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Magnetic Resonance Imaging (MRI) is a powerful noninvasive medical
imaging technique capable of volumetric imaging at an arbitrary plane. Another
feature of MRI is its ability to produce images with different contrasts mechanism
using different image acquisition strategies; contrasts mechanisms such as proton spin
relaxation (T1, T2, etc.), proton motion (diffusion, perfusion, flow, etc.), and
molecular electron cloud polarization (magnetic susceptibility). This dissertation
focuses on the tissue magnetic susceptibility, and the technique for the mapping of
magnetic susceptibility called the Quantitative Susceptibility Mapping (QSM).
Specifically, this dissertation will describe 1) the strategies for cardiac and respiratory
motions compensation in QSM data acquisitions, 2) the post-processing methods for
generating high quality cardiovascular magnetic susceptibility maps, 3) the initial
experiences of cardiovascular QSM in clinical settings, and 4) a novel QSM
reconstruction algorithm to improve the signal model in dipole inversion.
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CHAPTER 1
INTRODUCTION

1.1 Background
Magnetic Resonance Imaging (MRI) is a powerful noninvasive medical imaging
technique capable of multi-contrast volumetric imaging at an arbitrary plane. The
main source of MR signals in a typical MRI is hydrogen nuclei, which is a common
element found inside a human body. When a hydrogen nuclei is placed inside an
external magnetic field, such as the main magnetic field (B0) of the MRI scanner, it
will align with B0 (z-direction) and precess around B0 in Larmor frequency, creating a
net magnet moment (typically referred to as spin in MR literature). A radiofrequency
(RF) pulse with frequency matching the Larmor frequency can be used to flip the spin
away from the z-direction by a specific flip angle, this process is called excitation.
Following the excitation, MR signals are generated as the spin relaxes to its preexcitation state, the detection of such signal is called readout. Different excitation and
readout strategies can produce MRI images with different contrasts mechanism;
contrast mechanisms such as proton spin relaxation (T1, T2, etc.), proton motion
(diffusion, perfusion, flow, etc.), and molecular electron cloud polarization (magnetic
susceptibility). This dissertation focuses on the measurement of tissue magnetic
susceptibility and its application in cardiovascular MRI.
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Magnetic susceptibility , 𝜒, is a dimensionless proportionally constant that indicates
how much magnetization, M, was gain when a material was placed inside an external
𝑴

magnetic field, B0 in the case of MRI: 𝜒 = 𝑩 . Magnetic susceptibility is an intrinsic
𝟎

property of materials; for MRI in human 𝜒 is typically referenced to the magnetic
susceptibility of water, and then categorize as paramagnetic (𝜒 > 0) or diamagnetic
(𝜒 < 0). Commonly found in a human body is calcium, which is highly diamagnetic,
and iron, which is highly paramagnetic.
The multi-echo gradient echo (GRE) sequence is typically used for data acquisition in
magnetic susceptibility mapping. Note that GRE sequence does not directly measure
the magnetic susceptibility, but the magnetic susceptibility directly contributes to the
GRE signals. The typical GRE image, 𝑆𝑗 , measured at echo time, 𝑡𝑗 , can be described
with the following equation:

∗

𝑺𝒋 = 𝒎𝟎 𝒆−𝒕𝒋 𝑹𝟐 𝒆𝒊𝝓𝟎 𝒆𝒊𝒕𝒋 𝟐𝝅𝒇

[1.1]

where 𝑚0 is the initial magnetization, 𝑅2∗ is the T2 relaxation rate, 𝜙0 is the initial
phase offset, and 𝑓 is the susceptibility field. Derived from the Maxwell’s equations
(1-3) and using the Lorentz sphere correction (4), the susceptibility field can be
approximated as a dipole field and can be modeled as the convolution of a
susceptibility distribution, 𝜒, with the magnetic field of a unit dipole, 𝑑:
𝒇
= 𝒅∗𝝌
𝑩𝟎

[1.2]
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where ∗ indicates the convolution operation, and 𝑑 is the magnetic field generated by a
unit dipole:
𝟏 𝟑 𝐜𝐨𝐬 𝟐 𝜽 − 𝟏
𝒅(𝒓) =
𝟒𝝅 |𝒓′ − 𝒓|𝟑

[1.3]

where 𝑟 is the location of observation, 𝑟 ′ is the location of source, and 𝜃 is the angle
between of 𝒓′ − 𝒓 and 𝐵0. The Fourier Transform of the unit dipole, called the dipole
kernel:

𝑫(𝒌) =

𝟏 𝒌𝟐𝒛
−
𝟑 𝒌𝟐

[1.4]

The technique for reconstruction of the susceptibly map from the MRI images
(typically GRE images) is called the Quantitative Susceptibility Mapping (QSM).

