo
method were used to measure the magnetization changes related
to the phase transformations. Results of both methods were in
agreement and in accordance with independent measurements with
a vibrating sample magnetometer. Magnetic resonance imaging
turned out to be a suitable method to visualize and quantify
magnetization and phase changes in situ. It is not restricted to
a single imaging strategy and does not require any modification
of the test object. The results indicate the potential of MRI to
provide direct feedback of the thermo-mechanical state of the alloy.

Based upon: J.M. Peeters, E.E.H. van Faassen, C.J.G. Bakker,
Magnetic resonance imaging of phase transitions in Nitinol,
submitted
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Introduction
An ideal magnetic resonance imaging (MRI) experiment assumes a uniform, homogeneous magnetic field, B0 . Any disruption of the homogeneity of B0 , such as caused by
the introduction of a device or the presence of a foreign object, invokes geometry and intensity distortions of the resultant MR image, generally known as a susceptibility artifact
[1, 2]. However, this sensitivity of MR to field disturbances does not only have negative
consequences. Susceptibility artifacts may, for instance, also be exploited for the visualization and tracking of interventional devices, e.g. catheters and needles [3], and for
the detection of foreign particles, e.g. metal fragments after surgery [4, 5]. Analysis of
susceptibility artifacts may further be employed for the characterization of the magnetic
properties of materials [6, 7].
The shape memory alloy Nitinol appeared very rapidly into the medical field last
decade. It is, e.g., used for braces in orthodontics [8, 9], nails in orthopedics [10]
and stents, filters and guidewires in cardiovascular surgery and interventional radiology [11, 12]. The functionality of Nitinol, like self-expansion of endovascular stents and
filters or the continuous forcing of dental braces and orthopedic nails, originates from its
thermo-mechanical properties. The force hysteresis, shape memory and superelastic behavior are a result of the phase transformations between the low temperature martensitic
phase (monoclinic structure) and the high temperature austenitic phase (cubic B2-CsCl
structure) [13].
Until now, MRI studies of Nitinol have only been concerned with compatibility and
safety issues. Nitinol was found to exhibit relatively small susceptibility artifacts with
negligible torques [14]. Radiofrequency (RF) interference and heating effects were only
shown to occur when long structures and loops were used [15]. Furthermore, RF shielding
due to the structure of an implant [16] and RF enhancement [17] have been demonstrated.
The thermo-mechanical properties of Nitinol have never been investigated with MRI.
However, such an investigation is interesting, because a phase transformation in Nitinol
is accompanied by a small change in magnetic behavior. This small change can be
detected by MRI measurements, which are nondestructive for the specimen and performed
non invasively. In this way, MRI measurements can give direct feedback about the in
situ thermo-mechanical state, which may lead to monitoring of the loading interactions
between implant and tissue.
As mentioned above, Nitinol displays relatively small susceptibility artifacts in MR
images, which demands for sensitive measurement techniques to characterize the small
magnetic changes causing the artifact. We will show that analysis of the artifacts in spin
echo (SE) and gradient echo (GE) images can be used to quantify phase changes in Nitinol.
We will induce the phase changes by temperature control of an unconstrained Nitinol
wire and by imposing strain to a wire. Nitinol exhibits transformation temperatures
around room temperature. Therefore, regular MR phantoms and equipment can be
used for investigation without the demand for specific equipment, that, next to being
MR compatible, can be used at high or low temperatures. Semi-dynamic SE and GE
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MR imaging will be used to detect the changes in magnetic properties accompanying
the temperature variation and the elongation of a wire. We will quantify the magnetic
changes both from SE and GE images. The capability of MRI to quantify magnetization
will be validated with a vibrating sample magnetometer (VSM).

Theory
MRI assumes a perfectly homogeneous magnetic field, B0 . Any structure with magnetic
properties that deviate from the surrounding medium disrupts the homogeneity of B0
and gives rise to susceptibility artifacts in the resultant MR images. The appearance
and extent of these artifacts are determined by the shape, orientation and magnetic
properties of the disturbing structure, the strength of the magnetizing field, and the type
and specifics of the employed scan technique. In SE images, the field disturbance, ∆B,
induces geometry and intensity distortions. A typical SE artifact is shown in Figure 4.1a.
Image distortions are proportional to ∆B and inversely proportional to the strength of
the applied slice selection and readout gradients. In GE images, ∆B causes additional
signal loss due to intravoxel dephasing. This so-called T2∗ effect usually overwhelms the
geometric effects, as is demonstrated by a typical GE artifact in Figure 4.1b.

H

b

a

Figure 4.1. Artifacts of the same cylindrical object oriented perpendicular to B0 . a) SE
artifact, b) GE artifact

For an object of known geometry and orientation with respect to B0 and given magnetic properties, the field distortion and the associated artifacts in SE and GE images
can be calculated [18, 19]. Inversely, the magnetic properties of a given structure can
be derived from the observed artifacts by matching the observed and simulated images.
Below we elaborate this approach for estimating the magnetic properties of a long cylindrical structure orientated perpendicular to the external field B0 . In this simple case, the
field distortion can be analytically determined. In appendix B, the local field around a
homogeneously magnetized cylinder perpendicular to B0 is derived:
∆B(x, z) = B0

(ξ(B0 ) − χ2 )A z 2 − x2
2π
(x2 + z 2 )2

(4.1)
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In this equation, B0 is in z-direction and the main axis of the cylinder is parallel to the ydirection (see the coordinate system in Figure 4.2). The field distortion is not dependent
on this direction. χ2 is the magnetic susceptibility of the surrounding matter, A is the
cross-sectional area of the cylinder and ξ is a dimensionless, field dependent parameter
defined as:
µ0 µ2 M1 (B0 )
ξ(B0 ) =
(4.2)
B0
ξ relates the magnetization, M1 , of the cylinder directly to B0 . µ0 is the magnetic
permeability in free space and µ2 is the relative permeability of the surrounding matter.
ξ is introduced to incorporate nonlinear ferromagnetic behavior. For the latter, ξ will
decrease for increasing field strength. Equation 4.1 is very similar to the commonly used
description of the field distortion around an infinite cylinder [2, 6, 20]:
(χ1 − χ2 )A z 2 − x2
∆B(x, z) = B0
2π
(x2 + z 2 )2

(4.3)

with χ1 the magnetic susceptibility of the cylinder material. However, equation 4.3 may
only be used for purely diamagnetic or paramagnetic materials with low susceptibility.
These materials show linear magnetic behavior. Once the disturbing material displays
some nonlinear magnetic behavior, equation 4.1 has to be used.

Materials and methods
Nitinol - Experiments were carried out with a NTC04 (@ Medical Technologies, Herkde-Stad, Belgium) wire with a diameter of 0.66 mm. NTC04 is a nickel titanium alloy
that contains 6% copper to increase the transformation temperatures such that they were
suited to use in the MR environment. According to suppliers data, the transformation
temperatures were: martensite start Ms = 22◦ C, martensite finish Mf = −1◦ C, austenite
start As = 21◦ C and austenite finish Af = 46◦ C.
MR imaging - The experiments were carried out at a clinical 1.5 T scanner (Gyroscan, Philips, Best, The Netherlands) and were twofold: phase transitions were induced
by variation of the surrounding temperature and by imposing strain on the wire, respectively. First, the temperature variation will be described. A glass cylinder (height 25
cm, diameter 12 cm) was filled with 19.2 mg/l MnCl2 ·4H2 O solution (T1 /T2 = 1030/140
ms at 1.5 T). A mounting frame (Figure 4.2) was placed in the middle of the cylinder.
The wire was fixed at the lower part of the mounting frame, at the top the wire was
guided through a hole, such that the wire was unconstrained and perpendicular to B0 .
The length of the wire was 15 cm, which is low enough to avoid heating and artifacts
caused by radio frequency resonance. At 1.5 T, the half wave length for resonance is
approximately 26 cm. At the cylinder wall, inside the cylinder, a glass heat exchanger
spiral was placed. This spiral was connected to a heat pump (Tamson Thermostatical
Bath TLC3, Labovisco b.v., Zoetermeer, The Netherlands), standing outside of the MR
suite. The connecting tubes were isolated to minimize heat losses. Via temperature control of the circulating fluid, the temperature of the surrounding fluid was raised from 9◦ C
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to 55◦ C and decreased back to 9◦ C. At the start and during cooling, ice water was used
to have a low start temperature and to increase the cooling speed. Decreasing the temperature below 9◦ C became impractical. Four fluoroptic temperature probes (Luxtron
790, Luxtron Corporation, Santa Clara, CA, USA) were positioned at approximately 5
mm of the wire with a height difference of 12 cm between the lower and upper probe.
The surrounding temperature was measured every 2 minutes. Also every 2 minutes, an
SE and a GE image were obtained with the body coil. The scan parameters for the spin
echo acquisitions were a repetition and echo time of TR /TE = 100/40 ms, slice thickness
T H = 5 mm, field-of-view 150x150 mm2 , matrix 256x256, flip angle α = 90◦ , read gradient Gr = 1.4 mT/m and 2 excitations per image. The gradient echo parameters were:
TR /TE = 100/30 ms, T H = 5 mm, field-of-view 150x150 mm2 , matrix 128x128, α = 15◦ ,
Gr = 0.7 mT/m and 4 excitations per image.

y
B0
x
z

Figure 4.2.
Drawing of the
phantom for the temperature
variation with the direction of
the main field and the coordinates used for the field distortion
analysis. The wire is illustrated
by the thick black line,the heat
exchanger spiral by the circles at
the outer part and the mounting
frame is represented in grey.

For the strain induced phase transition another phantom was used. This phantom
contained a perspex square basin of 140x140x100 mm3 and a perspex mounting frame
for fixation of a wire with a maximum diameter of 1 mm. A NTC04 wire was laid
for 30 minutes in a hot bath of 85◦ C and put into the mounting frame. The distance
between the fixation points was 70 mm. The basin was filled with the same fluid as
used during the temperature variation. The fluid was at room temperature. One side
of the mounting frame could be translated within the basin by turning a nut outside
of the basin. The phantom was placed in the scanner with the wire perpendicular to
B0 , but now in horizontal orientation. By turning the nut, the wire was elongated in
nine steps of 0.5 mm. After every step, a sagittal SE and GE scan were made with the
same parameters as used during the temperature variation. The diameter of the wire was
measured before and after the total elongation.
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MRI quantification of magnetization - Two approaches of image analysis for the
magnetization quantification were used, viz. a SE and a GE method. The SE method
was introduced by Beuf [6] and Schenck [20]. In this method, the distance H (Figure
4.1a) in read direction between the maxima of the spearheaded artifact is a measure of
the product (ξ − χ2 )AB0 (2Gr π)−1 , from which it follows:
ξ=(

H 3 2Gr π
)
+ χ2
T B0 A

(4.4)

√
with T = 21/3 (3/2 − 2−1/6 ( 2 − 2)1/3 ) ≈ 2.829. Because a wire of known diameter
was immersed in a medium with a known susceptibility, ξ could be determined from
the position of the maxima in the SE intensity. Subsequently, M1 was calculated using
equation 4.2. Simply selecting the maxima in the digitized images would introduce an
error of up to 1 pixel. Therefore, a better estimate with subpixel precision was obtained
by analyzing the whole pattern [6] and interpolating between adjacent pixels.
In the GE method, time domain simulation of the GE MR-signal was performed
with the same parameters as used for the acquisition. The simulation program was
implemented similar to the one described in ref. [21] and takes the field distortion into
account to determine the intravoxel dephasing and spatial misregistration effects. For
integration discrete steps of 0.1 mm were used in both read and phase direction. GE
images were simulated with different values of ξ in the range -20% and +20% of the
ξ-value estimated by the SE method. The spatial extension of the observed artifact was
manually matched with the simulated artifacts. Prior to subtraction, the background
without signal was normalized at a pixel value of 0, the background containing signal
at 100. The background values were determined by taking the mean of 25 pixels to
minimize noise and Gibbs ringing effects. In the subtracted image, the L2-norm was
determined in a square region of interest (ROI) containing the artifact. The size of the
ROI was adjusted to the size of the artifact having a border of 5 pixels around it. The
normalization was done to have the pixel values at the same level for the calculation of
the L2-norm, so that the minimum value of this norm gave the best match between the
simulation and the observed artifact and, accordingly, the magnetization value.
VSM quantification of magnetization - The magnetization of the Nitinol wire
was also independently determined with a VSM (Princeton Applied Research, model 155)
equipped with a Varian V3603 magnet (12 inch, fields up to 1.6 T). The magnetization
readings were calibrated at a field of 1.0 T with an ultrapure nickel sample (0.0895 gram
with a saturation moment of 4.923 × 10−3 Am2 ). Several Nitinol pieces of ca. 9 mm
length with a total weight of 93 mg were made. They were immobilized by wrapping in
teflon tape and placing the wrapped sections in the sample holder of the magnetometer.
The sample holder was doped in a hot bath of 85◦ C. After 30 minutes, it was taken
out to let the Nitinol sections cool down to room temperature. Next, the sample holder
was placed into the magnetometer. A magnetization curve was measured up to a field
of 1.5 T. Subsequently, the sample holder was placed in a freezer for 24 hours at a
temperature of -30◦ C. It was taken out to heat up to room temperature and replaced in
the magnetometer. Again, a magnetization curve was measured. In this way, a similar

49

MRI of phase transitions in Nitinol

temperature history of heating and cooling was established as in the MRI measurements.
Next to that, austenite transformation of the stress-induced martensite due to the cutting
of the pieces was established by the heating far above Af .

