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ABSTRACT

Part I: Magnetic Particle Imaging for Human Functional Neuroimaging
While Magnetic Resonance Imaging (MRI) has revolutionized diagnostic imaging since its
clinical introduction in the 1980s — primarily focusing on hydrogen nuclei — it remains
fundamentally limited by the weak nature of nuclear spin magnetism. For example, functional
MRI (fMRI) provides valuable insights into brain activity through BOLD signaling, but its
limited sensitivity and reliance on indirect physiological measures often necessitate large
subject pools for meaningful analysis. In contrast, Magnetic Particle Imaging (MPI) utilizes
the much stronger magnetism associated with superparamagnetic iron oxide nanoparticles
(SPIONs), and by minimizing background signal levels which are not modulated by functional
activity, it offers a promising alternative. However, there are no approved SPION tracers for
human use that are well-suited to MPI, and we have little experience scaling this technology
up to human-sized imagers. This thesis therefore demonstrates a human-scale MPI
scanner using functional MPI (fMPI) in non-human primates and assesses its
potential for future human studies. Additionally, we investigate safety aspects of MPI,
specifically focusing on peripheral nerve stimulation (PNS) induced by the 25 kHz magnetic
excitation fields used in MPI. Because this is a higher frequency than those used by MRI
gradients, threshold data at this frequency are lacking. This thesis measures the PNS
stimulation threshold in human subjects to better understand high-frequency
magnetic PNS and ensure the safe implementation of human-scale MPI for future
neuroimaging applications.
Part II: Short Mid-Field MRI Magnet Designs
Anxiety induced by the long, narrow tube of conventional 1.5T and 3T scanners is a common
cause of incomplete patient examinations, leading to delays in diagnosis and reduced facility
throughput. In contrast, the short aspect ratio of CT scanner bores is known to alleviate
this anxiety, eliminating this problem. This thesis also addresses the need for a more patient-
friendly MRI scanning option by introducing a new “hybrid” superconducting and permanent
magnet concept applicable to mid-field (0.5T) superconducting solenoid magnets. While
mid-field scanners offer lower sensitivity than high-field alternatives, recent advances in
image reconstruction and denoising have significantly enhanced their utility, allowing them to
deliver diagnostic information comparable to that of the previous generation of 1.5T scanners.
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Additionally, they increase the range of compatible metallic implants and offer hospitals a
lower-cost, easier-to-site alternative to 1.5T and 3T scanners. They can also enhance patient
comfort through shorter bore lengths and larger diameters, but their optimized winding
designs still reach a limit in how short they can be made for a given homogeneity and diameter
specification. This thesis introduces the use of rare-earth permanent magnets to
enable further reductions in scanner length, aiming to match the aspect ratio of
CT scanners.

Lawrence L. Wald
Title: Professor of Radiology, Harvard Medical School
Thesis supervisor
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4.1 (a) Image of the solenoidal coil used in human head PNS studies. (b) Illustration
of coil winding position relative to the subject's head. (c), (d) Comparison of
measured �eld e�ciencies using a 3-axis hall magnetometer and �eld mapping
robot and simulated �eld e�ciencies using FEMM 4.2. Field e�ciencies were
evaluated radially (at z=0) in (c) and axially (at r=0) in (d). . . . . . . . . . 103

4.2 (a) Image of patient bed used for human head PNS studies, with coil mounted
(blue dashed box) and recon�gurable capacitor bank (red dashed box). (b)
Image of constructed capacitor bank. (c) Circuit schematic detailing ampli�er
connection and switchable capacitor bank. Switch S1 allows for bypassing
the capacitor bank to operate in untuned con�guration. Switches S2, S3. . .
connect additional capacitors in parallel, enabling rapid changing of LC tuning
for human studies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

4.3 Pulse shaping examples. We shaped current pulses to eliminate di�erences in
pulse rampup times to enforce similar waveform shapes across all frequencies.
Each row shows the voltage waveform (left), current waveform (middle), and
zoom in of current waveform to show �t function (equation (3)) superimposed
in dashed red. (a) Measured 4.04 kHz step voltage input and current response,
which has a natural time constant of 12.7 cycles. (b) Shaped 4.04 kHz voltage
waveform to achieve a desired time constant of 5 cycles (measured as 5.2
cycles). � des is marked during the rampup phase for this waveform. (c) Shaped
4.04 kHz voltage waveform to achieve a rampup time constant of 25 cycles
(measured 24.9 cycles). (d) Example untuned 200 Hz waveform, modulated by
an exponential envelope with 25 cycle rampup time constant (25.05 measured).
In the experiments, a time constant of 25 cycles for all resonant and untuned
frequencies was chosen. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