The current state of the arts QSM reconstruction methods (5-7) typically first require
multiple pre-processing steps to approximate the susceptibility field, 𝑓, from Eq. 1.1
or from variants of Eq. 1.1. Once the magnetic field was obtained, the susceptibility
map could then be reconstructed by solving Eq. 1.4 (dipole inversion). The preprocessing typically starts with the estimation of 𝑓; one common approach is to solve
an approximation of Eq. 1.1 as the following:

𝑵𝒆𝒄𝒉𝒐

(𝝓′𝟎 , 𝒇′ )

= 𝒂𝒓𝒈𝒎𝒊𝒏 ∑ ‖|𝑺𝒋 |𝒆𝒊𝝓𝟎 𝒆𝒊𝒕𝒋 𝟐𝝅𝒇 − 𝑺𝒋 ‖
𝒎𝟎 ,𝑹∗𝟐 ,𝝓𝟎 ,𝒚

𝟐

[1.5]

𝟐

𝒋=𝟏

Where |𝑆𝑗 | denotes the magnitude of the GRE image, 𝑆𝑗 . This estimated 𝑓 is often not
readily suitable for the dipole inversion step; one issue is that because 𝑓 is defined
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within a range of 2𝜋, any values of 𝑓 that exceeds this range will be aliased. Many
spatial phase unwrapping algorithms have been developed to undo such aliasing (8,9).
The susceptibility field map generated up to this point is typically called the total field,
which can be modeled as the composition of local field – field generated by
susceptibility sources inside of the region of interest (ROI), and background field –
field generated by susceptibility sources outside of the ROI. The ROI susceptibility
map could then be reconstructed either by first removing the background field and
then perform local field dipole inversion, or directly inverting the total field. The
dipole inversion step can be formulated as a maximum likelihood estimation by
minimizing the quadratic data fidelity term according to Eq. 1.2:

𝝌′ = 𝒂𝒓𝒈𝒎𝒊𝒏‖𝑫𝝌 − 𝒇‖𝟐𝟐

[1.6]

𝝌

where 𝐷 represents the convolution with the unit dipole field and 𝑓 is the
susceptibility field. Note that the formulation of Eq. 1.6 assumes a Gaussian noise in
𝑓, which is likely untrue as the noise property of 𝑓 changed as the estimation of Eq.
1.5, therefore, contributing to model errors in Eq. 1.6. Chapter 5 introduces a method
to improve the noise model by fitting the susceptibility distribution directly to the
complex GRE images. Another challenge for the inverse problem in Eq. 1.6 it is illposed and ill-conditioned, because according to Eq. 1.4, the dipole kernel is zero at
𝑘𝑧2 = 𝑘 2 /3, which corresponds to a pair of opposing cone surfaces at the magic angle
≅ 54.70 . This means any solution in the Fourier Transform of 𝜒 located at the cone
surfaces can satisfy Eq. 1.6. Furthermore, the dipole kernel is very small near the cone
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surfaces, which can also lead to the amplification of noise. Therefore, failure to handle
this ill-posedness when solving Eq.6 will lead to undesirable results (Figure 1.1).
Many algorithms have been developed to handle the ill-posedness of this inverse
problem through the truncation of the singular values in the dipole kernel prior to the
k-space division, or by incorporating regularizations to improve the condition of the
problem (10). A popular and effective algorithm is the preconditioned total field
inversion method, or TFI for short (11):

𝒚′ = 𝒂𝒓𝒈𝒎𝒊𝒏‖𝒘(𝑫𝑷𝒚 − 𝒇)‖𝟐𝟐 + 𝝀‖𝑴𝑮 𝜵𝑷𝒚‖𝟏

[1.7]