Results
Figure 4.3 shows the observed SE and GE images. They indeed show the predicted
spearheaded shape. The signal to noise ratio (SNR) of the SE image was rather low.
This was caused by the saturation of the surrounding fluid due to the high flip angle
and short repetition time. A longer acquisition time would have increased the SNR, but
then less measurement points were available during the temperature variation. However,
with the low SNR, still the maxima and distortion pattern could be recognized and the
magnetization be determined. The simulated GE image corresponding to the observed
one is depicted in Figure 4.3c and the quality of matching both in Figure 4.3d.

a

b

c

d

Figure 4.3. a) SE image, b) Observed GE image, c) Simulated GE image, d) The matching
of the GE images. The upper right and the lower left quadrant are from the observed image
and the upper left and lower right from the simulated image. The high signal intensity at the
upper right of the phantom in the observed images is caused by the flow of the heating fluid.
It disappeared as the flow was stopped. The black block on the right is the signal void caused
by the mounting frame.

50

Chapter 4.

The temperature dependency of the magnetization is depicted in Figure 4.4a. Both the
SE and the GE method demonstrate the hysteresis behavior of the phase transformation.
During heating the magnetization increased and decreased again during cooling, but the
heating and cooling line did not overlap. The magnetization increase at the temperature
increase already demonstrated the phase change in the wire, because the magnetization of
normal paramagnetic material is inversely proportional to temperature (Curie law). The
temperature dependency of the magnetization corresponded well with the transformation
temperatures as provided by the manufacturer.
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Figure 4.4. a) The magnetization at 1.5 T as function of the temperature as measured with
the SE method and the GE method. The vertical black lines denote the transformation temperatures, the arrows the direction of heating and cooling. b) The magnetization as function
of the applied engineering strain measured with the same methods.

The magnetization as function of the imposed strain is depicted in Figure 4.4b. The
magnetization decreased as the engineering strain increased due to the formation of
martensite. It levelled of at the largest strains, which implies that the material is almost completely martensitic. A total decrease in magnetization of 32% was obtained
at a strain of 6.5%. The magnetization range was larger than during the temperature
variation, because a larger martensite fraction was achieved. The diameter of the wire
decreased by 9 · 10−3 mm, which caused an underestimation of the magnetization by less
than 3% as the artifact is determined by the product of the cross-sectional area and the
magnetization of the wire (equations 4.1 and 4.2).
The SE and GE method were in agreement within experimental error. Differences are
presumably caused by the time difference (1 minute) between the measurements during
the temperature variation, the selection of the maxima in the SE method and the interval
of the simulated values of ξ in the GE method. For the SE method, a small measurement
error of a maximum in the image increases with the third power as is determined by
equation 4.4.
The magnetization was also measured with the VSM. After heating, the magnetization
at 1.5 T was found to be 373 ± 5 A/m. After cooling it was 297 ± 5 A/m. These values
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were in agreement with the MRI measurements. The magnetization curves at room
temperature after heating at 85◦ C and cooling at -30◦ C are depicted in Figure 4.5. They
indicate that the wire has a nonlinear magnetic behavior, which confirms that we had to
use equation 4.1 for the quantification with MRI. Furthermore, they demonstrate that
for a larger martensitic fraction, hysteresis is larger with larger remanent magnetization.
At higher magnetizing fields, the magnetization increases faster for the larger austenitic
fraction.
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Figure 4.5. Magnetization curves measured with the VSM at room temperature
after cooling at -30◦ C and heating at 85◦ C.

Discussion
We showed that phase transition in Nitinol can be detected and quantified in terms
of the accompanying magnetization changes with MRI methods. Phase changes were
introduced by variation of the temperature of an unconstrained wire and applying stress
to a wire at constant temperature. The magnetization changes were measured with an SE
and a GE method. The hysteresis of the phase transition was demonstrated during the
temperature variation. The magnetization varied by 25% for a temperature variation of
45◦ . For a strain of 6.5%, the magnetization decreased by 32%. The magnetization range
was larger for the stress-induced phase transition experiments, because a larger martensite
fraction was established. The MRI methods were in agreement and compatible with the
independent VSM measurements at room temperature.
For both the SE and GE method, we used the case of a wire perpendicular to B0 ,
because the disturbing field is the largest and its pattern can easily be analyzed. When
the angle with B0 is lower than 90◦ , the field distortion and sensitivity for magnetization
quantification will be lower. However, at low angles, the susceptibility artifact becomes
sensitive to local phase inhomogeneities in the wire, which can provide information on
local structures in stead of only the bulk magnetization.
The SE and the GE were sensitive to the changes in magnetization due to the phase
transition. In the GE method, we used a rather long echo time to increase the artifact size.
Intravoxel dephasing effects play a more dominant role at longer echo times [18] and the
artifact will grow, giving an increase in sensitivity for field distortions and magnetization
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changes. For the SE method, a low read gradient was chosen to maximize the distance
H. Higher gradients decrease H, making it more sensitive to measurement errors. H is,
to the third power, present in the magnetization measurement. In this case, still, the
difference in H between the maximum and minimum magnetization was only 0.65 mm,
which is just little more than 1 pixel. Next to that, higher read gradients decrease the
SNR, which was already rather low to achieve an adequate temporal resolution of the
measurements. Still, good magnetization measurements could be performed, because the
contrast to noise ratio (CNR) of the maxima and the distortion pattern was high enough.
Longer measurements will improve both the SNR and CNR, because saturation of the
MR signal is avoided. SNR and CNR will also benefit from the use of a surface coil for
signal perception. This was not possible in this case because of the size of the phantom
and the connectors for the heating tubes and temperature probes. When objects of lower
dimensions, in this case the cross-sectional area of the wire, are investigated, the spatial
resolution in combination with CNR will set the detection limit of the magnetization
measurements of both methods. Then, higher spatial resolution with higher SNR is
needed, which generally increases the scanning time.
The magnetization increase at a temperature increase demonstrated the phase transition to the high temperature austenite phase. At a temperature decrease not the same
way back was followed, but the temperature hysteresis of the austenite-martensite transition occurred. Next to that, a stress-induced magnetization decrease was demonstrated.
Because of these results, we may conclude that MRI was able to quantify magnetization
changes in materials. It was possible to use different methods. The GE method was the
more general method, which takes both the image distortion and the intravoxel dephasing effects into account. It can also be applied for other geometries when the associated
field distortion is known, while the distance H in the SE method is only valid for the
cylindrical geometry perpendicular to B0 .
The major strength of using MR imaging for the detection of magnetization changes
lies in the fact that it can be used non invasively without any modification of the test
object. For Nitinol specific, this may lead to direct feedback of the in situ state of an
implant. One step further, when geometry and crystal structure are coupled, loading conditions may be quantified using the MR images and material models of the magnetic and
thermo-mechanical behavior of Nitinol [22]. They can help in de evaluation of functional
implants based on the shape memory and force hysteresis behavior like stents, filters [23]
and nails [10].
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Een brug heeft twee kanten. Als jij aan de ene kant staat, kun je niet
aan de andere kant zijn. Maar als je op de brug staat, kun je aan
allebei de kanten tegelijk zijn.
Ronit Galapo - De belofte van de wind
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Concerning the detection and characterization
of metallic foreign particles with plain
radiography, computed tomography and
magnetic resonance imaging

Abstract
Metallic particles can be visualized by computed tomography (CT),
plain radiography (X-ray) and magnetic resonance imaging (MRI). The
appearance of the particles in the images depends on the physical principle
of the imaging apparatus in relation to the physical properties of the particle
and surrounding tissue and the particular imaging protocol. In this phantom
study, we compared the appearance of particles with different volumes, density
and atomic number and magnetic properties in the images of the different
modalities and analyzed how the appearance can be used for characterization
on the basis of, respectively, a single modality and a multi-modality approach.
For all modalities, a large volume turned out to be beneficial for detection,
wherein CT and X-ray took advantage of a high attenuation coefficient
and MRI of a high susceptibility. The phantom demonstrated how certain
particles can be missed by CT and detected with MRI, while for others it was
the other way around. With CT and MRI, the apparent size of the detectable
particles was larger than the real size. For X-ray, the size was well estimated.
From gradient echo and spin echo MRI images the product of volume and
susceptibility could be determined, which indicates that a combination of
X-ray and MRI improves the characterization of metallic foreign particles.

Based upon: J.M. Peeters, J.H. Seppenwoolde, C.J.G. Bakker, Concerning the detection and characterization of metallic foreign particles with
plain radiography, computed tomography and magnetic resonance imaging,
submitted
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Introduction
Foreign objects are studied in many medical disciplines, especially in ophthalmology [1-3]
and forensic medicine [4, 5]. Emphasis in such studies usually lies with the detection and
localization of the objects [6-9]. Plain radiography (X-ray), computed tomography (CT)
and magnetic resonance imaging (MRI) constitute the armamentarium that is normally
deployed for this reason [10]. To date, however, little attention has been to the question
what the respective modalities, or a combination thereof, can tell us about the size,
composition or physical properties of a foreign object. In this phantom study, we will
partly fill up this gap by analyzing the appearance of metallic foreign particles in standard
clinical X-ray, CT and MR images. Metallic particles were chosen, because of their large
spread in radiopacity and magnetic properties. To achieve this goal, we will first analyze
the physical basis of each imaging modality and its implications for the depiction of a
metallic particle. Next, in the empirical part of the study, we will compare the appearance
of particles with different volumes, density and atomic number and magnetic properties
in the images of the different modalities and analyze how the appearance can be used
for characterization on the basis of, respectively, a single modality and a multi-modality
approach.

Theory
X-ray, CT and MR images are produced by the interaction of biological tissue with different types of electromagnetic radiation. In X-ray and CT, the attenuation of short
wavelength radiation (X-rays) is exploited, while in MRI, when placed in a strong magnetic field, the interaction of low frequency radio waves with hydrogen nuclei of tissue is
used. This is the first physical difference between X-ray and CT on one side, and MRI
on the other side, for the depiction of metallic foreign particles. The second is the direct
visualization of the particle in X-ray and CT by the attenuation of the particle, while in
MRI it is indirectly visualized by the disturbance of the magnetic field in the surrounding
tissue caused by susceptibility differences.
The appearance of a metallic particle in X-ray images depends on the size, shape
and the radiopacity of the particle. The latter is expressed by the attenuation coefficient
(µ), which depends on the material density (ρ), the atomic number (Z) and the energy
(E) spectrum of the radiation beam. The relative attenuation coefficient, compared to
water, increases for high density and atomic number and decreases for higher radiation
energy. As CT also uses X-rays, a similar analysis can be made. However, for CT,
also the reconstruction technique plays an important role. For filtered backprojection,
the convolution filter settings and window settings influence the appearance of streaking
artifacts caused by metallic objects.
In MRI, a large, homogeneous magnetic field (B0 ) is used to magnetize tissue. Linear gradient fields are superimposed for spatial encoding and for selective radiofrequency
(RF) excitation of any arbitrary plane. A metallic object with magnetic properties different from the surrounding tissue will disturb both B0 and the linear spatial encoding,
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resulting in a so-called susceptibility artifact. The appearance and extent of the artifact
are determined by the shape, orientation and magnetic properties of the disturbing structure, the strength of the magnetizing field, and the type and specifics of the employed
scan technique.

Materials and methods
A phantom, suitable for investigation with CT, X-ray and MRI, was designed containing
metallic particles with different volumes, radiopacity and magnetic properties. Gold
is strongly radiopaque and diamagnetic, tantalum is strongly radiopaque and weakly
paramagnetic, stainless steel 316 is weakly radiopaque and strongly paramagnetic and
stainless steel 410 is weakly radiopaque and ferromagnetic. The magnetic susceptibility,
atomic number and density of the materials are given in Table 5.1. Spheres were used
because they have the same projection along every arbitrary axis and can easily be
implemented in MRI simulations.
Table 5.1. Physical properties of the materials used in the phantom.
Material
χ [ppm]
Z ρ [kg/m3 ] V [mm3 ]
Gold
-34 a
79
19
0.07
Tantalum
178 a
73
17
0.5
3
a
b
Stainless steel 316 (3.5-6.7)x10
26
7.7
0.07
Stainless steel 410
1.3x105 c
26 b
7.7
0.01
a
b
c

Taken from ref. [11].
Atomic number of iron is taken as it is the main constituent.
Value at 1.5 T, because it displays nonlinear ferromagnetic
properties, measured with a vibrating sample magnetometer.