4.4 Example subject responses for threshold determination. Subjects record
stimulation via a push button for each pulse over peak amplitude at the coil
center. (a) Example of a clear transition between no stim and stim, where
there is no overlap in subject response verses �eld amplitude. (b) Example of
a wide transition between no stim and stim with some ambiguity. . . . . . . 114

4.5 All subject titration data versus frequency on a log scale. Field amplitudes
represent the peak B-�eld at the coil center. Each dot represents an applied
B-�eld pulse. Red dots represent subject reported stimulation at the B-�eld
frequency and amplitude. Grey dots represent no subject reported stimulation.
Each vertical set of dots represents a single titration run for a particular
frequency. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

4.6 (a) Sites reported by subjects during PNS experiments mapped to generic
head model. Black dots represent a site reported by any subject across all
frequencies at any point during a titration. (b) Distribution of stimulation
sites across subjects for each frequency condition. In some cases, subjects did
not report stimulation, and the corresponding subject marker is absent from
the head model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

4.7 (a) Bland-Altman plot of PNS threshold pairs measured in 5 subjects at 1.8
kHz. (b) Bland-Altman plot of PNS threshold pairs measured in 5 subjects at
25.3 kHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
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4.8 Error function estimation of the mean PNS threshold across subjects for each
frequency. Each point presents the threshold measured for a single subject.
In the top-left most pane, each subject data point is labeled with subject
number to demonstrate construction of the CDF for each frequency (ordering
changes across panes based on the �eld threshold peak for each frequency). For
some subjects and frequencies, the PNS threshold could not be reached within
the ampli�er limits. We constructed CDFs assuming normally distributed
thresholds across subjects and �tted the corresponding mean and standard
deviation to impute missing data points. Note that for 88.1 kHz, only 3 out
of 8 subjects reported stimulation, resulting in a relatively large standard
deviation about the estimated mean (mu=7.09 mT, sigma=1.53 mT). . . . . 124

4.9 (a) All subject threshold data on linear frequency scale. Gray traces represent
a single subject's threshold vs. frequency curve. Overlaid are averages across
subjects calculated by �tting error functions to a normal CDF (red trace). Error
bars indicate standard deviation of the �t CDF. The black curve is a hyperbolic
strength-duration curve �t of the subject-averaged thresholds (Brheo = 6.27 mT,
� chron = 405 � s). Note that the hyperbolic �t was performed using frequency
points below 10 kHz but extrapolated at all frequencies. (b) Zoom into lower
frequency data points on linear scale. (c) Zoom into lower amplitude threshold
region, to emphasize deviation from hyperbolic SDC for high frequency data
points. (d) All subject data plotted against e�ective stimulus duration, te� ,
wherete� = 1=(� f) for a sinusoidal stimulation waveform. (e) Zoom into lowest
te� (highest frequency) points to highlight deviation from the hyperbolic �t. 126

4.10 (a) Comparison of all subject averages (red trace) for constant 256 cycles
per sinusoidal pulse, with application of equation (8) to scale thresholds to
constant pulse duration (gray trace). Overlaid is the hyperbolic �t from Fig.
6 (black trace). (b) Zoom into lower frequency data points. Note that the
duration scaling does not alter thresholds signi�cantly over these frequencies.
(c) Zoom into lower amplitude threshold region. Because of the short pulse
durations at these frequencies, we see up to 17% lower thresholds at 88.1 kHz
in the corrected trace compared to the uncorrected trace. (d) The same data
from (a), plotted versuste� . (e) Zoom into lowest range ofte� . . . . . . . . . 127

4.11 PNS thresholds as a function of (a) pulse duration, and (b) the IEC-de�nedte�

(60601-2-33). For a trapezoidal waveform,te� is equal to the pulse duration.
For a sinusoidal waveform,te� = T=� whereT is the sine period. Usingte� as
a measure of gradient rise time allows some level of uniformization of PNS
thresholds across waveform types, although some di�erences remain. Data is
from a previous publication by our group [15]. . . . . . . . . . . . . . . . . . 130