𝒚

The first term is the data fidelity term, where 𝑤 is a diagonal noise weighting matrix,
𝑃 is a preconditioner to improve the convergence speed of the problem so that the
susceptibly map is 𝜒 = 𝑃𝑦. The second term is a weighted total variation designed to
suppress streaking artifacts caused by the singularities of the dipole kernel, where 𝜆 is
the regularization parameter, 𝑀𝐺 is the binary edge mask reflecting the anatomy, and
𝛻 is the gradient operator. The optimization problem in Eq 7 was solved iteratively
using the Gauss-Newton (GN) method.

QSM has been extensively optimized in brain MRI, and demonstrated promising
results in applications for the quantification of iron concentration (12-14), the
characterization of multiple sclerosis lesion (15,16), Parkinson's disease (17-20), and
more (21,22). Chapter 2, 3, and 4 provide the techniques and considerations for data
acquisition, and the developments and optimizations for post-processing methods to
produce high quality QSM maps in cardiovascular MRI.
5

1.2 Summary of Contributions

The works in this dissertation focus on A) the developments and optimizations of data
acquisition and image processing methods to generate high quality cardiovascular
QSM maps (chapters 2-4), and B) the development of a novel QSM algorithm to
improve reconstruction in regions with poor SNR, such as hemorrhage and
calcification (chapter 5).

Chapter 2 presents the initial demonstration of the feasibility of in vivo QSM in
cardiac MRI (23). Since cardiac QSM has not be realized prior to this work, chapter 2
will detail the MRI pulse sequence and data acquisition techniques needed to obtain
the cardiac GRE images that are suitable for QSM reconstruction. Then chapter will
outline the post-processing methods to reconstruct high quality cardiac QSM maps
from the GRE images. Chapter 2 will also provide an initial experience of cardiac
QSM as a non-invasive method to measure heart chamber blood oxygenation.

Chapter 3 presents improvements upon the works in chapter 2 by A) developing a
more robust MRI pulse sequence that is suitable for clinical deployment, and B)
employing additional regularization terms in the dipole inversion step to improve the
quality of the reconstructed QSM map (24). Chapter 3 will also provide the initial
validation of the accuracy cardiac QSM based heart chamber blood oxygenation
measurements via comparison with invasive catheterization based heart chamber
blood oxygenation measurements.

6

Chapter 4 demonstrates of the feasibility of high quality carotid QSM and its potential
application in the characterization of carotid plaques. The optimized data acquisition
strategy and parameters for carotid QSM data acquisition will be detailed, and a
nonlinear formulation of the TFI algorithm will be presented to improve the quality of
the QSM reconstruction.

Chapter 5 presents a novel multi-echo Complex Total Field Inversion (mcTFI) method
to compute the susceptibility map directly from the acquired GRE images, therefore
avoiding errors from a separate field estimation and retaining the Gaussian noise
property in the data. We compared mcTFI with its predecessor, the TFI method, to
demonstrate improvements in susceptibility reconstruction, especially in regions with
low SNR.

7

Figure 1.1 A) The double cone surfaces of the dipole kernel. B) A simulated susceptibility
distribution. C) The susceptibility field generated by this susceptibility distribution. D) An
unreasonable QSM reconstructed using k-space division.
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CHAPTER 2

CARDIAC QUANTITATIVE SUSCEPTIBILITY MAPPING (QSM) FOR
HEART CHAMBER OXYGENATION

2.1 Abstract

Purpose: To demonstrate the feasibility of in vivo quantitative susceptibility mapping
(QSM) in cardiac MRI, and to show that mixed-venous oxygen saturation (SvO2) can
be measured non-invasively using QSM.

Methods: ECG-gated multi-echo 2D gradient echo data were collected at 1.5T from
14 healthy volunteers during successive breath-holds. Phase wraps and fat chemical
shift were removed using a graph-cut based phase analysis and IDEAL in an iterative
approach. The large susceptibility range from air in the lungs to blood in the heart was
addressed by using the preconditioning approach in the dipole field inversion. SvO2
was calculated based on the difference in blood susceptibility between the right
ventricle (RV) and left ventricle (LV). Cardiac QSM quality was assessed by two
independent readers.

