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Abstract

Magnetic particle imaging (MPI) is a tracer-based imaging modality with a variety of
promising bio-medical application. In MPI, the non-linear response of SPN magnetiza-
tion to time-varying magnetic fields induces time-dependent signals at harmonics of the
fundamental in a detection coil. Signal localization is obtained by applying a strongly in-
homogeneous static field that is arranged such that its amplitude is zero in certain ‘Field
Free Regions’ (FFRs). SPNs located near a FFR contribute significantly to the detected
signal. The remaining SPNs contribute much less to the detected signal because they are
exposed to a strong static magnetic field and their magnetization response is saturated.
A map depicting the distribution of SPNs is then generated by systematically displacing
the FFR over a desired Field Of View (FOV). Conventional approaches to MPI use the
same current-driven time-varying magnetic fields to manipulate the FFR and to excite the
SPNs. The resulting size of the FOV and the temporal resolution are proportional to the
FFR-manipulation field amplitude and frequency, respectively. This fact, combined with
restrictions imposed by health-related risks associated with high amplitude rapidly-varying
magnetic fields represents a significant challenge to the field.

Here, I demonstrate an alternative approach to MPI in which particle excitation and FFR
manipulation are decoupled from one another. The additional degree of freedom enabled by
this decoupling suggests new strategies for studying and exploiting contrast mechanisms,
optimizing image quality and resolution, and device-size scaling. The prototype instrument
I describe uses rotating arrays of permanent magnets to scan a Field Free Point through
the FOV, and current-driven oscillating magnetic fields to elicit non-linear magnetization
responses from SPNs. Images generated using this instrument are presented, demonstrating
native resolutions of order one millimetre if the magnitude of the detected signal is em-
ployed. The resolution of these images can be improved at the expense of contrast using
high harmonic components of the detected signal. I also introduce a new imaging protocol,
which we refer to as ‘phase-weighting’, which substantially improves the spatial resolution
of MP images through the use of phase information that is ultimately associated with SPN
relaxation. Phase-weighted MP images with resolutions of order a few hundred micrometers,
inferred from the width of the underlying point spread function, are obtained and presented.
This represents a substantial advance in the state-of-the art within the field of MPI.
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Chapter 1

Introduction

Magnetic Particle Imaging (MPI) [1] is a tracer based imaging modality with promising
applications to medical imaging. It relies on the non-linear magnetization response of Su-
perparamagnetic Nanoparticles (SPNs) to applied magnetic fields in order to generate data
that can then be used to create tomographic images. Ultimately those images reflect the
distribution of SPNs in some region of interest. Prior to the introduction of MPI, SPNs
had already been used as contrast agents in Magnetic Resonance Imaging (MRI) for more
than twenty-five years [2]. In MRI, SPNs induce or enhance nuclear relaxation and pro-
vide negative contrast. However since interactions with SPNs represent only one of several
mechanisms responsible for nuclear relaxation, quantitative determinations of SPN concen-
trations via MRI can be challenging. In MPI, on the other hand, SPNs yield positive contrast
and the detected signals are directly proportional to the number of particles. Conventional
MPI scanners provide high temporal resolution relative to other imaging modalities such as
MRI or Computed Tomography (CT) but prior to work reported in this thesis, they have
only achieved moderate spatial resolutions of about 1 mm [1, 3]. The sensitivity of MPI is
also better than either MRI or CT, and is comparable with that obtained with Positron
Emission Tomography (PET) [4]. Another advantage of MPI is that it does not make use
of ionizing radiation. It also provides remarkable contrast since the signal is exclusively
derived from SPNs; the surrounding tissue does not give rise to a background signal. See
Tab. 1.1 for a qualitative comparison of MPI with a number of conventional clinical imaging
modalities [5, 6].

Table 1.1: Qualitative comparison of MPI with a few clinical imaging modalities; adapted
from Refs. [5, 6].

Imaging Modality Ultrasound SPECT CT MRI PET MPI
Spatial Resolution (mm) 1 3-10 0.5 1 4 less than 1
Sensitivity Low High Low Low High High
Ionizing Radiation No Yes Yes No Yes No
Measurement Time less than 1 s mins 1 s mins mins less than 1 s
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One of the potential clinical applications that has been proposed for MPI is vascular
imaging. Fast MPI scanners with high temporal resolutions are suitable for this application.
Current standard vascular imaging methods, such as x-ray angiography and computed to-
mography angiography require the use of ionizing radiation [7]. MPI, on the other hand,
makes use of long-circulating tracers that are promisingly bio-compatible [8]. The first-ever
in vivo MPI experiment revealed the beating heart of a healthy mouse with enough spatial
resolution to see detailed structures such as the left and right atria [9]. Device imaging
and guided cardiovascular interventions [10] are also potential applications for fast MPI
scanners.

Other potential applications for MPI include targeted imaging and drug delivery. MPI
devices with high spatial resolution may be suited to these applications. Targeted imaging
uses functionalized markers to target a cell or molecule. Currently PET and Single-Photon
Emission Computed Tomography (SPECT) are used for targeted imaging but these imaging
modalities again have the drawback of involving ionizing radiation. Magnetic Nanoparticles
(MNPs) are well known and suitable choices for targeted imaging applications and have
been used widely in functional MRI. They can simultaneously be used as tracers for MPI
to generate sensitive, high resolution positive contrast images [7]. The first application of
MPI to cell tracking involved detecting and quantifying 200 rat brain cells and monitoring
them over a three month time period [11].

Magnetic hyperthermia is yet another widely used treatment that can potentially be
combined with and complemented by MPI. The first demonstration of high performance
focused hyperthermia therapy combined with MPI was accomplished by adapting the gra-
dient field of a conventional MPI scanner and using zinc-doped tracers [12]. Note that the
role of the zinc is to increase the amplitude of the MPI signal that is generated [12].

It is anticipated that MPI should be safe for abroad range of patients, including those
with chronic kidney disease, since the SPN tracers that are used are metabolized by the
liver [13]. This factor, combined with the applications and various advantages discussed
above motivate research and development in the field of MPI.

A key focus of research in the MPI field is to overcome the technical challenges of
developing human-size MPI systems that are safe. Currently, three main geometries are
used for MPI systems [14]: closed-bore scanners in which an object containing a distribution
of SPNs can be inserted inside a chamber from one end, open-bore scanners in which the
object is placed between two magnets and is accessible from one side, and single-sided
scanners [15] in which the coils needed to generate magnetic fields are all situated off to one
side. A single-sided scanner has the advantage that the object is not limited in size. The
draw-back of this geometry is that its sensitivity falls off as a function of depth. Narrow-band
MPI systems, such as the two-tone or intermodulation excitation scheme [16], dramatically
reduce bandwidth requirements and increase sensitivity. Most of the MPI systems currently
running are prototypes, acquiring 1D, 2D, or 3D images. Two commercially manufactured
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scanners are available. One is manufactured by Bruker [17] and the other by Magnetic
Insight Inc. [18]. Along with many groups around the word working on developing and
optimizing MPI hardware, there are other groups that are seeking to synthesize SPN tracers
that yield better MPI responses.

We have designed and developed a prototype MPI scanner with a closed-bore geometry.
The innovative architecture of our MPI scanner provides an extra degree of freedom relative
to other scanners, which amounts to a decoupling of two key functions: selecting the SPNs
that are to be interrogated (i.e., the ‘scan’ function of the image generation process) and
driving or exciting the SPNs that are selected (i.e., the ‘intensity’ of the non-linear magne-
tization response). An early motivation for this unconventional approach was to potentially
reduce health-related risks associated with the application of the intense time-varying mag-
netic fields demanded by high-resolution or large Field Of View (FOV) applications. Impor-
tantly, this extra degree of freedom enables a number of experiments that would otherwise
require much more effort to conduct in a conventional scanner. It also has the advantage of
being compatible with narrow-band and phase-sensitive detection schemes.

The focus of the work described in this thesis is to describe the unique design of our MPI
scanner and to illustrate and characterize some of its capabilities. The remainder of this
chapter is organized as follows: First the principles of MPI are introduced in the context
of the original invention as it was first described in 2005. I also review the two main image
reconstruction methods that are currently used in MPI. Next, I introduce and describe
an experimental technique known as Magnetic Particle Spectroscopy (MPS) which is often
described as zero-dimensional MPI. MPS can be used to characterize the magnetization
response of SPNs and thus can be used to help understand image data and ultimately
to inform the development of new approaches to contrast enhancement in MPI. This is
followed by a discussion of the role played by relaxation in determining the response of
SPNs. This will become important later in the thesis when I introduce a new approach
to improve spatial resolution in MPI which takes advantage of particle relaxation. Next, I
briefly review SPN tracer design for MPI and discuss some of the challenges that stand in
the way of bringing MPI to the clinical stage. Finally, the chapter ends with a brief overview
of the thesis.

The remainder of the thesis focuses on the design of our MPI scanner and experiments
that are conducted using it. I explain how it operates, and the senses in which it is different
than conventional MPI scanners. In parallel, I also discuss experiments conducted using a
purpose-built MPS system that provides deeper insight into the data and images acquired
with our MPI scanner. One of the features of our MPI system is that it enables the frequency
and amplitude of the excitation field to be changed without influencing the scan rate or
the FOV size. This provides flexibility in designing experiments in which the influence of
these parameters is investigated. We find that the signal generated by SPNs scales with the
frequency and amplitude of the excitation field as well as with the iron concentration of
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samples. An important feature of our MPI system is that it employs narrow-band phase-
sensitive detection and so we are able to conveniently isolate and investigate individual
harmonic components of the signal generated by SPNs, including their phases. We observe
that one can improve the spatial resolution of images at the expense of contrast if higher
harmonic components are used in image reconstruction. We also observe that the phase
of the SPN signal is sensitive to variations in the static magnetic field strength. Based on
this observation we introduce a new imaging protocol that takes advantage of this effect to
enhance spatial resolution, and generate MP images with resolutions of order 0.1 mm.

1.1 Principles of MPI

The signal that is generated and detected in MPI depends on the magnetization response
of the tracers that are employed. An example of the magnetization response of SPNs to
an applied static magnetic field is plotted in Fig. 1.1. These data were acquired using a
SQUID magnetometer; the sample corresponds to 57 mg of a dense agglomeration of 10 nm
mean diameter iron oxide particles at a temperature of 310 K. A Transmission Electron
Microscopy (TEM) image of the substance is shown in Fig. 1.2. I will refer to this substance
with the acronym BM for ‘Black Mud.’ Technically it consists of a dried suspension of
Ferrotec AO5 SPNs [19] to which we have access in large quantity. Samples of BM were
the first to be employed in our MPI scanner [20] and are often used for initial tests because
of their availability. As one would expect from an immobolized sample, the performance of
BM for MPI is relatively poor.

The magnetization function shown in Fig. 1.1 is an odd non-linear function of applied
magnetic field, H. Clearly, this particular example is one in which interactions between par-
ticles are strong. However, as the sample is diluted and these interactions become weaker, the
same general qualitative features of the response curve are retained. In the non-interacting
isotropic limit, the adiabatic response of these particles is conventionally modeled with
the Langevin function [21, 22, 23, 24], L(x) ≡ coth(x)− 1/x. In this limit the equilibrium
magnetization of a distribution of particles at temperature T is given by

M(H) = MsL
(
mµ0H

kBT

)
, (1.1)

where H is the magnetic field strength, Ms is the saturation magnetization, µ0 is the
permeability of free space, kB is Boltzmann’s constant, m = Msπ/6d3 is the magnetic
moment of each particle and d is the particle diameter. Here, it is implicitly assumed that m
is always aligned with H. It is convenient to define a characteristic magnetic field strength
H∗ = kBT/mµ0 such that M(H) = MsL (H/H∗). More complex models are needed to
describe some of the dynamics of magnetic particles when time-varying magnetic fields are
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applied, as is the case in MPI. I will get back to this at the end of this chapter but for now
the simple Langevin function is sufficient to describe and understand the basics of MPI.

Figure 1.1: Magnetization response of iron oxide particles to an applied static magnetic field
H, measured at 310 K using SQUID magnetometer.

Figure 1.2: TEM image of a MNP sample (BM) compromising an agglomeration of iron
oxide particles with a nominal mean diameter of 10 nm.
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Figure 1.3: Unsaturated response: A time-varying magnetic field at frequency f elicits an
SPN magnetization response with components at frequency f and at higher odd harmonics
of f in the Fourier domain. These higher harmonic components can be used to detect the
presence or absence of particles.

When a magnetic field oscillating at frequency f is applied, the SPN magnetization
response has components that oscillate at frequency f as well as components that oscillate
at odd harmonics of f . Figure 1.3 illustrates how these higher harmonics of the drive fre-
quency are generated by the non-linearity of the magnetization response. Here, the time
average applied field is zero, and the resulting response of the particles is known as the
unsaturated response. A sinusoidal magnetic field at frequency f (lower-left panel) drives
the SPN magnetization. The magnetization response in the time domain is then depicted
in the upper-right panel. The time-varying magnetization induces a time-dependent signal
(an electromotive force or emf) in a detection coil. This induced signal increases with the
applied field amplitude and frequency. The Fourier transform of this signal is then shown in
the lower-right panel. In the frequency domain, the detected signal contains odd harmonics
of the drive frequency. In MPI, we are mostly interested in the higher harmonics of the
signal which in this figure are labeled as ‘Generated Signal.’

If the same experiment is performed in the presence of a strong static magnetic field
a very different response is obtained, as illustrated in Fig. 1.4. The static field biases the
magnetization close to its saturation value, and so the amplitude of the dynamic response
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ends up being very small. This is called a saturated response. As before the time-varying
excitation field with an offset is shown in the lower-left panel and the magnetization re-
sponse is shown in the upper-right panel. The amplitude of the response at all harmonics
is suppressed and a very small signal is induced in the detection coils.

Signal localization can be obtained if the static field is strongly inhomogeneous and
arranged such that its amplitude is zero in certain locations called ‘Field Free Regions’
(FFRs). In such cases this inhomogeneous static magnetic field is refereed to as a ‘selection
field’ or a ‘gradient field.’ I will denote the amplitude of this gradient field as ‘G.’ SPNs
located near a FFR give rise to unsaturated responses and contribute significantly to the
detected signal. The remaining SPNs are exposed to a strong static magnetic field and their
responses are saturated. An immediate consequence is that the particle response is more
and more localized to the FFR as the intensity of the applied field gradient is increased.

Figure 1.4: Saturated response: A strong static magnetic field and a time-varying magnetic
field at frequency f are simultaneously applied to the sample. The magnetization response is
saturated by the static field and the amplitude of the signal that is generated is suppressed.

The field free region in MPI is usually the region around a single point [1] in which case
it is known as a Field Free Point (FFP) or a line [25] in which case it is known as a Field
Free Line (FFL). Here, we are more interested in MPI scanners in which a field free point
is created by the gradient field. To acquire data needed to generate a tomographic image
of the SPN distribution, the FFP has to be systematically displaced relative to the sample
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(or sample relative to the FFP) to map out a FOV and the emf induced in a coil needs to
be detected and recorded. The most common FFP trajectories used in MPI are shown in
Fig. 1.5 [26, 27]. Of course the density of lines in each trajectory may be varied and as a
result the spatial resolution increases until a fundamental limit associated with the applied
field gradients and particle properties is reached.

Figure 1.5: FFP trajectories that may be used in MPI scanners. a) One-directional Carte-
sian, b) two-directional Cartesian, c) Lissajous, d) Spiral e) Radial and f) Rose-Pattern
trajectories.

Cartesian trajectories provide largely homogeneous resolution across the FOV. Lissajous
trajectories yield a resolution that is slightly lower at the center and high around the
periphery. Radial trajectories generate resolutions that are higher at the center and which
decrease near the edges of the FOV. Rose pattern trajectories [27] have similarities to radial
trajectories but can yield more homogeneous coverage across the FOV. Spiral trajectories
provide good homogeneity across the FOV but lead to generation of artifacts that are
difficult to correct in reconstructed images [26].

In most conventional MPI systems, current-driven magnetic fields are employed to ma-
nipulate the FFP. Usually, combinations of fields at different high frequencies of order 25 kHz
or combinations of high frequency fields with low frequency fields are used depending on
the designed trajectory [26]. The frequencies of these fields control the scan rate and tem-
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poral resolution of the image as well as the FFP trajectory. The amplitude of these fields
determines the FOV size since stronger fields are required to push the FFP further away
from its equilibrium position for a given gradient field. The same fields that are used to ma-
nipulate the FFP position are intended to excite particles by causing them to undergo large
amplitude changes in magnetization. Using the same time-varying fields to excite particles
and to move the FFP imposes restrictions on the signal that is generated since it strongly
depends on the excitation field strength and frequency. Evaluating the dependence of the
induced signal on the characteristics of the time-varying field is consequently a challenging
experimental endeavor in conventional MPI.

1.1.1 Image Reconstruction

Converting MPI data to a tomographic image requires a reconstruction step. There are two
general approaches to this in MPI: Frequency-based image reconstruction [28] and x-space
image reconstruction [24]. I discuss the x-space approach in more detail since a similar
approach is employed throughout the rest of the work described in this thesis.

In frequency-based image reconstruction, a ‘system function’ is required. This system
function describes the response of the detection system to a known distribution of SPNs.
Acquiring images from an arbitrary distribution of SPNs involves multiplication of the in-
verse of this large system matrix with the detected response. This procedure is feasible in
real-time imaging but is computationally expensive [29]. One way of acquiring an experi-
mental system function is by measuring the magnetization response to a point-like phantom
at each image pixel in 2D or voxel in 3D [1, 28]. A disadvantage of this approach is that
calibration can be very time-consuming and ultimately provides a noisy system function.

An alternative approach to frequency-based image reconstruction involves developing
theoretical models for the system function [28, 30, 31]. This generally involves a model for
the magnetization response. The simplest approximation is the Langevin model presented
in the previous section. When the Langevin function is employed for the response of an ideal
tracer, the 1D system function ends up being described by Chebyshev polynomials of the
second kind [28]. The 2D and 3D system function response can also be described by tensor
products of these functions [28, 30]. In general, the system function depends on the applied
magnetic field, the instrumental configuration, and the magnetic particle characteristics.
Once a system function is acquired, the spatial distribution of SPNs can be determined
through matrix inversion techniques.

In the x-space [24, 32, 33] approach to image reconstruction the detected signal is directly
mapped onto spatial coordinates obtained by calculating or detecting the instantaneous po-
sition of the FFP. The resulting MP images thus reflect a spatial convolution of a point
spread function (PSF) and the SPN spatial distribution. The PSF governs the required
detection bandwidth and determines the Signal-to-Noise Ratio (SNR) [24]. If the magneti-
zation response is modeled with a Langevin function, then the 1D PSF is simply the well
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behaved derivative of the Langevin function (Eq. 1.1) with respect to its argument given
by [24]:

L̇(H/H∗) = Ms

[(
H∗

H

)2
−
(

1
sinh2 (H/H∗)

)]
. (1.2)

The full-width at half-maximum (FWHM) of the PSF in spatial coordinates, x is usually
used to characterize the intrinsic spatial resolution in MPI. It is given by [24]:

FWHMx ≈
4kBT
µ0Gm . (1.3)

And since m = Msπ/6d3, the resolution one is able to achieve is linked to the particle
size, and scales as the cube of the particle diameter. For our MPI scanner described in
Chapter 2 with G = 6.7 MA/m2 and with typical particle diameter of 25 nm and saturation
magnetization of Ms = 370 kA/m [8], the FWHMx predicted by Eq 1.3 is 0.8 mm. In the
real world, the spatial resolution achieved by MPI scanners is less than the limit implied by
this intrinsic resolution mostly due to the blurring effect of magnetization relaxation [33].

In a MPI system, spatial resolution and detection bandwidth are correlated. Selecting
a bandwidth that is too narrow can reduce the spatial resolution. The required detection
bandwidth can be estimated by taking the Fourier transform of the signal generated in
response to the time-varying field. The Fourier transform describes the frequency content of
the signal. One way of characterizing the required bandwidth is in terms of the frequency at
which the amplitude of the signal drops by 3 dB relative to its peak amplitude. In x-space
systems this representation of bandwidth is given by [24]:

BW−3 dB ≈
µ0mRG ln 2

4πkBT (1.4)

where R is the linear FFP scan rate. Limiting the bandwidth in frequency space amounts
to widening the PSF and reducing the resolution. The bandwidth that is required depends
strongly on the scan rate and is of order MHz for conventional MPI scanners with R ≈
3000 m/s. This wide bandwidth in turn admits noise into the detection system and reduces
the SNR. MPI scanners that operate with much slower scan rates, such as the one employed
in our work and described in Chapter 2 can be operated with much narrower bandwidths
and can potentially attain higher sensitivity.

The formulation described above can be extended to 2D and 3D for multidimensional
x-space MPI [34, 35]. In carrying out this generalization one finds that the FWHM of the
response parallel or tangential to the FFP velocity vector is similar to that described by Eq.
1.3. However, the FWHM of the response perpendicular or transverse to the FFP velocity
vector yields a broader or wider PSF. This in turn implies a lower intrinsic spatial resolution
for this component of the signal.
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1.2 Magnetic Particle Spectroscopy

Magnetic particle spectroscopy (MPS) [21, 36] is an important experimental variant on
MPI. It is often referred to as a form of zero-dimensional MPI in which the magnetiza-
tion responses of SPNs are detected without tomographic imaging of particle distributions.
MPS spectrometers were originally designed in order to examine and characterize particle
performance under MPI-like field conditions [37]. Alternative probes like vibrating sample
magnetometers (VSMs) only detect particle responses under quasi-static field conditions
while ac magnetometers measure the magnetic susceptibility of particles [21].

MP spectrometers are intended to examine the harmonic response of particles [36] under
conditions where different time-varying and static magnetic fields are applied. Additionally,
when phase-sensitive detection techniques are employed the phase response of particles can
also be detected [38, 39]. Previous MPS studies of the harmonic response of SPNs have
focused on the situation in which the static and time-varying fields are parallel [36, 40,
41, 42, 43, 44, 45, 46, 47, 48]. In this configuration the intensity of the signal generated at
various harmonics depends on the applied static magnetic field as shown in Fig. 1.6, which
is from one of the first experiments performed to study such effects [36]. In this example,
the excitation field and frequency are set to 7.1 mT and 9.8 kHz respectively and the
solenoidal receive coil is colinear with the excitation coil and thus is sensitive to variations
in the component of the SPN magnetization parallel to the excitation field. (Reference [36]
reports magnetic field in units of mT. I will use units of kA/m for magnetic field through
this thesis. Note that 1 mT ≡ 0.796 kA/m in free space.) A 2 cm-long sample was filled
with Feridex IVTM dextran-coated superparamagnetic iron oxide particles. Responses for
the first several harmonics are plotted in this figure as the static magnetic field (or ‘bias
field’) increases from 0 to 59 mT. The odd harmonic responses (n=3, 5) are maximum
when the bias field is zero and decrease as the applied bias field is increased. Even harmonic
responses (n=2, 4) are zero when the bias field is zero as expected from the symmetry of the
Langevin function. The response of even harmonics increases with the bias field and each
one reaches a maximum at some finite bias field. Note that the magnitude of the signal is
plotted in Fig. 1.6. If one was to plot the signed amplitude of these responses, it would be
observed that there are zero-crossings. That is, the curves oscillate around zero a few times
depending on the harmonic order.