4.12 Subject PNS threhsolds vs. age, weight, BMI, and head circumference for (a)
25.3 kHz, and (b) 66.7 kHz. Our sample size in this study is too small to
uncover possible correlations in PNS thresholds with respect to these subject
demographics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
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5.1 Schematic illustrating Xu et al. optimization framework. A set of n candidate
coils are generated. In this setup, we consider coil loops that are symmetric in
z, such that the center of each loop pair are placed at� zsep=2, with diameter
dsup. A spherical DSV is generated, with diameterdDSV , where we desire
to generate a �eld with magnitude B0 and homogeneity� . We place �eld
constraints on m target �eld points along a quarter circular arc of the DSV in
the r̂ � ẑ plane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

5.2 Example of a superconducting loop source pair used in optimization. This
example usesdsup = 1200mm and zsep = 1000mm. The arrows indicate the
current orientation in each loop. . . . . . . . . . . . . . . . . . . . . . . . . . 142

5.3 Results from the source separation resolution investigation. We see negligible
impact of source resolution over the range tested. . . . . . . . . . . . . . . . 143

5.4 Results from the DSV resolution investigation. Specifying at least 100 points on
the quarter arc of the DSV places us within the asymptote of the optimization
results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

5.5 Magpylib visualization of underconstrained length magnet design speci�ed in
Table 5.2 from section 5.3.4. . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

5.6 3D surface plot of underconstrained length magnet design speci�ed in Table
5.2 from section 5.3.4. The red circle represents the boundary of the DSV in
the r̂ � ẑ plane. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

5.7 Zoom into a quarter circle of the surface plot of the underconstrained length
design in 5.6. Contours show deviation from mean DSV �eld in ppm. Note
that for this magnet design, the maximum contours values tangent to the DSV
are � 0:5, indicating a 1 ppm magnet design as desired. . . . . . . . . . . . . 148

5.8 Magpylib visualization of overconstrained length magnet design speci�ed in
Table 5.4 from section 5.3.5. Note in this design, a pair of current loops is
required with opposing current direction to the remaining loop pairs. . . . . 150

5.9 3D surface plot of the overconstrained length magnet design speci�ed in Table
5.4 from section 5.3.5. The red circle represents the boundary of the DSV in
the r̂ � ẑ plane. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

5.10 Zoom into a quarter circle of the surface plot for the overconstrained length
design in 5.9. Contours show deviation from mean DSV �eld in ppm. Note
that for this magnet design, the maximum contours values tanget to the DSV
are � 0:5, indicating a 1 ppm magnet design as desired. . . . . . . . . . . . . 152
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5.11 Magnet tradeo� curves (left) reproduced from the Xu et al. investigation.
n; and � are parameters that result in a spherical ROI (DSV), and are intro-
duced in following sections. For each trace corresponding with a single D/DSV
value, a magnet design is performed with varying values ofzsep;max = L/DSV.
Each square represents a individual magnet design. Note that decreasing
the length does not incur additional cost for design, until a characteristic
knee point in each curve, marked with a red circle in the plot above. In the
context of short magnet design, the knee point is considered optimal for a given
D/DSV. Decreasing the constrained length beyond this knee point results in
dramatically increasing magnet cost. Fitting a line of the L/DSV at the knee
point to the D/DSV (right, red circles on left and plotted as black points on
right) for each trace yields the scaling relation produced by Xu et al. . . . . 153

5.12 Selected L/DSV and D/DSV linear scaling relations over (a) 0.1 ppm, (b)
10 ppm, and (c) 1000 ppm homogeneity speci�cations. For each family of
L-curves, the knee points marked in red are plotted as black dots on each
corresponding plot to the right, with linear �t to reveal scaling relation. . . . 157

5.13 Plots of log10(� ); � vs a-coe�cient value and �ts. (a) log10(� ) vs a with linear
and quadratic �ts in log10(� ). (b) Residuals from plots in (a). (c) Fits from
(a) converted to � overlaid on original data. . . . . . . . . . . . . . . . . . . . 159

5.14 Surface plot of optimal knee-points extracted from L-curves generated for each
� condition. Each point represents theLopt extracted from a single L-curve.
Overlaid are the GLM �t plane result with coe�cients listed in Table 5.8. . . 161