A gold sphere with diameter 0.5 mm, a tantalum sphere with diameter 1 mm, a
stainless steel 316 sphere with diameter 0.5 mm and approximately 0.01 mm3 stainless
steel 410 powder (ferromagnetic) with maximum particle size of 50 µm were glued on
nylon wire with a diameter of 0.12 mm. The stainless steel 410 powder was glued in
a point, such that it could be treated as one particle. The wire was mounted in a 2 l
measuring jug such that the particles were at the same level to capture all the particles
in one coronal image. The measuring jug was filled with a manganese chloride solution
with attenuation equal to water and susceptibility χ = −9 ppm and relaxation times
T1 /T2 = 892/119 ms at 1.5 T, comparable to human tissue.
The CT experiment was performed with a 64-detector row CT scanner (Brilliance 64,
Philips, Best, The Netherlands). Scans were obtained at these settings: section thickness,
1.0 mm (for a detector configuration of 64 x 0.625 mm); rotation time, 0.75 second; pitch,
0.671; table feed, 35.8 mm/s; tube voltage, 120 kVp; tube current time product, 224 mAs.
For image reconstruction, an edge-enhancing convolution kernel was applied, because high
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contrast between the foreign objects and the background was expected. The measured
and reconstructed volume was 250x250x100 mm3 with a 1024x1024x200 matrix. The
diameter of the spheres was quantified by the Full Width at Half Maximum (FWHM) in
the axial and coronal plane.
The X-ray experiment was performed using a skull protocol (Optimus 50, Philips,
Best, The Netherlands). A coronal projection was made with scan parameters: tube
voltage 63 kVp, tube current time product 4.67 mAs, matrix (MTX) 1665x1665 pixels,
field-of-view (FOV) 238x238 mm2 . A resolution ruler was put next to the phantom at
the same height as the wires to measure the actual scale at the level of the spheres. The
diameter of the spheres was again quantified by the FWHM.
The MRI experiments were performed with a clinical 1.5 T scanner (Gyroscan, Philips,
Best, The Netherlands). The phantom was subjected to two clinically used sequences for
brain imaging, viz. a T1 -weighted spin echo (T1 W-SE) and a T2∗ -weighted gradient echo
(T2∗ W-GE) sequence, for which image contrast and the appearance of the particles are
different. The sequence parameters are given in Table 5.2. Because with MRI, the field
disturbance in the environment caused by the particle is depicted, the size of the particle
cannot directly be determined from the image. Therefore, time domain simulation of
the same sequence was performed with a systematic variation of volumes and magnetic
properties of particles. The simulated artifacts formed look-up-tables (LUTs) for visual
comparison with the observed artifacts to characterize the particles.

Table 5.2. Sequence parameters of the SE and GE scans used for simulations and in vitro
scans.
Scan name
Coil for signal reception
Sequence
Orientation
FOV [mm2 ]
Positive readout direction
Scan matrix
Slices
Scan mode
Slice gap [mm]
Slice thickness [mm]
TR [ms]
TE [ms]
Flip angle [◦ ]
Excitation bandwidth [Hz]
Readout bandwidth [Hz/pixel]

T1 W-SE
Head
SE
Coronal
256x256
Head
256x256
21
Multislice
0
6
560
13.8
90
2000
110

T∗2 W-GE
Head
GE
Coronal
256x256
Head
256x256
21
Multislice
0
6
730
27.6
20
2000
110
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The time domain simulation program was implemented in C++, similar to the program described by Bakker et al. [12]. Particle-induced susceptibility artifacts were created by feeding the program with an object matrix A(x, y, z), a field disturbance matrix
∆Bz (x, y, z), and a detailed specification of the pulse sequence and the scan parameters
as used for the examinations (Table 5.2). Off-resonance effects were taken into account by
subdividing the input matrix into elements of 0.25x0.25.0.25 mm3 . The k-space representation of a slice was obtained by summing over all input elements with phase information
within the RF excitation bandwidth and normalization by the slice thickness. A complex
image was obtained by taking the inverse fast Fourier transform (IFFT) of the k-space
data. The field disturbance was modelled by the external field of a uniformly magnetized
sphere with volume, V , and susceptibility, χi :
∆Bz (x, y, z) =

x2 + y 2 − 2z 2
∆χV
B0 2
4π
(x + y 2 + z 2 )5/2

(5.1)

where ∆χ = χe − χi denotes the susceptibility difference between the particle and
the surrounding medium (χe ) [11]. The main field B0 is oriented along z. The object
matrix was filled by an infinite cylinder with diameter 10 cm, uniform signal intensity
A0 and its axis perpendicular to B0 . Systematic variation of the size of the particle and
susceptibility difference between the particle and the surroundings was applied: the size
varied between 1/128 and 1/2 mm3 , the susceptibility difference between 0 and 2560
ppm. From all the simulated images, a square around the artifact of 21x21 pixels was
selected. These were put into a matrix ordered to the volume and susceptibility of the
particle to form the LUTs (Figure 5.3c-d).

Results
In the CT examination, only three particles could be detected, the stainless steel 410
was not visible at the axial and coronal reconstructions (Figure 5.1). The profiles of the
spheres in axial and coronal plane with the FWHM estimations are depicted in the same
figure. The gold and tantalum gave the highest contrast, they even reached saturation
of the Hounsfield units denoted by the plateau in the profiles. The FWHM values are
given in Table 5.3. The tantalum sphere gave the largest artifact, because its volume
was the largest, followed by the artifact of the gold sphere and the stainless steel 316
sphere. These results confirmed the expectations regarding the detectability of metallic
foreign particles. The higher the attenuation coefficient and the volume, the easier the
particle can be detected, because contrast and size of the particle in the image increase.
However, compared to the real size of the spheres, the FWHM estimations gave a large
overestimation due to beam hardening and the backprojection reconstruction. In the
coronal plane, the overestimation was the largest, caused by z-interpolation and the
lower resolution. The gold and tantalum spheres gave a relatively higher overestimation
than the stainless steel 316 sphere, because Hounsfield saturation was reached. The
Hounsfield saturation denotes that the particle is strongly radiopaque, which means it
has high density and atomic number.

60

Chapter 5.

Ta
ss316

ss410
Au

b
3000

3000

2500

2500

2500

2000
1500
1000
500
0
0

10

20

30
40
pixels

50

60

70

d

1500
1000

0
0

2000
1500
1000
500

10

20

30
40
pixels

50

60

70

0
0

e

3000

3000

2500

2500

2500

2000
1500
1000

0
0

Hounsfield unit

3000

500

f

2000

500

Hounsfield unit

Hounsfield unit

c

Hounsfield unit

3000

Hounsfield unit

Hounsfield unit

a

2000
1500
1000
500

10

20

30
40
pixels

50

60

70

g

0
0

10

20

30
40
pixels

50

60

70

10

20

30
40
pixels

50

60

70

2000
1500
1000
500

10

20

30
40
pixels

50

60

70

h

0
0

Figure 5.1. a) Axial CT slice with the tantalum sphere. b) Coronal CT reconstruction with
white circles around the detected particles. ss316 denotes the stainless steel 316, Au the gold,
Ta the tantalum sphere and ss410 the stainless steel 410. The last was put on the location it
was mounted in the phantom. c, d and e) Axial profiles of the gold, tantalum and stainless
steel 316, respectively. f,g and h) The corresponding coronal profiles.

In Figure 5.2, the X-ray image is depicted. The resolution at the level of the particles
was 0.119 mm/pixel, which was 17% lower than the reconstructed resolution due to
divergence of the radiation beam. Also in this image, the stainless steel 410 powder could
not be detected. The profiles of the spheres are also shown in Figure 5.2. In general, the
contrast of the spheres was much lower than for the CT images. The FWHM estimations
of the diameters of the spheres are given in Table 5.4. They were comparable to the
real size of the particles. This demonstrates that CT is better for the detection, but that
X-ray is the best modality to determine the size of a metallic particle. However, complete
characterization is more difficult, because no reference intensity is present. Next to that,
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Table 5.3. Real diameters of the spheres and FWHM estimations from the CT images. The
FWHM were determined in the axial and the coronal plane.
Sphere
Gold
Tantalum
Stainless steel 316

Real diameter [mm]
0.5
1.0
0.5

Axial FWHM [mm]
1.58 ± 0.00
2.51 ± 0.00
0.98 ± 0.01

Coronal FWHM [mm]
2.00 ± 0.01
2.84 ± 0.01
1.28 ± 0.02

partial volume effects and surrounding tissue determine the attenuation of the particle,
and with that the intensity of the particle in the image.
In the MR images, the difference between SE and GE artifacts is displayed (Figure
5.3a-b). For SE only distortion is present, which is depicted by the combination of
signal lack around the particle surrounded by three maxima. The GE artifact is merely
determined by dephasing due to phase dispersion around the particle, which is depicted
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Figure 5.2. a) X-ray image with white circles around the detected particles. ss316 denotes the
stainless steel 316, Au the gold, Ta the tantalum sphere and ss410 the stainless steel 410. The
last was put on the location it was mounted in the phantom. b,c and d) Profiles of the gold,
tantalum and stainless steel 316 respectively.
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Table 5.4. Real diameters of the sphere and FWHM estimations from the X-ray images.
Sphere
Gold
Tantalum
Stainless steel 316

Real diameter [mm]
0.5
1.0
0.5

FWHM
0.54 ±
0.99 ±
0.48 ±

[mm]
0.01
0.01
0.02

by the large signal void without any highlights. The size of the artifact, and with that
the detectability, increased for increasing ∆χV . Although the volume of the stainless
steel 410 was by far the smallest, it evoked the largest artifact. The gold sphere was
hardly visible, while the stainless steel 316 sphere easily could be found, although they
have the same volume. The diamagnetism of the gold sphere (negative susceptibility)
was observed by the opposite polarity of the SE artifact compared to the other particles.
The LUTs of the SE and GE simulations are shown in Figure 5.3c-d. Clearly, a
diagonal symmetry of the product ∆χV can be seen for both SE and GE. This indicates
that on basis of the artifact appearance, no distinction between the particle size and
susceptibility can be made. The LUTs were used to characterize the artifacts. The
observed artifacts were visually compared with the simulated ones. The simulated artifact
that matched the best was used to determine ∆χV of the observed artifact. The results
are given in Table 5.5. The SE and GE comparisons gave the same estimations of ∆χV ,
which were comparable with the real values. Differences were caused by the discretization
of the LUTs as demonstrated by the tantalum example in Figure 5.3e-f.
Table 5.5. ∆χV -values calculated from Table 5.1 and estimations of ∆χV with the obtained
GE and SE artifacts.
∆χV [ppm.mm3 ] ∆χVGE [ppm.mm3 ] ∆χVSE [ppm.mm3 ]
Sphere
Gold
1.8
1.9
1.9
Tantalum
98
80
80
Stainless steel 316
245-470
320
320
Stainless steel 410
1.3x103
1280
1280

Discussion
CT, X-ray and MRI are all capable of visualizing metallic particles. The physical principles behind the appearance of the particles is different for the modalities. For all three
modalities, a large volume is an advantage for detection. For CT and X-ray, high attenuation coefficients are beneficial, for MRI high susceptibilities. Gold is, therefore, easily
detectable in the CT and X-ray images and hardly in MR images, while for stainless steel
410 it is the other way around. The last was even not found in the CT and X-ray images.
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Figure 5.3. a) Obtained SE image. b) Obtained GE image. The location of the particles is
the same as on the CT and X-ray images. c) LUT of the SE simulations. d) LUT of the GE
simulations. The columns represent the particle size, the rows the susceptibility variation. e) SE
artifact comparison of the tantalum sphere. f) GE artifact comparison of the GE artifact. From
left to right: the simulation of ∆χV = 40 ppm.mm3 , the simulation of ∆χV = 80 ppm.mm3 ,
obtained artifact and the simulation of ∆χV = 160 ppm.mm3 .
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We only used standard clinical protocols. With dedicated protocols, it may be possible
to enhance the sensitivity, e.g. enhanced CT numbers, lower tube voltage and higher B0 .
CT and MRI are the best modalities for the detection of metallic foreign particles,
because both depict the particle larger than its actual size. For MRI, this is directly
related to the physical basis of the depiction, as not the particle itself is imaged, but
rather the disturbance of its surroundings. For CT, the overestimation of the size is
related to scattering, noise, beam hardening and reconstruction algorithm. In this study,
Hounsfield saturation increased the overestimation by means of the FWHM. Extended
Hounsfield units would have resulted in a lower FWHM, but still an overestimation of
the size as was demonstrated by the stainless steel 316 sphere.
Characterization only on size of the appearance of the particle in the images was
the best with the X-ray image. It resulted in a good estimation of the diameter of
the detected particles. We only made one projection because spheres were used. For
other geometries, more projections will be a requisite. The MR images only gave a
representation of the combination of the volume and the susceptibility of the particle.
With the LUTs, the ∆χV -values of the artifacts could be estimated. Then, with the
combination of the size estimation of the X-ray data and ∆χ, the susceptibility of the
particle can be found. The polarity of the artifact can be used to differentiate between
positive and negative susceptibility, which is most clear in SE artifacts. For particles
in MRI images, the spherical geometry is even a less important factor influencing the
appearance. For particles of subvoxel size, the field disturbance and resulting artifact
will largely be independent on the geometry [13].
Also characterization by CT may benefit from X-ray size estimations. When X-ray
images imply that the particle is of subvoxel size and still Hounsfield saturation exists,
the foreign material must have high density and atomic number. When the material
can be determined by combining the volume, density and susceptibility information, this
can be used as input for improved, model based CT image reconstruction to minimize
streaking artifacts [14].
We conclude that a multi-modal approach can improve the characterization of a foreign metallic particle. Especially the combination X-ray and MRI seems to be useful for
the determination of a particle. However, MRI will not be the first modality of choice for
the detection because of safety reasons. So, when a susceptibility artifact is found, X-ray
imaging can be added for characterization and not the other way around. According to
Shellock [15], MRI can safely be used when no foreign object is found with X-ray. In
that case, the particle is too small to cause harmful situations by interaction with the
magnetizing field. Still particles can be detected by MRI, but only be characterized by
the product of the volume and susceptibility.
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Derop en derover, Anschlusstor, ONE-HUNDREDANDEIGHTY!, een
rondje 33-laag, een koka, een zwarte piste zonder gipsvlucht, een
keerpunt waarbij de tegels uit de zwembadwand slaan, zoiets.
Dolf Jansen - Spierbundel
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Development and testing of passive tracking
markers for different field strengths and
tracking speeds

Abstract
Susceptibility markers for passive tracking need to be small
in order to maintain the shape and mechanical properties of the
endovascular device. Nevertheless, they also must have a high
magnetic moment to induce an adequate artifact at a variety of
scan techniques, tracking speeds and, preferably, field strengths.
Paramagnetic markers do not satisfy all of these requirements.
Ferro- and ferrimagnetic materials were therefore investigated
with a vibrating sample magnetometer and compared with the
strongly paramagnetic dysprosium oxide. Results indicated that
the magnetic behavior of stainless steel type AISI 410 corresponds
the best with ideal marker properties. Markers with different
magnetic moments were constructed and tested in in vitro and in
vivo experiments. The appearance of the corresponding artifacts
was field strength independent above magnetic saturation of 1.5T.
Generally, the contrast to noise ratio decreased at increasing
tracking speed and decreasing magnetic moment. Device depiction
was most consistent at a frame rate of 20 frames per second.