The effect of applying an excitation field orthogonal to the bias field on the magne-
tization response of ferrofluids has been briefly studied (see for example Refs. [49, 50])
but this geometry hasn’t been of much interest in MPI. Despite this, in several cases, a
component of the static field is orthogonal to the time-varying field. One example includes
static field magnetic nanoparticle spectroscopy (sMPS) [51] in which a small static field
is added perpendicular to the time-varying field to decouple the particle signal from the
fundamental feedthrough induced by the excitation field. Another example is perpendicular
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MPI which uses the decoupled signal generated in sMPS for imaging [52]. And finally, in
our 2-D mechanically driven scanner [20, 27], described in Chapter 2, the static selection
field is perpendicular to the time-varying field. I will therefore describe and discuss the
magnetization response of SPNs to orthogonal fields in detail in Chapter 5.

Figure 1.6: First four harmonic responses of a 400 µg sample of iron oxide to a 7.1 mT
excitation field at 9.8 kHz as the static bias field increases. The excitation and bias fields
are colinear. Reprinted from [36].

1.3 Relaxation and Phase Response

Equation 1.1 describes the magnetization response of non-interacting SPNs when they are
in equilibrium with a magnetic field H at temperature T. Implicit in this definition is the
notion that relaxation times (the time scale required for this equilibrium to be established)
are short compared to experimental time scales. Thus, as the magnetic field is increased or
decreased, changes occur slowly enough that the particles are always in thermal equilibrium
with their environment. In other words the response is adiabatic. When a magnetic field
is applied to an assembly of magnetic particles, a torque that attempts to align magnetic
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dipole moments with the field is exerted. Meanwhile thermal fluctuations tend to randomize
the orientation of these moments [53]. And, the surrounding physical environment imposes
constraints on particle reorientation (e.g., through viscosity).

SPN magnetization relaxation mechanisms typically fall into one of two categories: Brow-
nian and Néel relaxation [54]. In the Brownian relaxation mechanism, the magnetic dipoles
of particles are fixed in some direction relative to a crystal lattice. Responses to changes in
the external field occur through bulk rotations of particles in the carrier fluid. In this case
the hydrodynamic size (volume Vh) of the particles and the dynamic viscosity η of the carrier
fluid are the key parameters that influence relaxation rates. The Fokker-Planck equation
for Brownian relaxation describes the probability distribution W (x, t) of dipole-moment
orientation relative to the z-directed time-dependent magnetic field H(t):

2τB0
∂W

∂t
= ∂

∂x

[
(1− x2)

(∂W
∂x
− α(t)W

)]
. (1.5)

Here x = cos θ, where θ is the polar angle between the magnetic moment and the applied
field,

τB0 = 3ηVh
kBT

(1.6)

and
α(t) = mµ0

kBT
H(t). (1.7)

Knowing W (x, t) one can calculate the magnetization M(t) from:

M(t) = nm

(∫ 1

−1
xW (x, t)dx

)
ẑ (1.8)

where n represents the nanoparticle number density, m is the magnetic moment of a single
particle and

∫ 1
−1W (x, t)dx = 1.

If instead particles are immobilized and unable to rotate, their magnetic dipoles can
align with the external magnetic field through Néel relaxation. The Fokker-Planck equation
for W (x, t) in the case of Néel relaxation is:

2τN0
∂W

∂t
= ∂

∂x

[
(1− x2)

(∂W
∂x
− α(t)W − αKWx

)]
, (1.9)

where
τN0 = β(1 + α′2Ms)

2γα′ (1.10)

and
αK = 2Kβ = 2KVc

kBT
. (1.11)
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Here Vc is the particle core volume, m = MsVc is the magnetic dipole moment of a single
particle, µ0 is the vacuum permeability, kB is the Boltzman constant, α′ is a damping
parameter, K is an anisotropy constant, and γ is the electron gyromagnetic ratio [55].

Magnetic core size is the main parameter that determines the Néel relaxation time
when environmental conditions are fixed and the static field is small. Equations 1.5 through
1.10 can be used to model magnetization dynamics but they do not always give accurate
descriptions because of approximations made during their development. For example the
coupling between the two mechanisms (Brownian and Néel) is completely ignored [56] and
the easy axis of all particles is assumed to be perfectly aligned with the external magnetic
field in the case of Néel relaxation which is an uncommon scenario in ferro-fluids. These
Fokker-Planck equations are usually solved numerically. Analytic solutions are possible if
further simplifications are made.

The Debye model is the first approximation that takes relaxation times into account [13,
57, 58]. The magnetization in this case is described by the differential equation

dM

dt
= −(M −Madiab)

τ
, (1.12)

where Madiab is the adiabatic magnetization given by the Langevin equation and τ is an
effective relaxation time given by:

τ = τBτN

τB + τN

, (1.13)

where τB and τN are the Brownian and Néel relaxation times, both of which are treated
as constants. Solutions to Eq. 1.12 can be written as a temporal convolution between the
adiabatic response and an exponential term [13]

M = Madiab ∗ r(t), (1.14)

where the relaxation function r(t) = 1
τ exp (−t/τ)u(t) for τ > 0 and u(t) is the Heaviside

unit-step function.
Magnetic relaxation slows or delays particle responses. This appears as a phase lag in the

magnetization response [59]. Relaxation also induces additional blurring in MPI reducing the
SNR and resolution of images [13]. This blurring can be reduced in a post-processing step by
experimentally measuring the relaxation function appearing in Eq. 1.14 and deconvolving it
from the magnetization response. This type of deconvolution process does however introduce
noise and so eventually SNR degradation limits resolution enhancement.

Magnetization relaxation times vary with temperature, particle core size, surfactant layer
and both applied magnetic field strength and frequency [53, 54, 55, 59, 60, 61, 62, 63, 64].
Key amongst these parameters is the increase in particle relaxation rate with applied mag-
netic field strength [55, 62, 65, 66, 67, 68]. The Debye model (Eq. 1.12) underestimates SPN
responses since it neglects the field dependence of relaxation times. The adiabatic response,
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on the other hand, overestimates particle responses. The ‘real response’ lies between the pre-
dictions of these two limits. Figure 1.7 illustrates the field dependence of relaxation times in
term of energy barriers. The magnetic energy density U is a function of the angle θ between
the magnetic dipole moment and the applied magnetic field H. It can be parameterized
as [55]

U(θ) = K sin θ2 −Msµ0H cos θ (1.15)

where K is an anisotropy constant, Ms = m/Vc, and Vc is the particle core volume.
The magnetic energy density is a symmetric function with two minima when the external

magnetic field is zero. Thermal fluctuations cause the dipole moment of the particle to
transit between these two minima with an average transition time τN . Applying an external
magnetic field disrupts the symmetry of the energy density with respect to the angle θ. This
reduces the height of the energy barrier between the minima in one sense and increases it
in the other. Thus, the average time required to transit from the higher minimum to the
lower minimum decreases. Eventually, for high enough magnetic fields, the energy density
only has one minimum.

Various studies have involved trying to model and/or measure SPN relaxation times in
different magnetic fields [55, 62, 65, 66, 67, 68]. The results of these studies indicate that the
Néel relaxation time can change by many orders of magnitude as the applied field increases
while the Brownian relaxation time is affected much less. In particular an eigenvalue-based
simulation of relaxation times suggests that the Brownian relaxation time decreases by
less than 2 orders of magnitudes when a step change in magnetic field from 0 to 50×H∗

is applied while the Néel relaxation time simultaneously changes by about 11 orders of
magnitude, depending on the anisotropy constant [55]. Simulation studies also show that
the Néel relaxation time effectively depends on the angle between the applied magnetic field
and the easy axis of the crystalline structure [69, 70]. Similarly, SPN relaxation rates increase
with the static magnetic field strength when a combination of static and oscillating fields
are imposed [68, 71, 72]. Therefore the signal phase, which is controlled by relaxation rates,
depends on the static field. This dependency can be mapped onto the spatial coordinates in
MPI since a spatial magnetic field gradient is used for signal localization. This ultimately
results in localization information being encoded in signal phase. This information can be
used to increase the spatial resolution in MPI. In Chapter 6 I will discuss our approach to
using this information in order to improve resolution in MPI.
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Figure 1.7: Magnetic energy density U as a function of the applied magnetic field strength
H and the angle θ between H and the magnetic moment m.

1.4 Tracers

While MPI system design parameters (such as the static and time-varying magnetic fields,
the excitation frequency, and the scanner architecture) and image reconstruction methods
play an essential role in producing an image, image quality is ultimately determined by
particle responses to applied fields. We have examined more than 10 types of SPNs man-
ufactured by different companies [19, 73, 74, 75] for their performance in the context of
MPI and will describe these in terms of relative achievable resolution and signal strength
in Chapter 3.

MPI tracers are usually ferro-fluids that consist of MNPs in an organic solvent. They
usually have a magnetic iron oxide core with an appropriate surfactant coating to prevent ag-
glomeration [60]. Most early MPI studies were performed using commercially available MNP
agents, including Resovist (Bayer Schering Pharma, Berlin) and Feridex IVTM (AMAG
Pharmaceuticals, Lexington, MA; trade name Endorem in Europe). Neither of these parti-
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cles are optimized for MPI. It has already been noted that particle size effectively influences
signal strength. For example only 30% of Resovist particles, which form agglomerations with
sizes of order 24 nm, contribute significantly to the signal in MPI [76]. Particles optimized
for MPI require specific diameters and narrow size distributions [60, 77, 78, 79]. Also, Reso-
vist has a short blood half life and is designed to rapidly accumulate in the liver [80]. It
is therefore not really suitable for some MPI applications such as cardiovascular or brain
imaging. One way of improving the blood half life of tracers is by applying a polyethylene
glycol (PEG) surface coating [8].

The simple Langevin function predicts better MPI performance, in terms of resolution
and SNR, when larger particles are used. However, magnetic relaxation rates are slower
for these larger particles [78]. This reduces signal strength and causes blurring of the point
spread function. Eventually magnetic relaxation sets an upper limit on particle size, al-
though this limit depends on the drive field frequency [81, 82]. Hence, an optimum particle
size which yields the maximum MPI performance exists at each frequency [81]. For example,
studies found that the optimum core size for MPI at 250 kHz is 15 nm [60] while at 25 kHz
it is 20 nm [81]. Hydrodynamic size and distribution of particles are other key factors that
influence performance for MPI [60, 83].

One of the best current candidates for MPI tracers is LS-008 [8], manufactured by
Lodespin Labs [74]. LS-008 has particles with a mean core diameter of 25.1 nm. Figure 1.8
shows a bright-field TEM image illustrating the uniformity of these particles. The plot in
the upper right corner of the image shows the narrow-size distribution of these particles.
LS-008 particles are coated with an optimized percentage of polyethylene glycol (PEG) to
increase blood half life.

LS-008 particles yield strong MPI signals, better resolution, and good in vivo stability
(with a blood half life of 105 ±10 minutes) compared to most commercially available tracers.
Figure 1.9 illustrates the in vivo stability of LS-008 when a dose of 5 mg Fe per kg is injected
into a mouse and the tracer distribution is imaged as a function of time with a 7 T/m/µ0

x-space scanner [8]. LS-008 is one of the particle systems employed in our work.
Another candidate for MPI tracer that is commercially available and which is em-

ployed in our experiments is Perimag R© manufactured by micromod Partikeltechnologie [73].
Perimag R© is prepared by precipitation of iron oxide in the presence of dextran and consists
of multi core particles with a mean diameter of 130 nm [73, 84].
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Figure 1.8: Bright-field TEM image of 25 nm mean diameter narrow-size distribution of
superparamagnetic iron oxide cores in a sample of LS-008, along with a diameter distribution
function. Reprinted from [8].

Figure 1.9: (a) 3D x-space MPI scanner with gradient field of 7 T/m/µ0 developed at
UC-Berkeley. (b) MP images of a mouse 15, 30, 120, 210, and 360 min after injecting
5 mg Fe per kg of LS-008. The dashed box at 15 min shows the neck region and intravascular
MPI signal over time. Systemic clearance is done by the liver and spleen. Reprinted from [8].
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1.5 Safety Limits in MPI

MPI signals are based on the magnetization response of SPNs to time-varying magnetic
fields typically in the range 1 kHz to 100 kHz. These fields have two known impacts on
living systems: Peripheral Nerve Stimulation (PNS) [85, 86, 87] and heat generation, which
is characterized in terms of Specific Absorption Rate (SAR) [24, 86, 87, 88].

PNS is a sensation of light vibration, twitching, tingling or poking that is stimulated
in tissue because of time-varying electromagnetic fields. These fields trigger an action in
nerves or muscle fibers. The most important concern is that these induced stimulations may
interfere with the regular and necessary firing of nerves for example in cardiac functions.
The threshold for PNS is when sensations in the body and skin are noticeable; it depends
on the frequency and strength of the excitation field. Applying a higher frequency field
limits the maximum safe field strength so that more intense fields must be applied at lower
frequencies [85].

SAR characterizes the rate at which energy is absorbed by the human body when tissues
are exposed to time-varying magnetic fields. These fields induce eddy currents in conductive
tissues. Induced currents generate heat because of the resistivity of the medium. A risk is
that the resulting temperature rise could potentially damage cells. The US Food and Drug
Administration (FDA) limits whole body SAR deposition to 4 W/kg. One should be aware
that the SAR for different organs in response to the some applied field is different because the
resistivity of those organs is not the same [88]. SAR generally increases with the frequency
and the strength of the applied excitation fields [88].

Depending on frequency, PNS or SAR can be the dominant health risk. For example
below 30 kHz, PNS is the major concern while at higher frequencies, nerves cannot respond
fast enough and it becomes less of a concern [85]. In this range, SAR is the major health risk
and it increases quadratically with the frequency and the strength of the applied excitation
field [88]. Ultimately, the maximum allowable amplitude of an excitation field is restricted
by both PNS and SAR.

Selecting a frequency and a field strength for MPI that respect safety limits imposed
by PNS and SAR is a key challenge for human scale scanners and the eventual use of MPI
in clinics. As discussed in section 1.2, the size of the FOV and scan rates are determined
by the drive field strength and frequency. If one requires high spatial resolution, an intense
selection field is needed and this in turn necessitates a high amplitude drive field to generate
a FOV large enough for human-scale images. This limits the frequency of the excitation field
and sets limits on the scan rate and temporal resolution in order to stay within health safety
limits. On the other hand lowering the frequency at which external fields are applied reduces
the induced signal amplitude and therefore the sensitivity of the device is also coupled to
the design choices one makes.
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1.6 This Thesis

The remainder of this thesis is organized as follows. It starts with the description and char-
acterization of a MPI scanner that was intended for addressing some of the questions raised
in the previous section. It does so by decoupling the two processes of FFP manipulation and
SPN excitation. The FFP is driven in a 2D trajectory by mechanically rotating small arrays
of permanent magnets at frequencies below 100 Hz. In the context of a human scale imager
this enables the use of strong gradient fields and potentially large FOVs without violating
limits set by PNS thresholds. Simultaneously, we use current driven magnetic fields at fre-
quencies of about 100 kHz to excite particles. Again in the context of a human scale imager
this could potentially be done without exceeding SAR limits. Perhaps more importantly
than these speculative motivations, however, by decoupling FFP manipulation and SPN
excitation one ends up with an extra degree of freedom that we have found to be invaluable
for studies of processes leading to signal generation. In particular we are able to indepen-
dently vary excitation field amplitude and frequency without influencing the FOV and FFP
scan rate. Chapter 2 of this thesis describes this scanner and illustrates its operation with
a variety of MP images. The spatial resolution of elementary MP images generated using
our scanner, estimated in terms of the FWHM of line profile intensities, is of order 1 mm.
This is comparable with state-of-the-art MPI scanners (see e.g., [89]). Later chapters then
describe innovations that have been made possible by the novel architecture employed in
our design.

As was discussed in section 1.4, MPI performance strongly depends on particle prop-
erties. In Chapter 3, I present the result of a survey in which we attempt to find the best
particles to use in our scanner. We tested approximately a dozen commercially available
SPNs and selected the best based on the amplitudes of generated signals and the spatial
resolution observed in images. We then use the best particles from this survey in most of
our later experiments.

In Chapter 4, I discuss a few properties of MPI signals such as response linearity and
frequency dependence. I then describe experiments that take advantage of the ability of our
scanner to operate at arbitrary excitation field frequencies and amplitudes independent of
the FOV size and FFP scan rate to evaluate MPI signals generated at excitation frequencies
ranging from 62.5 kHz to 134.5 kHz and a variety of excitation magnetic field strengths.

In Chapter 5, I focus on the amplitude response of SPNs at different harmonics for
different orientations of static and time-varying magnetic fields using MPS. Two general
configurations of static and time-varying fields (parallel and perpendicular) are discussed.
In each configuration, the response is measured with two orthogonal sets of detection coils.
One set of detection coils is colinear with the excitation field and the other is perpendicular
to this field. The results of this investigation show that the two configurations yield different
behaviors as a function of harmonic number and that higher harmonics yield images with
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better resolution. An example of MP images with progressively better resolution as the
harmonic number is increased is presented.

In Chapter 6, I focus on the phase response of SPNs as a function of harmonic number
in both MPI and MPS experiments. In MPS experiments, the response is investigated for
situations in which the static and time-varying fields are either parallel or perpendicular
to one another. This work leads to a new method for extracting information about the
spatial distribution of SPNs from the phase of the acquired signal that we refer to as
phase-weighting. In Chapter 6, I demonstrate how phase-weighting can be used in both
real-time and post acquisition processes to increase the spatial resolution of MP images by
a factor of order five. Several phase-weighted MP images with resolutions of order a few
hundred micrometers are presented in this chapter. This technique specifically is practical
and feasible in our band-limited phase-sensitive scanner.

Finally in Chapter 7 a conclusion is presented in which I attempt to put our scanner
design and its capabilities into perspective. In this chapter, I discuss how the unique design
of our scanner led us to investigate capabilities which are clearly advantageous for some
applications, but which are not clearly accessible in conventional MPI scanners. I also discuss
different ways in which one might be able to improve upon this work in future investigations.

Note that the primary findings of the work described in this thesis are described in Chap-
ters 2 and 6. Key aspects of these investigations have been presented at two international
conferences [20, 38] and are published in peer-reviewed articles [27, 39]. Material presented
in Chapter 5 has been published in two conference proceedings [40, 41] and key aspects of
the study are being prepared for submission to a peer-reviewed journal. The investigations
discussed in Chapters 3 and 4 of the thesis are secondary findings, and are included in order
to provide context for the rest of the work that is presented.
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Chapter 2

A Mechanically Driven MPI
Scanner

2.1 Introduction

Conventional MPI scanners employ current-driven magnetic fields to scan the position of
the FFP throughout the desired FOV [3, 9, 32, 15]. These high frequency oscillatory fields
simultaneously excite SPNs in the sample. This enables fast imaging rates. On the other
hand, it limits the choice of excitation field and frequency. High frequencies, large amplitude
excitation fields and strong selection fields are desirable in the context of image resolution
and sensitivity. However, they are undesirable for applications where health safety consider-
ations (such as limits on SAR and PNS [85, 87, 88, 90]) must be respected. In conventional
MPI scanners, the size of FOV and the scan rate depend on the amplitude of the oscillating
magnetic field and its frequency. The size of the FOV is proportional to the excitation field
amplitude and the use of high frequencies enables high temporal resolution.

In this chapter I investigate an alternative approach to MPI scanner design that provides
extra degrees of freedom for the excitation field and frequency by separating the processes
of FFP manipulation and SPN excitation [20]. I describe a novel MPI scanner in which
the FFP movement within the FOV is accomplished solely by mechanical displacements
of permanent magnet arrays. This operation is performed at frequencies much lower than
those employed in conventional MPI systems. This enables the use of a strong selection
field and enables one to achieve high spatial resolution without exceeding SAR safety limits.
Simultaneously, we are able to explore the effect of excitation field amplitude and frequency
on contrast without changing the image acquisition parameters or FOV size.

Lowering the rate at which the FFP traverses the FOV results in lower temporal res-
olution but it also reduces the required bandwidth. Narrow bandwidth signals naturally
include less noise and thus enable more sensitive measurements to be performed. Further-
more, a band-limited scanner enables detection and imaging at discrete harmonics of the
fundamental.
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The description of our 2-D mechanically driven MPI scanner begins with the selection
field and the mechanism that causes the FFP to sweep across the FOV. This is followed
by descriptions of the manner in which the excitation field is generated in order to excite
particle responses, and the manner in which the emf induced by those particles is detected
and harmonic components of the signal are resolved. At this point several Magnetic Particle
(MP) images acquired using our scanner are presented to give a sense for the quality of
images that can be generated. Finally, a variety of image processing techniques that can be
used to improve contrast in MP images are introduced and discussed.

Before proceeding, note that key aspects of the work described in this chapter can be
found in the article ‘A mechanically driven magnetic particle imaging scanner’ by Bagheri et
al. (Appl. Phys. Lett. 113, p. 183703, 2018 [27]). Further information about the mechanical
and magnetic design of the scanner can be found in the undergraduate thesis ‘Design and
construction of a magnetic particle imaging system’ by C. Kierans [91]. In broad terms my
contributions to the development of this instrument were in the areas of electronics, data
acquisition, image reconstruction, and device characterization. Assistance was provided by
a number of undergraduate students, including B. A. Andrade, C. L. Wong, A. L. Frederick,
and A. McKean.

2.2 Scanner Architecture

2.2.1 Selection Field and FFP Manipulation

Figure 2.1 shows key components at the heart of our scanner [20, 27, 91]. Two pairs of
co-aligned grade N42 neodymium iron boron (NdFeB) ring magnets arranged in a repulsive
configuration along a common axis generate the selection field, with a FFP nominally located
at their geometric midpoint. These rings have a 5.80 cm inner diameter (ID) and a 10.16 cm
outer diameter (OD); they are 1.27 cm thick and are magnetized parallel to their axes. They
are held in place by a non-magnetic support structure made largely from fiber-reinforced
phenolic resin and brass. Their relative positions and alignment are individually adjusted
to set and homogenize the selection field, and to place the FFP on axis. This arrangement
creates a nearly uniform gradient field Gr in the radial direction. This field is symmetric
with respect to the midpoint. Maxwell’s equations require the magnetic field gradient in
the axial direction to be twice as large as the magnetic field gradient in the radial direction.
Figure 2.2 shows the magnetic field along the axis of the ring magnets as measured using
a calibrated Hall probe that is accurately translated along the z axis using a micrometer
stage. The origin of this scale is at the place in which the FFP resides. Note that the
transverse magnetic field used to displace the FFP away from the imager axis (produced
by Halbach arrays, discussed below) was set to zero for this measurement. The magnetic
field varies linearly with position along the axis of the scanner in the vicinity of the FFP
plane. This linearity guarantees that the magnetic field also varies linearly with position in

23



the radial direction in the FFP plane. This is an important factor since the radial magnetic
field gradient maps the amplitude of an applied transverse magnetic field onto the spatial
position of the FFP. Image reconstruction would be more complicated if this gradient was
not uniform. Evidence for this comes from Fig. 2.3 which shows the magnetic field gradient
along the axis of the scanner. The FFP plane (the plane on which Ha = 0 in Fig. 2.2) is
clearly very close to the extremum of the gradient field: Ga = 13.4 MA/m2. The inferred
radial component of the gradient for this configuration of magnets is then Gr = 6.7 MA/m2.

Figure 2.1: Cutaway view showing key components of our scanner. Ring magnets (outermost;
dark grey) create a selection field with a centrally located FFP. Halbach arrays embedded
in cylinders that counter-rotate about their common axis (light grey) radially displace the
FFP. Oscillating current in a long Litz-wire solenoid (gold) produces an axial excitation
field that elicits a non-linear magnetization response from SPNs, leading to harmonics in
the emf induced across a short solenoid that acts as a detection or receive coil (innermost;
brown). Samples are admitted along the axis of the scanner and are positioned using a
micrometer-controlled translation stage. Structures that support ring magnets and coils,
and which define the sample space are not shown. Reprinted from [27].
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Figure 2.2: Magnetic field along the axis of the permanent ring magnets. The FFP plane
traverses the axis at the point Ha = 0, indicated in the plot.