5.15 Family of L-curves produced for a 0.5T, 1ppmB0 over a 500 mm DSV, with
D/DSV = 2.4, over varying � values. Selected� are shown for better plot
visibility. Overlaid is linear relation between Lopt and � for this magnet
con�guration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

5.16 a-coe�cient scatter plot versus log10(� ) and � . Overlaid is plane �t, assuming
a(� ) is linear in log10(� ), with no dependence on� . . . . . . . . . . . . . . . . 167

5.17 b-coe�cient scatter plot versus log10(� ) and � . Overlaid is plane �t, assuming
b(� ) is linear in � , with no dependence onlog10(� ). . . . . . . . . . . . . . . . 167

5.18 Residuals from plane �ts to a-coe�cients and b-coe�cients in section 5.4.2.
Projecting residuals along each axis reveals deviation from assumed linear
relationships in each variable. (a), (b) a-coe�cient residuals from Fig. 5.16
projected along� and � axes respectively. (c), (d) b-coe�cient residuals from
Fig. 5.17 projected against� and � axes respectively. . . . . . . . . . . . . . 168

6.1 Rare-earth ring pairs used in this study parameterized by magnetization
angle � , ring pair separation s, and ring diameterdRE . Ring pair designs
are axisymmetric about the z-axis and their �eld patterns superimpose with
B0 along the z-axis. (a) Schematic de�ning� , s, and d. (b) Aubert ring
con�guration, corresponding to � = 270° of rare-earth permanent magnets
(black arrows indicate magnetization direction) and illustrated �eld pro�le.
(c) Rare-earth magnets aligned parallel with B0 �eld (� = 0°), resembling
ferroshims, and illustrated �eld pro�le. . . . . . . . . . . . . . . . . . . . . . 174
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6.2 (a) Table of dimensions detailing schematics for shorter magnets. (b) Hybrid
superconducting rare-earth magnet design with space for rare-earth magnets
(orange region) in the warm bore to supplement the superconducting windings
(gray region). (c) Design without space reserved for rare-earth material utilizing
a smaller, more e�cient superconducting windings. . . . . . . . . . . . . . . 175

6.3 Schematic of optimization for magnet design. Optimization of superconduct-
ing windings closely following methodology from Xu et al. We additionally
optimize decision variables corresponding to rare-earth ring pairs along with
superconducting windings, which are jointly optimized. . . . . . . . . . . . . 176

6.4 (a) Surface plot of optimized axial �eld componentBz for a 500 mT, 5ppm
B0 speci�cation over a 450 mm DSV. Magnet length is constrained to 1200
mm. The red circle indicates the DSV boundary. The black box highlights the
quadrant used for contour plot analysis (b) Contour plots of �eld deviation
� B SC

z in ppm for the optimized magnet design. Solid contour lines represent
positive �eld deviations, and dashed lines represent negative �eld deviations. 180

6.5 (a) Contour plot of the �eld deviation � B SC
z from the superconducting sources

in the Rare-Earth design, constrained to250kg of rare-earth material. The
magnet bore length is constrained to1200mm. (b) Contour plot of the �eld
deviation � B RE

z from the rare-earth magnet sources in the same design. (c)
Combined contour plot of the total �eld deviation � B total

z , representing the
superposition of (a) and (b). The hybrid design achieves the500mT, 5 ppm
B0 speci�cation using only 45:6% of the total current required in the No
Rare-Earth design shown in Fig. 6.4. . . . . . . . . . . . . . . . . . . . . . . 181

6.6 Visualizations of magnet design from Table 6.3 and6.4 for a 5ppm 0.5T B0
over a 500 mm spherical DSV using the Magpylib's Plotly rendering in Python.
The magnet is constrained to 1200 mm in length, and 250 kg of rare-earth
material. The black traces represent the superconducting loops - note the size
of the black superconducting traces do not re�ect the current in each trace.
The red and blue blocks represent the permanent magnets, with the red face
of the block the N pole of the magnet, and the blue face the S pole. The red
arrows thus show the magnetization direction of the individual blocks. (a) Top
down view of the design and (b) view from side of design. . . . . . . . . . . 182