Results: Nine out of fourteen volunteers (64%) yielded interpretable cardiac QSM.
QSM maps showed strong differential contrast between RV and LV blood with RV
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blood having higher susceptibility values (291.5 ± 32.4 ppb), which correspond to
78.3 ± 2.3% SvO2.

Conclusion: In vivo cardiac QSM is feasible and can be used to measure SvO2, but
improvements in data acquisition are needed.

10

2.2 Introduction

Mixed-venous oxygen saturation (SvO2) is an important indicator of cardiopulmonary
function that is widely used clinically to assess cardiac function in heart failure
patients, and to measure shunt fractions in patients with congenital or acquired heart
disease (25-27). Currently, conventional measurement of SvO2 requires an invasive
pulmonary artery catheterization procedure (26-28), and is thus both challenging and
labor intensive for critically ill patients. Cardiac MRI has emerged as a promising noninvasive method for measuring SvO2. It has been demonstrated that SvO2 can be
calculated based on blood T2 relaxation, which requires in vitro calibration of blood
samples infused with oxygen at different concentrations (29-36). This approach is
highly dependent on pulse sequence parameters, field strengths, patient blood
characteristics (31,36,37), and accurate blood calibration curves (38-40), thus
complicating its clinical applicability (29,35). In contrast, magnetic susceptibility is a
fundamental property of biomagnetic sources, with blood susceptibility being linearly
dependent on the oxyheme concentration in blood. Therefore, a magnetic
susceptibility based oxygenation measurement method would not require calibration
(39,41) or blood withdrawal from patients.

Because of the difference in electron pairing in heme iron caused by oxygen binding,
oxyheme is diamagnetic and deoxyheme is paramagnetic (6,42). Thus, blood oxygen
saturation (SO2) can be measured using Quantitative Susceptibility Mapping (QSM),
which is an advanced phase-based MRI method for measuring the distribution of
biomagnetic sources (5-7,22,43-46). Furthermore, QSM-based oxygenation
11

quantification has been demonstrated to be feasible in the brain (41,42,47,48) and
QSM has been used to study the mouse heart ex vivo (49), but it has not yet been
applied to in vivo cardiac MRI due to several technical challenges: cardiac and
respiratory motion, chemical shift effects from epicardial fat, and a large range in
susceptibilities from air in the lungs and surrounding tissue. As known from coronary
MRI, electrocardiogram triggering can be used to acquire data in mid-diastole to
minimize cardiac motion, and breath-hold or navigator to minimize respiratory motion
(50,51). Recent advancements in QSM precisely account for chemical shift effects
using graph cuts (9), and deal with large range in susceptibility using preconditioning
(52). By combining the knowledge from these advancements, this study aimed to
investigate the feasibility of cardiac QSM for chamber blood SvO2 quantification.

2.3 Methods

Blood oxygenation quantification using QSM

The blood volume susceptibility, 𝜒, depends linearly on the oxygen saturation, SO2,
and can be estimated as follows (41,42) (ignoring the contribution from blood
products other than oxy/deoxyheme):

𝝌 = 𝑯[(𝟏 − 𝐒𝐎𝟐 )𝟒𝝌𝒅𝒆𝒐𝒙𝒚𝒉𝒆𝒎𝒆 + 𝝌𝒐𝑯𝒃 ]

[2.1]

where 𝐻 is the heme concentration in blood (in 𝜇𝑚𝑜𝑙/𝑚𝑙), χdeoxyheme is the molar
susceptibility of deoxyheme, and 𝜒𝑜𝐻𝑏 is the susceptibility of oxyhemoglobin. 𝐻 is a
subject-specific physiological parameter which can be measured or estimated. The
12

multiplicative factor of 4 indicates the number of deoxyhemes contained in a fully
desaturated deoxyhemoglobin. Let ∆𝜒 be the blood susceptibility difference between
the RV and LV measured on QSM, then the difference in blood oxygenation ΔSO2 can
be calculated as:

∆𝐒𝐎𝟐 =

−∆𝝌
𝟒𝑯𝝌𝒅𝒆𝒐𝒙𝒚𝒉𝒆𝒎𝒆

The value of 𝐻 is calculated as (42): 𝐻 = 4𝐻𝑐𝑡

ρRBC,Hb
𝑀𝐻𝑏

[2.2]

𝑔

, where ρRBC,Hb = 0.34 𝑚𝑙 is
𝑔

the mass concentration of hemoglobin in a RBC (53), 𝑀𝐻𝑏 = 64450 × 10−6 𝜇𝑚𝑜𝑙 is
the molar mass of deoxyhemoglobin (54), and the multiplicative factor of 4 refers to
the 4 deoxyheme in a deoxyhemoglobin molecule. In this imaging study of healthy
volunteers, we assumed 𝐻𝑐𝑡 to be .45 for adult males and .4 for adult females (55), so
𝐻𝑚𝑎𝑙𝑒 = 9.49

𝜇𝑚𝑜𝑙
𝑚𝑙

and 𝐻𝑓𝑒𝑚𝑎𝑙𝑒 = 8.43

𝜇𝑚𝑜𝑙
𝑚𝑙

. The value of 4𝜒𝑑𝑒𝑜𝑥𝑦ℎ𝑒𝑚𝑒 is

𝑚𝑙

151.054 𝑝𝑝𝑏 𝜇𝑚𝑜𝑙 (42). Given the arterial blood oxygen saturation SaO2 (measured by
pulse oximeter), SvO2 can be estimated as SaO2-ΔSO2.

Cardiac QSM experiments

This human study was approved by the Weill Cornell Medicine IRB committee and
written informed consent was obtained from all subjects prior to imaging. Fourteen
volunteers (13 male, 1 female, mean age 31.3 years ± 5.9, age range = 24-45 years, no
history of cardiopulmonary disease) underwent a cardiac MRI exam on a 1.5T clinical
scanner (GE HD23.0, GE Healthcare, Waukesha, WI, USA; maximum gradient
13

amplitude 33 mT/m, maximum slew rate 120 T/m/s). Subjects were imaged supine
using a product 8-channel cardiac phased array coil (four anterior, four posterior
elements) for signal reception and vector electrocardiographic (ECG) gating for
cardiac synchronization. Prior to cardiac QSM, a breath-hold (BH) cine 2D balanced
steady-state free precession (SSFP) scan was performed in the two-chamber view to
determine the subject-specific optimal cardiac trigger delay time between the ECG
trigger and the mid-diastolic diastasis. For cardiac QSM, a BH ECG-triggered 2D
multi-echo fast gradient echo (FGRE) scan was performed in the short-axis view using
the following typical imaging parameters: TR = 23 ms, TE = 3.6 ms, ΔTE = 2.2 ms,
number of echoes = 8, in-plane resolution ≈ 1.25x1.25 mm2, slice thickness = 5 mm,
number of slices = 20, interleaved linear view ordering, first-order flow compensation
in the readout and slice directions (for the readout direction, flow compensation
gradients were applied to the first echo, and subsequent echoes were naturally flow
compensated; for the slice direction, flow compensation gradients were applied to the
slice-selection gradient), ASSET parallel imaging factor = 1.5, 10 views per heartbeat
(HB) acquired during mid-diastolic diastasis, one slice per breath-hold of
approximately 15 sec each. To maximize the consistency of respiratory position
between imaging slices acquired in separate breath-holds, all subjects were instructed
to completely exhale before holding their breath.

QSM reconstruction and blood oxygenation difference calculation

Figure 2.1 summarizes the main steps of cardiac QSM computation from the complex
multi-echo GRE image data. First, an initial total field map was obtained by voxel
14

based linear regression on the phase of the complex data obtained at multiple TEs.
This field map estimate contains field wraps and includes contributions from fat
chemical shift, both of which need to be removed for accurate QSM reconstruction
(56). In this study, an advanced graph-cuts based unwrapping method called SPURS
(9) was used in conjunction with the IDEAL water/fat separation algorithm (57,58) in
an iterative manner (56) to accurately remove fat chemical shift. The susceptibility
map was then computed from the total field using the recently developed Total Field
Inversion (TFI) algorithm (59). Briefly, this algorithm solves the total field-tosusceptibility source inversion problem by minimizing the following cost function:

𝟏
𝝌∗ = 𝐚𝐫𝐠 𝐦𝐢𝐧 ‖𝒘(𝒇 − 𝒅 ∗ 𝑷𝝌)‖𝟐𝟐 + 𝝀‖𝑴𝑮 𝜵𝑷𝝌‖𝟏
𝝌 𝟐

[2.3]

where 𝜒 is the unknown susceptibility map in the whole field of view (FOV), 𝑓 is the
measured total field, 𝑑 is a dipole kernel, ∗ is a convolution operator, 𝛻 is a gradient
operator, 𝜆 is a regularization parameter, 𝑀𝐺 is an edge mask computed from the
magnitude image, and 𝑤 is a weighting factor depending on SNR (𝑤 ~ SNR). 𝑃 is a
right preconditioner, designed to increase the convergence speed of the algorithm. As
in (59), 𝑃 was a binary mask that was equal to 1 inside the region of interest (ROI) and
a larger value 𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒 outside the ROI. In this study, both the optimal values of
𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒 = 20 for the background air and lung region, and 𝜆 = 1000 were empirically
determined in one subject by visual inspection of corresponding QSM maps and then
fixed for the remaining subjects. For comparison with conventional QSM processing
often used in brain imaging, a second set of QSM maps were computed using the PDF
15

algorithm for background field removal (60) and the MEDI algorithm for dipole
deconvolution (44). A manually segmented ROI centered on the heart was used as a
data mask in MEDI (which typically produced QSM maps with less artifacts
compared to those obtained with a full FOV ROI).

For cardiac QSM analysis, the endocardial surfaces of the RV and LV were manually
traced on GRE magnitude images. The mean susceptibility difference between RV and
LV blood pools was measured, and ΔSO2 was calculated using Eq.2. SaO2 was
measured using pulse oximeter, and SvO2 was estimated as SaO2-ΔSO2. The visual
quality of each cardiac QSM map obtained with the TFI algorithm was scored by two
cardiologists experienced in reading cardiac MRI using a three-point scale (1 = major
artifacts and uninterpretable, 2 = moderate artifacts and reasonable quality, and 3 =
minimum artifacts and excellent quality). To correlate the QSM scores with
consistency of breath-holds, we quantified spatial slice consistency as follows: two
perpendicular long-axis images clearly depicting the heart-lung interface were
obtained by reformatting the acquired short axis slices. A simple signal intensity
thresholding on these images was used to find the surface curve corresponding to this
heart-lung interface. A second derivative along this curve was computed and the slice
inconsistency was defined as the standard deviation of this second derivative curve. A
high standard deviation corresponded to a greater slice inconsistency (less smooth
heart-lung interface). The Wilcoxon rank-sum test with Bonferroni correction was
used to assess the statistical differences in slice inconsistency among the three groups
of QSM scores. Cardiac R2* maps were also calculated using ARLO (61), and the
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average blood R2* values were measured in the RV and LV using the same
endocardial segmentations used in QSM analysis.