Figure 2.3: Axial derivative of the magnetic field along the axis of the permanent ring
magnets. The FFP plane (determined in Fig. 2.2) is situated very close to the point where
|Ga| is maximum.

The FFP is deflected away from the scanner axis by the magnetic fields of two concentric
Halbach arrays [92] made from 3.18 mm NdFeB cube magnets embedded in the walls of
concentric Garolite tubes. On the transverse plane bisecting each array, the interior field
produced by that array is uniform and orthogonal to the cylinder axis. And, the exterior field
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produced by each array is very weak. As a result, the superposition of the two Halbach fields
inside the pair of tubes is similarly uniform near the array midpoint, while the mechanical
torque exerted by one cylinder on the other as they are rotated with respect to one another
is negligible [91, 93, 94]. The extent and sense of the FFP displacement from the scanner
axis can thus be controlled by setting the angular orientation of the two arrays.

Figure 2.4: Concentric Halbach arrays (a) illustrating cube magnet orientation and variation
of transverse interior field between H = 0 and H = 2Ht as arrays rotate with respect to
one another. Note colored magnets, which serve as visual cues. When the relative angle
between the arrays is 0 (depicted in upper panel of (a)), fields produced by both are in the
same direction. If both cylinders are rotated 90 degrees in opposite senses (depicted in the
middle right panel of (a)), the relative angle between them is 180 degrees and the fields
they produce cancel. Heat maps showing (b) combined Halbach field strength on transverse
mid-plane of arrays, and (c) total field strength in the vicinity of the FFP. Rose pattern
trajectory (d) executed by FFP as arrays counter-rotate as described in the text. Reprinted
from [27].

In detail, the inner (outer) diameter of the inner and outer Garolite tubes are 2.54 cm
(3.54 cm) and 3.81 cm (4.95 cm), respectively. The Halbach array embedded in the outer
cylinder consists of two identical annular distributions of grade N52 NdFeB cube magnets,
comprising 32 magnets each, separated by a centre-to-centre distance of 1.27 cm. The mid-
points of the magnets are evenly distributed around the cylinder on a 4.51 cm diameter
circle and their magnetization axes are all orthogonal to the cylinder axis. They are aligned
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so that each successive magnet in the array is rotated about an axis through its midpoint by
an angle of 2× 360/32 = 22.5 degrees with respect to the preceding magnet; see Fig. 2.4.
This produces a field with the desired symmetry near the axis of the array [91, 93, 95].
The Halbach array embedded in the inner cylinder is similar in design. It consists of two
identical annular distributions of grade N45 NdFeB cube magnets, comprising 16 magnets
each, separated by a centre-to-centre distance of 1.48 cm. The midpoints of the magnets
are evenly distributed on a 3.15 cm diameter circle, and the magnetization axis of each
successive magnet in the array is rotated by 2× 360/16 = 45 degrees with respect to the
preceding magnet. Collectively, the number, grade, and placement of cube magnets in these
arrays were chosen so that the central transverse field produced by the two arrays is the
same. Furthermore, the cube magnets were individually characterized and selected from a
large batch in order to optimize uniformity and to fine tune the matching of central fields.
Figure 2.5 shows the transverse component of the magnetic field of the Halbach arrays as a
calibrated Hall probe is displaced in the axial direction. From this plot, the strength of the
central transverse field Ht produced by each array is inferred to be 15.2 kA/m.

Figure 2.5: Transverse component of the magnetic field of the two Halbach arrays when
they are aligned to produce the maximum possible reading, as measured with a Hall probe.

Figure 2.4a shows cross-sectional views of Halbach array magnets in the inner and outer
cylinders at various angles relative to one another. The vectors indicating the transverse
magnetic field on the mid-plane of the arrays (which nominally coincides with the FFP
plane) are also shown. In operation, the two Garolite tubes are rotated about the imager
axis in opposite senses and at commensurable angular frequencies. Figure 2.4a shows how
the net transverse field of the Halbach arrays changes as the two cylinders are rotated with
respect to one another. Two of the magnets in each array are colored (green and blue) to help
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keep track of the relative array orientation. The net field that is produced varies periodically
between 0 and 2Ht. When the relative angle between the arrays is 0, fields produced by
both are in the same direction. The total transverse field is thus maximum and the FFP is
pushed to the edge of the FOV. When the cylinders are both rotated 90 degrees in opposite
senses so that the angle between is 180 degrees, the fields they produce are in opposite
directions. The total transverse field is thus zero and the FFP is located at the center of the
FOV, on the axis of the scanner. Figures 2.4b and 2.4c show the magnitude of the uniform
magnetic field produced by the Halbach arrays on their mid plane and the corresponding
superposition of those fields with the selection field for rotation angles of 0 degrees (left)
and 90 degrees (each, in opposite senses: right), as calculated using BiotSavart [96].

The strength of the transverse field is controlled by the strength and number of cube
magnets as well as the number and spacing of annular rings in each array. It in turn governs
the size of the FOV. Our imager has two such sets of Halbach arrays, with one set producing
double the maximum transverse field of the other. All of the work reported in this thesis was
performed with the weaker of the two Halbach arrays, which produces a smaller FOV. The
scanner can be operated with the stronger set of Halbach arrays by simply repositioning the
permanent ring magnets (the selection field) and solenoids to the appropriate axial location
along the Garolite tubes.

The trajectory of the FFP in space depends on the ratio of the angular frequencies
at which the Halbach arrays are rotated. The design of our scanner is such that gears in
the mechanical drive chain can be interchanged to produce different relative and absolute
rotation rates and thus generate different FFP trajectories. The work reported here was
done with gears that produce an outer-to-inner cylinder rotation rate of -29/27, which
causes the FFP to execute a 56-lobe Rose pattern. In detail the pattern (shown in Fig. 2.4d)
consists of two interleaved 28-lobed patterns that are alternately traversed. The diameter
of the trajectory (and hence the FOV) is set by 4Ht/Gr, which is equal to 9 mm under
the conditions our experiments are performed. When the Halbach arrays are rotated at
their 30 Hz design frequency, the time required for the FFP to sweep through the full
FOV is about 1 second. The detection bandwidth required for this scanning rate is about
850 Hz which is much smaller than that required by conventional MPI scanners (see for
example [24]). This in turns enables us to suppress more noise in the detected signal and
correspondingly increase the SNR.

As the Garolite tubes are rotated and the FFP is displaced, two optical encoders
(Fig. 2.6) record the angular orientations of the two Halbach arrays with 2.6 mrad resolu-
tion. Data from these encoders can be used to infer the instantaneous spatial coordinates
of the FFP. In practice two experimental parameters need to be set to establish the abso-
lute and relative orientations of the two arrays. In the control software we have developed
(discussed in section 2.3) these parameters are denoted ‘Phase adjust’ and ‘ph-hal-zero.’
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Rotation of Halbach arrays involves the use of a variable speed motor, a gear system and
a number of bearings. These components are located far away from the heart of the scanner
(Fig. 2.1) to minimize potential distortion of the magnetic field. It is worth noting that
the magnetic field outside of each array is very weak and so very little torque is developed
when the two tubes are rotated with respect to one another [94]. This is an important
consideration for applications that might involve larger FOVs and faster scan rates.

Figure 2.6: Optical encoders (black oblong objects) detect the angular orientation of the
two Garolite tubes. This information can then be used to locate the FFP in the FFP plane.

2.2.2 Signal Generation and Data Acquisition

In this section, a detailed description of signal generation and data acquisition is given.
Figure 2.7 shows the basic electronic components associated with the scanner. The drive
circuit includes a signal generator, an RF amplifier, a transformer, a bank of interchangeable
capacitors, two resistors and two solenoidal excitation coils. An oscillating emf generated
by a Zurich Instruments HF2LI lock-in amplifier is amplified by a Tomco (model; BT00100
Alpha-A-CW [97]) RF amplifier. A transformer used as an impedance matching network
then drives current through the excitation coil. The capacitors are used to resonate with
the excitation coils at the desired frequency set by the signal generator and the shunt
resistors enable monitoring the current flowing through the excitation coil. The same current
is constrained to flow through an identical remotely-located dummy excitation coil. The
receiver circuit consists of two pick-up coils, a band-stop filter and a phase-sensitive detector
(lock-in amplifier). Two identical pick up coils are inductively coupled to the two excitation
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coils. In the following sections I describe these components and their functions in the circuit
in more detail.

Figure 2.7: Electronic hardware: an oscillating emf generated by a Zurich Instruments HF2LI
lock-in amplifier is amplified by a Tomco (model; BT00100 Alpha-A-CW [97]) RF amplifier
which ultimately drives current through the excitation coil to produce an excitation field
at the desired frequency. Pick-up coils and band-stop filters are used on the receive side.

Excitation Coil and Drive Circuit

For particle excitation, we use the axial field produced by a solenoid. The geometry of these
coils naturally matches that of the scanner. The field produced in the solenoid is proportional
to the winding density and is an increasing function of the coil length. Figure 2.8 shows the
calculated amplitude of the time-varying magnetic field produced by a 1 A current at the
center of a two-layer solenoid for different numbers of turns. This plot was generated using
BiotSavart [96]. In this calculation the winding density and the inner diameter (ID=1.4 cm)
of the solenoid were held constant and the number of turns and hence the length of the
solenoid increases. The wire diameter is set to 1.5 mm. These dimensions are chosen so as
to be close to the dimensions of the excitation coil normally used in the scanner. The field
strength increases quickly when the number of turns (and the length of the coil) is small
but then saturates after about 100 turns. The length of the coil at this point is 7.5 cm.

The intense oscillating magnetic fields needed for particle excitation require running high
currents through the coils. These currents generate heat at a time-average rate P = 1

2RI2

where R is the ac coil resistance, which increases with frequency due to the skin and prox-
imity effects. We use Litz wire [98] to optimize the current carrying capacity of the coil but
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the heat produced still causes significant temperature increases. Figure 2.9 shows the mea-
sured temperature of two different Litz wire coils with N=40 and N=80 turns respectively,
as a function of the amplitude of the time-varying magnetic field at the coil midpoint. The
behavior of the two coils is similar at low amplitude but the temperature naturally increases
faster for the larger coil at high amplitudes.

The resistance of the drive coil and hence the temperature for a given field amplitude
increases as the number of turns increases. Additionally, increases in the number of turns
beyond about 100 turns are ineffective, simply because the additional turns are too far away
from the coil midpoint (Fig. 2.8). Yet another consideration is that a longer coil produces
a more homogeneous excitation field. Figure 2.10 shows the calculated magnetic field along
the axis of double-layer 1.4 cm inner diameter solenoid with different numbers of turns, for a
1 A current. Clearly the field produced at the geometric center of the shorter coil (40 turns)
falls off faster than that of the longer coil (80 turns). For our purposes, we are primarily
interested in the radial uniformity of the axial field, across the FOV of the imager. Again,
the longer coil assures better uniformity of the excitation field across the FOV.

Figure 2.8: Calculated magnetic field strength produced by a 1 A current at the center of
the two-layer drive coil as the number of turns and hence the length of the coil is varied.
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Figure 2.9: Temperature measured at the coil midpoint for two 1.4 cm inner diameter Litz-
wire drive coils as a function of the amplitude of the magnetic field that is produced at a
frequency of 76 kHz.

In light of the heat produced and the desired magnetic field strength, we choose to
operate with a double layer solenoid with an inductance (L) of 22 µH (OD = 2.1 cm and
ID = 1.4 cm) and 40 turns in each layer. This coil is wound with 18 AWG Litz wire (manu-
factured by New England Wire Technologies [98]) and has an overall length of 6.6 cm. Note
that the outer diameter of the coil is restricted by the innermost Garolite tube: see Fig. 2.1.
The time-varying magnetic field produced by the coil is typically in the range of 40 kHz to
400 kHz, with peak amplitudes up to 14 kA/m. This excitation field is directed orthogonal
to the FFP plane.

When the excitation coil is operated at amplitudes up to 10 kA/m the temperature
inside the scanner exceeds 100 ◦C. This is a concern as high temperatures influence particle
performance and results in lower spatial resolution and sensitivity. It can also influence the
magnetic field produced by the Halbach arrays (and to a lesser extent the ring magnets)
and thereby influence the diameter of the FOV. A cooling system is thus required to ex-
tract excess heat. We use a steady flow of forced dry air for this purpose. It ensures that
temperatures in the vicinity of the sample remain below 40 ◦C.

The excitation coil current originates from a signal generated by a Zurich Instruments
HF2LI lock-in amplifier [99]. This signal is then amplified with a 100 W amplifier (Tomco
model BT00100 Alpha-A-CW [97]). The HF2LI (Fig. 2.11) is a dual channel digital lock-in
amplifier with two reference oscillators that is capable of tracking phase-sensitive responses
at up to six arbitrary frequencies. One of the oscillators is used for signal generation and one
of the lock-in amplifier inputs is used to monitor the excitation coil current by measuring

32



the voltage across shunt resistors that are in series with the excitation coils. The HF2LI
lock-in amplifier can be controlled with a variety of programming interfaces. We use a
legacy LabView [100] user interface called ‘zi control’, that has since been superseded by
the LabOne instrument control platform [99]. This interface enables the user to interactively
change the excitation field amplitude or frequency and to examine the harmonic response
developed at arbitrary frequencies. Figure 2.12 shows a typical interface screen and most of
the parameters that are used in our work. In the box labeled 1, one can choose oscillator
and demodulation frequencies and phases as well as filter characteristics. In the box labeled
2, one controls the sampling rate and the amplitude of the output signal used to drive the
100 W amplifier. Shown in the lower half of the screen, when the numerical tab is selected,
are the amplitude and the phase of the input signal at the six user-selected demodulation
frequencies [99].

Figure 2.10: Calculated magnetic field along the axis of two double-layer solenoids with the
same winding density. The winding density used in the calculation is 13.3 turns/cm and so
80 turns is equivalent to a 6 cm long coil. The inner diameter of both coils is 1.4 cm and
the current is set to 1 A.
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Figure 2.11: The Zurich Instruments HF2LI digital lock-in amplifier which is used for signal
generation and detection [99].

Figure 2.12: The zi control user interface which permits the user to operate the computer-
controlled lock-in amplifier as a stand-alone device.
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An impedance matching network is used to match the electronic load presented by the
excitation coils to the amplifier output in order to maximize power transfer. Figure 2.13
shows an iron powder core transformer with a 15-turn primary and 99-turn secondary. These
winding numbers are selected to obtain the maximum power transfer at 76 kHz. Both the
primary and secondary are wound with 10 AWG stranded copper wire. The transformer core
is a large toroid with a rectangular cross section (ID = 7.8 cm,OD = 13.2 cm, height = 2 cm,
Amidon T-520-26 [101]). The large dimensions employed in this transformer help to main-
tain the core in a linear response regime. This is essential in order to avoid generation of
spurious harmonics in the excitation field.

Figure 2.14 shows a bank of capacitors that are in parallel with the two excitation coils
in the drive circuit (Fig. 2.7). This creates a tank circuit resonant at the desired frequency.
Two switches enable low loss double-metallized polypropylene film capacitors [102] with
values of 32 nF, 100 nF, 47 nF and 202 nF to be combined in eight different configurations
giving rise to eight different resonant frequencies spanning the range 40 kHz to 135 kHz.
Two (nominal) 0.1 Ω resistors in parallel with one another are used as a shunt resistance
Rsh = 0.067 Ω that is placed in series with the excitation coil (Fig. 2.7). The current flowing
through the excitation coils is inferred from the voltage across this resistor.

Figure 2.13: A transformer with 15 and 99 turns on the primary and secondary, respectively,
is used for impedance matching.
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Figure 2.14: Tank circuit tuning box and current monitor.

Signal Detection

Particle responses are detected using a squat two-layer solenoid with a total of 100 turns of
32 AWG copper wire (L= 75 µH, OD=11.1 mm, ID = 9.5 mm, length=11 mm). This coil
is placed symmetrically inside the scanner at the midpoint of the excitation coil (Fig. 2.1).
The emf induced across this coil comes from the time-varying magnetic flux that it encircles,
which is influenced by the presence of SPNs.

The time-varying current in the excitation coil at frequency f induces a substantial emf
at the same frequency across the receive coil, by Faraday’s law. This emf contaminates the
corresponding component of the signal induced in the coil by particles responding to the
excitation field. We use a balanced differential detection method combined with a one pole
band-stop filter to eliminate the fundamental from the detected emf [103]. In this method
(which is also called a cancellation method) duplicate or ‘dummy’ excitation and detection
coils are used to generate an emf that is nominally identical to that generated in the primary
coil, except for contributions from particles. This emf is then added to the emf developed
across the primary receive coil, with a 180-degree phase shift. In this way, the only net emf
that is detected comes from asymmetries between the two. In practice this gives a strong
first-order cancellation at the fundamental frequency but not at higher harmonics. It is
thus important to retain high spectral purity in the excitation current. Figure 2.15 shows a
photograph of a dummy excitation-receive coil pair in a shielding enclosure that is ‘far’ from
the scanner to avoid cross talk. Figure 2.7 shows the dummy excitation and receive coils in
the circuit. The dummy excitation coil is in series with the primary excitation coil and is

36



thus fed with the same current.1 In practice this suppresses the voltage amplitude of the
undesired contaminant at the excitation frequency by 18 dB. A passive one-pole band-stop
filter at the excitation frequency further suppresses this signal by 9 dB.

To design a passive one-pole band-stop filter, we employ a capacitor (Cf), an inductor
(Lf) and a resistor (Rf). Figure 2.16 shows the configuration for a passive one-pole filter
that makes use of a high impedance tank circuit (parallel LC configuration) to block signal
transmission at a selected frequency. Figure 2.17 shows the measured response of such a
filter tuned to a frequency at which we often operate our scanner, in the vicinity of 80 kHz.
The gain is defined as the ratio of the detected emf at the output of the band-stop filter
and the emf detected across the shunt resistor which is proportional to the current in the
excitation coils.

Figure 2.15: Dummy excitation and receive coil set, identical to those in the MPI scanner,
used in the balanced differential detection scheme. They are located in a remote shielded
enclosure.

1Other configurations are possible. We also investigated a parallel configuration in which the two excita-
tion coils are in parallel with one another. Cancellation of the emf can be maximized by varying resistors and
inductors placed in series with the dummy coil. This approach provides better fundamental suppression at
specific drive frequencies and amplitudes. But as these parameters change the circuit needs to be modified
accordingly. And, the null that is obtained is very sensitive to small changes and mechanical motions of
inter-connecting wires. As we are interested in a robust and reproducible response across a broad range of
conditions we usually employ series-connected excitation coils.
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Figure 2.16: Simple band-stop filter configuration at frequency f = 1
2π
√
LfCf

.
,

Figure 2.17: EMF developed at the output of the filter normalized by the emf across the
shunt resistor. The black line shows the response when no band-stop filter is employed on
the receive side of the circuit.

Figure 2.18 shows a photograph of our band-stop filter tuned to 75 kHz. The induc-
tor is wound on a toroidal ferrite core with a rectangular cross section (Amidon FT-114-
F; ID = 1.9 cm; OD = 2.9 cm; height = 0.75 cm). It has 31 turns and an inductance of
Lf = 1.9 mH. Capacitor Cf = 2.2 nF is in parallel with the inductor (see the electronic
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hardware shown in Fig. 2.7). The output corresponds to the potential across the resistor
Rf .

Choice of the resistance Rf also plays an important role. If it is too small the emf across
the receive coil is attenuated. If it is too large, rejection of the fundamental is poor. A
resistance Rf = 5.6 kΩ provides reasonable performance. When the excitation frequency is
changed, the band-stop filter needs to be modified accordingly.

The detected signal can be contaminated by electromagnetic interference. We need to
shield our apparatus from noise. For this, all electronic components such as the transformer,
capacitors, resistors, dummy excitation-receive coils and filters are placed in 2.5 mm-thick
Aluminum boxes. These non-magnetic conducting shields screen high frequency fields. In-
terconnections are then made using twisted pairs to prevent magnetic coupling [104].

Employing the detection chain described above, we are able to detect a volume of super-
paramagnetic iron oxide (SPIO) fluid that contains as little as 50 ng of iron. This is not the
sensitivity limit for the scanner as one ought to be able to improve the electronics signifi-
cantly. One way to improve the sensitivity is by using an RF amplifier with lower harmonic
distortion. All amplifiers have a non-linear response to some extent. Time-varying currents
oscillating at higher harmonics of the fundamental in the excitation coil induce emfs in the
detection coil at those frequencies and mask the magnetization response of particles. This
introduces background noise that in turn reduces the signal-to-noise ratio. I will discuss
this effect in more detail in Chapter 3. On the drive side a higher-order filter, such as a
fourth-order band-pass filter could reduce the influence of this systematic noise, at the cost
of side effects such as additive phase shifts.

Figure 2.18: An example of a realization of the band-stop filter shown in Fig. 2.16.
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Data Acquisition

Data acquisition is performed by two separate systems. Data from optical encoders are fed
into a National Instruments (NI) [100] BNC terminal block (INI BNC-2090; see Fig. 2.19).
This is a shielded connector block that facilitates connections to input/output (I/O) signals
from the data acquisition device. The output is connected to a multi-function I/O function
data acquisition system (NI PCIe-6320) that provides a mix of I/O with different channels
and sampling rates. The emf associated with signals generated by particles is acquired using
one of the Zurich Instruments HF2LI digital lock-in amplifier inputs. The sampling rates
for both of the DAQ systems ought to be at least twice the desired bandwidth in order to
avoid aliasing as required by the Nyquist-Shannon sampling theorem.

Figure 2.19: BNC terminal block is used in the DAQ chain to simplify connections between
I/O ports and the data acquisition card [100].

2.3 Imaging

Our goal is to operate our scanner as an imaging system, and so it is useful to focus on imag-
ing phantoms that contain a known spatial distribution of SPNs. The phantoms employed
in the imaging experiments presented later in this chapter are made from short lengths of
polyethylene tube [105] with an inner diameter of either 0.86 mm or 0.58 mm, that are filled
with LodeSpin Labs polyethylene glycol (PEG)-coated SPIO particles in an aqueous sus-
pension (product code LS-008; 25 nm core diameter; iron concentration 5.1 mg/mL) [74].
The phantoms are attached to a 9 mm diameter wood dowel that acts as a sample holder
and which is mounted to a micrometer stage. The micrometer provides accurate positioning
of the sample in the FFP plane. Figure 2.20 shows the micrometer and the wooden sample
holder from above (left) and from the sample end (right).

The remainder of this chapter focuses on image reconstruction, which is of course, an
essential component of any imaging modality. Our focus is on simplicity. The goal is to
describe a basic set of tools and protocols for generating grey-scale images that reflect some
aspect of the acquired image data, such as the spatial distribution of particles. This is con-
sistent with the emphasis of subsequent chapters, which attempt to investigate the physical
processes underlying the data rather than optimization of image quality given a particular
image data set. Images of a number of phantoms will be presented to illustrate the im-
ager capabilities in general terms. Standard image processing techniques such as averaging,
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Figure 2.20: Wood dowel used as a sample holder can be accurately translated along the
axis of the scanner using a micrometer. A rotation stage enables 360 degree rotation of the
dowel about its axis.

sharpening, smoothing and registration can be applied to these images. Examples generated
using LabView image processing Virtual Instruments (VIs), such as image averaging and
image line profile diagnostics, modified appropriately for our MP image data, are presented.
The MATLAB [106] image processing toolbox is another valuable and easy to implement
resource for processing image data. In particular, the filtering, averaging, smoothing, image
registration and sharpening functions from the MATLAB image processing toolbox are used
to analyze and process our MP image data.