6.7 Magnet designs for a500 mT, 5 ppm B0 speci�cation over a450 mm DSV,
investigating the length/cost tradeo� (where Amp-Turns is a proxy for su-
perconducting wire cost). In all plots, the solid black curve represents a No
Rare-Earth design. (a) Tradeo� curves for Aubert con�guration (� = 90� ) over
increasing allowed rare-earth material mass. The �0 kg Rare-Earth� curve is
a Rare-Earth design without populating any PMs. (b), (c), and (d) Tradeo�
curves for100kg, 250kg, and 500kg rare-earth material constraints for di�er-
ent angle resolutions. We see up to21:2% reduction in optimal magnet length
over the No Rare-Earth design for45� angle resolution and500kg rare-earth
mass in (d). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
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Chapter 1

Introduction

1.1 Thesis Overview

This thesis is divided into two parts: 1) Evaluation of magnetic particle imaging (MPI) for
human functional neuroimaging, and 2) short mid-�eld MRI magnet designs, each of which
are motivated in the remainder of Chapter 1. Chapters 2-4 correspond to Part I, and Chapters
5 and 6 correspond to Part II. In Chapter 2, a summary of our group's human-capable MPI
scanner targeted for human functional neuroimaging applications is detailed. This project
has spanned multiple PhD theses, and following the detailed summary of the scanner, I
outline my particular contributions to this project. In Chapter 3, we present initial functional
neuroimaging measurements in non-human primates using MPI as a crucial stepping stone
towards functional neuroimaging studies in humans. In Chapter 4 we present measured
PNS thresholds as a function of frequency using our MPI solenoidal excitation coil as a
critical safety characterization for our MPI system. In Chapter 5, we reveal extended scaling
relations for tradeo�s in short B0 magnet design, focusing on tradeo�s with designing short
superconducting solenoidal magnets. In Chapter 6, we propose a novel hybrid permanent
magnet-superconducting mid-�eld (0.5T)B0 concept as an alternative method of shortening
magnet length. Finally, in Chapter 7, we conclude with a summary of the works presented in
this thesis.

Chapter 2 was presented in part as an oral presentation in [1]. Chapter 3 was presented in
part as an oral presentation in [2]. Chapter 4 was presented as a digital poster presentation
in [3] as a poster presentation in [4], and as an online pre-print in [5]. Chapters 5 and 6 were
presented in part as a digital poster presentation in [6].
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1.2 Part I: Evaluation of Magnetic Particle Imaging for
Human Functional Neuroimaging

1.2.1 Limitations of Functional Magnetic Resonance Imaging for
Functional Neuroimaging

Magnetic Resonance Imaging (MRI) is a groundbreaking medical technology that has revo-
lutionized diagnostic imaging, with clinical successes beginning in the 1980s [7]. MRI uses
a combination of static and time-varying magnetic �elds to map the distribution of water
to generate images of soft tissues throughout the body (typically hydrogen nuclei, although
other nuclei can be used) [8, 9]. Claustrophobia, a common concern among patients [10�12],
can be alleviated through various techniques such as open-bore designs [7]. Additionally,
peripheral nerve stimulation (PNS), a sensation caused by rapidly changing magnetic �elds
[13, 14], can be addressed through advanced gradient coil technology and designs [15, 16], and
careful protocol adjustments [17]. Understanding these considerations can enhance patient
experience, and ensure relevant clinical diagnostic information is conveyed without disruption.
Functional Magnetic Resonance Imaging (fMRI) is among the cornerstone of neuroimaging
techniques for functional brain imaging [18]. The commonly used BOLD method detects
the transverse relaxation time changes resulting from changes in blood oxygenation levels,
which are themselves modulated by changes in cerebral blood �ow (CBF), cerebral blood
volume (CBV), and oxygen extraction [19]. The fMRI activation maps show the brain
areas associated with various sensory and cognitive processes [20] with exceptional spatial
resolution [18]. However, the applicability of fMRI for diagnostics of psychiatric disorders
for example is limited for individual diagnostics largely due to limited sensitivity of the
BOLD mechanism [21]. Factors such as individual subject physiological variations, other
endogenous subject variability, in addition to the inability to standardize procedures over a
wide range of scanner acquisition and environmental parameters may in fact result in changes
in the BOLD signal while the underlying activation of the brain has not changed [21]. This
necessitates averaging data over a large pool of subjects to see alterations in brain activity
arising from psychiatric or other cognitive disorders [22]. Researchers are utilizing machine
learning techniques to uncover patterns from large datasets to regress out these endogenous
and exogenous confounding factors in BOLD acquisitions [21]. However, the need for a
functional imaging modality, truly capable of directly measuring the changes in underlying
physiology is critical to make progress in individual clinical diagnostics of cognitive disorders.