Based upon: J.M. Peeters, J.H. Seppenwoolde, L.W. Bartels,
C.J.G. Bakker, Development and testing of passive tracking
markers for different field strengths and tracking speeds, Phys Med
Biol, accepted

67

68

Chapter 6.

Introduction
Several approaches have been proposed for localization and guidance of devices for MR
guided endovascular interventions. These methods include active tracking with microcoils [1], tracking with gadolinium-filled catheters [2], tracking with fiducial markers [3]
and susceptibility-based device tracking [4]. Several variations of each approach are available [5], each with its own advantages and disadvantages with respect to practical use,
robustness and safety.
Active tracking with microcoils needs transmission of the local RF signal from the tip
of a device to the scanner. The cables used for signal transmission limit the usability in
several ways. First, miniaturization of devices is difficult to achieve without influencing
the mechanical properties. Second, long cables limit the freedom of use of the whole
operating space, as cables may become twisted. Third, exchange of catheters over a
guide wire requires small connectors of the size of the lumen of a catheter. Furthermore,
tissue heating may occur when long conducting elements are used [6]. This safety issue
can be overcome by the use of a stepwise transmission with transformers [7], which
makes the technique more bulky and more difficult to implement, particularly in guide
wires. For gadolinium-filled catheters, guide wires are impossible to use since the lumen
is filled with gadolinium. Additionally, the depiction of such a catheter is done with
rather thin slices, which increases the chance of the catheter moving out of the plane and
becoming lost, particularly in thick vessels such as the aorta. Fiducial markers are build
up by a tuned coil for local enhancement of the B1 -field. This makes them large and
only implementable at catheters. During susceptibility-based passive device tracking,
the susceptibility artifact around the magnetically prepared device is exploited for device
visualization. Disadvantages of this approach include the appearance of the artifact,
which depends on the strength of the magnetizing field, pulse sequence and orientation of
the device with respect to the magnetizing field [8], the loss of the anatomical information
around the artifact and the low up-date frequency of the device location. With the local
mounting of markers, which exhibit magnetic behavior other than tissue, the depiction
of the device is independent of the orientation with the main field [4]. Thick slabs
can be used to keep the device in the imaging plane. With subtraction and overlay
of the tracking images on a previously acquired angiogram, the device is highlighted
and anatomical reference is preserved [9]. For high tracking speeds, fast, gradient echo
imaging with significant T2∗ -weighting is required. This limits the employable sequences
and makes the sequence specific appearance less relevant. Until now, tracking speeds of
2 to 3 frames per second have been used for susceptibility-based passive tracking. This
can be increased by proper choice of the markers.
These susceptibility markers need to fulfill several requirements. First, they have
to be biocompatible and safe. Second, they have to be small so that they fit onto the
device without influencing the shape and the mechanical properties, which is the most
difficult to achieve in guide wires. Third, they need to generate susceptibility artifacts
with sufficient contrast to noise ratio (CNR) with respect to the background in order
to distinguish the device in thick slab images. And finally, they should preferably be
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usable at a variety of field strengths in order to increase the general usability as scanners
of different field strengths are largely available. These demands reduce the number of
materials which can be considered as marker material. With regard to the size of the
marker and CNR of the artifacts, the magnetic moment of the marker needs to be large.
This excludes diamagnetic and weakly paramagnetic materials, since their magnetization
is too low to create a large magnetic moment with only a small amount of material [10].
High tracking speeds can be achieved when short echo times are used, and this requires
an even higher magnetic moment for heavy T2∗ -weighting around the marker. Then,
strongly paramagnetic markers become bulky in order to realize an adequate magnetic
moment. Biocompatibility and safety can be achieved by embedding in another medium,
e.g. the coating of the device. Again, easily magnetizable materials are preferred, since
a lower concentration of marker material is needed. The optimal applicability regarding
field strength may be realized with a field strength independent magnetic moment of the
marker. Such a nonlinear magnetic property is partly exhibited by ferro- and ferrimagnetic materials. We therefore selected the ferromagnetic nickel and stainless steel type
AISI 410 and the ferrimagnetic copper zinc ferrite as marker candidates.
For ferro- and ferrimagnetic materials, in contrast to dia- and paramagnetic materials,
the magnetic moment is not proportional to the applied field, but a specific nonlinear
relation exists. Therefore, we will first quantify the magnetic properties of the three
marker candidates by vibrating sample magnetometer (VSM) measurements, which gives
a direct insight into the behaviour of markers at different field strengths. The magnetic
properties will be compared with dysprosium oxide, which we have used before, and
which is a representative of strongly paramagnetic materials. The material with the
most ideal properties will be chosen to assemble markers with different magnetic dipole
moments. The appearance of these markers will be tested in vitro and compared to a
dysprosium oxide marker. Subsequently, we will investigate the markers in vivo. The
artifact appearance and CNR at different tracking speeds will be analyzed and compared.

Theory
For passive tracking of magnetically prepared devices, susceptibility artifacts are exploited
in order to visualize the devices during dynamic, thick slab imaging of the vasculature
of interest. The susceptibility artifacts result from the local field distortions invoked by
the markers. Subtraction of a baseline tracking image highlights the device by increasing
the contrast between the artifacts and the different background tissues. The subtraction
image can be overlaid onto a previously acquired angiogram. Reliable depiction of a
device is directly related to the contrast to noise ratio (CNR) and the visibility of the
individual artifacts in the subtraction image. The CNR in the tracking images depends
on the local signal loss induced by the marker, and the signal to noise ratio (SNR)√of
the tracking image. In the subtraction image, the noise will be increased by a factor 2
compared to the tracking image, and ideal subtraction will yield no signal except noise.
Thus, the CNR is defined as:
Sm
CN R = −
(6.1)
σs
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with Sm the signal loss induced by the marker, which is negative in the subtraction image
and σs the noise in the background of the subtraction image. The SNR can be controlled
by the sequence design [11], the size and signal loss of the artifact by the magnetic
moment, m, of the marker and the echo time [12]. Because in an MR environment a
large, strong magnetic field, normally referred to as B0 , is applied, with the applied
gradients and the human body only giving small variations, the marker material will
become homogeneously magnetized. In that case, m can directly be related to B0 [13]:
m(B0 ) = ∆M (B0 )V

(6.2)

with ∆M the magnetization difference between the marker and tissue and V the volume
of the marker. For diamagnetic and paramagnetic materials, m is proportional to B0 .
For other types of magnetism like ferro- and ferrimagnetism, a nonlinear relation exists.
For a marker of subvoxel volume, the field distortion can be approximated by a dipole
field [12]:
µ0 m(B0 ) 2z 2 − y 2 − x2
∆Bz (x, y, z) =
(6.3)
4π
(x2 + y 2 + z 2 )5/2
with µ0 the permeability in free space and x, y and z the spatial coordinates with ∆Bz
and B0 in z-direction.

Materials and methods
In the first instance, magnetic characterization of marker candidates was carried out
with a VSM. Subsequently, markers were constructed and investigated in vitro. The
performance of the markers was tested in an in vivo pig experiment. The influence of the
frame rate on the depiction of the markers was demonstrated and analyzed.
Magnetic characterization - We chose stainless steel type AISI 410, nickel and
copper zinc ferrite as marker candidates and compared them with the strongly paramagnetic dysprosium oxide. Dysprosium oxide has a volume susceptibility of χ = 0.0235.
Stainless steel 410 (density ρ = 7.7 × 103 kg/m3 ) is a martensitic stainless steel, which, in
contrary to e.g. the austenitic class, is ferromagnetic. Nickel (ρ = 8.9×103 kg/m3 ) is also
ferromagnetic and copper zinc ferrite (ρ = 2.6 × 103 kg/m3 ) is ferrimagnetic. Because
the latter three materials show nonlinear magnetic behavior, the magnetic properties of
these materials were investigated with a VSM (Princeton Applied Research, model 155)
equipped with a Varian V3603 magnet (12 inch, fields up to 1.6 T). Typically 10 mg of
the candidate powder was wrapped into tape. The taped powder was put into the sample
holder, after which a magnetization curve of up to 1.5 T was measured.
Preparation of the catheter - A 5-Fr non-braided nylon balloon catheter (Cordis,
Roden, The Netherlands) was used. The dysprosium oxide was dissolved in nylon with
a concentration of 570 g/l. After removal of the balloon, a volume of 0.61 mm3 of this
mixture was attached to the tip of the catheter. From the candidate material with
the strongest magnetic response, 0.4 g powder was homogeneously embedded in 10.5
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ml silicon rubber yielding a concentration of 38 g/l. For a systematic investigation of
the relation between the magnetic dipole moment of markers and the CNR at different
tracking speeds, four sections of 0.44, 1.0, 2.0 and 3.2 mm3 respectively, were cut and
attached to the catheter in volume order, with the smallest one first. The distance
between the markers was increased for increasing marker volume.
Quantification of the magnetic dipole moment of the individual markersThe magnetic dipole moment of individual markers was determined by comparing simulated with experimental images of a 0.5, a 1.5 and a 3-T clinical MR scanner (Philips,
Best, The Netherlands). A glass cylinder was filled with a manganese chloride solution
(T1 /T2 = 1030/140 ms at 1.5 T) with the catheter positioned perpendicularly to B0 in
anterior-posterior direction. Coronal spoiled gradient echo scans were made, so that the
slice only contained one marker positioned in the middle of the slice. The slice thickness
was 10 mm for the dysprosium oxide marker, 15 mm for the first marker of the new
material (marker 2), 20 mm for marker 3 and 4 and 25 mm for marker 5. Other scan
parameters were: field-of-view (FOV) 150x150 mm2 , Scan matrix (MTX) 128x128, repetition and echo time (TR /TE ) 15/10 ms, flip angle (α) 15◦ and read gradient (Gx ) 2.9
mT/m. Time domain simulation of the same scans was performed with a homogeneous
background and several values of m. For a homogeneous background, the k-space signal
(s) for a 2D spoiled gradient echo scan at the nth time sample after the pth phase-encoding
step can be described by [11]:
s(n, p) =

Z

∞

−∞

Z

∞

−∞

Z

z2 (x,y)

ρe−i2π(n∆kx x+p∆ky y+γ∆Bz (x,y,z)(TE +n∆t)) dzdydx

(6.4)

z1 (x,y)

in which γ = γ/(2π), with γ the gyromagnetic ratio for protons, and ∆kx = γ Gx ∆t and
∆ky = γ ∆Gy τy , the k-space increments in read and phase-encoding direction respectively.
ρ is the effective spin density, ∆Gy the phase-encoding gradient step size, τy the time the
phase-encoding gradient is applied, ∆t is the sampling time and t the time after excitation. The integration limits (z1 and z2 ) in slice-selection direction are determined by the
equalities γ (Gz z1 + ∆Bz (x, y, z1 )) = −BWRF /2 and γ (Gz z2 + ∆Bz (x, y, z2 )) = BWRF /2,
with Gz the slice selection gradient and BWRF the bandwidth of the excitation pulse.
The simulation program was implemented in C++ using equation 6.4 with the field distortion (∆Bz ) described by equation 6.3. The marker was placed in the middle of a 10
cm-diameter cylinder of infinite length, placed parallel to the slice-selection direction.
Inside the cylinder, the effective spin density was constant in order to create a homogeneous background (ρ = ρ0 ). Outside the cylinder, no signal was present, which sets
the integration limits in the x- and y-direction to the border of the cylinder. Discrete
spatial integration in order to calculate the k-space data was done in steps of 0.25 mm
in all directions. Images were obtained after inverse Fourier transform of the simulated
k-space data. For the simulated and observed artifacts, an area of signal loss was determined, which consisted of the pixels containing less than 80% of the signal intensity of
the homogeneous background [12]. The area of signal loss represents the dephasing in
a gradient echo image caused by the field distortion of the marker and increases for the
increasing magnetic dipole moment. Subsequently, the magnetic dipole moment of each
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marker was found by the matching of the area of signal loss of the observed with the
simulated artifacts.
In vivo experiments - In vivo experiments were performed on a 70-kg domestic pig
using the 1.5 T scanner. During experiments, the pig was under general anesthesia with
artificial respiration. The study was approved by the animal care and use committee
of the local university. The catheter was introduced via 9-Fr introducer sheath into the
femoral artery and moved up and down the abdominal aorta under guidance of the T2∗ weighted tracking sequences given in Table 6.1. In these sequences, the echo time, matrix
size, SENSE acceleration factor for parallel imaging and the echo planar imaging (EPI)
segments were varied, in order to increase the tracking speed from 0.7 to 20 frames per
second. For subtraction, a respiratory motion correction algorithm with 8 seconds of
training data was used [14].
Table 6.1. Scan parameters of the used passive device tracking sequences.
Sequence
number
1
2
3
4
5
6
7

FOV
[mm2 ]
370x332
370x332
370x332
370x332
370x332
370x332
370x332

MTX
[pixels2 ]
256x144
256x144
128x97
128x94
128x94
128x94
128x94

α [◦ ]
10
10
10
10
10
10
10

TR
[ms]
11.1
6.45
10.8
12.5
12.5
7.9
8.5

TE
[ms]
9.2
4.6
9.2
9.2
9.2
4.6
4.6

SENSE
acceleration
1
1
2
1
2
2
2

EPI
segments
1
1
1
5
5
5
7

framerate
[fps]
0.7
1.2
2
5
10
14
20

The CNR of the individual markers was determined for all the 7 sequences. The
minimum gray value was determined along a line in phase-encoding direction through the
center of the marker artifact. Since the aorta was almost parallel to the read direction,
this line was perpendicular to the catheter. Subsequently, the mean of the pixels at that
line having a gray value less than 80% of the minimum was calculated. This mean was
set as Sm . The background noise of the subtraction image was determined in a block of
250 pixels at the location of the liver of the pig. Finally, the CNR was calculated using
equation 6.1.