2.3.1 Image Reconstruction

The reconstruction we employ is similar but not identical to x-space reconstruction [24, 32].
Data associated with the particle signal and the instantaneous FFP position are acquired as
a function of time. Direct detection of the FFP position via optical rotation encoders, which
is possible because of the relatively slow slew rates that are involved, eliminates the need
for a fundamental recovery step as is normally needed in x-space image reconstruction [32].

I use a LabView user interface to control the acquisition of data, and for basic image
visualization and data storage. This VI interfaces with the Zurich Instruments zi control
software enabling us to monitor and control the lock-in amplifier. The LabView interface
acquires particle responses from the phase-sensitive detector and the angular orientation
of the Garolite tubes (Halbach arrays) from the optical detectors simultaneously. It then
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Figure 2.21: Virtual Instrument (VI) coded for data collection and visualization.

calculates the FFP position and creates a simple color image in real time. The front panel
of this VI is shown in Fig. 2.21. I do not make use of or present any of the rudimentary
images generated by this panel in real time as they are only intended for basic diagnostic
purposes. A brief description of controls associated with this VI are given here for the sake
of completeness. Numbers below correspond to labeled boxes in Fig. 2.21:

1. Sets the number of pulses the encoders generate per revolution.

2. Controls the association of virtual-channel acquisition parameters with the signal from
the lock-in amplifier and the two rotation encoders.

3. Sets the harmonic number for a specified fundamental frequency.

4. The ‘Phase adjust’ parameter controls the initial relative angles for the two rotation
encoders. The parameter ‘ph-hal-zero’ controls angular rotation of the displayed im-
age. These two angles are registration parameters for the two angles detected by the
optical detectors (see appendix A).

5. Shows the detected encoder angles and the maximum and minimum voltage associated
with the detected signal (as well as the difference between the two) over a specified
number of data points.
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6. Controls the brightness and size of the initial image that is presented. The ‘sampling
delay’ parameter is the time delay before displaying the next data. The ‘Image points’
parameter sets the number of points to be collected before they are displayed.

7. The Save boolean parameter causes data to be saved when depressed.

8. The Stop boolean parameter stops the program.

Stored data consists of the Cartesian coordinates of the FFP and the corresponding in-phase,
Xs, and out-of-phase, Ys, components of the complex detected signal at some harmonic of
the fundamental. The amplitude of the signal is readily calculated from its components:

As =
√

X2
s + Y2

s . (2.1)

For post acquisition viewing of image data I usually use another program such as Ori-
gin [107] to create 8 bit grey-scale contour images. In these images ranges of signal amplitude
are distinguished by different levels of grey-scale. The process involved in generating them
starts by connecting all of the data points identified by their Cartesian coordinates to form
Delaunay triangles. This means that these triangles are constructed so as to make them
as equiangular as possible with no intersection of triangles permitted. And, all sides are
shared by two adjacent triangles, unless a triangle happens to be located at the edge of the
mesh. Once this is done, the full dynamic range of the signal amplitude is mapped onto 256
grey-scale contour levels. These contours are represented with a number in the range 0 to
255 ranging from black to white. Given a contour level zc, Origin traverses all the triangles
to see whether or not the contour line for this level intersects their sides. The condition of
intersection for a side that connects two data points at levels zi and zj is:

(zc − zi)(zc − zj) < 0. (2.2)

If the side of a triangle side intersects the contour line, it is marked as a ‘characteristic side.’
The intersection of the contour line and the side of the triangle is then determined by linear
interpolation. This intersection point is called a ‘characteristic point.’ In order to draw a
contour line, all the characteristic points for a particular contour are traced and connected
with straight lines [107].

2.3.2 Image Averaging and Contour Smoothing

A complete image can be generated from the data acquired during one full scan of the FFP
over the FOV. Here I refer to this as a single frame, although in a video context one might
treat it as two interleaved frames. This is because of the interleaved nature of the particular
Rose pattern trajectory we employ. Figure 2.22b shows a single image frame acquired from
a phantom shaped in the form of the letter ‘M.’ The reference image (Fig. 2.22a) is a scale
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Figure 2.22: a) Phantom in the form of the letter M with one end longer than the other,
filled with undiluted LS-008 particles. b) A single image frame from a single scan of the
FFP over the FOV. c) The average of 20 consecutive MPI frames. The longer end of the
phantom can be recognized in the images. Data were acquired while applying an excitation
field at 76.5 kHz, with peak amplitudes of 6.5 kA/m.

depiction of the distribution of particles inside the phantom (a small polyethylene tube filled
with an aqueous solution of particles). It is derived from a photograph edited to eliminate
the apparent magnification of interior dimensions perpendicular to the tube axis.

After acquiring a single frame, we want to improve the quality of the image by reducing
the noise using different image processing techniques and algorithms. We use Contrast-to-
Noise Ratio (CNR) as a metric to evaluate the quality of images. Contrast (or peak contrast)
is defined as the difference between the mean (peak) value of intensity in a foreground
Region-Of-Interest (ROI) and the mean value of intensity in a background ROI. Similarly
noise is defined as the standard deviation of intensity in the background ROI. CNR is
then defined as the ratio of the contrast to the noise level.2 The implied peak CNR of the
single frame image in Fig. 2.22b is of order 80. Image averaging of multiple frames is the
most effective way of improving the contrast without sacrificing resolution but comes at the
expense of temporal resolution [108].

Image averaging works on the assumption that the noise in the image is truly random.
This way, random fluctuations above and below the true image intensity will gradually
cancel out as one averages more and more images. Figure 2.22c shows another image of
the same M-shaped phantom, comprising the average of 20 sequential image frames. The

2Note that there is a similarity between CNR and signal-to-noise ratio (SNR) which can be defined as
the mean (or peak) value of intensity in the foreground ROI divided by the standard deviation of intensity
in the background ROI. Images with higher SNR display higher CNR.
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Figure 2.23: Relative CNR of images of the M-shaped phantom shown in Fig. 2.22 as a
function of the square root of the number of image frames used in the averaging process.

corresponding CNR is about 280. Figure 2.23 shows the relative CNR (RCNR) as the
number of frames that are averaged is changed. The RCNR is the CNR of an image that is
generated by averaging N images, divided by the average CNR of the N individual images.
The RCNR shown in Fig. 2.23 increases approximately as the square root of N as expected.
Since averaging enhances CNR, we often use it in our images. Note that in general image
registration may be needed to align rotated, scaled or displaced images of the same phantom
before they are averaged.

The images shown in Fig. 2.22 are generated from the amplitude of the signal detected
at the third harmonic of the fundamental. Further studies show that higher harmonics yield
better spatial resolution. This phenomenon is particularly easy to investigate using our
scanner because of the simplicity involved in acquiring and processing signals at different
harmonics. This will be discussed in greater detail in Chapter 5. Figure 2.24 shows another
image. In this case the amplitude of the fifth harmonic is used. The reference image is again
derived from a photograph and represents particle distribution in the phantom (another
small polyethylene tube). For clarity, I assign the label ‘C’ to this phantom. Note that the
particle distribution is not homogeneous because of a bend in the tube. The lighter shade
of grey in the lower branch of the phantom in Fig. 2.24a indicates a lower concentration
of iron as inferred from the optical image. Some aspects of the particle distribution can
be seen in the MP images in Figs. 2.24b and 2.24c. First, the image intensity in the lower
branch of the images is less than it is in the upper side. Further studies with phantoms
containing different particle concentrations presented in Chapter 4 suggest that the signal
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strength and hence image contrast increases linearly with iron concentration. Second, an
air pocket trapped in the lower branch of the C with a size of order 0.5 mm is visible. This
feature is also resolved in a single image frame, with a signal contrast ratio of 4:3 relative to
the adjacent SPN-filled portion of the phantom. The peak CNR is about 120 in Fig. 2.24b.

Figure 2.24: a) Phantom consisting of a polyethylene tube filled with SPNs and bent into the
shape of the letter ‘C.’ The particle distribution is uneven and a 0.5 mm air pocket is evident.
b) Image constructed from 20 frames acquired at the fifth harmonic of the fundamental and
then averaged. Details of the particle distribution, such as the air pocket and the lower iron
concentration in the lower branch can be seen. c) Image constructed by smoothing contours
before exporting 8 bit grey-scale images. The FOV diameter is 9 mm.

The FWHMs of features in Fig. 2.22c (third harmonic) and 2.24b (fifth harmonic) are
estimated to be 1.3 mm and 1.1 mm, respectively. We have observed similar increases in
resolution over a much broader range of harmonics [40]. Further details will be discussed in
Chapter 5.

Smoothing is another way to improve CNR. Smoothing is often used to reduce noise in
images or data. Different approaches to smoothing will generate different results. Smooth-
ing can be performed on image data before plotting, or after it has been plotted in the
form of an image. In Fig. 2.24c, contours generated in Origin are smoothed individually
before exporting the data to 8 bit grey-scale images. In this example, mild smoothing of
the polygonal contours in each image frame increases the peak CNR by a factor of 2.4 and
suppresses radial artifacts associated with the FFP trajectory. The FWHM perpendicular
to the axis of the C increases to 1.3 mm. Contours are smoothed using a Thin Plate Spline
(TPS) algorithm in Origin [109]. This is a physical interpolation method. To generate grid-
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ded data, it is assumed that all of the data points are distributed on a thin elastic plate
or spline. The plate is constrained at the grid points and forms a 2-dimensional surface
spanning the grid points. The surface between points is deformed to fit the data. The best
results are generally found by minimizing the so-called ‘bending energy function’ of the
spline. To perform TPS gridding, one needs to specify a ‘smoothing parameter’, S, which
controls the smoothness of the interpolated surface. If the smoothing parameter is zero, no
smoothing is performed and the interpolated surface will pass though all data points. A
positive smoothing factor will smooth the surface. However a factor that is too large will
obscure the original data. The contour smoothing function in Origin requires adjusting S
and another parameter called the ‘total points increase factor’ n that expands the number
of plotted points by multiplying the original number of points by this factor. (This number
should not be less than 1). Table 2.1 lists the CNR of smoothed images in which different
values of S and n are employed in the contour smoothing process. Some of these images
are shown in Fig. 2.25. Each image comprises the average of 10 acquired image frames in
which contours are smoothed with parameters S and n. The phantom for this study is a
polyethylene tube with inner diameter 0.86 mm bent into the shape of a triangle, and filled
with the same undiluted LS-008 used in the two previous examples. Figure 2.26a shows
a photograph of this phantom. In these images the CNR increases with the value of the
smoothing parameter, S. Table 2.2 lists the FWHM of line profile intensities along transects
perpendicular to segments of the phantom for these images as a function of the smoothing
parameter. As the CNR increases through smoothing, blurring (an increase in the FWHM)
reduces the resolution. Because of the inverse relationship between resolution and CNR, one
should choose a degree of smoothing that does not adversely influence details of an image.

Smoothing Parameter n=10 n=100 n=1000
0.0005 205 168 173
0.001 214 188 194
0.005 249 241 244
0.01 262 255 254
0.05 324 325 325

Table 2.1: CNR as a function of smoothing parameter, S, and ‘total point increase factor’,
n, for the phantom shown in Fig. 2.26a. Example images are shown in Fig. 2.25.
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Figure 2.25: MP images of the phantom shown in Fig. 2.26a. Smoothing with parameters S
and n has been individually applied to each one of 10 image frames that are subsequently
averaged.

Smoothing Parameter n=10 n=100 n=1000
0.0005 1.3 1.2 1.2
0.001 1.4 1.3 1.3
0.005 1.5 1.5 1.5
0.01 1.6 1.6 1.6
0.05 1.8 1.8 1.8

Table 2.2: The FWHM (in mm) of features in smoothed MP images of the phantom shown
in Fig. 2.26a provides an estimate of resolution, and increases as the smoothing parameter
increases.
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Figure 2.26: Top (a, b): Photographs of phantoms shaped like a triangle (a) and three line
segments (b). Unlike the images shown in Figs. 2.22a and 2.24a these photographs have not
been edited to eliminate the apparent magnification of interior dimensions. Bottom (c, d)
Single MP image frames of the two phantoms. The phantoms are made from polyethylene
tubes filled with undiluted LS-008.

Image smoothing can be performed after the process of converting data to an image to
intentionally blur the image and reduce random noise. This can be accomplished using linear
or non-linear filters. When a linear filter (also known as an averaging filter) is employed, each
pixel value is simply replaced by the average of the neighboring pixels in the filter mask. Note
that this type of averaging is applied to individual images. It is accompanied by blurring
and by resolution reduction. Non-linear smoothing can be achieved in the frequency domain
using a low pass filter that suppresses high frequency components of the image resulting
in a blurred image. The low frequency components of the Fourier-transformed image are
relatively unchanged. The high frequency components of an image are responsible for rapid
spatial changes in grey level. In other words, they are responsible for the edges of objects
and other components of an image that involve abrupt changes in grey level including
noise. Thus, the use of a low pass filter in the frequency domain suppresses noise and blurs
edges [108].

MATLAB provides an image processing toolbox to manipulate images with various
linear and non-linear smoothing filters. Gaussian smoothing filters are commonly used as
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low pass filters to reduce noise. Gaussian filters are usually isotropic. That is, they have
the same standard deviation in all directions. In MATLAB, an isotropic Gaussian filter
can be applied to any image by specifying a scalar value for the standard deviation as the
‘Smoothing Parameter’, σ. Figure 2.27 shows the CNR of smoothed images of the triangular
phantom in Fig. 2.26a. Different values of the ‘Smoothing Parameter’ are used for filtering.
It is clear from Fig. 2.27 that there is an optimum in the vicinity of a smoothing parameter
of 30 which yields an CNR of order 200. Figure 2.28 shows a few of the images from which
the plot in Fig. 2.27 was constructed. Each image represents an average of 10 frames that
are first smoothed with the Gaussian filter. When Gaussian low pass filtering is used, the
CNR increases to a maximum that is less than the maximum CNR of the contour-smoothed
images assessed in Tab. 2.1. This suggests that the contour smoothing approach to image
smoothing is a more effective way to increase CNR.

Figure 2.27: CNR of MP images of the triangular phantom shown in Fig. 2.26a as a func-
tion of the smoothing parameter σ of the Gaussian filter that is applied. See Fig. 2.28 for
examples of images.
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Figure 2.28: Images of the triangular phantom shown in Fig. 2.26a, in which different Gaus-
sian low pass filter smoothing parameters are used to increase CNR; see Fig. 2.27

Different image processing functions can be applied to images to increase contrast. The
images shown in Fig. 2.29 represent the average of 10 frames in which individual frames
are filtered with fast local Laplacian filters in the MATLAB image processing toolbox. The
parameters of this filter are ‘s’ and ‘A.’ Here ‘s’ characterizes the amplitude of edges and ‘A’
controls smoothing of details. Image contrast is clearly increased in this sequence of images
when smaller values of ‘A’ and larger values of ‘s’ are employed.

Image sharpening can be achieved by applying a high pass filter. A high pass filter
attenuates the low frequency components of an image without degrading high frequency
information. This yields images with sharp edges and higher contrast. Since a high pass
filter performs the inverse operation of a low pass filter, we can use a low pass filter, such
as a Gaussian filter, to create a high pass filter:

IHP(A, σ) = A× I0 − ILP(σ). (2.3)
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Here, IHP is the high pass filtered image, I0 is the original image and ILP is the low pass
filtered image. The parameter σ is the smoothing parameter of the low pass Gaussian filter
which controls the extent to which low frequency components of the image are suppressed.
The parameter ‘A’ characterizes the extent to which low frequency components are included
in the image.

Figure 2.29: Images of the phantom shown in Fig. 2.26b, in which different fast local Lapla-
cian filters characterized by parameters ‘A’ and ‘s’ are used to vary the contrast.

Figure 2.30 shows a sequence of MP images in which different sharpening parameters
‘A’ and σ are employed. The phantom is once again the triangular phantom shown in
Fig. 2.26a. A higher value of σ filters out more of the low frequency components of the
image. An appropriate combination of ‘A’ and σ improves the quality of the image. For the
purpose of sharpening edges, a high pass filter with A=1.5 and σ = 350 yields an image in
which the edges of the FOV can be seen. Figure 2.31 shows MP images in which a Gaussian
high pass filter with A=1.5 and σ = 350 is used to sharpen some of the images shown earlier
in this chapter for the sake of comparison with unprocessed or native MP images.
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Figure 2.30: Images of the triangular phantom shown in Fig. 2.26a that have been subjected
to high pass filtering using the parameters A and σ; see Eq. 2.3.

Figure 2.31: Various MP images shown earlier after being sharpened using a Gaussian high
pass filter with A=1.5 and σ = 350. See Figs. 2.22 and 2.24 for the averaged MP images
and Fig. 2.26d for native MP images.
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Data for the MP images shown in this section were acquired while applying an excitation
field at 76.5 kHz, with peak amplitudes of 6.5 kA/m for the M, triangle, and triple line
segment phantoms and 7.8 kA/m for the C-shaped phantom. Dual phase demodulation of
the induced emf is performed with a bandwidth of 100 Hz defined by a fourth-order digital
filter. The discrete time output of the phase-sensitive detector is sampled at 450 s−1.
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Chapter 3

A Brief Study of Signal Strength
and Image Resolution

MPI yields tomographic images of superparamagnetic nanoparticle (SPN) distributions.
Previous studies suggest that the performance of SPNs in MPI applications depends on
particle size. Here performance refers primarily to contrast and spatial resolution. Both
signal strength and image resolution increase with the size of the nanoparticles employed
until maxima are reached, after which both decrease [83, 24].

In this chapter we study the MPI performance of a number of different commercially-
available SPNs [75, 73, 74]. The objective is to estimate relative MPI performance of a
number of these particles in the context of our MPI scanner and to select the best par-
ticles for subsequent experiments. The outcome of this investigation, which involves data
from MPS experiments, is that we identify two sample materials that perform substantially
better than the rest. The first is a polyethylene glycol-coated tracer with a 25 nm-mean
diameter superparamagnetic iron oxide core manufactured by Lodespin Labs. We refer to
it by its product code LS-008 [74]. The second is a 130 nm-mean diameter or composite
multi-core particle comprising clusters of 3 nm to 8 nm iron oxide crystals in a dextran
matrix manufactured by micromod Partikeltechnologie. We refer to it as Perimag R© (the
manufacturer trade name for a class of particles) or by its product code 102-00-132 [73].
Our data reveal a strong correlation between spatial resolution and signal strength; particles
that generate higher amplitude signals per unit mass of iron give rise to higher resolution
images.

We can use signals generated in our MPI scanner by SPNs to characterize and compare
resolution and contrast. The detected response at each individual harmonic changes in time
as the scanner operates and the FFP travels along the Rose pattern defining its trajectory.
An example of a time-series signal is shown in Fig. 3.1. Here the phantom that is employed
consists of a 1 mm-diameter by 0.8 mm-deep cylindrical void filled with immobilized SPNs
and placed in the center of the FOV. The signal amplitude reaches a maximum every time
the FFP passes through the collection of SPNs which coincides with the center of the Rose
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pattern. When the FFP is close to the edge of FOV, and thus far away from the SPNs,
the signal amplitude drops to a minimum. Thus, over time the envelope of the signal is
modulated by a factor approximating the point spread function of the imager. We can
evaluate the relative spatial resolution of different SPNs by calculating and comparing the
mean widths of these peaks in the time-series data.

Figure 3.1: Time-series of the RMS signal amplitude at the third harmonic of the fundamen-
tal frequency 76 kHz. The sample approximates a point source located close to the center
of the FOV.

Phantoms such as the one described above can be displaced along the scanner’s axis,
which we define as the z-axis. Figure 3.2 shows the average relative width of time-series peaks
in signal amplitude for a variety of tracers in the EMG series of particles [75] manufactured
by the FerroTec Corporation. Also shown are results for Ferrofluidics Corporation immo-
bilized AO5 particles [19]. These data reveal that the best resolution is achieved when the
phantom is positioned in the FFP plane where the axial component of the static magnetic
field is zero. They also reveal that amongst this selection of particles, the best resolution is
obtained with EMG 1500.

We can also evaluate the potential spatial resolution of different SPNs employing mag-
netic particle spectroscopy (MPS). The instrument used to perform these experiments will
be described in greater detail in Chapter 5. For now, all that needs to be understood is that
the device is functionally identical to our MPI scanner except for the inhomogeneous static
magnetic field. The experiments described below are performed by applying a time-varying
magnetic field with an amplitude of 6.4 kA/m at a frequency of 70 kHz directed orthogonal
to a uniform static magnetic field. The detection coil axis is parallel to the time-varying
magnetic field and therefore the response is dominated by odd harmonics of the fundamen-
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tal. We compare MPI performance of different SPNs by evaluating the relative strength and
magnetic field dependence of harmonic responses.

Figure 3.2: Average width of peaks in the time-series response (cf. Fig. 3.1) as the squat
cylindrical sample is displaced along the axis of the scanner. The minimum width (best
resolution) occurs when the phantom is centered on the FFP plane. Lines are intended
solely as guides for the eye.

Figure 3.3: Amplitude of MPS signal at the fifth harmonic of the fundamental normalized
to mass of iron and plotted as a function of the static field strength. The width-at-half-
maximum ∆Hdc is shown as a dashed line.

The amplitude of the signal detected at each harmonic decreases as the static field
increases until it eventually drops below the noise level (discussed further in Chapter 5).
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Figure 3.3 shows an example of the measured RMS amplitude at the fifth harmonic of
a 70 kHz fundamental for LS-008 as the static field increases. We can use the width-at-
half-maximum of this plot as a measure of the nominal attainable resolution in MPI. To
understand this, recall that the selection field in MPI increases linearly as one moves away
from FFP. So, the static field in MPS maps out the position dependence of the response in
MPI. A smaller width in MPS implies that the signal generated by particles vanishes at a
lower static magnetic field which occurs closer to the FFP in MPI.

Signal strength depends on the quantity of sample employed, and so we normalize our
MPS data to the mass of iron in the sample. Phantoms are also selected to have similar
amounts of iron if possible. Table 3.1 summarizes the amount of iron in SPN samples used
for comparative MPS experiments, along with particle diameter.

Table 3.1: The amount of iron in samples used for comparative MPS experiments along
with particle diameter.

Product code Manufacturer Mass of iron (µg) Particle diameter
(nm)

EMG304 FerroTec [75] 108 10
EMG508 FerroTec [75] 95 10
EMG509 FerroTec [75] 28 10
EMG700 FerroTec [75] 130 10
EMG705 FerroTec [75] 112 10
EMG807 FerroTec [75] 105 10
10-00-102 micromod [73] 270 100
45-00-102 micromod [73] 62 100
79-00-102 micromod [73] 39 100
102-00-32 micromod [73] 121 130
LS-008 Lodespin [74] 49 85

Figure 3.4 shows the width ∆Hdc as a function of mass-normalized RMS amplitude
at the third harmonic of the fundamental. Particles that exhibit narrower MPS curves
are expected to yield better resolutions in MP images. The data in Fig. 3.4 suggest that
particles that generate stronger signals should also generate higher resolutions. Lodespin
LS-008, which was designed and sensitized with MPI applications in mind, is the most
sensitive particle in this comparison. It generates the narrowest MPS curves and ought to
yield the best resolution in MPI images.