1.2.2 Magnetic Particle Imaging as a Promising Alternative for
Functional Neuroimaging

Magnetic Particle Imaging (MPI) has emerged as a cutting-edge imaging modality, which
may potentially rival fMRI for functional brain imaging [23]. The main promise of MPI is to
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Figure 1.1: Working principle of MPI (adapted from [23]). SPIONs magnetization response
to externally applied �elds are well modeled by the nonlinear Langevin function, given by
the black M-H trace above. a) Excitation of particles around H=0 with su�cient amplitude
(excitation waveform in green) to drive the particles into the saturating region of the M-H
curve results in harmonics of the excitation signal generated (red trace). The amplitude of
the harmonics is proportional to the tracer concentration, and harmonics are subsequently
received via Faraday detection. b) To enable spatial localization, a DC selection �eld can be
superimposed onto the excitation waveform (green waveform). Thus, we operate around only
the saturation region, and no harmonics are generated.

come one step closer to the underlying physiology of the brain, providing a direct measure of
changes in CBV, rather than the indirect signal modulation obtained through the BOLD
mechanism. Unlike traditional imaging techniques such as Magnetic Resonance Imaging
(MRI) or Computed Tomography (CT), which rely on indirect measures of tissue properties,
MPI directly detects the spatial distribution of superparamagnetic iron oxide nanoparticles
(SPIONs). These nanoparticles, when introduced into the body, respond to an external
magnetic �eld by generating a unique signal that is then measured to create high-resolution
images, which no other tissues in the body generate [24, 25]. The non-invasive nature of MPI,
coupled with its rapid imaging capabilities and exceptional sensitivity to SPIONs, positions it
as a promising tool for a wide range of applications, including cardiovascular imaging, cancer
detection, and targeted drug delivery [25�29].

The theorized sensitivity bene�ts in MPI over MRI arise primarily due to the orders
of magnitude higher magnetic moment of SPIONs over hydrogen nuclei [30], albeit lower
excitation frequency (which reduces the induced voltage from Faraday detection). Additionally,
MPI directly detects changes in CBV by mapping the concentration of tracer in in the
vasculature without background signal interference [27, 28], whereas MRI relies on indirect
detection methods [18] making it highly susceptible to endogenous and exogenous confounding
modulations of the BOLD signal. Pre-clinical evaluation of fMPI for hypercapnia has been
performed in rodents [30], and showed great promise in the detection of the hemodynamic
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response of the brain vasculature to the functional activation with up to 6x the CNR in
detecting changes in CBV compared to fMRI at 9.4T. While human scale MPI scanners are
emerging [31�34], the lack of a clinically approved SPION tracer catered for MPI presents a
roadblock for use in humans. Thus, evaluation in non-human primates (NHPs) will be crucial
for determining the applicability of MPI for future functional brain imaging applications.
MPI measurements in NHPs [35, 36] have demonstrated feasibility of MPI for visualizing
SPION concentration in the NHP brain using a handheld, and NHP scale MPI scanner.
We aim to perform functional imaging in NHP using our human-scale MPI scanner [33],
(featuring a 150 ng Fe sensitivity at SNR = 1 in a human sized receive coil, 5-7 mm spatial
resolution depending on the reconstruction technique, and 5s temporal resolution), as an
evaluation for human-scale MPI for future neuroimaging applications.

Safety aspects of MPI must also be addressed to enabled human scale imaging. One critical
component are excitation coils in MPI, which much like gradients in MRI, are suspected to be
limited by peripheral nerve stimulation. The MPI �eld typically uses a 25 to 100 kHz applied
magnetic �eld to drive the injected SPIONs in and out of saturation [23, 29]. Other �elds
shift a �eld-free-line in space but do so slowly and therefore do not induce signi�cant electric
�elds in the body (and thus have limited nerve-stimulation potential). Magnetically induced
PNS is well characterized in the context of MR gradients for frequencies below 10 kHz [15, 29,
37] but is little studied at higher frequencies. It is therefore necessary to understand the PNS
limits at frequencies up to 100 kHz to ensure the safe, pain-free operation of these MPI in
human subjects. Furthermore, while studies have proposed optimal excitation frequency for
maximum sensitivity in MPI systems [38], a higher excitation �eld amplitude is also bene�cial
for increasing signal detection sensitivity. However, the allowable amplitude of the applied
drive �eld will be limited by the induction of PNS in the human head. Thus, characterized
PNS limits in the human head are necessary to study optimal excitation parameters for
maximizing MPI sensitivity.