2.4 Results

The average scan time of cardiac QSM was 11.7 ± 1.9 min. The average heart rate was
64.9 ± 4.7 bpm (beats per minute). All subjects were able to maintain good breathholding during data acquisition for individual slices, leading to excellent GRE images
free of motion artifacts (Figs.2.2-2.4). However, the consistency of end-expiratory
breath-holding position between consecutive slices was variable among the subjects,
this can be seen as slice misregistration on the long-axis reformatted images (Fig.2.4).
Of the 14 acquired cardiac QSM maps, 4 (29%) had excellent image quality (score=3),
5 (36%) were reasonable (score=2), and remaining 5 (36%) had significant artifacts
and were uninterpretable (score=1). This resulted in a success rate of 64% (9/14,
defined by scores 2). The average SaO2 measured using pulse oximeter was 98.7%.
The measured RV to LV susceptibility differences for QSM maps obtained with TFI
with image quality scores of 1, 2, and 3 were 188.6 ± 64.9 ppb, 266.1 ± 22.2 ppb, and
323.3 ± 14.6 ppb, respectively. The corresponding values for QSM obtained with the
conventional PDF+MEDI method were 98.1 ± 18.3 ppb, 122.6 ± 43.5 ppb, and 156.1
± 54.2 ppb, respectively. The corresponding SvO2 values were 85.6 ± 4.6%, 80.1 ±
1.2%, and 76.0 ± 1.1% for TFI versus 93.2% ± 1.28%, 91.4% ± 3.0%, and 89.1% ±
3.8% for PDF+MEDI. The average RV to LV susceptibility difference for score 2
was 291.5 ± 32.4 ppb (vs. 136.0 ± 48.3 ppb for PDF+MEDI), which corresponds to a
SvO2 of 78.3% ± 2.3% (vs. 90.5% ± 3.4% for PDF+MEDI). The values obtained with
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TFI were in line with the normal range of SvO2 in healthy adults at approximately 6080%, while PDF+MEDI yielded values well above this range. There was weak
contrast between LV myocardium and LV arterial blood on QSM (Figs. 2.2-2.3), with
an average LV blood vs. myocardium susceptibility difference of 43.2 ± 32.5 ppb
measured on the TFI derived QSM maps with score2, and 30.1 ± 17.8 ppb measured
on the PDF+MEDI derived QSM maps (p=0.44, paired t-test). The average slice
inconsistency (in pixels) was 2.15, 1.12, and 1.00 for datasets that produced QSM with
image scores of 1, 2, and 3, respectively. There was a significant difference in slice
inconsistency between QSMs with quality score of 1 and 2 (p = 0.016) and between
those with score of 1 and 3 (p = 0.016). The average RV R2* value across subjects was
8.5 ± 0.8 Hz , which corresponded to a SvO2 of 72.5 ± 6.6%, 82.8 ± 2.2%, and 82.2 ±
7.5% using the blood calibration curves reported in Silvennoinen et al. (38), Spees et
al. (39), and Li et al. (40), respectively.

Two representative examples of cases with scores of 3 are shown in Figure 2.2. Strong
contrast between the RV and LV blood pool can be seen on QSM, this reflects the
differential oxygenation levels in the venous (paramagnetic) and arterial (diamagnetic)
blood. In Figure 2.3, a case with a score of 2 shows a similar increase in susceptibility
from LV to RV, though there are more apparent streaking and noise artifacts as
compared to the cases shown in Figure 2.2. Figure 2.4 shows an example of a failed
QSM map with a score of 1, in which major artifacts are present, resulting in poor or
physiologically not meaningful RV-to-LV contrast. Figure 2.5 shows the comparison
of the R2* map, the QSM map obtained with PDF+MEDI, and the QSM map obtained
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with TFI in one volunteer. In this example, compared to the R2* map, both of the
QSM maps shows improved visual contrast between RV and LV blood. Both QSM
maps are free of streaking artifacts, but TFI yielded a realistic SvO2 of 77.0%, while
the PDF+MEDI value was 90.1%, which was well outside the normal range in healthy
subjects.

2.5 Discussion

Our preliminary data in healthy volunteers showed that in vivo cardiac QSM is
feasible, but requires improvements in data acquisition to increase success rate and
improve QSM quality. The difference in QSM between LV and RV blood can be used
to indicate the changes in oxygenation between systemic and venous blood, however
there is little QSM contrast between LV blood and myocardium in healthy subjects.

In this study, the average SvO2 values derived from the susceptibility maps of healthy
volunteers were found to be in reasonable agreement with those reported in the
literature. For successful QSM scans (image score ≥ 2), the average SvO2 was
approximately 78%, which falls in the high end of the normal range (60-80%) (28),
thus indicating an underestimation of susceptibility difference between RV and LV
blood. This underestimation may be attributed to the fairly large voxel size
(particularly in the slice direction) (62), which is needed to keep the scan time
reasonably short. Another potential factor is the gradual decrease of arterial blood
oxygenation in the LV during the length of the breath-hold (63). Lastly, the hematocrit
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value of 0.45 for adult male and 0.4 for adult female, which might need to be adjusted
for individual subjects.