Figure 3.5 is the same as Fig. 3.4 except the MPS response at the fifth harmonic is
employed. It reveals a similar trend: SPNs that generate larger amplitude signals show
better resolutions. In comparing Figs. 3.4 and 3.5, it can also be seen that the resolution
increases when a higher harmonic is selected. We will discuss a complementary study of this
effect in Chapter 5.
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The results of this exploratory MPS study show that particles that generate larger
amplitude signals per unit mass of iron yield narrower MPS curves and thus ought to yield
MP images with higher resolution. Amongst all of the particles examined, Lodespin Labs LS-
008 is expected to yield the best MPI performance, with micromod Perimag R© (product code
102-00-132) in second place. Consequently in most of the imaging experiments described in
subsequent chapters LS-008 is employed. However, our supply of LS-008 as well as its shelf
life are limited, and so we also use micromod 102-00-132 in some of our experiments as the
second-best particle.

Figure 3.4: Width of MPS response curves at the third harmonic of the fundamental as a
function of mass-normalized RMS amplitude.

Figure 3.5: Width of MPS response curves at the fifth harmonic of the fundamental as a
function of mass-normalized RMS amplitude.
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Chapter 4

Characterization of CNR, SNR
and Linearity

Contrast is a key parameter in any imaging modality. In MPI, the image contrast scales
with the signal generated by particles and the signal is in turn proportional to the time
derivative of the magnetization. The SPN signal is expected to increase with the excitation
field and frequency. It also scales with the number of SPNs that are excited and therefore
with the concentration of tracer material that is employed.

In this chapter, we investigate signal and noise amplitudes detected by our MPI system
as the excitation frequency and field amplitude are varied, with the goal of characterizing
the dependence of contrast and SNR on these parameters. We also examine the response
linearity of our imager by comparing signals from phantoms filled with different concentra-
tions of tracer material. We use the concept of CNR for MP images and SNR for time-series
data. The primary result of a study in which CNR and SNR are characterized in this man-
ner shows that they both increase with the excitation field strength, but that they do not
change significantly as the excitation field frequency is varied, as anticipated from theory.
Looking more closely at the data from this study one observes that part of the particle
signal is buried in systematic but coherent background noise induced in the detection coil
by harmonic components in the excitation field generated by non-linearity in the current
amplifier. The amplitude of this coherent noise increases with frequency. We suggest two
exploratory ways to recover part of this lost signal. The first involves using a projected
component of the signal in order to generate images and the second involves applying a
low amplitude phase-adjusted time-varying field at the appropriate frequency to cancel the
systematic background noise. Neither of these approaches involves changing hardware. A
more robust but more technically involved approach would be to replace existing hardware
with components that exhibit higher linearity and by inserting higher order band-pass filters
on the drive side of the circuit to filter out unwanted harmonics and thereby obtain higher
spectral purity (lower harmonic distortion).
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4.1 CNR and SNR Measurements

4.1.1 Image Analysis

First we analyze images to characterize the CNR of images generated by our MPI system.
In this study we use a 0.58 mm-diameter, 3 mm-long tube filled with 0.8 µL micromod
particles (product code; 102-00-132; 17 mg/mL iron concentration) for the phantom. An
image of this phantom which will be referred to ‘phantom 1’ in this chapter is shown in
Fig. 4.1. Capacitors with values of 147 nF, 100 nF and 32 nF are inserted on the drive
side of the circuit parallel to the excitation coil to tune the tank circuit to frequencies of
62.5 kHz, 76.0 kHz and 134.5 kHz; see Fig. 2.7. At each frequency an appropriately-tuned
one pole band-stop filter is used to suppress feed-through of the fundamental on the receive
side. This is achieved by changing the number of turns in the inductor. We used 38, 31 and
18 turns respectively for frequencies of 62.5 kHz, 76.0 kHz and 134.5 kHz. At each excitation
frequency and drive field amplitude 10 full scans of the FFP over the FOV are recorded
to create 10 image frames that are then averaged. The amplitude of the third harmonic is
employed in data acquisition and image reconstruction.

Figure 4.1: An annular ring where the FFP is far away from regions where particles are
located is used as a background ROI and a 0.5 mm× 0.5 mm square centered on the region
where they are located is used as a foreground ROI.

Each pixel in an eight bit grey-scale image has a value ranging between 0 and 255. We
use the convention that the darkest point (black) is plotted where the maximum particle
signal is detected and the brightest point (white) is plotted where the minimum signal is
detected. To estimate the CNR of each image, we select as a background ROI an annular ring
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comprising 20 percent of the FOV area that is situated far away from regions in which the
particle signal is intense (white ring in Fig. 4.1) and a 0.5 mm× 0.5 mm area overlapping
the region in which the signal is intense (white square in Fig. 4.1) as the foreground ROI.
The CNR is then computed as the difference between the mean foreground and background
pixel values divided by the standard deviation of the background pixel values.

Figure 4.2: CNR of images as the excitation field strength and frequency are varied. Note
that each image corresponds to the average of 10 full scans.

Figure 4.2 shows the CNR of MP images as the amplitude and frequency of the excitation
field are varied. The CNR increases with the excitation field amplitude and is maximum
at a frequency of 76.0 kHz. Deviations in this behavior at high magnetic field amplitudes
are caused by harmonic distortion in the drive circuit, which leads to direct feed-through of
a coherent signal that influences the standard deviation of pixel values in the background
ROI.

4.1.2 Signal Analysis

The raw detected time-series signal can also be used to infer signal and noise amplitudes.
An analysis conducted this way provides better understanding about the nature of the
systematic (coherent) noise. Here, we evaluate the same time-series data that was used
for image reconstruction in the previous section. The received signal is simply the voltage
measured across the detection coil at the third harmonic of the fundamental frequency.

As the scanner operates and the FFP scans through the SPN distribution, the detected
time-series signal reveals a series of peaks similar to those that were shown in Fig. 3.1.
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Figure 4.3 shows the RMS amplitude of a time-series signal at the third harmonic of the
fundamental when a time-varying magnetic field with an amplitude of 5.8 kA/m and fre-
quency of 76.0 kHz is used to excite particles. Note that the maximum value in this plot
is about 500 µV and particle responses are revealed as minima rather than maxima. This
behavior is due to an offset in the detected signal caused by a systematic and coherent
signal that is incorporated into the background. This offset comes from the drive current
in the excitation coil which is not spectrally pure. It contains a small amount of higher
harmonic components that are generated by non-linearities in the RF amplifier and other
circuit components. These higher harmonic components in the excitation field induce an
emf in the detection coil that contaminates the desired signal from particles.

Figure 4.3: Amplitude of detected signal at the third harmonic of a 76.0 kHz fundamental as
a function of time as the scanner operates and the FFP traverses the FOV and encounters
regions where the SPN concentration is high.The excitation field amplitude H1=5.8 kA/m.

Figure 4.4 shows the detected RMS amplitude of a time-series signal when no phantom is
placed inside the scanner when a time-varying magnetic field with an amplitude of 5.8 kA/m
and frequency of 76.0 kHz is applied. It directly reveals the systematic background noise
that gives rise to the offset in Fig. 4.3. To infer the contribution of SPNs to the signal
one needs to subtract off the background. Note that these are complex quantities and so
one needs to consider the phase difference between them in order to properly calculate
the SPN contribution. Here, we ignore this fact and estimate the contribution of SPNs
by simply subtracting the magnitude of the offset from the magnitude of the RMS signal
observed when phantom is inserted. This quantity is indicated by an arrow in Fig. 4.3 and
we will refer to it as an ‘image amplitude’ as it represents the quantity that is mapped onto
an eight bit grey-scale during a simple image reconstruction. Figure 4.5 shows the image

63



amplitude as the excitation field amplitude H1 is varied at frequencies of 62.5 kHz, 76.0 kHz
and 134.5 kHz. The result is an increasing function of field strength as expected, but is
relatively independent of excitation frequency over this range.

Figure 4.4: Signal detected when no phantom is inserted into the imager. This measurement
directly reveals the systematic or coherent signal that contributes to background noise. The
excitation field amplitude H1=5.8 kA/m.

Figure 4.5: Image amplitude as the excitation field strength and frequency are varied.
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The standard deviation of the coherent background signal shown in Fig. 4.4 character-
izes the random noise detected by the scanner. Figure 4.6 shows how this noise varies as
operating conditions are changed. This random component of the noise increases slightly
with the magnetic field strength H1. This trend is most evident at an excitation frequency
of 134.5 kHz.

Figure 4.6: Standard deviation of the coherent background signal recorded when no sample
is placed in the imager, as a function of excitation field amplitude and frequency.

The SNR of these time-series data is obtained by dividing image amplitude (Fig. 4.5)
by the noise amplitude (Fig. 4.6). Figure 4.7 shows the result of this computation. The
maximum SNR is again observed at 76.0 kHz. The measured SNR of the raw time-series
data is slightly larger than the CNR estimated from corresponding images once one accounts
for the fact that 10 full image frames were averaged to generate each image (see Fig. 2.23
and corresponding discussion). The fact that it is slightly larger is because the ROI selected
for the background is relatively large, and systematic variations in the mean intensity couple
to (and increase) the inferred standard deviation.

The results shown in Figs. 4.2 and 4.7 suggest that the CNR of images acquired using
our scanner is an increasing function of the excitation field amplitude. However, it does
not improve as the excitation frequency is increased, as expected. In fact, the maximum
CNR is at 76.0 kHz and it decreases as the frequency is increased to 134.5 kHz. A plausible
hypothesis is that part of SPN signal is masked by the coherent background signal.

One approach to recovering some of the lost SPN signal is to work with projections of the
out-of-phase (or in-phase) component of the detected emf. These components are accessible
in our MPI and MPS experiments since we employ phase-sensitive detection. We will return
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to this and discuss it in more detail in Chapter 6. Figure 4.8 shows a closer look at a time-
series signal over a four second window. The excitation field amplitude here is 8.4 kA/m,
which is higher than what is usually employed in order to emphasize the influence of the
coherent background signal. The phantom referred to as phantom 1 is used here. The black
data points represent the magnitude of the detected time-series signal at the third harmonic
of the fundamental analogous to the data shown in Fig. 4.3. The maximum image amplitude
associated with the SPNs is estimated to be about 200 µV after a 700 µV background offset
is subtracted. The red data points show the maximum projected out-of-phase component
of the signal. This component of the signal spans a roughly 400 µV range compared to
the 200 µV range spanned by the image amplitude (black data points). Recall that we
naively measure the contribution of SPNs to the signal by subtracting the magnitude of
the background offset from the magnitude of the detected time-series signal and thus the
calculated signal is not the total SPNs signal. Otherwise, having a component of the signal
that is larger than the amplitude itself is not physically realistic. This demonstration shows
that a portion of the SPN signal that is lost can be recovered by projecting a component
of the signal into a properly selected reference frame.

Figure 4.7: Time-series SNR for different magnetic field strengths and frequencies

Another approach to suppress the coherent component of the background noise fed
through by the drive coil is to inject the exact same current as the contaminating current
at the frequency of harmonic detection but with a 180 degree phase shift. This produces
destructive interference. I will refer to this additional drive field as a ‘refining field.’ The
same combination of signal generator, RF amplifier and drive circuit can be used to super-
impose the refining current on top of the excitation current at any desired harmonic. One
could imagine a circuit in which the contaminating current and its phase at each harmonic
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are actively detected via a series of feedback loops. This could be implemented using an
extension of our current lock-in amplifier system. Option HF2LI-PPL [99] provides dual
programmable digital phase-locked loop capability. Another approach could be to minimize
the background coherent signal by adding a refining field before inserting the phantom. The
coherent background signal changes as the frequency and strength of the excitation field
are varied and so adding a refining field before inserting the phantom would be a straight-
forward approach if these factors are fixed. In our case, we are interested in studying the
SNR as the frequency and amplitude of the excitation field are varied. Additionally, it is
desired to keep the phantom inside the scanner without repositioning it, for the duration
of the experiment. Another approach and the one we employ here is to optimize the image
amplitude by applying different refining fields with various amplitudes and phases and sys-
tematically hunting for conditions where optimum cancellation is observed. The phase can
be referenced to any stable oscillator. Here we measure and report this phase with respect
to the phase of the fundamental excitation current.

Figure 4.8: Time-series signal over a 4 second window. The excitation field is 8.4 kA/m.
The black squares represent the image amplitude of the third harmonic and the red circles
represent the maximum projected out-of-phase component.

Figure 4.9 shows the image amplitude as different refining fields are applied at the
third harmonic of the fundamental. Here, the excitation field amplitude and frequency are
5.8 kA/m and 134.5 kHz respectively. Again, phantom 1 is used for this experiment. For
all refining field amplitudes the signal has a minimum at a phase of about 50 degrees. This
feature seems to be independent of the amplitude of the refining field for the range 7.68 A/m
to 15.3 A/m and effectively amounts to complete masking of the image amplitude by the
combination of background coherent signal and added refining field. The image amplitude
is largely recovered at phases of about -70 degrees and -160 degrees when a refining field
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of 12.8 A/m is injected. This is evident in Fig. 4.9 where an image amplitude of about
800 µV is obtained. The mechanism behind the overall behavior shown in Fig. 4.9 is not
truly understood. In particular no satisfactory explanation has been found for the second
sharp minimum that occurs between two maxima. This minimum depends on the amplitude
of the refining field and it appears at slightly different phases. A framework that intends
to understand the detailed features of Fig. 4.9 must consider the complex nature of all the
signals.

Figure 4.9: Image amplitude at the third harmonic of the fundamental as the amplitude
and phase of the refining field are varied.

For each excitation field amplitude and detection frequency, the particle signal can be
recovered by applying a specific refining field with a specific phase shift. This is a time-
consuming process. Figure 4.10 shows the maximum image amplitude as a function of
excitation field amplitude for two different frequencies 76.0 kHz (red circles) and 134.5 kHz
(blue squares). In both cases, we selected the maximum for which the phase is closer to
zero at all frequencies and fields. As these plots show, the image amplitude increases as
the excitation field amplitude and frequency are increased. Also shown is the result that
is obtained at 134.5 kHz when no refining field is applied (black triangles). Figures 4.11a
and b show images reconstructed from the amplitude of the third harmonic signal with and
without a refining field. The phantom used here is similar to phantom 1 except for its length
which is 1 mm instead of 3 mm. The CNR of the image shown in Fig. 4.11b (with the refining
field) is about a factor of 3 higher than the CNR of the image in Fig. 4.11a (no refining
field). The increase in image amplitude that is observed when an appropriate refining field
is applied demonstrates that this is an effective albeit time-consuming approach to suppress

68



the masking of particle signals caused by non-linear distortions of the drive current without
changing the hardware.

The results presented above illustrate the fact that one needs to be very careful in
order to evaluate true CNR or SNR. They also demonstrate the need to minimize harmonic
distortion in the drive circuit and in particular in the RF amplifier. We are able to recover
part of the intrinsic particle signal by superimposing a carefully adjusted refining field at
the frequency of harmonic detection. When this technique is employed we observe that the
image amplitude increases as the excitation field amplitude and frequency are increased.
Note that although the CNR of MP images increases when this approach is employed, we do
not make use of it in later sections of this work. This is primarily because most of the data
presented in this thesis were collected before the refining field technique was developed.

Figure 4.10: Image amplitude as a function of excitation field amplitude at 134.5 kHz and
76.0 kHz when a refining field is applied. Black triangles show the particle signal at a
frequency of 134.5 kHz when no refining field is added.

69



Figure 4.11: Two images of the same phantom. In (a) the signal is contaminated by harmonic
distortion while in (b) a refining field has been injected so as to cancel out the harmonic
distortion.

4.2 Linearity

Linearity is an important property of any imaging system. Theoretically, the signal in MPI
should be proportional to the number of SPNs that are excited and therefore it should
increase linearly with the concentration of particles that are employed. To test the linearity
of our scanner we evaluated the CNR of images from phantoms with different particle
concentrations. We used 0.58 mm inner diameter tubes of various lengths filled with different
concentrations of micromod 102-00-132 as phantoms. Figures 4.12 to 4.13 show MP images
acquired from a few such phantoms. Each image represents the average of twenty image
frames. Contour smoothing is applied to these images before averaging. In each case the
excitation field amplitude and frequency are 5.8 kA/m and 76.0 kHz respectively.

The tracer solution in one of the phantoms in Fig. 4.12 is diluted by a factor of two with
respect to the other. This was done by mixing one unit volume of solution (water) with
one unit volume of ferrofluid containing 17 mg/mL of iron. The situation in Fig. 4.13 is the
same except this time the solution in one of the tubes is diluted by a factor of three.

Figure 4.14a shows an array of four tubes, filled with different concentrations of tracer
material. The darkest tube on the right hand side of Fig. 4.14a is micromod 102-00-132 at
a concentration of 17 mg/mL. From right to left the samples are diluted by factors of three,
four and two. Figure 4.14b then shows an MP image of this array of tubes. The visually in-
ferred intensity of the detected signal is consistent with the relative concentrations of tracer
material employed. This correspondence can be evaluated in a more quantitative manner
by examining line profiles of image intensity that intersect the various tubes. This is shown
in Fig. 4.14c, for a typical profile of pixel values along a line that is nearly perpendicular to
the tubes. The amplitude of the SPN response for each peak is inferred by evaluating the
difference between the intensity of the background (white rectangle in Fig. 4.14b) indicated
as a dashed line in Fig. 4.14c and the minimum pixel value (corresponding to the peak
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response). As an example, the arrow shown in Fig. 4.14c indicates the amplitude of the
signal from the right hand phantom.

Comparing the relative particle signal from different phantoms filled with different con-
centrations of tracer material reveals that the signal increases linearly with the concen-
tration. Figure 4.15 shows the average relative detected signal as a function of relative
concentration. Here the averaging is done over different transects across images of the tubes
presented in Figs. 4.12 to 4.14. A straight line, plotted in red on Fig. 4.15, is then fit to
these data. This fit has two free parameters. The slope of the line is 1.00 ± 0.04 and the
intercept is -0.01.

Figure 4.12: MP image of a phantom consisting of two tracer filled tubes. The SPN concen-
tration in the right hand tube is double that in the left hand tube.

71



Figure 4.13: MP image of a phantom consisting of two tracer filled tubes. The SPN concen-
tration in the right hand tube is triple that in the left hand tube.
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Figure 4.14: a) Photograph of a phantom consisting of four tubes filled with tracer material
at four different concentrations. b) MP images of the phantom (average of 20 frames). c) A
typical line profile of pixel values along a line that is nearly perpendicular to all the tubes
and near their midpoints. x is the distance along this line.
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Figure 4.15: Relative signal amplitude as a function of relative particle concentration. Three
observations are averaged. The slope of the fitted line is 1.00.
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Chapter 5

SPN Harmonic Response: MPS
and Simulation Studies

The harmonic responses of SPNs can be studied using Magnetic Particle Spectroscopy, or
MPS [21, 36]. MPS experiments mimic the conditions that SPNs experience at the FFP
during MPI experiments. A uniform time-varying magnetic field is applied to drive the
particle magnetization and a receive coil is used to detect their harmonic responses. These
responses are then typically studied as a function of static magnetic field strength. As
was discussed in Chapter 1, most MPI systems employ static fields that have components
orthogonal and parallel to the time-varying field. But the effect of the relative orientation
of these fields, and in particular the harmonic responses that they give rise to, have not
explicitly been investigated in detail. In this chapter, we use MPS to study the harmonic
responses of SPNs in two configurations: with a static magnetic field applied either parallel
or perpendicular to a time-varying magnetic field. We focus on a qualitative comparison of
the harmonic response observed in these two configurations. Data from these experiments
are complemented by computations, based on a simple model for the response of SPNs
to the applied magnetic fields. Results from the modeling and MPS experiments illustrate
differences between harmonic responses of SPNs in these two cases. In both scenarios the
amplitude of the response at high harmonics vanishes faster than at low harmonics as the
strength of the static field increases. Since MPI uses a gradient field to map the static
magnetic field onto spatial coordinates, this results in images with better resolution when
higher-harmonics of the fundamental are used for reconstruction. Examples of such higher
resolution MP images are presented at the end of this chapter.

5.1 Theory and Computations

We assume the sample magnetization M adiabatically follows the time-dependent total
magnetic field Htot such that [21, 22, 23, 24]
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M(Htot) = MsL
(
mµ0Htot

kBT

)
, (5.1)

where L(x) = coth(x)− 1/x is the Langevin function, Ms is the saturation magnetization,
µ0 is the permeability of free space, T is the absolute temperature, and m is the magnetic
moment of a single particle. Alternatively,

M(Htot)
Ms

= L(Htot/H∗) = coth
(
Htot

H∗

)
−
(
H∗

Htot

)
, (5.2)

where H∗ = kBT/ (mµ0) is a characteristic magnetic field. Equations 5.1 and 5.2 are ob-
viously approximations. In particular, they ignore particle relaxation effects. Nevertheless,
they provide useful guidance for interpreting MPS experiments. In this chapter, MPS exper-
iments and computations are performed for two configurations of the static and time-varying
magnetic field:

Configuration 1: The static and time-varying magnetic fields are parallel to one another.
The total field is Htot=Hdcẑ +H(t)ẑ where H(t) = H1 sin(2πft), f is the frequency and
H1 is the amplitude of the time-varying magnetic field. The net magnetic field strength is
therefore:

Htot = H(t) +Hdc. (5.3)

We assume the magnetization follows the total magnetic field instantaneously and therefore
is parallel to the z axis.

Configuration 2: The static and time-varying magnetic fields are orthogonal to one an-
other and the total field is Htot = Hdcŷ +H(t)ẑ where H(t) = H1 sin(2πft). In this case

Htot =
√
H2(t) +H2

dc (5.4)

and the magnetization will be a vector in the yz plane. In this chapter I present simulation
results obtained using a Python code that evaluates the Fourier transform of the time-
derivative of the magnetizationM given by Eqs. 5.1 or 5.2 as the field H is modulated. This
Fourier transform is proportional to the spectrum of emfs one would expect to be induced
in a receive coil by the time-varying magnetization. For these computations I considered
a 1 s time period with 10−4 s time increments and I selected an excitation frequency of
100 Hz. These somewhat arbitrary values are adequate since I am only interested in the
relative harmonic responses of SPNs [24]. However, one would want to revise these choices
if the goal is to extrapolate to high harmonics.

There are two possible orientations for the detection coil since the magnetization is a
vector parallel to the z axis or in the yz plane. In our computations we assume the detection
coil is uniformly sensitive to SPNs no matter where they are located. This model has one
free parameter: H∗. A suitable value for H∗ can be determined by fitting the ratio of the
amplitudes of simulated third and fifth harmonic responses to the same ratio as determined
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from experimental MPS data [36]. The same value of H∗ is then used for all configurations
and detection senses.

5.2 Experimental Apparatus

Figure 5.1: Arrangement of coils in our MPS apparatus. The time-varying magnetic field
can be applied parallel or perpendicular to the static field. Receive coils are inserted inside
the excitation coil and cannot be seen in the photograph (see Fig. 5.2).

MPS experiments are performed using a purpose built MPS system shown in Fig. 5.1. Par-
ticle excitation is accomplished using a two-layer solenoid coil: OD = 2.4 cm; ID = 1.6 cm;
30 turns per layer. For the experiments described here, the amplitude and frequency of
this field are set to 5.8 kA/m and 70 kHz. A static magnetic field is generated by run-
ning a dc current in another short solenoid with a much larger diameter (ID = 16.5 cm;
length=12.7 cm). It comprises six layers of solid 10 AWG wire with a total of 279 turns.
The excitation or drive coil can be aligned with respect to the static field in an arbitrary
way. We choose a coordinate system such that the excitation field is always parallel to the z
axis. Therefore, the static fields for configurations 1 and 2 are in the z and y axis directions,
respectively. The drive circuit mimics the MPI circuit described in Chapter 2. It includes
the same combination of transformer, capacitor bank and shunt resistors.