1.3 Part II: Short Mid-Field MRI Magnet Designs

MRI scanners based on mid-�eld (0.5T) superconducting solenoid magnets have emerged as
an attractive compact scanning option, overcoming barriers such as installation costs and site
requirements compared to >1.5T scanners [39�46]. Despite lower SNR and CNR compared to
higher �eld magnets, mid-�eld MRI scans remain valuable for providing su�cient diagnostic
information [39, 47, 48]. In addition to diagnostic images that compete favorably with more
costly high-�eld scanners, their mid-�eld strength o�ers the potential for increasing the
range of metallic implants that can be scanned due to either safety or susceptibility artifact
improvements [39, 41, 42]. Finally, the lower �eld strength can improve patient comfort and
acceptance by allowing shorter bore or larger diameter magnets [10�12, 39]. The goal of this
work is to extend this latter bene�t even further, ideally extending it to the aspect ratio of a
CT scanner where the bore length is comparable to its diameter (aspect ratio = 1).
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High-�eld clinical MRI scanners (� 1.5 T) rely on superconducting solenoidal B0 magnets
to generate a strong, homogeneous static �eld over a diagnostic �eld of view [49]. These
magnets consist of multiple niobium-titanium (NbTi) superconducting windings housed within
a vacuum-insulated cryostat and supported by structural formers and internal bracing [50, 51].
Actively shielded coils are typically added to reduce fringe �elds for general magnet safety
and site requirements [50]. In modern 1.5 T and 3 T systems, the superconducting windings
themselves span approximately 1.3�1.7 meters, with the full magnet, including cryostat,
shielding, and structural supports, reaching total lengths of roughly 1.5�2.0 meters [49, 50].
Though manufacturers have progressively shortened bore lengths by 20�30% over recent
decades [52], the magnet's length remains signi�cantly greater than its patient diameter,
limiting accessibility and patient comfort.

The primary way we approach shorteningB0 magnets is through studying tradeo�s with
magnet length, and other metrics of interest such asB0 homogeneity, magnet diameter,
imaging region of interest (ROI) geometry, etc. For a given set of metrics, the design of a
superconducting solenoidal coil is performed through a convex optimization [53], constrained
by the metrics above. Xu et al. [54] introduced an L-curve analysis technique which allows
studying the tradeo�s associated with relaxing or tightening these metrics, and magnet length.
From their L-curve analysis technique, approximate scaling relations can give concise, key
insights for magnet designers to more intelligently design magnets, and also give MRI pulse
sequence designers knowledge of how to handle relaxed or tightened constraints. Xu et al.
presented an initial scaling relation which describes how magnet length varies as a function
of solenoid winding diameter, and diameter of a spherical ROI for 1 ppm homogeneityB0

magnets. In a �rst work, we employ their L-curve analysis technique to further include how
homogeneity, and how allowing the geometry of the ROI to be ellipsoidal impacts magnet
length.

While study how relaxing constraints is studied in the �rst work, in the second work
of Part II, we introduce a novel hybrid superconducting-permanent magnetB0 concept to
shorten magnets at the mid-�eld range. Here, we focus 0.5TB0 designs, with a 5 ppm
homogeneity over the ROI. Rare-earth permanent magnet materials can have su�cient
remanent magnetization to signi�cantly impact the �eld shape at 0.5T to supplement the
superconducting winding �eld, along with high coercivity to enable arbitrary orientations of
the permanent magnets relative toB0. This is in contrast to conventional ferroshims, which
can align only in the direction of theB0 �eld. We extend the typical convex optimization
formulation for superconducting design [53] to jointly optimize the placement of rare-earth
permanent magnet materials simultaneously with superconducting sources. We employ the
same L-curve analysis technique as above to study magnet length with the total mass of
rare-earth material.
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Chapter 2