Results
Figure 6.1 shows the magnetization curves of the stainless steel, nickel and copper zinc
ferrite powders. A theoretical magnetization curve of dysprosium oxide is also provided.
The candidates had a considerably stronger magnetic response than dysprosium oxide.
They all demonstrated the typical nonlinear magnetic behavior of magnetic saturation
and hysteresis. In all materials hysteresis was small. The copper zinc ferrite became
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saturated first, already at 0.3 T, followed by nickel at 0.5 T and stainless steel at 1.5
T. Stainless steel showed the strongest magnetic response, yielding the least additional
material for marker construction. Therefore, the stainless steel was chosen as marker
material.
6

2

x 10

1.5

−1

M [Am ]

1

Dysprosium oxide
CuZn ferrite
Nickel
Stainless steel

0.5
0
−0.5
−1
−1.5
−2
−2

−1

0
Bz [T]

1

2

Figure 6.1. Magnetization curves of the
copper zinc ferrite, nickel and stainless steel
samples measured with the VSM and the
theoretical curve for dysprosium oxide. Bz
denotes the magnetic field component in zdirection.

The coronal images of the in vitro experiments of the separate markers at different
field strengths are depicted in Figure 6.2. For the stainless steel markers, the artifacts
were of almost equal size at different field strengths, while the artifact caused by the
dysprosium oxide marker was considerably increased. The matching of the dephased
area for the simulated and observed artifacts for the quantification of the magnetic dipole
moments is illustrated in Figure 6.3. The simulated and observed artifacts appeared the
same, which proves the dipole approximation of a marker of subvoxel volume. The
dephased area was almost proportional to the magnetic dipole moment. The magnetic
dipole moments of all the markers are given in Table 6.2. For the dysprosium oxide
marker, m increased almost linearly with field strength, as expected from its paramagnetic
properties. The stainless steel markers showed the saturation, as predicted by the VSM
measurements. The marker appearance was field strength independent above 1.5 T, the
field strength at which magnetic saturation was achieved. Generally, the magnetic dipole
moments measured with the area of signal loss were higher than expected from the VSM
measurements. Differences may be caused by the precision of the mass measurement
of the VSM sample and the volume measurement of the stainless steel - silicon rubber
mixture and by the evaporation of the silicon rubber. The numbers in Table 6.2 also
demonstrate that from the stainless steel considerably less material is needed in order to
create the same marker appearance, e.g. the stainless steel marker 2 contains more than
a factor 10 less material than the dysprosium oxide marker 1, but the magnetic dipole
moment at 1.5 T is still more than 4 times larger. At 0.5 T, this is 10 times.
A selection of the in vivo tracking images is given in Figure 6.4. The five markers
could be detected at all the frame rates. However, the dysprosium oxide marker only
contained a few pixels and was often not visible, especially at short echo times. Motion
of the catheter, pulsatility of the blood flow and respiratory motion, gave rise to changes
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Dy2O 3

SS

SS

SS

SS

V [mm3]

0.027

0.0021

0.0049

0.0098

0.016

0.5 T

1.5 T

3T

Figure 6.2. Coronal scans of the separate markers at 0.5, 1.5 and 3 T. Marker 1 is depicted in
the first column, marker 5 in the last. The corresponding materials and embedded volumes are
given above the columns. Dy2 O3 stands for dysprosium oxide and SS for stainless steel.

within local field disturbance of the marker while imaging. In particular at the low frame
rates, this resulted in a less consistent marker artifact appearance as is demonstrated for
some frames in Figure 6.5. The first image is taken from the frame rate of 2 fps. In
this image the first marker was lost. The second image is taken from the frame rate of
1.2 fps with an echo time of 4.6 ms. Although TE was short, some artifacts overlapped
because of the relatively long acquisition time of a single frame during motion of the
catheter. At this dynamic, the catheter was slowly moved up the aorta with a velocity
of approximately 1.0 cm/s. The velocity of the catheter was estimated from the position
of the catheter in the adjacent frames. The second image is taken from the frame rate
of 5 fps with TE = 9.2 ms. Again, individual depiction of the markers was lost. At
this frame, the catheter was moved quickly up the aorta with a velocity of 6.4 cm/s. In
combination with the long echo time, the motion of the catheter caused the overlap of
the markers. Additionally, the fast motion caused a pattern of dark and bright stripes
next to the markers. The last image in Figure 6.5 is taken from the frame rate of 20 fps.
The individual markers could be detected at all the frames, except for the dysprosium
oxide marker. The pattern of bright and dark stripes during fast motion (in this frame
9.2 cm/s) decreased, but did not completely disappear. When the catheter was moved
with a lower velocity, this pattern did not appear. The shape of the artifacts did not
change between the frames, irrespective of the velocity of the catheter.
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Figure 6.3. MR quantification of the magnetic dipole moment of the second stainless steel
marker at the 3T machine. a) Simulated artifact with m = 8.5×10−6 Am2 , b) Observed artifact,
c) Matching of the observed dephased area with simulated dephased areas. The observed
dephased area is indicated by the dot.

Table 6.2. Marker numbers with corresponding materials, volumes of the embedded powders
and magnetic dipole moments at field strengths of 0.5, 1.5 and 3 T.
Marker
number
1
2
3
4
5

Material
Dysprosium oxide
Stainless steel
Stainless steel
Stainless steel
Stainless steel

Volume
[10−3 mm3 ]
27
2.1
4.9
9.8
16

m(0.5T )
[10−6 Am2 ]
0.29 ± 0.01
3.2 ± 0.04
7.5 ± 0.1
12 ± 0.3
19 ± 0.8

m(1.5T )
[10−6 Am2 ]
0.80 ± 0.04
3.4 ± 0.1
8.5 ± 0.2
14 ± 0.3
23 ± 1

m(3T )
[10−6 Am2 ]
1.6 ± 0.03
3.4 ± 0.08
8.5 ± 0.4
14 ± 0.6
23 ± 1

The CNR as function of the magnetic dipole moment of the marker for the different
frame rates is depicted in Figure 6.6. The CNR increased for increasing magnetic dipole
moment for all frame rates. Initially, a sharp increase in CNR was obtained, which
levelled off at increasing dipole moment. The CNR tended to decrease for increasing
frame rate. This is not true in all cases. For example, the CNR of the 20 fps sequence
was higher than the CNR of the 14 fps sequence. While the flip angle was kept at 10◦
for both sequences, the TR of the latter was lower (Table 6.1). Therefore, the SNR was
lower for the 14 fps sequence, resulting in a lower CNR of the markers. The visibility
also increased for increasing magnetic dipole moment, because the signal void provoked
by these markers was larger. For the strongest markers, the size of the artifacts was too
large. Once it becomes necessary for the device to make a turn, overlap of the adjacent
markers will occur. A magnetic dipole moment of approximately 3.4 × 10−6 Am2 (marker
2) sufficed for all frame rates regarding CNR and visibility.
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Figure 6.4. Selection of subtraction images from the seven sequences with different frame
rates. One subtraction image of each sequence is depicted. First row from left to right: The
corresponding coronal angiogram, subtraction image at 0.7 fps, at 1.2 fps and at 2 fps. Second
row from left to right: subtraction image at 5 fps, at 10 fps, at 14 fps and at 20 fps.

Discussion
The ideal marker material for passive tracking exhibits a high magnetic moment with a
small volume. By way of VSM measurements, we determined the magnetic properties
of three candidates, viz. the ferromagnetic nickel and martensitic stainless steel and
ferrimagnetic copper zinc ferrite, in order to verify the appropriateness of each material
as marker. Stainless steel was chosen for marker construction, since it showed the highest
magnetization. It was not the best choice for use at different field strengths, as saturation
was reached at higher field strengths than for nickel or copper zinc ferrite. In that case,
the latter would have been the best choice. However, for copper zinc ferrite, the size of a

Figure 6.5. Subtraction images that show the influence of motion of the catheter, blood flow
and breathing on the depiction of the markers. Going from left to right, the first image is at 2
fps, the second at 1.2 fps, the third at 5 fps and the last at 20 fps.
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Figure 6.6. CNR as function of the magnetic dipole moment for the different frame
rates.