Four identical solenoids (OD = 3.3 mm; ID = 3.0 mm; length=2.6 mm; one 10-turn layer
of 32 AWG magnet wire) arranged as two orthogonal colinear pairs are placed inside the
excitation coil for harmonic response detection; see Fig. 5.2. The colinear coils are in series
with one another in the circuit and the center-center distance between them is 5.6 mm. The
two orthogonal pairs of coils are not connected to one another and their responses are de-
tected separately. This arrangement enables one to monitor SPN harmonic responses along
two axes (y and z) simultaneously. The detection coils that are parallel to the excitation
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coil (z axis) are sensitive to the induced emf from the z component of the magnetization.
We will refer to this pair of colinear solenoids as ‘z-axis detection coils.’ The detection coils
perpendicular to the excitation coil (y axis) are sensitive to the induced emf from the y
component of the magnetization. We will refer to this pair of colinear solenoids as ‘y-axis
detection coils.’

Figure 5.2: Arrangement of receive coils relative to the phantom. Colinear pairs are con-
nected in series, and are sensitive to time variations of the magnetization in either the
y or z direction. They are labeled as y-axis and z-axis detection coils, respectively. The
time-varying field H(t) is parallel to the z axis (shown by arrows).

A phase-sensitive detector (Zurich Instruments HF2LI lock-in amplifier) is used to mon-
itor the emf induced across the detection coils with a bandwidth of 100 Hz defined by a
fourth-order digital filter. Each set of colinear detection coils is connected to one input of
the lock-in amplifier. The direct feed-through of the fundamental in the z-axis detection
coils never exceeds the overload limit of the lock-in amplifier and so unlike our MPI exper-
iments the MPS experiments described in this chapter do not require a balanced detection
scheme. The difference is mainly because for the MPS experiments described in this chapter
we employ smaller detection coils with fewer turns. The phantom employed in the experi-
ments conducted using the MPS set up described in this chapter consists of a short length
of polyethylene tube (BD IntramedicTM) with an inner diameter of 1.6 mm, containing
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3.2 µL of micromod Perimag R© nanoparticles (product code 102-00-132; 130 nm diameter;
iron concentration 17 mg/mL).

5.3 Results and Discussion

In this section, we show results of measured and calculated emf amplitude responses of a
micromod sample at different harmonics of the fundamental for configurations 1 and 2. We
discuss how the overall harmonic response is different for the two configurations. We also
point out and discuss the fact that MP images reconstructed from higher harmonics yield
better resolution. This is demonstrated at the end of this chapter with a series of MP images
of the same phantom generated from data acquired at different harmonics.

5.3.1 Configuration 1

Figures 5.3a and c show MPS data for the amplitudes of induced emfs generated by SPNs
at odd and even harmonics of the fundamental, for configuration 1. Figures 5.3b and d show
calculated results for the same conditions. In both cases the response is collected from the
z-axis detection coils, which means that the detection coils are aligned to capture the SPN
response along the axis of the time-varying magnetic field (z axis). For all of the calculations
presented in this chapter, the excitation field amplitude is set to H1=5.8 kA/m to match
the experiment. The value of H∗ can then be estimated by tuning it so that the calculated
ratio of the third and fifth harmonics when the static field is zero matches the experimental
ratio [36]. This ratio does not depend on particle concentration and decreases monotonically
as the ratio H1/H

∗ increases leading to a unique estimate for H1/H
∗ [36]. For the conditions

of our experiment this analysis yields a best fit value of H∗ = 1.0 kA/m. Note that the
absolute amplitudes of computed responses are scaled to match experimental values.

Figures 5.3a and b show that the amplitude envelope at odd harmonics of the funda-
mental is suppressed as the static magnetic field strength increases. The amplitude exhibits
(n−1)/2 zero crossings, where n is the harmonic number. These zero crossings could poten-
tially cause edge ringing artifacts in reconstructed images [110]. The width at half maximum
of the curves in Fig. 5.3 can be used to estimate the spatial resolution in MPI applications
as a function of harmonic. This is because in MPI a gradient field is used to map the static
magnetic field onto a spatial coordinate. A smaller width in MPS experiments indicates
that the SPN signal is suppressed at a lower value of Hdc and therefore closer to the FFP
in an MPI scanner. Specifically, the minimum resolvable feature size in an MP image is
expected to be of order ∆Hdc/G where ∆Hdc is the width of the normalized response curve
and G is the selection field gradient. We normalize each response so that the full dynamic
range of the response is mapped onto the interval [0, 1]. This way we can easily compare
the widths of different responses. The width of the signal amplitudes in the MPS exper-
iment at the third and fifth harmonics of the fundamental (Fig 5.3a) are 4.0 kA/m and
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2.9 kA/m. The corresponding width of the calculated signal amplitudes at the third and
fifth harmonics of the fundamental (Fig 5.3b) are 2.7 kA/m and 1.8 kA/m. This shows
that the adiabatic response (Eq. 5.1) computations predict better resolution in MPI than
inferred from data. We hypothesize that this is due to neglecting relaxation effects in the
magnetization response (see Chapters 1 and 6) [13]. Moreover, the fifth harmonic response
is narrower than the third harmonic response. In fact, many previous studies have shown
that this trend continues to higher harmonics (e.g., see [36, 44, 45, 48]). The amplitudes of
all even harmonics of the response (Fig. 5.3c, d) are zero when no static field is applied,
and then reach a maximum at some finite static magnetic field that depends on harmonic
number.

Figure 5.3: Harmonic response of SPNs in configuration 1. Panels a) and c) show mea-
sured signal amplitudes for odd and even harmonics, respectively. Panels b) and d) show
corresponding calculated responses for odd and even harmonics when H1/H

∗ = 5.8. SPNs
responses are collected from the z-axis detection coils.

We are also able to observe harmonic responses of SPNs generated along the time-
varying field axis in configuration 1 using our MPI scanner [40]. This is done by turning off
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the motor drive system and positioning the FFP in the transverse plane so that it overlaps a
point-like collection of SPNs in a phantom. Under these conditions, one can record the signal
generated by SPNs as the phantom is displaced along the imager axis (z direction) parallel
to the applied time-varying magnetic field. As was discussed in the Chapter 2, the axial
component of the selection field has a gradient Ga = 13.4 MA/m2 and so displacements of
the phantom along the axis of the scanner cause the static field to which SPNs are exposed
to vary in a linear fashion. Figure 5.4 shows the signed amplitude of the detected response
at the third and ninth harmonics (n=3 and 9) as a phantom (1 mm diameter void filled
with BM [19]) is displaced along the z axis. The amplitudes are normalized to their values
at z=0 mm to emphasize differences in shape. The inset to this figure is a scale diagram
showing the phantom in cross section and a line indicating the axis along which it is moved.
The width for the ninth and third harmonic responses are at about 0.24 mm and 0.52 mm,
respectively. The axial component of the static magnetic field at these distances from the
FFP plane are H0 = 3.2 kA/m and H0 = 7.0 kA/m, respectively. Note that the SPNs used
for this particular experiment are immobilized and have poor MPI performance compared
to micromod particles.

Low-level signals are detected by the y-axis detection coils in MPS experiments con-
ducted in configuration 1 as shown in Fig. 5.5. The fact that these are low-level signals
can be seen by comparing their amplitudes to those shown in Fig. 5.3, or by comparing
the amplitudes of the features in Fig. 5.5 with the detected noise level. The magnetization
response is not expected to have any components along the y axis. The fact that a small
signal is detected is due to slight misalignment of the detection coils.
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Figure 5.4: Signed, normalized amplitude of the third and ninth harmonic responses as a
1 mm diameter sample filled with BM (shown as a hatched rectangle) is displaced along the
axis of the MPI scanner. The position z = 0 mm corresponds to the FFP plane.

Figure 5.5: Example of low-level harmonic response detected by coils oriented with their
axes along the y direction during an MPS experiment conducted in configuration 1.

5.3.2 Configuration 2

Figures 5.6a and c show MPS harmonic responses of SPNs in configuration 2, detected using
the z- and y-axis detection coils, respectively. Figures 5.6b and c show the same quantities
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as calculated from the model. The phantom used here is the same as the phantom used in
the previous section (configuration 1), and so the value of H∗ determined previously is used
here as well.

One can observe several differences in harmonic behavior of SPNs between configurations
1 and 2 (Figs. 5.3 and 5.6). First, the series of zero crossings present in the harmonic
response of configuration 1 do not appear in the data for configuration 2. This is further
illustrated in Fig. 5.7a and b where the third and ninth harmonic responses for configuration
1, denoted by ‘Pa-Co’ in the plot, and configuration 2, denoted by ‘Pe-Co’, are plotted
together. Figure 5.7 also indicates that the full dynamic range of the SPN response is
greater in configuration 1. The dynamic range in configuration 1 is about 1.6 and 1.8
times greater than the dynamic range in configuration 2 for the third and ninth harmonics,
respectively. This could potentially lead to higher SNR in MPI scanners in which the static
selection field is parallel to the excitation field. Second, the induced emf in the coaxial
detection coils contains no even harmonics. And finally, a considerable signal containing
only even harmonics is detected in the y-axis detection coils (Fig. 5.6c). The fact that these
are reasonably large signals can be seen by comparing their amplitudes to those shown in
Fig. 5.6a.
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Figure 5.6: Harmonic response of SPNs in configuration 2. Panels a) and c) show measured
signal amplitudes in the z- and y-axis detection coils, respectively. Panels b) and d) show
corresponding calculated responses for odd and even harmonics when H1/H

∗ = 5.8.

As in the previous section, one can use the width, ∆Hdc, of the harmonic responses to
estimate the achievable resolution in MPI. By plotting the amplitude of these responses
at the same scale (i.e., mapped to span the range [0,1]), one is more easily able to see the
narrowing of these curves as the harmonic number increases. Note that this quantity does
not provide a good estimate for resolution in MPI at high harmonic numbers in configuration
1 because of the zero crossings. In that case the width of response envelope may provide a
better estimate for resolution in MPI.
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Figure 5.7: Comparison of harmonic responses acquired in MPS configurations 1 (Pa-Co)
and 2 (Pe-Co) at the a) third and b) ninth harmonics. A higher dynamic range is obtained
in configuration 1.

Figure 5.8a shows normalized amplitudes of MPS harmonic responses for n=3, n=5,
n=7 and n=9 in configuration 2. The width, ∆Hdc, of these curves provides a measure
of the spatial resolution that is nominally attainable in MP images. This quantity, along
with the maximum RMS amplitude at Hdc=0 is shown in Fig. 5.8b. The width (black
filled circles) decreases in an approximately linear fashion with increasing harmonic number.
This behavior directly suggests that the spatial resolution of MP images ought to improve as
higher harmonics are employed. Note however that the maximum amplitude of the response
(blue filled squares) decreases as n increases, indicating that there is a limit to the gains
in MPI resolution one can realize by employing higher harmonics. The rate at which the
signal amplitude drops as n increases depends on the amplitude of the excitation field.
Generally, the relative amplitude of higher harmonic responses increases as the excitation
field amplitude increases until particles are fully saturated.

The amplitude of SPN signals detected using our MPS apparatus diminishes for higher
harmonic numbers (n>9) because of the low amplitude excitation fields and quantity of
sample we employ. To predict the response at higher harmonics we only rely on calculated
results. Figure 5.9 shows normalized harmonic responses of SPNs calculated for configura-
tion 2 for n=3 to 17. Figure 5.10 shows the width ∆Hdc of these curves as a function of
inverse harmonic number, n−1. Note that for this calculation the time increment is 10−5 s.
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Figure 5.8: Panel a) shows normalized MPS harmonic responses of SPNs at various har-
monics, in configuration 2. Panel b) shows widths (black filled circles) and maximum RMS
amplitudes (blue filled squares) as a function of harmonic number. Note the suppressed zero
on the scale for ∆Hdc in panel b.

Figure 5.9: Normalized amplitude of calculated odd MPS harmonic responses (up to n=17)
induced in a z-directed detection coil in configuration 2. The widths of these curves are
shown in Fig. 5.10. As previously H1/H

∗=5.8.
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Figure 5.10: Calculated width, ∆Hdc, for the series of curves shown in Fig. 5.9 as a function
of inverse harmonic number, n−1.

5.3.3 MP Images

Figure 5.11 shows a series of MP images of the same phantom, constructed from data
acquired at different harmonics of the fundamental. The distribution of SPNs in the phantom
is shown on the right-hand side of the figure. Each image represents the average of 5 image
frames. From left to right, the images are reconstructed from the responses at the third,
fifth, seventh and ninth harmonics. The spatial resolution of the images in this sequence
is clearly improved as higher harmonics are employed. The two voids in this phantom are
filled with BM and are separated by 1.8 mm center to center; they cannot be resolved in
the left-most image (third harmonic) but are clearly distinguishable in the two right-most
images (seventh and ninth harmonics). The CNRs of these images relative to the CNR of
the image generated using the third harmonic are 0.68, 0.44 and 0.3 for n=5, 7, and 9,
respectively.
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Figure 5.11: Left-to-right: Images of a phantom acquired at the third, fifth, seven, and ninth
harmonics, along with an outline of the phantom geometry. The excitation field amplitude
and frequency are H1 = 9 kA/m and 76.0 kHz. The FOV diameter is 9.0 mm.

This sequence suggests that resolution cannot be improved indefinitely by simply in-
creasing harmonic number. Ultimately noise in the data and in the detection chain will
limit the CNR. Figure 5.12 shows that the maximum signal amplitudes extracted from
the time-series signal used in the images shown in Fig. 5.11 decreases in an approximately
exponential manner as harmonic number increases.

Figure 5.12: Maximum signal amplitudes for MP images shown in Fig. 5.11 as a function
of harmonic number. The excitation field amplitude is H1 = 9 kA/m.
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Chapter 6

Resolution Enhancement in MPI:
The Role of Phase

Spatial resolution is a key metric for characterizing any imaging modality. Previous in-
vestigations of spatial resolution in MP images have focused on the role of particle size,
distribution, susceptibility, magnetic field gradients, drive field amplitude, and harmonic or-
der [78, 81, 111, 40, 41]. In the previous chapter we showed that the use of higher harmonic
components of the acquired signal may be a promising path toward resolution improvement
in narrow band MPI systems. In this chapter we investigate yet another way to improve the
spatial resolution of MP images through the use of phase information associated with the
SPN magnetization response. We demonstrate significant trends in image quality as complex
acquired signals are projected onto the imaginary (or real) axis of a series of coordinate sys-
tems that are phase-shifted relative to the phase that yields images with the highest CNR.
This can be done in real time by adding a phase shift to the reference signal used by the
lock-in amplifier and selecting one of its quadrature outputs for image reconstruction. Or it
can be done at any later point in time (post processing) using a simple transformation as
long as data are stored in their complex format. Results show that the increase in resolution
is accompanied by a degradation in signal-to-noise ratio, to the point where reconstructed
images effectively vanish under approximately the same conditions as those in which the
highest resolutions are observed. MP images with resolutions of order a few hundred mi-
crometers obtained and presented in this chapter. This represents a substantial advance in
the state-of-the art [27, 82, 89, 112, 113, 111, 114].

The coupling between phase and resolution revealed in our imaging experiments can
be understood in terms of SPN magnetization relaxation. Relaxation effects delay the par-
ticle response and force the detected signal to lag behind the oscillating magnetic field.
This appears as a phase shift in the detected signal relative to the time-varying magnetic
field [59]. In general SPN relaxation depends on diverse environmental factors and tracer
properties [53, 54, 55, 59, 60, 61, 62, 63, 64]. Key amongst these parameters is the increase in
particle relaxation rate with applied magnetic field strength [55, 62, 65, 66, 67, 68]. This de-
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pendency maps the extent to which the SPN magnetization lags behind the excitation field
in our experiments onto the selection field and thereby onto a spatial coordinate system,
with maximum phase delays tending to occur at (or in close proximity to) the instantaneous
FFP location. Increased sensitivity to the quadrature component of the SPN magnetization
(at the expense of signal amplitude) is obtained as the phase of the reference oscillator is
advanced. And, this increase is naturally accompanied by an increase in resolution driven by
the non-linear manner in which the SPN relaxation rate is mapped onto spatial coordinates.
We refer to MP images generated with large phase shifts relative to the phase that yields the
highest CNR as being phase-weighted or relaxation-sensitized. And, we refer to the process
of projecting the complex detected emf onto a particular reference frame as phase-weighting.
We use our 2D mechanically driven MPI scanner to acquire phase-weighted MP images.

Complementary magnetic particle spectroscopy (MPS) experiments were also performed
as part of our investigation, using the MPS system that was described in Chapter 5. These
MPS experiments directly probe and reveal the magnetic field dependence of the phase
shift between the SPN magnetization and the excitation field. And they naturally lead to
a simple qualitative framework for understanding the observed spatial sharpening effect in
phase-weighted MP images. Importantly, we observe trends similar to those reported here
in MPI and MPS experiments conducted on a variety of different tracer materials, and at
multiple harmonics of the excitation field. Before proceeding, note that key aspects of the
work described in this chapter can be found in the proceeding of IWMPI ‘Spatial resolution
in MPI: The role of phase’ by Bagheri and Hayden [38] and the manuscript ‘Resolution
enhancement in magnetic particle imaging via phase-weighting’ by Bagheri et al. (J. Mag.
Magn. Mater, InPress, p. 166021, 2019 [39]).

6.1 Methods

Imaging experiments described in this chapter are performed using our MPI scanner, which
was described in Chapter 2. As was mentioned previously we employ a phase-sensitive
detector. The phase of this detector is referenced to the oscillator that ultimately drives
the excitation field and is used to monitor particle responses at any desired harmonic (or
combination of harmonics) of the fundamental. Its output comprises net demodulated and
low-pass filtered, time-dependent emfs

E (t) ≡ EI(t) + iEQ(t) ≡ Em(t) eiθ(t) (6.1)

developed across the balanced pair of detection coils as the FFP traverses the FOV. Here
Em (t) and θ (t) denote the magnitude and phase of the net emf as viewed from a reference
frame S rotating at the frequency of the excitation field, or some harmonic thereof; EI (t)
and EQ (t) refer to the corresponding Cartesian components of that emf when it is projected
onto the in-phase (I) and quadrature (Q) axes of the same reference frame. Image data
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reported here are acquired employing a 6.5 kA/m excitation field applied at 76.5 kHz. The
net emf developed at the third and/or fifth harmonic of the fundamental is monitored with
a 100 Hz signal bandwidth defined by a fourth-order digital filter. Eight-bit greyscale images
are then generated from one component of the demodulated emf, with the aid of Delaunay
triangulation. The component that is employed is a projection of the demodulated emf onto
the axes of another reference frame S′ that has been rotated with respect to S by some
fixed phase φ. This phase is then a parameter of the study, and is specified for each image.
Note that the full (signed) dynamic range of the detected signal is always mapped onto the
full extent of the greyscale.

The phantoms used in three of the imaging experiments that will be described in this
chapter (Figs. 6.1, 6.2 and 6.8 ) are defined by short lengths of polyethylene tubes [105] with
inner diameters (IDs) of either 0.58 mm or 0.76 mm. These tubes are filled with aqueous
solutions containing one of two different types of SPNs, and then sealed by heat fusion. In
two of these imaging experiments, a 0.58 mm inner diameter tube was employed, and the
tracers comprised 25 nm mean core diameter polyethylene glycol-coated superparamagnetic
iron oxide particles with 83.5 nm mean hydrodynamic diameters, at an iron concentration
of 5.1 mg/mL [8, 74]. Once sealed, the tracer-filled tube was bent into the rectilinear shapes
shown in Fig. 6.1a and 6.2a. For the sake of clarity we refer to these phantoms as Lodespin
phantoms 1 and 2, respectively, in reference to the manufacturer of the tracer particles
employed. The total mass of iron confined within Lodespin phantoms 1 (Fig. 6.1) and 2
(Fig. 6.2) are 24 µg and 27 µg, respectively. For the third imaging experiment, approxi-
mately 150 nL of an aqueous solution containing 130 nm diameter Perimag R© nanoparticle
clusters was injected into each of two 0.76 mm inner diameter tubes. These clusters comprise
50 % by mass iron oxide in a dextran matrix at an iron concentration of 17 mg/mL [115, 73].
The net result was two similar squat (0.3 mm-long) cylindrical slugs of tracer-filled solvent
that could be placed side-by-side in the same plane. In this configuration the separation
between the two slugs is set by the 1.22 mm outer diameter (OD) of the tubes, as indi-
cated in the diagram shown in Fig. 6.8a. For the sake of clarity, we refer to this phantom
as the micromod phantom, again in reference to the manufacturer of the tracer particles.
In a fourth imaging experiment (Fig. 6.7), different types of SPNs are confined to squat
cylindrical voids (1 mm dia. × 0.3 mm) in an acrylic substrate. Table 6.1 lists all the par-
ticles that are tested in this chapter, the carrier fluid in which they are immersed and the
manufacturers. In all cases the phantoms were rigidly mounted to a non-magnetic support,
and positioned in the FFP plane of the scanner with micrometer-level precision.

Unlike Chapter 5, we employ a balanced detection scheme for the MPS experiments
described here. The primary and dummy detection coils are squat two-layer solenoids with
a total of 100 turns of 32 AWG copper wire (OD=11.1 mm, ID = 9.5 mm, length=11 mm)
each. These coils are placed symmetrically at the midpoints of the primary and dummy
excitation coils. Perimag R© nanoparticles confined to a 3.5 mm tube with 1.6 mm inner
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Table 6.1: SPNs that are tested for and exhibit a phase-sharpening effect when probed using
the MPI scanner and/or the MPS system.

Product Code Carrier Manufacturer
LS-008 water Lodespin Labs [74]
Perimag R© water micromod Partikeltechnologie GmbH [73]
Perimag R© immobilized micromod Partikeltechnologie GmbH [84]
EMG304 water FerroTec [75]
EMG508 water FerroTec [75]
EMG509 water FerroTec [75]
EMG700 water FerroTec [75]
EMG705 water FerroTec [75]
EMG807 water FerroTec [75]
EMG900 Light Hydrocarbon Oil FerroTec [75]
AO5 a immobilized Ferrofluidics [19]

a Dried agglomeration of iron oxide nanoparticles with nominal size of 10 nm with age of more
than three decades.

diameter (volume of 7.0 µL) are used as tracers in the MPS experiments. Signal is acquired
at the third harmonic of a 6.5 kA/m drive field applied at 70.5 kHz. We also examined the
apparent phase-sharpening effect exhibited by other particles (listed in Tab. 6.1) in MPS
experiments.

6.2 Results and Discussion

Figure 6.1 shows a selection of MP images reconstructed from a single particle response
data-set comprising measured signal magnitude and phase at the third harmonic of the
excitation frequency, as a function of FFP location. Data from each period of the FFP
motion are treated as an image frame, and 20 such consecutively acquired image frames
are averaged to generate the images that are displayed. A reference image, derived from a
photograph and reproduced at the same scale and orientation as the MP images, is also
displayed in Fig. 6.1a. This reference image shows the transverse extent of the volume
occupied by the tracer-filled solution inside Lodespin phantom 1.