Human capable MPI system overview

2.1 System Overview

In this section, a detailed summary of a our group's human-scale Magnetic Particle Imaging
(MPI) system speci�cally designed for functional neuroimaging of the human brain is presented
[33]. The system employs a �eld-free line (FFL) imaging architecture, scaled up from
preclinical rodent models, to accommodate the spatial and physiological requirements of
human head imaging. A pair of mechanically rotated NdFeB permanent magnets generate a
strong magnetic gradient, achieving up to 1.13 T/m in the x' direction and 0.85 T/m in the
z direction. This gradient is essential to achieve the desired spatial resolution for cerebral
blood volume (CBV) mapping without reliance on post-processing deconvolution techniques.

The drive coil produces a 26.3 kHz oscillating magnetic �eld with a peak amplitude of up
to 7 mT, inducing SPION magnetization responses within the imaging volume. Designed
for high thermal e�ciency and homogeneity, the coil consists of four water-cooled copper
modules housed within a 40 cm diameter shielded bore. The receive coil is a head-sized,
�rst-order gradiometer constructed using 115-strand Litz wire, forming an elliptical geometry
(230 mm Ö 160 mm) tailored to reduce noise from the drive �eld while maintaining high
sensitivity. A modular receive coil design enables other receive coil geometries tailored for
applications such as primate head imaging to be swapped for the human-scale gradiometer.
Together, these components enable continuous 2D image acquisition at a temporal resolution
of one image every 5 seconds.

The scanner o�ers a functional imaging �eld of view (FOV) of up to 181 mm in diameter,
which can be expanded to approximately 220 mm with full shift coil ampli�er performance.
In terms of resolution, the system achieves a spatial resolution of 5�7 mm, depending on the
image reconstruction method used. An iterative forward-model-based reconstruction reaches
the lower bound of 5 mm, while a simpler inverse Radon reconstruction resolves features
down to 7 mm. These speci�cations align with the spatial and temporal resolution standards
used in functional magnetic resonance imaging (fMRI) studies.

Sensitivity measurements indicate that the scanner can detect iron masses as low as
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approximately 1 µg Fe within a single 5-second image. The detection limit corresponds to an
SNR of 5 for 751 ng Fe using Radon reconstruction, and 1077 ng Fe using the iterative approach.
This level of sensitivity is su�cient for visualizing typical concentrations of superparamagnetic
iron oxide nanoparticles (SPIONs) within gray matter following intravenous administration,
and potentially detecting CBV changes of functional origin, such as those induced by sensory
stimuli or hypercapnia.

Mechanically, the system is anchored by a 1500 kg rotating gantry that carries the
permanent magnets and shift coils. This assembly rotates at 6 RPM to deliver 180-degree
projection sweeps every 5 seconds, enabling time-series imaging of dynamic hemodynamic
processes. The drive and shift systems are supported by high-power, water-cooled ampli�ers,
with electrical slip rings and rotary cooling unions that allow continuous rotation without
mechanical reversal. Thermal management is a critical feature, and tests have shown less
than 2% drift in drive coil current over 35 minutes of continuous operation, con�rming the
scanner's thermal stability for prolonged functional imaging sessions.

To shield the sensitive receive coil electronics from electromagnetic interference generated
by the high-current drive and shift systems, a segmented copper bore shield is implemented.
This shield, constructed from isolated copper rings with a grounded spine, prevents eddy
current loops while maintaining e�ective magnetic isolation in the Z direction. Data acquisition
is managed through a custom LabVIEW-based interface on a National Instruments PXIe
platform, which ensures synchronization between gantry rotation, drive �eld oscillation, and
signal digitization, with provisions for both real-time and o�ine image reconstruction.

Additional details of our scanner can be found in [1, 24, 33, 55�58]. In the following sections,
details regarding initial shift coil characterizations, and �ltering and noise improvements are
presented as my main contributions to this system.

2.2 Initial Shift Coil Characterizations

2.2.1 Shift Coil Winding and Assembly

The shift coil designs utilize 6 mm x 6 mm square cross-section, insulated magnet wire (1/2
lapped polyimide tape insulation) with a 3 mm diameter hollow channel to enable water
cooling (S&W Wire, Cranberry Twp, PA). A photo of the hollow conductor can be found in
Fig. 2.1.
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