marker with equal magnetic dipole moment would have been considerably larger, which
is the most important criterium for marker construction.
The measurements with the VSM were confirmed by the in vitro MRI experiments.
The size of the artifacts evoked by the stainless steel markers did, in contrast to dysprosium oxide markers, not substantially increase for increasing field strength, due to the
nonlinear magnetic properties. Above saturation, the artifact size did not increase. For
the stainless steel markers, less material was needed to induce the same susceptibility
artifacts as for dysprosium oxide, viz. a factor 120 at 0.5 T, 47 at 1.5 T and 24 at 3 T.
The use of ferromagnetic materials as markers may be dangerous, as interaction with
the applied field will introduce torques at the individual particles of the powder. However, the particles were very small (< 50 micron) and embedded in silicon rubber. The
embedding prevented motion of the individual particles. Since the total stainless steel
volume was small, no motion of the device as whole was observed.
The tracking frame rate varied between 0.7 to 20 fps. The increase in imaging speed
was achieved by use of shorter echo times, lower imaging matrices, partial k-space filling,
parallel and echo planar imaging strategies (Table 6.1). It showed that for susceptibilitybased passive tracking, high tracking speeds can be achieved. At increasing frame rate,
the SNR of the tracking images tended to decrease. However, the CNR of the stainless
steel markers was sufficient for reliable visualization of the device. Moreover, the use of
short echo times and strong read gradients for fast imaging also decreases susceptibility
distortions and dephasing in the background, and this improves the depiction of the
marker. Furthermore, fast imaging and short echo times decreased the overlap of the
distinct markers, also at fast motion of the device. The artifact of the dysprosium oxide
marker was sometimes lost at shorter echo times, or at motion of the device. The artifacts
invoked by the stainless steel markers with the largest magnetic dipole moment were too
large. A stainless steel volume of just 2.1 × 10−3 mm3 appeared to induce adequate
artifacts for device visualization at all the imaging speeds.
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7
Summary
Field imperfections are normally undesirable in magnetic resonance imaging. They degrade the quality of the images by wrong depiction of the anatomy and decrease of the
signal-to-noise ratio. Furthermore, for velocity, flow and diffusion quantification, measurement errors related to these imperfections are induced. Analysis of the imperfections
can be used to correct for the associated artifacts and errors. Next to that, it can create new contrast mechanisms, speed up the acquisition procedure or provide functional
and structural information. In this thesis, field imperfections were analyzed for three
purposes, viz. to quantify and correct for biased flow values at off-center locations, to
provide structural information of foreign materials by susceptibility analysis and to visualize interventional devices.
2D phase contrast flow quantification at off-center locations - The use of
bipolar gradients enables velocity encoding of flowing nuclei. For flow quantification, the
velocity contents of the pixels representing a vessel have to be summed. In chapter 2, it
was shown by theoretical analysis that the in-plane encoding of the vessel was affected by
the inhomogeneity of B0 and by the nonlinearity of the read and phase-encoding gradients
and that the through-plane encoding of the flowing fluid was affected by the nonlinearity
of the slice-selection gradient. A grid phantom was used to measure the scaling factors
that were defined to represent the local spatial variation of the homogeneity of B0 and
the linearity of the gradients. The same phantom enabled the coupling of these factors to
off-center flow values. For increasing off-center positions, the flow values got more biased,
viz. up to 20% at 23 cm off-center for the examined MR scanner. The scaling factors
were not only a quality measure, but could also be used for correction as long as locality
conditions were fulfilled and concomitant gradient phase offsets were compensated.
Quantification of microstructure transition - Susceptibility differences between
tissues, and especially between tissues and implants, deteriorate the homogeneity of B0 ,
which leads to severe artifacts. These artifacts may be used to qualify the material of the
implant. In the chapters 3 and 4, changes in microstructure of stainless steel 304L and
Nitinol were detected and quantified by the field analysis of the artifact invoked by wires
of the respective materials. The microstructural changes were induced by mechanical deformation or by temperature variation of the surrounding fluid. Two different approaches
were used, a spin echo (SE) and a gradient echo (GE) method. With both methods, microstructural changes could be quantified by the magnetization of the wires. Because in
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Nitinol the magnetization was low, sensitive parameters were used in the measurement
methods. For instance, the echo time in the GE acquisition was increased from 10 ms for
the stainless steel to 30 ms for Nitinol. For the stainless steel 304L, a large magnetization
increase was observed after cold deformation, indicating the transition from the paramagnetic austenite to the ferromagnetic martensite structure. With the ferromagnetic
saturation properties, the total martensite content could be quantified. For Nitinol, the
magnetization difference between the high- temperature austenite and low-temperature
martensite was much smaller and stayed within the paramagnetic region. The results
indicated that MRI is sensitive to small changes in susceptibility and that such changes
can be quantified. The results were validated by measurements with a vibrating sample
magnetometer. MRI is non-destructive for the specimen, which admits of in situ measurements. This might enable monitoring of the thermo-mechanical state representing
the interaction between the implant and the surrounding tissue.
From the two MRI magnetization measurement methods, the GE method has the
most general character, because it can be applied to a variety of scan techniques and
geometries of the implant. The SE method can only be applied to a spin echo scan
and a cylindrical geometry. For both methods, the quantity of foreign material, for
wires represented by the diameter, is a requisite as input for the quantification of the
magnetization. For the stainless steel 304L and the Nitinol, the geometry, orientation
and quantity of the material were known beforehand, which normally will not be the
case. Then, maybe benefit can be taken from other modalities that can characterize the
geometry and orientation of an implant. Using this knowledge, numerical methods like
the finite difference approach [1] can be used for calculating the magnetic field around
the implant.
Metallic foreign particles - A first multi-modality approach was given in chapter
5. In this chapter, it was made clear that on basis of normal SE and GE MR images
no distinction can be made between the susceptibility and the size of a foreign object,
in this case a metallic particle. However, with help of X-ray examinations, the volume
could reasonably be estimated, which can be used as input to quantify the susceptibility
of the particle. Computed tomography failed to accomplish this, inasmuch it gave a large
overestimation of the size of a particle. The overestimation is inherent to the filtered
backprojection reconstruction paradigm and the associated beam hardening effect. Because CT and MRI depicted the particle larger than its actual size, they are well suited for
the detection of metallic particles. For CT, a high attenuation is an advantage, for MRI a
high susceptibility. Next to an advantage, a high susceptibility also poses a disadvantage
to the use of MRI. A high magnetic moment might induce motion of the particle due
to interaction with the magnetizing field of the scanner. Therefore, continuous attention
has to be paid to the safety of the patient.
Markers for passive tracking - For susceptibility-based passive tracking, easily
magnetizable materials (high susceptibility) are optimal for marker construction, because
with only little material satisfactory susceptibility artifacts can be created at short echo
times. A small amount of material can more easily be enclosed in a device without
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influencing the shape and mechanical properties. Especially for guide wires, this is an
important restriction on the construction of markers. In chapter 6, the ferromagnetic
stainless steel 410 was chosen for marker construction as only 2.1 × 10−3 mm3 per marker
was needed for the depiction of a catheter at a variety of tracking speeds of up to 20
frames per second. In comparison, to create a similar artifact with the previously used,
strongly paramagnetic dysprosium oxide, a 47 times larger volume of marker material is
needed at a field strength of 1.5 T. The use of ferromagnetic material was beneficial, not
only because it is easily magnetizable, but also because the appearance of the markers
was similar at field strengths for which magnetic saturation of the marker material was
established. For an XMR suite, a combined X-ray and MRI setup for endovascular
interventions [2], stainless steel 410 is not suited as single marker material. The amount
of material in the markers is too low for visualization during X-ray guidance. Another
material that exhibits high attenuation and high susceptibility has to be used or the
marker has to be constructed with two materials, one with high attenuation and one
with high susceptibility. Such an approach has already been introduced for seeds used
in radiotherapy in which gold and stainless steel were combined [3]. Another possibility
is the mounting of markers for MRI on a conventional tip, such that the metallic core
is visible during X-ray fluoroscopy and the markers during MR guidance. In that case,
the length of the tip segment has to be short enough to avoid heating due to resonating
radiofrequency waves [4].
General conclusion - In MRI, different magnetic fields are involved, viz. the main
field, gradient fields and RF fields. Field imperfections have a variety of causes and
may be system-related or object-induced. Exploitation of these field imperfections can
be done with different perspectives. In this thesis, inhomogeneity of the main field and
nonlinearity of the gradient fields were analyzed and exploited. They were used to correct
for associated errors in 2DPC flow values and also for susceptibility-based characterization
of metallic foreign particles, quantification of the microstructural state of implant alloys
and visualization of endovascular devices. MRI showed to be very sensitive to detect
foreign particles, which was used to improve markers for endovascular devices. For the
characterization of foreign particles, computed tomography and X-ray were introduced
for combined analysis. For more complex structures, this combined analysis will even
be more helpful to determine the orientation and shape of an implant, which can be
coupled to susceptibility-based microstructure analysis. In endovascular interventional
radiology, a multi-modality approach by way of an XMR system has already proven its
advantage. In such a combined X-ray and MRI suite, the X-ray dose for patients was
shown to be considerably reduced [5]. In more applications multi-modality approaches
are gaining interest. For instance, for the delivery and follow-up of therapeutics like
holmium, CT, MR and single photon emission computed tomography (SPECT) imaging
are being investigated [6].
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A
Magnetic susceptibility and chemical shift
Susceptibility and chemical shift both deal with the interaction of electrons with a magnetic field. Therefore, it is often difficult to distinguish these phenomena in MR images.
The major difference between these two Zeemanlike influences is in the locality of their
action and in their orientational dependence in an external polarizing field [1]. Chemical
shift is a local phenomenon, acting on a single nucleus, while magnetic susceptibility acts
on a larger scale. In this chapter, both phenomena are described and some consequences
for MR imaging are illustrated by an infinite coaxial cylinder.

Magnetic susceptibility
The magnetic moments associated with atoms in materials are mainly determined by factors originating from electrons and include the electron spin, electron orbital motion and
the change in electron orbital motion caused by an imposed magnetic field. The existence
and interaction of one or more of these phenomena in a material, determine the magnetic
behavior. Also nuclear magnetism contributes to the magnetic moment, but it is weak and
has a negligible effect on the bulk susceptibility [2]. Therefore, it will not be described in
this appendix. Traditionally, classification of materials in groups according to their magnetic behavior resulted in a division into groups according to the bulk susceptibility. The
first group includes materials with negative and small susceptibility (χ = O(−10−5 )) and
includes e.g. copper, silver, bismuth and gold. These materials are called diamagnetic.
Paramagnetic materials have a small, positive susceptibility (χ = O(10−3 ) − O(10−5 ))
and include aluminum, manganese, platinum and titanium. Diamagnetism and paramagnetism are disordered magnetism types. The third group are the ferromagnetic materials,
which have very large, positive susceptibility (χ = O(10) − O(104 )). Ferromagnetism is
an ordered magnetism type. Examples of materials displaying this behavior are iron,
cobalt and nickel. There are also some other types of ordered magnetism, viz. ferrimagnetism, antiferromagnetism and helimagnetism [3]. The different types of magnetism will
be described more extensively below, followed by a magnetic field analysis that shows
the consequences for susceptibility differences in objects. For the last an infinite coaxial
cylinder is used as example.
Diamagnetism - Diamagnetism is caused by the change in the orbital motion of
electrons when a magnetic field is applied. This leads to a very weak magnetization
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and is present in every material and, therefore, is a fundamental property of all matter.
Purely diamagnetic substances consist of atoms with filled electron shells, which have no
net magnetic moment. When subjected to a magnetic field, the induced magnetization
opposes the applied field in the manner described by Lenz’s law. Therefore, diamagnetic
materials have negative susceptibility. The diamagnetic susceptibility is independent of
the temperature.
Paramagnetism - For this type of magnetism, some of the atoms or ions in the
material have a net magnetic moment due to unpaired electrons in partially filled orbitals.
Both the electron spin and the orbital angular momentum give contributions to the
magnetization. However, the individual magnetic moments do not magnetically interact
(disordered), so the magnetization is zero when no magnetizing field is present. In the
presence of a field, there is partial alignment of the magnetic moments, resulting in a
positive net magnetization and positive susceptibility. In general, the susceptibility is
inversely proportional to temperature (Curie law).
Ferromagnetism - When magnetic moments interact, a material is magnetically ordered. For ferromagnetic materials, parallel alignment of the atomic magnetic moments
of the nearest neighbors results in a large magnetization which may even be present in the
absence of a magnetic field. In those materials, a certain ’group effect’ takes place, which
means that electron spins are locked into ordered arrays, the magnetic domains. Normally, the magnetic domains are randomly oriented, giving no net magnetization. When
an external field is applied, the magnetic domains align, causing an enormous increase of
the magnetization, which determines the ferromagnetic behavior. For ferromagnets, the
Curie-Weiss law applies:
C
χ=
, T > θc
(A.1)
T − θC
in which θC is known as the Curie temperature. Above θC , the magnetic behavior is
linear, because the thermal energy overwhelms the alignment. Below θC , the magnetic
behavior is nonlinear with hysteresis and magnetic saturation. For example, the Curie
temperatures for iron, nickel and cobalt are θC,i = 770◦ C, θC,n = 358◦ C and θC,c = 1131◦ C
respectively. Due to the alignment of the magnetic domains, the magnetization increases
rapidly for increasing imposed field and saturates. After removal of the applied field,
remanent magnetization will be left. The point where the magnetization reaches zero
after opposing the polarity of the applied field is called the coercive field. In chapter 3,
such a nonlinear magnetization curve for stainless steel 304L is shown.
Antiferromagnetism - For antiferromagnetism, the magnetic ordering is antiparallel. The magnetic moment of the nearest neighbors are exactly counteracting, which can
be explained by subdividing in sublattices A and B. The moment of one sublattice negatively couples to the moment of the other, resulting in a zero net magnetic moment of the
bulk. Antiferromagnetic materials have zero remanence and no hysteresis. Analogues to
ferromagnetism, a transition between ordered and disordered states exists, denoted by the
Néel temperature (θN ). Examples of materials displaying antiferromagnetic behavior are
chromium and manganese with Néel temperatures of θN,c = 37◦ C and θN,m = −173◦ C.
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Ferrimagnetism - Ferrimagnetism is a particular case of antiferromagnetism for
which the magnetic moments of the A and B sublattices are pointing in opposite direction, but have different magnitudes. Macroscopically, ferrimagnetism cannot be distinguished from ferromagnetism, because a similar magnetization pattern is displayed with
hysteresis, saturation and transition between ordered and disordered states. The temperature dependency of the susceptibility is more complicate than the Curie-Weiss law
[3]:
(CA + CB )T − 2αCA CB
χ=
(A.2)
T 2 − α2 CA CB
with α the interlattice coupling coefficient and CA and CB the Curie coefficients for the
respective sublattices. In chapter 6, the ferrimagnetic copper zinc ferrite was investigated
for use as marker material for MR-guided passive tracking of endovascular devices.
Helimagnetism - A last type of magnetic ordering is helimagnetism. In the previous
ordering types, only nearest-neighbor interactions were discussed. For helimagnetism,
also next-nearest-neighbor interactions determine the magnetic behavior. The magnetic
moments of the planes of the sublattices may be at a certain angle with each other,
resulting in a complex angular dependency of the magnetization. The rare earth metal
dysprosium is an example that displays this magnetic behavior.
Induced magnetic fields - Due to susceptibility differences, magnetic field variations
will exist across a magnetized object. The spatial variation of the magnetic field can be
found using the Maxwell equations [4]:

∇·D



∇ × H

∇×E



∇·B

=ρ
= J + δD
δt
δB
= − δt
=0

(A.3)

with B(r) the magnetic induction, H(r) the magnetic field, E(r) the electric field, D(r)
the electric displacement, J(r) the electric current density and ρ(r) the electric charge
density. For magnetostatics, there is no current and no charge, which simplifies these
equations to:
(
∇×H =0
(A.4)
∇·B
=0
The magnetic properties of a medium are defined by the magnetization distribution M(r),
which defines the relation between B and H:
B = µ0 (H + M)

(A.5)

with µ0 the magnetic permeability in vacuum. For diamagnetic and paramagnetic materials, M is proportional to H, with the susceptibility χ as proportionality constant:
M = χH

(A.6)
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Usually χ is a tensor, but for isotropic materials (most materials) a constant is used.
With given boundary conditions, the magnetic field distribution of different geometries
media can be found by using numerical methods. For ellipsoids, also analytical solutions
can be found. An example of such a case is an infinite coaxial cylinder (Figure A.1)
placed in an external magnetic field [5]. Because in MRI B0 is used as reference for the
c3

Figure A.1.
Crosssection of a coaxial
cylinder with inner radius
r1 , outer radius r2 , susceptibility of the core χ1 ,
susceptibility of the shell
χ2 and susceptibility of
the environment χ3 .

c2
r2
c1

r1

strength of the magnetizing field, which is aligned along the ẑ-direction, from now on
Bz is used for magnetic fields. When the coaxial cylinder is placed parallel to B0 , the
magnetic fields of the different regions are described by:


Bz,1 = (1 + χ1 )B0
(A.7)
Bz,2 = (1 + χ2 )B0


Bz,3 = (1 + χ3 )B0

When placed perpendicular to B0 :

χ1 +χ3


Bz,1 = (1 + 2 )B0
(χ −χ )r12 (x2 −z 2 )
3
+ 2 2(x12 +z
)B0
Bz,2 = (1 + χ2 +χ
2 )2
2

2 +(χ −χ )r 2 ](x2 −z 2 )

[(χ
−χ
)r
2
1
3
2
2
i
Bz,3 = (1 + χ3 +
)B0
2
2 2

(A.8)

2(x +z )

From these equations, it becomes clear that the magnetic fields in media depend on the
internal geometry, magnetic properties and orientation with respect to the magnetizing
field. After Lorentz correction for neighboring molecular fields [2], the molecular magnetic
fields become:

χ1

Bz,1,mol = (1 + 3 )B0
(A.9)
Bz,2,mol = (1 + χ32 )B0


χ3
Bz,3,loc = (1 + 3 )B0
for the case the cylinder is parallel to B0 and:

χ3
χ1


Bz,1,mol = (1 + 2 − 6 )B0
Bz,2,mol

= (1 +



Bz,3,mol

= (1 +

χ3
2
χ3
3

−
+

(χ −χ )r12 (x2 −z 2 )
χ2
+ 2 2(x12 +z
)B0
2 )2
6
[(χ2 −χ1 )ri2 +(χ3 −χ2 )r22 ](x2 −z 2 )
)B0
2(x2 +z 2 )2

for the case the cylinder is perpendicular to B0 .