A conventional representation of the MPI data similar to the images presented in previ-
ous chapters is shown in Fig. 6.1b. Here, prior to averaging, each image frame was formed
by mapping the full dynamic range of the magnitude of the detected emf Em (t) onto the full
extent of an 8 bit grey-scale in intensity. We refer to this conventional MPI representation
of data as a ‘magnitude-weighted’ image in this chapter in contrast to the ‘phase-weighted’
images that will be described below. The resulting image (Fig. 6.1b) is mildly blurred, but
clearly captures and conveys detailed information about the geometry of Lodespin phan-
tom 1 (Fig. 6.1a). Recall for scale that the ID of the tracer-filled channel in this phantom
is 0.58 mm.
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A series of ‘phase-weighted’ representations of the same MPI data is shown in Fig.
6.1c. The procedure used to generate these images is identical to that for the magnitude-
weighted image with one exception. Rather than simply working with the magnitude of the
detected emf we also make use of its phase. The acquired complex data are projected onto
the imaginary or quadrature axis of a reference frame that is itself phase shifted by an angle
φ relative to the source oscillator used to drive the excitation field. In other words, with
reference to Eq. 6.1, the image is formed employing the scalar quantity

EQ′(t) = Em(t) sin [θ (t)− φ]

= −EI(t) sinφ+ EQ(t) cosφ . (6.2)

The full (signed) dynamic range of this response is then mapped onto the full extent of
an eight bit grey-scale to determine image intensity. (Each image in the series could thus
have been generated from a recording of a single component of the phase-sensitive detector
output at some specified phase relative to a reference oscillator.)

The series of images in Fig. 6.1c reveals a clear qualitative trend in spatial blurring as
the phase of the demodulation reference is varied over approximately π rad. The sharpest
images in this sequence occur when φ is large and the least-sharp images occur when φ is
small. In particular the four distinct line segments of the phantom are clearly visible for
values of φ greater than approximately 1.3 rad, below which two of the segments merge with
one another. Note also that the sharpest images are consistent with a spatial resolution limit
that is substantially smaller than 1 mm. Meanwhile the highest apparent image contrast
relative to the background occurs for intermediate values of φ, and is clearly lower at either
extreme, at least down to φ = 0.93. Below this, a natural periodicity in the response
becomes apparent. If one compares the response at φ = 3.89 and φ = 0.75, they are
essentially identical apart from an inversion of shading. That is, light and dark regions are
interchanged. Note here that the conventional magnitude-weighted MP image (Fig. 6.1b)
is similar, both in terms of contrast and spatial resolution, to phase-weighted MP images
reconstructed with median values of φ, cf. φ = 2.32. Clearly, as long as one is willing to
sacrifice image contrast, significant improvements in spatial resolution can be realized by
using phase-weighting rather than magnitude-weighting.

Note that the decision to project data onto the quadrature axis of a reference frame is
both arbitrary and inconsequential apart from an overall phase factor. It merely reflects the
fact that in the absence of particle relaxation, imperfect tuning of electronic components,
and frequency dependent gain factors, one expects the emf induced in the detection coil to
be in quadrature with the oscillating current in the drive coil.

93



Figure 6.1: Lodespin phantom 1 and MP images; a) Reference image showing transverse
extent of SPN distribution, derived from a photograph; b) Magnitude-weighted MP image
of phantom generated from the third harmonic component of the detected emf; c) Series of
phase-weighted MP images as the phase φ (in rad) of the demodulation reference is varied.
All images are reproduced at the same scale and all MP images are generated from the same
data-set, as described in the text. The diameter of the FOV is 9.0 mm. Adapted from [39].
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Figure 6.2: Lodespin phantom 2 and MP images; a) Reference image showing transverse
extent of SPN distribution, derived from a photograph; b) Magnitude-weighted MP image
of phantom generated from the third harmonic component of the detected emf; c) Series of
phase-weighted MP images as the phase φ (in rad) of the demodulation reference is varied.
All images are reproduced at the same scale and all MP images are generated from the
same data-set, as described in the text. The diameter of the FOV is 9.0 mm.
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Figure 6.2 shows an analogous sequence of MP images of phantom 2. Again the phase
φ used to obtain different projections of the complex signal is varied. Here each image
represents the average of 19 image frames. Figure 6.2a shows a reference image of the
SPN distributions, derived from a photograph. The small isolated droplet of tracer material
located on the far left-hand side of the phantom which shows up as a very light shade of
grey has a lower concentration of SPNs than the rest of the phantom. The same trend in
resolution is observed as φ is varied, in Figs. 6.1 and 6.2. The small isolated tracer-filled
droplet is first barely resolved for φ smaller than 1.77. As φ increases this feature is resolved
better. Also beyond φ = 1.9 rad, the 0.6 mm gap between the centrally-located feature and
the main body of the phantom is clearly revealed. Meanwhile, the degradation in contrast
or CNR that accompanies the resolution enhancement is apparent.

We can quantify the resolution and CNR of the images in Fig. 6.1. Image resolution can
be estimated by the average full-width-at-half-maximum (FWHM) of intensity profiles per-
pendicular to the phantoms. Here the mean FWHM is obtained by examining and averaging
the FWHM of image intensity profiles along three transects perpendicular to segments of
the phantom, as illustrated in Fig. 6.3.

Figure 6.3: Left: An example of an image intensity profile along a particular transect,
indicated by the solid white line in the right image. The other two transects mentioned in
the text are indicated by dashed and dotted white lines. Right: Phase-weighted MP image
with φ = 3.71 from Fig. 6.1. Adapted from [39].

Figure 6.4 shows the average FWHM of the images shown in Fig. 6.1, employing the
transects shown in Fig. 6.3 as a function of φ. A systematic decrease in the mean FWHM
(corresponding to an increase in spatial resolution) occurs as the demodulation phase in-
creases toward φ=3.89 rad, at which point the mean FWHM is essentially equal to the ID
of the tracer-filled tube (indicated by the dashed line). Under these conditions the implied
width of the underlying point spread function (PSF) is clearly smaller. Conversely, a sys-
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tematic increase in FWHM occurs as the phase decreases toward φ=0.75 rad. An estimate
of the finest resolution that is achieved can be extracted from these data by comparing them
to numerical computations of image intensity profiles for model Gaussian-distributed PSFs,
accounting for phantom geometry and the symmetry of the selection field. When the FWHM
of the line profile is equal to the ID of the tracer-filled tube, we obtain an apparent root-
mean-square (RMS) PSF width of 0.14 mm, or equivalently a PSF-FWHM of 0.34 mm. As
a benchmark for comparison, this is a factor-of-five narrower than the apparent PSF width
observed by Arami et al. in their study of cylindrical phantoms; see figure S5 of Ref. [89].
Viewed from another perspective, the implied width of this distribution is narrowed to the
point at which it is approaching the typical uncertainty in the FFP location set by factors
such as the registration of optical rotation encoders (see App. A), and sampling rates.

Figure 6.4: Mean FWHM of intensity profiles as illustrated in Fig. 6.3 along transects per-
pendicular to the axis of Lodespin phantom 1. The horizontal dashed and dotted lines denote
the width of the phantom and the FWHM of the magnitude-weighted image, respectively.
Adapted from [39].

Meanwhile the CNR of the images shown in Fig. 6.1 can be estimated by examining
different regions of the image. We choose as a foreground region of interest (ROI) three
0.3 mm × 0.3 mm areas that overlap the mid-line of the phantom. And, we choose as a
background ROI three 0.6 mm× 0.64 mm areas located ‘far away’ from evident features of
the phantom. Both the foreground and background ROIs are shown in Fig. 6.5. The CNR is
then computed as the difference between the mean foreground and background pixel values
divided by the standard deviation of the background pixel values. Figure 6.6 shows the
CNR of the images shown in Fig. 6.1, computed as described above, as a function of φ. It is
maximum in the vicinity of φ=2.0 rad, and drops to zero at φ ≈ 0.75 rad and φ ≈ 3.89 rad.
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The slightly asymmetric shape of the CNR response curve is caused by harmonic distortion
in the final gain stage of the amplifier used to drive the oscillating current that produces the
excitation field. This gives rise to an emf at the third harmonic of the excitation frequency
that is imperfectly canceled by the balanced detection circuitry. In Chapter 4 an exploratory
description of the effect of this harmonic distortion on CNR and SNR was presented. For
reference the FWHM and CNR of the magnitude-weighted MP image are 1.3 mm and 250,
respectively.

Figure 6.5: Foreground (white filled squares) and background ROIs (black squares) used to
estimate CNR. The phase-weighted MP image with φ = 3.71 from Fig. 6.1 is displayed.
Adapted from [39].
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Figure 6.6: CNR of the phase-weighted MP images shown in Fig. 6.1 as a function of the
demodulation phase φ. The horizontal dashed line denotes the CNR of magnitude-weighted
image. Uncertainties are smaller than the symbol size. Adapted from [39].

We have observed behavior qualitatively similar to that shown in Figs. 6.1 and 6.2
for phantoms filled with a variety of different types of SPNs as summarized in Tab. 6.1.
Figure 6.7 shows three phase-weighted images for several of the SPNs listed in Tab. 6.1: one
with low resolution, one with high CNR, and one with high resolution. Similar to the cases
shown in Figs. 6.1 and 6.2, images with low and high resolutions (left- and right-panels)
have lower contrast compared to the images with median resolution labeled as having high
CNR (middle-panel). These low and high resolution images are reconstructed by employing
projections that are phase shifted by approximately ∓π/2 rad with respect to the projections
that yield high CNR images. Figure 6.7 also shows that different SPNs exhibit the phase-
sharpening effect to different extents. For example EMG705 shows much more variation
in resolution compared to EMG304. This is partly because the signals generated by these
particles (e.g., EMG304) are weaker and they vanish for a smaller phase shift.

As another example, Fig. 6.8 shows a set of images acquired from the micromod phantom
using an otherwise identical protocol to that employed for Fig. 6.1. Here the demodulation
phase is fixed to a value close to that which gives the maximum resolution and instead
the harmonic number n is varied. For the sake of comparison, images derived from the
amplitude of the detected signal are shown in the top row of the figure. Features in these
images are notably indistinct. The two parts of the phantom (separated by a 0.46 mm gap)
are not at all resolved when the third harmonic is employed, and are at best barely-resolved
when the fifth harmonic is used [40]. Significant improvements are realized when phase
weighting is employed instead, with the two parts of the phantom becoming visually distinct
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as shown in the middle row of the figure. Image intensity profiles across these features reveal
FWHMs of order 0.8 mm for both n = 3 and n = 5, consistent with the ID of the confining
tubes with an apparent PSF that is again much narrower. However, the CNR of the image
acquired using data acquired at the fifth harmonic exhibits qualitatively higher contrast
and quantitatively higher CNR (42 for n = 5 as opposed to 26 for n = 3). This is a trend
we have consistently observed. A figure-of-merit, that can be used to illustrate the extent to
which phase-weighting advances the state-of-the-art in MPI resolution, is the contrast with
which the gap between the two sources is resolved. In terms of the ratio R = (I − I0)/I,
where I and I0 represent the source and gap image intensities, we find R = 3/4 for n = 5
and R = 2/3 for n = 3 in figure 6.8c. Turning again to figure S5 of Ref. [89], we note that
the somewhat larger 0.6 mm gap between µL-scale sources examined by Arami et al. is
only barely resolved, with an intensity contrast ratio R ≈ 1/10. Images that are distinctly
sharper than those shown in figure 6.8c can be generated by advancing the demodulation
phase yet further relative to the phase that yields the highest CNR or SNR. These images
are characterized by apparent PSF FWHMs of order 0.3 mm, and reveal the gap between the
two circular sources with a figure of merit R approaching one. However, they also reveal the
formation of a ‘low image intensity’ artifact in the immediate vicinity of the two sources.
Incipient evidence for this effect can be seen in figure 6.8c. We attribute this artifact to
the detailed form of the underlying PSF and the simple mapping used to phase-project
and convert detected emfs to image intensity. In particular, this mapping is intended for
situations in which the PSF is a monotonically-decreasing function of distance. Finally, the
bottom row of the figure shows the same phase-weighted images after high-pass filtering to
further increase contrast.

Insight into the spatial sharpening effect illustrated in Figs. 6.1 through 6.8 is provided
by phase-sensitive MPS experiments, which directly reveal the magnitude and the phase of
SPN responses as a function of the magnitude of a spatially uniform applied field. As an
example, Fig. 6.9a shows the complex response of SPNs in a sample containing Perimag R©

particles [73] at the third harmonic of a 70.5 kHz excitation field, for the case where the
static field Hdc and the excitation field Hac are orthogonal and the detection coil is sensitive
to time-varying magnetic flux colinear with the excitation field. It is immediately evident
that the magnitude of the SPN response (black curve) is suppressed as Hdc is increased. It
is this effect that is responsible for contrast in the magnitude-weighted MP images (shown
in Figs. 6.1b, 6.2b, 6.8a, and all the images shown in previous chapters). Simultaneously,
the phase of the oscillating magnetization (blue curve), which is delayed with respect to the
excitation field, advances asHdc is increased. Both effects are consistent with the tendency of
SPN relaxation rates to increase as the static magnetic field strength is increased [68, 71, 72].
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Figure 6.7: From left to right: phase-weighted MP images with low resolution, high CNR
and high resolution acquired from phantoms filled with some of the tracer materials listed
in Tab. 6.1.
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Figure 6.8: micromod phantom and MP images; a) schematic plan (left) and side views
(right) of two parallel and adjacent 0.76 mm ID by 1.22 OD tubes (indicated by dotted
outlines) each confining 0.3 mm-long slugs of tracer-filled solvent; b) Magnitude-weighted
MP images of phantom generated from the third (left) and fifth (right) harmonic compo-
nent of the detected emf; c) Phase-weighted MP images generated from the same data-set
employing a phase that is within 0.1 rad of the phase that yields the maximum apparent
resolution. d) Example of contrast enhancement obtained by applying a high-pass spatial
filter to the phase-weighted MP images. All images are reproduced at the same scale. The
diameter of the FOV is 9.0 mm. Reprinted from [39].
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Figure 6.9: MPS response of the micromod sample at the third harmonic of a 70.5 kHz
excitation field applied orthogonal to the static magnetic field Hdc. The receive coil is
oriented to pick up the component of the SPN response that is colinear with the oscillating
field Hac. Panel (a) shows the amplitude (black) and phase (blue) of the detected emf
as a function of Hdc. Panel (b) shows projections of the complex SPN response onto the
quadrature axis of three reference frames that are phase shifted with respect to the drive
oscillator by specified angles. These responses are normalized such that the full dynamic
range of the response is mapped onto the interval [0,1]. The width at half maximum ∆Hdc

of each curve characterizes the nominal spatial resolution attainable in phase-weighted MP
images. Panel (c) shows ∆Hdc as a function of φ, and panel (d) shows the corresponding
relative peak amplitude (or dynamic range) of the response. The points indicated by symbols
correspond to the widths and relative amplitudes of the three specific examples of phase-
weighted response curves highlighted in panel (b), and the dashed horizontal lines indicate
the width and relative amplitude of the magnitude response curve when it is normalized in
the same manner. Reprinted from [39].

Figure 6.9b shows projections of the complex SPN response onto the quadrature axis
of three reference frames Si that are phase shifted with respect to the drive oscillator by
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specified angles φi. Rather than plotting the signed amplitude of the detected emf, we offset
and normalize each response so that the full dynamic range of the response is mapped onto
the interval [0,1]. This is analogous to the procedure used to generate the phase-weighted
MP images in Figs. 6.1, 6.2, 6.7 and 6.8. In the same way that the width of the magnitude
response curve in Fig. 6.9a provides a measure of the spatial resolution that is nominally
attainable in a magnitude-weighted MP image [40], the width of the projected response
curves in Fig. 6.9b provides a measure of the spatial resolution attainable in phase-weighted
MP images. As was discussed in Chapter 5, one would expect the minimum resolvable feature
size to be of order ∆Hdc/G where ∆Hdc is the width-at-half-maximum of the translated
and normalized response curve and G is the selection field gradient. Clearly, significant
variations in spatial resolution are anticipated as φ is varied. Moreover, these data predict
that appropriately phase-weighted MP images should yield substantially higher resolution
than magnitude-weighted images. Closer inspection of the response curves in Fig. 6.9b
reveals that the SNR also depends on the projection angle φ. These trends are summarized
in Figs. 6.9c and 6.9d. Figure 6.9c shows the width ∆Hdc of the measured phase-weighted
response curve for all values of φ, and Fig. 6.9d shows the corresponding relative peak
amplitude (or dynamic range) of the response. Also shown on these plots are symbols
indicating the widths and relative amplitudes of the three phase-weighted response curves
shown in Fig. 6.9b, and dashed horizontal lines indicating the width and relative amplitude
of the magnitude response curve (Fig. 6.9a) when it is translated and normalized in the
same manner.

Striking similarities exist between the trends plotted in Fig. 6.4 and Fig. 6.9c and again
between those plotted in Fig. 6.6 and Fig. 6.9d, despite the fact that the experiments,
the experimental parameters, and the samples are different in the two cases. These corre-
spondences are not coincidental. They are governed by the complex response of the SPN
magnetization to combined oscillating and static magnetic fields, and in particular they
reveal variations in the SPN relaxation rate as the static magnetic field strength is changed.

To understand these correspondences, it is useful to construct phasor diagrams sum-
marizing the evolution of the emf detected during phase-sensitive MPS experiments as the
static magnetic field strength is varied. Examples of three such diagrams are shown in Fig.
6.10, and are based the measured response of micromod Perimag R© particles cf. Fig. 6.9a.
In each case the condition corresponding to Hdc = 0 is indicated by an open circle and the
trajectory of the complex emf along this parametric curve as Hdc is increased is indicated
by an arrow. The distinction between the three examples is simply that the demodulation
phase φ is different for each case. In other words, the same trajectory is shown as a solid
curve in three different rotating reference frames labeled S1 through S3, and distinguished
by demodulation phases φ3 > φ2 > φ1. For reference, this trajectory is also shown as it
would appear in reference frames with demodulation phases φ1 + π through φ3 + π. And,
as before, we adopt the (arbitrary) convention that the MPS signal strength (or MP im-
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age intensity) is derived from the (signed) quadrature component of the response in each
reference frame.

Figure 6.10: Phasor representation of induced emf as the intensity of the static magnetic
field Hdc is varied, and as viewed from rotating reference frames Si that are shifted relative
to the drive oscillator by phase angles φi ± 2kπ or φi ± (2k + 1)π. The labels Ii and Qi

denote the in-phase and quadrature components of the detected signal, respectively, in the
corresponding reference frame. Open circles indicate the condition Hdc = 0 and arrows
indicate the sense in which the trajectory is followed as Hdc increases. Tick marks along the
trajectory indicate equal increments of Hdc and solid circles indicate the point at which the
magnitude response curve falls to half of its maximum value. Projection of the induced emf
onto the quadrature axis of the reference frame (for MP imaging or for MPS characterization
of SPN responses) yields substantially different results as φ is varied. In case (a) a relatively
large increase in Hdc is required before the signal amplitude drops to half of its maximum
value, as indicated by dotted lines. This yields the lowest resolution MP images and/or
broadest MPS response curves. In case (b) a smaller increase in Hdc is required for the
signal amplitude to drop to half-its maximum value, but the amplitude of this response is
maximized. This yields higher contrast MP images with better resolution (or higher SNR
MPS response curves with narrower widths) than in case (a). In case (c) a relatively small
increase in Hdc causes the signal amplitude to drop to half of its maximum value, and yet
larger fields largely suppress the detected emf. This situation yields the highest contrast MP
images and narrowest MPS response curves. Note the qualitative correspondence between
the color-coded trajectories shown in this figure and the data presented Panels b through
d of figure 6.9. Reprinted from [39].

Several aspects of the trajectories in Fig. 6.10 merit discussion. First, it is clear that the
amplitude of the signal is maximum when the emf trajectory lies predominantly along the
quadrature (Q) axis of the reference frame as it does in Fig. 6.10b, and minimum when it lies
predominantly along the in phase (I) axis as it does in Figs. 6.10a and 6.10c. More subtle is
the field dependence of the SPN relaxation rate, which causes the phase of the detected emf
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to advance as Hdc increases. As a result the emf trajectories are curved rather than being
simple radial lines. And, when these curved trajectories are projected onto the quadrature
axis of the reference frame, an important asymmetry arises. In particular, a larger static field
Hdc must be applied to reduce the projected amplitude of the SPN response to half of its
maximum response in the scenario depicted in Fig. 6.10a relative to the scenarios depicted
in Figs. 6.10b or 6.10c. Similarly, a larger static field must be applied to reduce the projected
amplitude of the response shown in Fig. 6.10b to half of its maximum value relative to the
situation shown in Fig. 6.10c. (Equivalently, the path length along the trajectory from the
solid circle to the point at which the projection along Q drops to half of its maximum value
is longest in Fig. 6.10a and shortest in Fig. 6.10c.)

The three scenarios outlined in Fig. 6.10 mirror the conditions illustrated by the three
phase-sensitive MPS response curves highlighted in Fig. 6.9b. And, as the demodulation
phase φ is varied between these three specific conditions, the full MPS response curve width
∆Hdc and relative peak amplitude maps depicted in Figs. 6.9c and 6.9d are recovered. Note
in passing that the projection of the MPS response curve onto the quadrature axis is multi-
valued for some demodulation phases, such as the case φ = 1.6 rad in Fig. 6.9b. This leads to
short intervals in φ over which the MPS response curve width and relative peak amplitude
are ill-defined; the boundaries of these intervals are indicated by vertical dashed lines in
Figs. 6.9c and 6.9d. In the context of phase-sensitive MPI, as discussed below, one would
expect the multi-valued nature of the response for certain ranges of demodulation phase to
lead to the formation of image artifacts. The three scenarios outlined in Fig. 6.10 also mirror
conditions generated by the selection field during acquisition of the data used to produce
the sequence of phase-sensitized MP images shown in Fig. 6.1, albeit with an important
distinction. The images reflect the simultaneous superposition of SPN responses from all
particles in the phantom, and so both the strength and the phase of local contributions
to the response depend on the location of SPNs relative to the FFP. If the demodulation
phase φ is set to mimic the conditions of Fig. 6.10a, responses of similar magnitude will be
detected from SPNs distributed over a broad range of distances from the FFP; the resulting
image will tend to be both faint and spatially blurred, as is the case for image with the
value of φ = 0.93 in Fig. 6.1. If instead φ is set to replicate the conditions of Fig. 6.10b,
much stronger responses will be recovered from SPNs located close to the FFP, and the
resulting image will tend to be more intense and better resolved, as is the case for the image
with φ = 2.32 in Fig. 6.1. However, if φ is set to mimic the conditions of Fig. 6.10c, SPN
responses will tend to be much more localized to the vicinity of the FFP; the resulting
image will again be faint in relative terms, but it will be spatially sharper than either of
the preceding examples, as is the case for images with the largest values of φ shown in Fig.
6.1. This is the essence of the phase-dependent spatial sharpening effect we report.