(A.10)
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Chemical shift
Chemical shift is the shielding of the magnetic field by the electrons surrounding a nucleus.
Similar as for diamagnetism, the shielding opposes the applied magnetic field. It depends
on the applied field and the chemical bonding. Consequently, for a single molecule with
several nuclei of the same element, but with different bonds, different local magnetic
fields will be felt by these nuclei. For every bond type, the shielding is proportional to
applied field, which can be expressed by the effective field Bef f at the nucleus:
Bef f = Bmol (1 − σ)

(A.11)

where σ is the shielding constant, normally expressed in part per million (ppm) [6].
For example, σ = 3.4 ppm for the 1 H nucleus of water and fat molecules when water
is taken as reference. Within the fat molecules also small differences exist for different
bonds depending on the exact composition. In NMR spectroscopy these differences are
exploited to measure the composition and prevalence of metabolites.
For the coaxial cylinder, the effective magnetic fields can to the first order be approximated by (σχ ¿ σ, χ):

Bz,1,ef f = (1 + χ31 − σ1 )B0

(A.12)
Bz,2,ef f = (1 + χ32 − σ2 )B0


χ3
Bz,3,ef f = (1 + 3 − σ3 )B0

for the case the cylinder is parallel to B0 and:

χ3
χ1


Bz,1,ef f = (1 + 2 − 6 − σ1 )B0
Bz,2,ef f

= (1 +



Bz,3,ef f

= (1 +

χ3
2
χ3
3

−

χ2
6

(χ2 −χ1 )r12 (x2 −z 2 )
)B0
2(x2 +z 2 )2
[(χ2 −χ1 )r12 +(χ3 −χ2 )r22 ](x2 −z 2 )
)B0
2(x2 +z 2 )2

− σ2 +

− σ3 +

(A.13)

for the case the cylinder is perpendicular to B0 .

Susceptibility and chemical shift effects in MRI
For MRI, susceptibility and chemical shift have the same consequences as both cause
variations of the magnetic field, which will result in signal displacement due to disturbance of the linear encoding by the gradient fields and signal loss due to intravoxel phase
dispersion. Nevertheless, the appearance of both effects depends on the locality of their
action and their orientation dependence on the external magnetizing field. To demonstrate these differences, experiments were carried out with two coaxial cylinders, both
with r1 = 8 mm and r2 = 19 mm. The core of the first cylinder was filled with salad oil
(T1 /T2 = 256/53 ms at 1.5 T, χ = −8.7 ppm) and the shell with a manganese chloride
solution (T1 /T2 =1014/136 ms at 1.5 T, χ = −9.0 ppm). The core of the second cylinder
was filled with air (χ = 0.36 ppm [7]), the shell with the same manganese chloride solution. These cylinders were imaged at three different MR scanners with field strengths of
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0.5, 1.5 and 3 T, respectively (Philips, Best, The Netherlands). Transverse gradient echo
scans were made while the cylinders were oriented parallel to B0 in anterior-posterior direction. The scan parameters were: F OV =150x150 mm2 , M T X 128x128 pixels2 , TR /TE
50/9.5 ms/ms, read gradient Gr = 2.9 mT/m, α = 20◦ and slice thickness T H = 10 mm.
Coronal gradient echo images were obtained with the same parameters with the cylinders
placed perpendicular to B0 . At the 1.5-T scanner, TE and Gr were varied to show their
influence on the appearance of both effects.

Gr

Gr

Figure A.2. Images indicating the influence of the magnetizing field on gradient echo images
with respect to chemical shift and magnetic properties. First row: Transverse images perpendicular to the cylinders orientated parallel to B0 . Going from left to right: B0 = 0.5 T,
B0 = 1.5 T and B0 = 3 T. Second row: Coronal images perpendicular to the cylinders orientated perpendicular to B0 . Going from left to right: B0 = 0.5 T, B0 = 1.5 T and B0 = 3
T.

Figure A.2 shows the transverse and coronal images at the different field strengths.
When the cylinders were placed parallel to B0 , the air-filled cylinder was depicted without
any distortion of the signal containing surroundings. The outer part of the salad oil-filled
cylinder was depicted without any distortion, but the inner part was not positioned at the
real location in the middle of the cylinder. This is mainly caused by differences in chemical
shift between the water and salad oil protons. The small difference in displacement of
the salad oil between the parallel and perpendicular case is caused by the susceptibility
difference of 0.3 ppm. For the air-filled cylinder perpendicular to B0 , a considerable
susceptibility artifact arises due to the susceptibility difference of 9.4 ppm between the
manganese chloride solution and air. The pattern of the artifact is typical for a cylindrical
shape perpendicular to the magnetizing field and is largely determined by the last term of
Bz,3,ef f in equation A.13. It demonstrates the orientation dependency of the appearance
of susceptibility differences in MR imaging. It also marks the global character as the
artifact appears in the shell, while it is caused by the core. For the chemical shift, the
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field variation is purely local, although for imaging it may seem differently because it
stretches out over larger space by the displacement of the core.
The displacement of the salad oil core and the size of the susceptibility artifact increased for increasing field strength as could be expected from equations A.12 and A.13.
For the 3 T-scanner, the core was even partly projected over the shell. For the parallel
case, the signal of the core and the shell were in phase, which adds the contribution
of both signals. However, for the parallel case, they were not in phase, which leads to
signal loss. This is more clearly depicted in Figure A.3. For an echo time of 14.2 ms,
the water and salad oil signal were in phase resulting in high intensity where the core
and shell overlap in the image. For an echo time of 16.6 ms, they were completely out of
phase, which causes maximum signal loss in the overlapping part. With the choice of the
echo time, the signal loss due to chemical shift can be controlled by the periodic phase
behavior [2].

Gr

Figure A.3. Transverse images of the cylinders placed parallel to B0 at a field strength of
B0 = 1.5 T. For the left image an echo time of 14.2 ms is used, at the right image the echo time
was 16.6 ms.

The influence of the echo time on the appearance of susceptibility variations is demonstrated in Figure A.4. The artifact caused by the air core clearly increased for increasing
echo time.

Gr

Figure A.4. Coronal images of the cylinders placed perpendicular to B0 at a field strength of
B0 = 1.5 T. The echo time was the only parameter varied between the images. Going from left
to right: TE = 9.5 ms, TE = 14.2 ms and TE = 18.9 ms.
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The displacement of image information due to field variations can be controlled by the
choice of the read gradient. Some examples are shown in Figure A.5. The displacement
decreased for increasing strength of the read gradient. The direction of the displacement
is determined by the orientation and the polarity of the read gradient.

Gr

Figure A.5. Transverse images of the cylinders placed parallel to B0 at a field strength of
B0 = 1.5 T. The read direction is anterior-posterior. The read gradient was the only parameter
varied between the images, going from left to right: Gr = 0.87 mT/m, Gr = 2.18 mT/m,
Gr = −2.18 mT/m and Gr = −0.87 mT/m. The polarity of the gradient is defined as positive
when going from posterior to anterior.
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B
Derivation of the external magnetic field of a
homogeneously magnetized cylinder
Here, we derive the external magnetic field of a homogeneously magnetized cylinder of
infinite length. The cylinder is magnetized due to an constant magnetic field perpendicular to it. The applied field is high, so remanent magnetization can be neglected, and no
currents are present. Then, the internal and external magnetic fields, H, and inductions,
B, are found by solving the Laplace equation of the magnetic scalar potential φm [1].
∇2 φm = 0

(B.1)

H = −∇φm

(B.2)

B = µ0 (−∇φm + M)

(B.3)

with:
and:

with µ0 the permeability of free space. Because the cylinder is perpendicular to the
applied field, the potential is independent of the coordinate y, with the ŷ-direction in the
length direction of the cylinder. The general solutions of the Laplace equation are the
so-called cylindrical harmonics:
φm = A + B ln(r) +

∞
X
n=0

{Cn rn cos(nφ) + Dn r−n cos(nφ) + En rn sin(nφ) + Fn r−n sin(nφ)}

(B.4)
Now, the constant A, B, C, D, E, F have to be found for the regions inside (φm1 ) and
outside (φm2 ) the cylinder. This is done by applying several boundary conditions.
1. The far field is parallel to cos(φ)r̂ and is not influenced by the disturbing cylinder,
which means:
B0
cos(φ)r̂
(B.5)
lim H2 =
r→∞
µ0 µ2
2. The cylinder is homogeneously magnetized, which means:
M1 = M1 (H1 ) cos(φ)r̂
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(B.6)

92

Appendix B.
3. The tangential component of H is continuous across any surface:
H1φ = H2φ

(B.7)

with Hiφ = Hi · φ̂.
4. The normal component of B is continuous across the surface of the cylinder:
B1r = B2r

(B.8)

with Bir = Bi · r̂.
Because the magnetic potential is uniform and cannot get infinite at any point and by
applying boundary condition 1, the external potential is written as:
φm2 =

∞
X
n=0

{D2n r−n cos(nφ) + F2n r−n sin(nφ)} −

B0
r cos(φ)
µ0 µ2

(B.9)

The internal potential is only restricted by its uniformity:
φm1 =

∞
X
n=0

{C1n rn cos(nφ) + E1n rn sin(nφ)}

(B.10)

Now, the boundary conditions 2, 3 and 4 are applied at the cylinder surface r = a.
Only the n = 1 components have to be taken into account, because of the cos(φ) term.
Boundary condition 3 becomes:
δφm2
δφm1
|r=a =
|r=a
δφ
δφ

(B.11)

or:
−C11 a sin(φ) + E11 a cos(φ) = −D21 a−1 sin(φ) + F21 a−1 cos(φ) +

B0
a sin(φ)
µ0 µ2

(B.12)

Boundary condition 4 becomes:
µ0 (−

δφm1
δφm2
|r=a + M1 cos(φ)) = −µ0 µ2
|r=a
δr
δr

(B.13)

or:
µ0 (−C11 cos(φ)−E11 sin(φ)+M1 cos(φ)) = µo µ2 (D21 a−2 cos φ−F21 a−2 sin(φ))+B0 cos(φ)
(B.14)
The coefficients are found to be:
M1
2B0
−
1 + µ2 µ0 (1 + µ2 )

(B.15)

M1 a 2
B0 (1 − µ2 )a2
+
1 + µ2 µ0 (1 + µ2 )µ2

(B.16)

C11 =
D21 =
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E21 = 0

(B.17)

F21 = 0

(B.18)

The magnetic potential equations become:
µ0 M1 − 2B0
r cos(φ)
µ0 (1 + µ2 )

(B.19)

µ0 µ2 M1 + B0 (1 − µ2 ) cos(φ)a2
B0
−
r cos(φ)
µ0 µ2 (1 + µ2 )
r
µ0 µ2

(B.20)

φm1 =
φm2 =

Now, a change it made to cartesian coordinates, with z = r cos(φ) and x = r sin(φ):
µ0 M1 − 2B0
z
µ0 (1 + µ2 )
µ0 µ2 M1 + B0 (1 − µ2 ) a2
B0
=
z−
z
2
2
µ0 µ2 (1 + µ2 )
x +z
µ0 µ2

φm1 =

(B.21)

φm2

(B.22)

The magnetic field equations become:
δφm1
µ0 M1 − 2B0
ẑ = −
ẑ
δz
µ0 (1 + µ2 )
δφm2
δφm2
x̂ −
ẑ
= −
δx
δz
µ0 µ2 M1 + B0 (1 − µ2 ) 2 z 2 − x2
2xz
B0
=
a( 2
ẑ + 2
x̂) +
ẑ
2
2
2
2
µ0 µ2 (1 + µ2 )
(x + z )
(x + z )
µ0 µ2