With this picture in mind, quantitative differences between the trends plotted in Fig. 6.4
and Fig. 6.9c and again between those plotted in Fig. 6.6 and Fig. 6.9d are easier to reconcile.
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First, the FWHM and CNR of MP images reflect the superposition of contributions of
different strength from sources distributed throughout the phantom while contributions to
the width and relative peak amplitude of MPS responses (Figs. 6.9c and 6.9d) are nominally
uniform. Thus, there is no a priori reason to expect more than qualitative correspondence
between these quantities. Second, the absolute demodulation phases recorded in our MPI
and MPS experiments are sensitive to a number of parameters that are not necessarily
controlled to a high degree of precision over long periods of time, nor are they characterized
to a high degree of accuracy for any particular measurement. Despite this uncertainty, the
framework presented in connection with Fig. 6.10 makes it clear that the key parameter
underlying the phase-sharpening effect is in fact the relative demodulation phase, which is
controlled to much better than 1 degree over the timescale of any individual measurement.
Moreover, this is a parameter that can always be adjusted after the fact as long as both
the magnitude and the phase of particle responses are recorded. Third, the SPNs used to
generate the two datasets are different and thus one naturally expects the detailed form
of the corresponding complex MPS emf trajectories (cf. Fig. 6.10) to also be different. In
practice, however, the MPS trajectories exhibited by the LodeSpin and micromod samples
are qualitatively similar and so it is not a surprise that their phase-sensitized MPI responses
are also similar. In fact, the complex MPS emf trajectories of all particle systems that we
have examined to date are curved in the same sense as in the example presented in Fig.
6.10, consistent with a relaxation rate that increases as the static magnetic field strength
is increased. It is simply the degree to which these trajectories are curved, and the precise
manner in which the curvature evolves as the static field is applied that varies from one
particle system to another. This variation is illustrated in Fig. 6.11 which shows normalized
MPS trajectories for 9 of the 11 tracer materials listed in Tab. 6.1. Particle trajectories
exhibiting more curvature at low static field strengths such as LS-008 and Perimag R© will
show stronger phase-sharpening effects and higher rates of resolution improvement for the
same phase shifts in MP images. Moreover, we have observed that similar behavior persists
in Perimag R© particles for up to two years after their nominal expiry date. Future analysis
and characterization of complex MPS trajectories analogous to the one shown in Figs. 6.10
and 6.11 will inform the optimization of particle responses and signal conditioning protocols
for phase-weighted MPI.

Figure 6.12 shows another set of MPS response data for Perimag R© particles, plotted
and analyzed in a manner analogous to that shown in Fig. 6.9. The only difference here
is that the static and oscillating magnetic fields are now parallel. The detection axis is
still colinear with the excitation field, as it was in Fig. 6.9. Here, we can observe similar
trends indicative of a phase sharpening effect. Figure 6.12a shows the complex response of
particles at the third harmonic of a 70.5 kHz excitation field. The phase (blue curve in Fig.
6.12a) is also plotted to explicitly show the π phase shift associated with the sign change in
particle response. The difference between the signal phase at Hdc=0 in Figs. 6.9a and 6.12a
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is mainly because of mechanical displacement of the coils. Otherwise we would expect to
observe precisely the same absolute value for the phase at Hdc=0 in the two cases.

Figure 6.11: Examples of complex MPS emf trajectories recorded at the third harmonic of
a 6.5 kA/m drive field applied at 70.5 kHz. The data are normalized so that the real and
imaginary components of each trajectory are 1 and 0, respectively, when the static magnetic
field Hdc = 0 kA/m. Each trajectory then advances toward the origin as Hdc increases, as
indicated by the arrow. Tick marks denote 2 kA/m increments in Hdc, and solid circles
indicate the point at which Hdc is equal to the width of magnitude response curve. From
top-to-bottom the trajectories correspond to data acquired from aqueous solutions of LS-
008 (black), Perimag 102-00-132 (blue), EMG 508 (red), EMG 700 (brown), and EMG 705
(green). See Tab. 3.1 for specification of the quantity of iron in each sample.
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Figure 6.12: MPS response of micromod Perimag R© at the third harmonic of a 70.5 kHz
excitation field applied parallel to the static magnetic field Hdc. The receive coil is oriented
to pick up the component of the SPN response that is colinear with the oscillating field Hac.
Panel (a) shows the amplitude (black) and phase (blue) of the detected emf as a function
of Hdc. Panel (b) shows projections of the complex SPN response onto the quadrature
axis of three reference frames that are phase shifted with respect to the drive oscillator by
specified phase angles. These responses are normalized such that the full dynamic range
of the response is mapped onto the interval [0,1]. The width at half maximum ∆Hdc of
each curve characterizes the nominal spatial resolution attainable in phase-weighted MP
images. Panel (c) shows ∆Hdc as a function of φ, and panel (d) shows the corresponding
relative peak amplitude (or dynamic range) of the response. The points indicated by symbols
correspond to the widths and relative amplitudes of the three specific examples of phase-
weighted response curves highlighted in panel (b), and the dashed horizontal lines indicate
the width and relative amplitude of the magnitude response curve when it is normalized in
the same manner.

Figure 6.12b shows projections of the detected signal onto the quadrature axis of three
reference frames Si that are phase shifted with respect to the drive oscillator by specified
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phases φi. The width of these curves is shown as a function of drive oscillator phase over the
range φ = 0 to 2π in Fig. 6.12c. The measured widths of the magnitude responses (dashed
line in Fig. 6.9c and dash-dotted line in Fig. 6.12c) are 5.9 kA/m and 4.0 kA/m in the perpen-
dicular and parallel cases, respectively. This suggests that better magnitude-weighted MP
image resolutions ought to be possible at the third harmonic of the fundamental when the
static and time-varying fields are parallel rather than perpendicular. When phase-weighted
MP images are generated significant variations in width and resolution are observed as φ
is varied, as was the case in Fig. 6.9c. However the extent and rate of change in width are
smaller in the parallel field case (Fig. 6.12c) compared to the orthogonal field case (Fig.
6.9c). Figures 6.9c and 6.12c indicate that despite the fact that magnitude-weighted im-
ages yield narrower curves (and hence better resolutions) in the parallel field case the same
widths (and hence the same resolutions) are achievable in the phase-weighted images for
both cases. For example, the width of the curve labeled φ=4.2 rad in Fig. 6.9b is about
the same as the width of the curve labeled φ=1.3 rad in 6.12b, and both (indicated as blue
triangles in Figs. 6.9 and 6.12) are phase shifted by 1.3 rad relative to the phases that yield
the maximum CNRs and median widths. The latter are 5.6 kA/m and 4 kA/m (indicated
as red circles in Figs. 6.9 and 6.12) for the perpendicular and parallel cases, respectively.

The phase-sensitive MPS experiment conducted in the parallel field configuration illus-
trates the possibility of generalizing the phase-weighting approach to other MPI scanners
with parallel static and time-varying fields. It would be an interesting experiment to in-
vestigate the effect of field orientations on phase-weighted MP images in an MPI scanner.
Note that we are not able to compare phase-weighted MP images for the two cases as the
static or selection field in our scanner is perpendicular to the excitation field as the device
is currently configured.
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Chapter 7

Summary, Conclusion, and
Prospects for Future Investigations

7.1 Summary and Conclusion

The conventional approach to MPI involves using current-driven magnetic fields to drive the
FFP through the FOV at fast rates [3, 9, 32, 15]. The signals that are generated result from
the non-linear response of the SPN magnetization to the transient passage of the FFP along
its trajectory. The amplitude of the fields used to drive the FFP then determines the field-of-
view (FOV) simply because a stronger magnetic field is needed to push the FFP further away
from its equilibrium position. The frequency of these drive fields determines both the scan
rate and the temporal resolution of the images. Conventional MPI scanners operate with
approximately 25 kHz drive fields and achieve temporal resolutions amounting to several
frames per ms. High spatial resolution and high signal-to-noise ratio images are then realized
by combining intense selection field gradients with large amplitude, high frequency drive
fields. These parameters cannot be increased without bound; they are generally constrained
by technical limitations or health safety considerations, such as specific absorption rate
(SAR) and peripheral nerve stimulation (PNS). These types of issues are key challenges
that need to be faced if human-scale MP images are to become a reality.

In this thesis, I investigate an alternative approach to MPI in which the FFP movement is
slow compared to those implemented in conventional MPI systems. This leads to much lower
scan rates and temporal resolutions, but in return one gains a great deal of experimental
flexibility. The scanner described in Chapter 2 is a prototype that uses permanent ring
magnets to create a radial selection field of 6.7 MA/m2 and mechanical rotations of Halbach
arrays to displace the FFP at slew rates that are orders of magnitude slower than those
employed in conventional MPI systems. The Halbach arrays consist of circular arrays of
permanent magnets arranged so as to generate uniform magnetic fields transverse to the
imager axis. The fields of two concentric Halbach arrays are the same and are superimposed
to generate a drive field that varies between 0 and 2×Ht as the arrays are rotated in opposite
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directions and at slightly different rotation rates. The superposition of the Halbach fields
and the selection field causes the FFP to be displaced away from the geometrical center
of the apparatus and to follow a multi-lobe Rose pattern trajectory, yielding a FOV of
9 mm. The position of the FFP is inferred from measurements of the angular orientation
of the Halbach arrays made by optical rotation encoders. Meanwhile harmonic generation
is induced by a current-driven excitation field applied at a frequency that is much higher
than the characteristic rate at which the FFP traverses the FOV, but which is otherwise
arbitrary. Phase-sensitive detection of the emf induced in a colinear detection solenoid
is accomplished using lock-in amplifier. Simple characterization studies performed using
phantoms filled with different concentrations reveals that the imager response to tracer
material is linear, as expected.

By decoupling the functions of FFP manipulation and particle excitation, we acquire an
extra degree of freedom that enables us to examine the effect of excitation field and frequency
on image characteristics without changing either the FOV or the scan rate. Changes to the
excitation frequency simply require changing the tuning of circuit elements on the drive
and detection sides of the circuit as currently configured. This can be done over the range
62.5 kHz to 134.5 kHz simply by changing the number of capacitors. Studies described
in Chapter 4 show that the amplitude of the signal that is detected increases with the
excitation field strength.

While MPI system design and image reconstruction play an essential role in producing
an image, image quality is ultimately determined by the response and characteristics of the
SPNs themselves, which I refer to qualitatively as their ‘performance.’ Here, MPI perfor-
mance refers primarily to the amplitude of the signal that is generated and the manner
in which that amplitude depends on an applied quasi-static magnetic field. Both signal
strength and image resolution increase with the size of the nanoparticles employed until a
maximum size is reached after which both decrease [83, 24]. In Chapter 3, we examine MPI
performance of different commercially available SPNs [75, 73, 74]. This was done using a
purpose-built phase-sensitive MPS system as well as our MPI scanner. The outcome of this
investigation is that we identified two sample materials (polyethyleneglycol-coated tracer,
manufactured by Lodespin Labs, product code LS-008 [74] and Perimag R© nanoparticles
in a dextran matrix manufactured by micromod Partikeltechnologie, product code 102-00-
132 [73]) that perform substantially better than the rest. We also find a strong correlation
between signal strength and localization of SPNs; particles that give rise to stronger signals
(per mass of iron) yield better spatial resolutions in MP images. We use the two samples
identified in this survey for most of the subsequent experiments that are presented.

The linear speed of the FFP in our scanner, as I operate it, is of order 3 cm/s. This is
much slower than the linear speed of the FFP in conventional scanners which is typically
of order 2400 m/s [24]. The fact that our FFP moves so slowly enables the use of narrow
bandwidth detection schemes. The 100 Hz bandwidth employed in many of our studies is
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much narrower than the 500 kHz bandwidth employed in some MPI scanners [24]. This
enables more sensitive detection as less noise is admitted by the detection system.

A key advantage of our narrow-band detection scheme is that it readily permits mon-
itoring of arbitrary harmonic components of particle responses. In Chapter 5, we use this
advantage of our scanner to acquire a series of images in which different harmonics of the
SPN response are detected and used to generate images. These images show that the spa-
tial resolution improves as higher harmonic components of the response are employed. This
means that these higher components are more localized in space relative to the FFP.

We use MPS experiments to help understand the underlying phenomena that cause the
resolution improvement that occurs when higher harmonics of the SPN response are used.
In the MPS experiments described in Chapter 5, particles are excited by a fixed amplitude
time-varying excitation magnetic field at frequency 70 kHz while a static magnetic field is
increased parallel or perpendicular to the excitation field. Results indicate that applying
the static field suppresses particle responses, as the magnetic moments of particles tend
to align with the total field. The rate at which the signal degrades as the strength of the
applied field is increased determines the spatial resolution in MP images. MPS experiments
show that this rate is faster for higher harmonics and therefore images generated using
these high frequency components exhibit better resolution. We also observe that SPN re-
sponses are qualitatively different when the static field is applied parallel (configuration 1)
or perpendicular (configuration 2) to the excitation field. For both configurations, we use
a detection system that is sensitive to the SPN response along axes that are both parallel
and perpendicular to the excitation field. In configuration 1, the signal detected by coils
that are colinear with the excitation field contains both odd and even harmonics. The en-
velope of the signal amplitude at odd harmonics of the fundamental is suppressed as the
static magnetic field strength increases and the MPS response curve contains an increasing
number of zero crossings as the harmonic number is increased. These zero crossings may
cause edge ringing artifacts in MP images [110]. In configuration 2, the signals detected by
coils that are colinear with the excitation field only contain odd harmonics. The amplitude
of these signals gradually decreases without any zero crossings. Since the static field in our
scanner is perpendicular to the excitation field, we do not observe edge ringing artifacts
in our MP images when they are reconstructed using the magnitude of SPN response. We
observe higher dynamic range signals in configuration 1 if phase-sensitive detection is em-
ployed. This yields higher signal to noise ratios in scanners that use this type of combination
of static and oscillating fields.

As part of our investigation of SPN responses, we also simulated the magnetization
response of particles using a simple model in which their magnetization follows the applied
field adiabatically. The predictions generated by these computations yield narrower curves
for SPN responses compared to data from MPS experiments. We hypothesize that these
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narrower curves are the result of neglecting relaxation effects since relaxation tends to
broaden the point spread function [13, 59].

The investigation of SPN responses as a function of harmonic number reinforces the
notion the relative orientation of static and time-varying fields is an important consideration
in designing an MPI or MPS scanner similar to the one we have developed. Devices in
which the static field is parallel to the excitation field exhibit different SNR and resolution
compared to ones with the orthogonal static and excitation fields. These investigations also
show that higher resolutions ought to be achievable in all cases if high harmonic components
are employed in reconstructing images.

Another benefit of a narrow band system is that it is readily compatible with phase-
sensitive detection of the complex emf associated with the SPN magnetization response.
Chapter 6 investigates an approach to improve the spatial resolution of MP images through
the use of this complex information which is influenced by particle relaxation and ultimately
depends on magnetic field strength. The magnetic moments of SPNs are not able to follow
the excitation magnetic field instantly and lag behind it because of relaxation. This delay in
particle response appears as a phase shift with respect to the phase of the excitation field.
In general SPN relaxation depends on diverse environmental factors and tracer properties.
A key parameter that increases particle relaxation rates, and hence changes the phase of
the induced signal, is the applied static (or quasi-static) magnetic field strength [62, 55, 65,
66, 67, 68]. The dependency of the phase of the SPN signal on static field can be mapped
onto the selection field in MPI and thereby onto a spatial coordinate system. This leads
to changes in the spatial resolution of images generated from projected complex emfs. In
practice, we use narrow-band phase-sensitive detection techniques to monitor the complex
emf generated by SPNs in our MPI scanner. These complex data are projected onto the
imaginary or quadrature axis of a reference frame that is itself phase shifted by an angle
φ relative to the source oscillator used to drive the excitation field. And finally, images are
formed by correlating phase-projected emfs with the FFP location. We refer to MP images
generated with large phase shifts relative to the phase that yields the highest CNR as
phase-weighted images. In contrast with phase-weighted images, we refer to images that are
reconstructed by mapping the full dynamic range of the magnitude of the detected emf onto
eight bit grey-scale images as ‘magnitude-weighted’ images. In Chapter 6, we present several
phase-weighted MP images acquired using a variety of different SPNs and SPN clusters that
demonstrate significant improvement in spatial resolution relative to magnitude-weighted
MP images. Specifically, MP images with resolutions of order a few hundred micrometers
are obtained and presented in this chapter. Results show that the increase in resolution
is accompanied by a degradation in contrast, to the point where reconstructed images
effectively vanish under approximately the same conditions where the highest resolutions
are observed.
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In Chapter 6, we also use our MPS system to inform our study of spatial sharpening in
MP images. These MPS experiments directly reveal the magnetic field dependence of the
phase of the signal that is generated. They show that the amplitudes of the MPS response
that are projected onto different reference frames decrease with different rates. The width of
these projected response curves can be interpreted as measure of the spatial resolution of MP
images and therefore various projections of the complex signal exhibit different resolutions.

The investigation of SPN phase responses introduces and illustrates a powerful protocol
for resolution enhancement using phase information. This procedure can be done in real time
by adding a phase shift to the reference signal used by the lock-in amplifier and selecting
one of its quadrature outputs for image reconstruction. Or it can be done at any later
point in time (post processing) using a simple transformation as long as data are stored in
their complex format. In principle these methods ought to be applicable to MPI and MPS
experiments conducted with arbitrary orientations of the parallel or orthogonal static and
excitation fields, as long as a phase-sensitive detection is employed.

7.2 Future Prospects

The work presented in this thesis represents the first attempt to develop and operate an MPI
scanner in which the excitation field and the FFP manipulation fields are decoupled. This is
accomplished using a combination of current-driven magnetic fields for particle excitation
and mechanical rotations of Halbach arrays for FFP manipulation. It demonstrates the
feasibility of constructing such a scanner and has illustrated a few of its capabilities. Several
aspects of the work that has been presented have been exploratory in nature, and can be
improved, or suggest new avenues of inquiry for further study. For example a scanner with a
much larger FOV constructed along these lines also might be possible for in vivo imaging. As
was discussed in Chapter 2, our prototype scanner provides a larger FOV of 18 mm. To take
full advantage of this capability one would have to redesign some of the internal components
of the scanner (including the drive and detection coils and associated support structure).
This would require considerable effort, and one might instead consider constructing a system
with larger diameter and stronger Halbach arrays. This would in turn provide a larger FOV
with sufficient physical space to fit other required components.

A consequence of decoupling the processes of FFP manipulation and SPN excitation is
that we are able to use this device to explore spatial resolution as a function of excitation
field amplitude without influencing FOV, as one is forced to do in conventional MPI scan-
ners. This could be an interesting study for future investigation, particularly since recent
studies indicate that spatial resolution improves as drive field amplitudes are reduced [111].
Low amplitude, high frequency SPN excitation fields combined with high amplitude, low
frequency FFP drive fields may provide new avenues of opportunity for device size scaling.
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The electronics on both the drive and receive sides of our prototype apparatus could be
improved to increase sensitivity. On the drive side, it would be advantageous to replace the
RF amplifier with a higher power and more linear device to reduce harmonic distortion.
With a higher power amplifier, we could apply stronger excitation fields to generate stronger
particle responses with higher harmonic content. If this was to be done, the Litz wire
excitation coil and cooling system would have to be modified to accept higher currents
without over heating. One could also introduce a more complex geometry, compared to the
simple solenoid, for excitation to provide magnetic field parallel or perpendicular to the
static field. This would provide a flexible arrangement of excitation and static field and
enabling one to compare SPN responses and images acquired under different configurations
in the same MPI scanner.

Other parts of the existing drive circuit could be redesigned to increase power transfer
and spectral purity of the drive current. For example the impedance matching network used
in this work is a transformer in which the number of turns in the primary and secondary
coils are optimized to achieve maximum power transfer at 76 kHz. A more sophisticated
network that provides a uniform response over a desired range of frequency would facilitate
better quantitative studies in which the frequency response of SPNs in our scanner are
investigated (as was attempted in Chapter 4). A more complex band-pass filter (e.g., higher-
order filters compared to the current one-pole filter) would help to reduce unwanted higher
harmonic components in the drive current. An important consequence in making any such
modifications is that whatever components are employed, including passive components,
they must be operated in a linear regime.

Several aspects of the circuit employed on the receive side of our prototype scanner
could also be improved to increase the flexibility and sensitivity of the detection system.
For example, the detection coil could be adapted so that it is able to pick up particle
responses in the radial direction parallel to the static selection field. Our MPS experiments,
discussed in Chapter 5, indicate the potential availability of a relatively strong signal in
this configuration. This signal might be used in imaging if it was detected. The sensitivity
of the detection coil could also be improved by increasing the number of turns employed.
Employing a high dynamic range low-noise amplifier, improving electromagnetic shielding,
and decoupling of cross talk between the drive and receive chains could also help to improve
sensitivity.

It would be useful to invest time in upgrading the LabView script that communicates
with the lock-in amplifier to enable capabilities for real-time mapping and data manipulation
data as well as an image processing toolbox to average and smooth mapped images. At the
moment these operations are performed off-line using another program such as Origin or
MATLAB, which is a time consuming process.

One drawback of our current MPS apparatus is that the excitation and receive coils
require mechanical reorientation from time to time to maintain their alignment. This limits
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the reproducibility of data and causes some degree of inconsistency in our experiments from
time to time. The apparatus could be improved by constructing a set of excitation coils that
could apply a time-varying magnetic field in an arbitrary direction with no mechanical dis-
placement involved. This would enable robust MPS experiments that probe the magnitude
and phase behavior of SPN responses along different axes.

The study of the influence of the phase response of SPNs on image quality, presented in
Chapter 6, is an intriguing and promising line of inquiry that needs further investigation.
For example, we only studied the influence of phase of the SPN signals under conditions
where the relative orientation of the static and time-varying fields was fixed. An initial
investigation in which a rotating time-varying magnetic field was imposed on the SPNs was
conducted during the course of my studies and showed that the phase of the acquired signal
in an MPS experiment is very sensitive to the experimental parameters such as the applied
time-varying and static field and their relative orientations. A study along this road would
require a robust apparatus that accurately sets these parameters and enables careful and
reproducible characterization of the phase of SPN signal.

Finally our treatment of the spatial sharpening effect in Chapter 6, the manner in which
it is driven by field dependent particle relaxation rates, and the choice of demodulation phase
was qualitative, but it does provide a foundation for developing future quantitative models.
A proper model for the point spread function of phase-sensitized MP images would help to
quantify the spatial resolution one is able to realize. These models would in turn facilitate
efforts to select and optimize particle responses for phase-sensitive MPI. They would simi-
larly enable the development of more sophisticated methods for phase-sensitive MP image
reconstruction (such as appropriate point spread function deconvolution) and artifact as-
sessment. And, they may reveal connections or synergies with other relaxation-based MPI
probes of local environments ranging from viscosity to chemical binding states [116].
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relaxation in ferrofluids,” Journal of Magnetism and Magnetic Materials, vol. 149,
no. 1, pp. 42 – 46, 1995.

[55] R. J. Deissler, Y. Wu, and M. A. Martens, “Dependence of Brownian and Néel re-
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Appendix A

Adjusting Angular Orientation of
Rotation Encoders

The two data sets detected by the optical encoders must be registered to identify the spatial
position of the FFP. This is done using two parameters ‘Phase adjust’ and ‘ph-hal-zero’
which control the relative initial angle of the two detectors and the rotation angle of the
image in space, respectively. The FFP coordinates that are normalized to the range [-1, 1]
are calculated from

x = [cos (θi + φ1 + φ2) + cos (θo + φ2)] /2
y = [sin (θi + φ1 + φ2) + sin (θo + φ2)] /2.

(A.1)

Here, θi and θo are the angles in radians registered by the inner and outer optical encoders
and φ1 and φ2 are the Phase adjust and ph-hal-zero angles respectively. From Eq. A.1 one
can understand the importance of the ‘Phase adjust’ parameter. If this is not set accurately
the image is distorted. This is because the calculated position of the FFP won’t match
its ‘actual position’ in the FOV. Figure A.1 shows a sequence of images in which different
angles expressed in radians are used for ‘Phase adjust.’ The nominal ‘Phase adjust’ value
of zero corresponds to the condition in which the reconstructed image best resembles the
phantom. The image is visibly distorted even with a 0.1 rad offset providing an estimate
for the uncertainty to which the parameter ‘Phase adjust’ can be set. This in turn leads to
an uncertainty of order 0.22 mm in the absolute FFP position.

Figure A.1: ‘Phase adjust’ (in rad) sets the initial relative angles of two cylinders.
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