H1 = −

(B.23)

H2

(B.24)

and the magnetic induction:
µ0 µ2 M1 − 2B0
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ẑ + µ0 M1 ẑ = −
ẑ
δz
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+
x̂) + B0 ẑ
a( 2
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B1 = −µ0
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In the MR-scanner, the applied field around the iso-center is constant. During scanning, only very small, negligible variations around the main field are present. In that
case, we may write M1 as proportional to B0 using the dimensionless, field dependent
parameter ξ(B0 ):
ξ(B0 )B0
M1 =
(B.27)
µ0 µ2
Now, equation B.26 can be written as:
µ 2
¶
ξ − χ2
2xz
z − x2
B2 =
B0 A
ẑ + 2
x̂ + B0 ẑ
π(2 + χ2 )
(x2 + z 2 )2
(x + z 2 )2

(B.28)
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with χ2 = µ2 − 1 the magnetic susceptibility of the environment and A the cross-sectional
area of the cylinder. For χ2 << 1, it becomes:
µ 2
¶
z − x2
2xz
ξ − χ2
B0 A
ẑ + 2
x̂ + B0 ẑ
(B.29)
B2 ≈
2π
(x2 + z 2 )2
(x + z 2 )2
In MRI small frequency differences around the Larmor frequency are analyzed. The
frequency differences depend on the field variations induced by the disturbing cylinder
∆f = 2πγ∆B, with ∆B = |B2 | − |B0 | and γ the gyromagnetic ratio.
µ³
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+
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Above, at the first approximation, it is assumed that the cross-sectional area of the
cylinder is small compared to the field-of-view of the imaging slice, which implies that
frequency differences close to the cylinder
have negligible effect on the total distortion.
√
2
At the second, a Taylor-expansion of 1 + u ≈ 1 + u2 − u8 ... is used. ∆B becomes:
∆B(x, z) = B0

(ξ − χ2 )A z 2 − x2
2π
(x2 + z 2 )2

(B.34)
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Samenvatting
Bij magnetische resonantie beeldvorming (MRI) worden verschillende magnetische velden
aangelegd, te weten het hoofdveld (B0 ), gradiëntvelden en radiofrequentievelden (RFvelden). Tijdens de beeldvormingsprocedure wordt verondersteld dat deze velden homogeen zijn in het geval van het B0 -veld en de RF-velden en lineair in het geval van
de gradiëntvelden. In het algemeen geldt dat imperfectie van deze velden resulteert in
een verminderde beeldkwaliteit. Deze imperfecties hebben echter niet alleen negatieve
consequenties, ze kunnen ook worden gebruikt voor het verbeteren van beelden, het versnellen van de acquisitie of het verstrekken van additionele informatie over structuren
of functionaliteit van organen. In dit proefschrift zijn veldimperfecties onderzocht voor
drie doeleinden. Het eerste is de kwantificatie en correctie van foutieve metingen aan
de bloedstroming aan de randen van de tunnel van de MRI-scanner. Het tweede is het
kwantificeren van de magnetische eigenschappen van metalen objecten zoals implantaten.
Deze magnetische eigenschappen kunnen worden gebruikt om de interne structuur van
het materiaal te bepalen of om het materiaal te determineren in het geval dat niet bekend
is welk metaal de verstoring veroorzaakt. Het laatste doeleinde is het robuust afbeelden
van instrumenten voor intravasculaire ingrepen.
2D fase contrast kwantificatie van stroming aan de rand van de tunnel van
de MRI-scanner - Met behulp van bipolaire gradiënten in slice-selectierichting kan de
snelheid van stromende vloeistof worden gecodeerd. Door het spatieel integreren van
het snelheidsprofiel in een bloedvat kan vervolgens de bloedstroming in dit vat worden
gemeten. In hoofdstuk 2 werd door middel van een theoretische analyse aangetoond
dat de stromingsmeting wordt beı̈nvloed door de homogeniteit van B0 en de lineariteit
van de gradiënten voor het afbeelden van het vat en de bipolaire gradiënt voor het meten
van de snelheid. Met behulp van een gridfantoom werden schalingsfactoren gemeten die
de lokale homogeniteit van B0 en de lineariteit van de gradiënten representeren. Met
hetzelfde fantoom kon de stroming op verschillende plaatsen worden gemeten, waarmee
de theorie werd geverifieerd. Op deze manier werd bepaald dat de meetfout groter werd
naarmate het bloedvat dichter bij de rand van de tunnel lag. Deze fout kon oplopen tot
20% als het vat 23 cm verwijderd lag van het middelpunt van het onderzochte apparaat.
In het geval dat het onmogelijk is om het vat dichter bij het middelpunt te leggen, zoals
bijvoorbeeld bij hemodialyse patiënten, dan kunnen schalingsfactoren worden gebuikt ter
correctie van de foutieve metingen. Daarvoor mag de stroming niet te snel zijn en het
vat niet te groot, zodat enkel lokale variaties de meting beı̈nvloeden. Daarnaast moet er
ook voor snelheidsfouten als gevolg van concomitant gradiënten worden gecompenseerd.
Kwantificatie van overgangen in microstructuur - De microstructuurveranderingen in legeringen kunnen gepaard gaan met een verandering in magnetische eigenschappen. Deze veranderingen in magnetische eigenschappen kunnen worden gedetecteerd
en gekwantificeerd met behulp van MRI-methoden. In hoofdstuk 3 is dit gedaan voor
roestvrij staal AISI 304L en in hoofdstuk 4 voor Nitinol. Bij het roestvrij staal werd
de microstructuurverandering tot stand gebracht door mechanische deformatie, namelijk
door het trekken van draad. Bij Nitinol werd dit gedaan door de omgevingstemperatuur
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te variëren en door het uitvoeren van een trekproef. De geı̈nduceerde veranderingen in
magnetische eigenschappen werden gemeten met 2 verschillende MRI-methoden, respectivelijk gebaseerd op een spin-echo (SE) opname en een gradiënt-echo (GE) opname.
Aangezien bij het Nitinol de initiële magnetisatie al laag is, werden enkele parameters
voor het meten van de magnetisatie aangepast om gevoeliger te zijn voor kleine veranderingen. Zo werd bij de GE opnamen een langere echotijd gebruikt. MRI bleek
gevoelig te zijn voor veranderingen in magnetische eigenschappen en met beide methoden kon de magnetisatie worden gemeten. De magnetisatiemetingen werden geverifieerd
met een vibrating sample magnetometer (VSM). Bij het roestvrij staal trad een transitie
op van paramagnetisch naar ferromagnetisch materiaalgedrag, bij Nitinol bleven de veranderingen binnen het paramagnetisch gebied. Bij de magnetisatiemetingen heeft MRI
het voordeel dat een monster niet gemodificeerd hoeft te worden en dat deze metingen
in situ kunnen worden verricht. In dit proefschrift werd aangetoond dat met behulp
van MRI veranderingen in interne structuur kunnen worden gekwantificeerd. Aangezien
deze veranderingen een gevolg zijn van de thermo-mechanische belasting van het materiaal, kan, bij koppeling van magnetisatie aan belasting, de interactie tussen weefsel en
implantaat worden gemeten. Om dit te kunnen bewerkstelligen is de GE methode de
meest geschikte methode, aangezien deze ingezet kan worden voor meerdere sequenties
en geometrieën van implantaten. In dit geval werden alleen draden gebruikt, waarbij
de veldverstoring analytisch kan worden bepaald. Voor complexere geometrieën zullen
numerieke methoden moeten worden gebruikt.
Lichaamsvreemde metalen deeltjes - In hoofdstuk 5 werd een andere geometrie
gebruikt om magnetische eigenschappen te bepalen, namelijk een bolletje. Voor kleine
deeltjes, waarbij klein wordt gedefinieerd als subvoxel, kan de verstoring van B0 worden
benaderd door het dipoolveld van een zuiver bolletje. Met behulp van simulaties werd
aangetoond dat het niet mogelijk is om, op basis van een enkele SE of GE opname,
onderscheid te maken tussen het volume en de magnetische susceptibiliteit van een deeltje,
ten einde het deeltje te karakteriseren. Een vergelijking werd gemaakt met computed
tomography (CT) en Röntgen (X-ray) opnamen. Met behulp van X-ray bleek de grootte
van een deeltje het best te worden afgebeeld. Op de CT- en MRI-beelden werd een
deeltje groter afgebeeld dan het in werkelijk was. Bij CT wordt dit veroorzaakt door
het reconstructie algoritme en beam hardening, bij MRI is dit inherent aan de techniek
aangezien de omgeving en niet het deeltje zelf wordt afgebeeld. De combinatie van
meerdere technieken kan een basis vormen voor het karakteriseren van een deeltje. De
grootte van een deeltje kan worden bepaald met behulp van een X-ray opname, waarna
dit gegeven op een MRI-beeld kan worden toegepast om de susceptibiliteit te bepalen
of op een CT-beeld om een indruk te krijgen van de dichtheid van het deeltje. Bij het
gebruik van MRI dient wel altijd rekening gehouden te worden met veiligheid, aangezien
interactie met het magneetveld kan leiden tot beweging van het deeltje. Dit kan trauma
veroorzaken.
Markers voor de visualisatie van intravasculaire instrumenten - Door het
puntsgewijs toevoegen van verstorend materiaal (markers) op een instrument worden
lokale veldverstoringen veroorzaakt. Deze veldverstoringen maken het mogelijk om dunne
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instrumenten als katheters en voerdraden zichtbaar te maken in een dikke plak, waardoor het instrument robuust wordt afgebeeld. Sterk verstorende materialen hebben hierbij de voorkeur aangezien er maar een minimale hoeveelheid nodig is om een voldoende
grote verstoring teweeg te brengen. Hierdoor hoeven de instrumenten nauwelijks te worden aangepast. In hoofdstuk 6 werd het ferromagnetische roestvrij staal AISI 410
het meest geschikt bevonden om toe te passen als markermateriaal. Van dit materiaal
was slechts 2.1×10−3 mm3 nodig om een artefact te induceren dat duidelijk zichtbaar
was onder een verscheidenheid aan acquisitiesnelheden en bewegingssnelheden van het
instrument. Om een vergelijkbaar artefact teweeg te brengen met het sterk paramagnetische dysprosiumoxide, voorheen gebruikt als markermateriaal, is het 47-voudige volume
van het materiaal vereist. Met behulp van versnellingstechnieken, zoals parallel en echo
planar imaging, en korte echotijden kon de acquisitiesnelheid worden opgevoerd tot 20
beelden per seconde. Het ferromagnetisch materiaalgedrag heeft als bijkomend voordeel
dat de artefacten op verschillende veldsterkten dezelfde grootte hebben, terwijl de acquisitiemethode niet verandert. Hierbij moet het markermateriaal wel magnetisch verzadigd
zijn. Dit vergroot de algemene toepasbaarheid van de instrumenten aangezien er een
verscheidenheid aan veldsterkten voor MRI-scanners beschikbaar is.
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eens iets kwam vragen of lenen waren erg leuk en een mooie afwisseling op de dagelijkse
rompslomp van het AIO-bestaan. Ook Gerrit Wopma heeft hier z’n steentje bijgedragen.
Verder wil ik PhISIMed bedanken. Rob, Wil en Frans, het was me een genoegen om
mee te mogen denken over de ontwikkeling van voerdraden. Ik kijk uit naar het eerste
product. Ook gaat mijn dank uit naar Guillaume Thelissen voor de ondersteuning van
het project vanuit Philips.
Natuurlijk geen onderzoek zonder onderzoeksgroep en het ISI is een groep waar het
goed toeven is. Allereerst mijn kamergenoot: Paul, je bent een fantastisch persoon om de
101

102
kamer mee te delen. Je bent behulpzaam, meedenkend en hebt een luisterend oor, over
welk onderwerp dan ook. Bedankt dat je paranimf wilt zijn, veel succes met de afronding
van je eigen boekje en Marion en jij natuurlijk een onvergetelijke huwelijksdag gewenst.
Mijn dank gaat ook uit naar Koen voor de beeldverwerkingsoplossingen, Gerard voor het
systeembeheer en het secretariaat voor de algemene ondersteuning. Alle AIO’s en andere
medewerkers maken het ISI een energieke groep. Iedereen is behulpzaam bij de dagelijkse
probleempjes en ik heb veel plezier gehad bij de rondjes Kromme Rijn, UMC-estafettes,
Sinterklaasavonden, promotiefeestjes, kerstfeestjes en Ardennenweekenden. Natuurlijk
wil ik de collega’s van de radiologie en de radiotherapie hierbij niet vergeten.
Als AIO kun je als onderwijstaak het begeleiden van stage en/of afstudeerstudenten
hebben. Ik had het voorrecht om Sara en Charlotte te mogen bijstaan bij de laatste
loodjes van hun studie. Sara, veel succes met jouw promotie (je kijgt in ieder geval tijd
om te reizen), en Charlotte, je mag nog eventjes, maar ik heb veel vertrouwen in de
afronding van jouw project en veel succes bij geneeskunde.
Graag wil ik ook mensen in mijn naaste omgeving bedanken voor de avondjes uit, het
pakken van een terras, het trappen tegen een balletje (Egchel 2 t/m 7, TOB NZVB en
TOB KNVB 1), de skate-rondjes, weekendjes weg, etc. Zonder iemand te vergeten, wil
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