Normal myocardium is weakly diamagnetic, and thus appears isointense with
oxygenated LV blood on QSM. This image feature may potentially enable cardiac
QSM to detect pathological conditions that alter myocardial tissue properties. For
example, intramyocardial hemorrhage is a known consequence of acute myocardial
infarction that has been associated with adverse LV chamber remodeling and poor
clinical outcomes (64,65). Given that hemorrhage would be expected to cause
myocardium to become highly paramagnetic,(66) both diagnosis and quantification
could potentially be well addressed by QSM. QSM has been used to measure
intracerebral hemorrhage (ICH) and differentiate ICH from calcification (67).
Whereas ICH risk has limited cerebral revascularization treatment to just to 1-8% of
ischemic stroke patients (68), IMH damage to the heart as a long term causal factor for
systolic heart failure after acute myocardial infarction is becoming more recognized
(64,65).

While QSM is an established technique for mapping tissue and blood susceptibilities
in the brain (6,7,22,43-45,47,67,69), this technology has not been applied to the chest
due to several technical challenges. A major challenge common to heart imaging is
respiratory and cardiac, which produce blurring and ghosting artifacts. In this first
cardiac QSM study, a short breath-hold of 15 seconds was used to suspend respiration
during acquisition, and data sampling was timed to the mid-diastolic cardiac rest
period to minimize cardiac motion. In our cohort of healthy volunteers with good
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breath-holding ability and low heart rate (65 bpm on average), individual GRE image
slices with excellent image quality could be obtained. However, significant variability
in QSM maps was observed (Figs. 2.2-2.4), and cardiac QSM was deemed successful
in only 64% of subjects. This low success rate could be explained by the spatial
inconsistency between consecutive slices that were acquired in different breath-holds.
This misregistration artifact is best visualized in the long-axis view (Fig. 2.4).
Misregistration can lead to major errors such as artificial field discontinuities in the
field map estimation, which propagate into the final QSM, ultimately leading to severe
artifacts. Our results demonstrated that as the slice inconsistency increased, the
resulting QSM quality decreased. Spatial misregistration between imaging slices can
be a greater problem in older patients with cardiopulmonary diseases who have limited
breath-holding capabilities (70). Slice inconsistency is not a challenge for R2* based
oxygenation measurement methods, that are voxel-based. One approach to
overcoming the challenge from respiratory motion in cardiac QSM is to use a freebreathing navigator GRE acquisition (51), which will be a main focus of our future
work.

In addition to the motion challenge during cardiac QSM acquisition, the quality of
cardiac QSM depends on the ability of the post-processing algorithm to successfully
remove the chemical shift effect of epicardial fat and accurately search through the
large susceptibility range from near zero susceptibility sources of heart tissue and very
high susceptibility sources of air in the lungs. In this study, a novel algorithm based on
SPURS (9) and IDEAL (57) was used in an iterative chemical shift update scheme
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(56) to improve the quality of the field map in the fat regions (Fig. 2.1). To address the
large susceptibility range, current state-of-the-art QSM methods generally perform
background field removal first to estimate the local field, from which QSM is obtained
through dipole field inversion. However, this two-step approach fundamentally
contains errors in estimating background field from inaccurate boundary conditions
(6,71), and these errors tend to carry over to the dipole inversion step, resulting in
errors in the final QSM. In this work, the large susceptibility range is systematically
managed using the preconditioning approach with TFI, which has been shown to be
better than the background field removal methods at the interface between weak and
strong susceptibility sources (59). As illustrated in Figure 2.5, we found that TFI
yielded SvO2 measurements within the expected range, while PDF+MEDI produced
unusually high values well above the range expected from healthy volunteers. This
strongly suggests that TFI is a more robust algorithm for cardiac QSM. While a simple
binary mask was used for preconditioning in the TFI algorithm implemented in this
study, a more complex preconditioner that relies on knowledge of strong susceptibility
sources inside an ROI (i.e. RV blood, fat, bone, and possibly hemorrhage) may further
improve QSM quality.

This initial feasibility study of cardiac QSM has several limitations. First, the current
2D approach uses relatively thick slices (5 mm) and still requires a long scan time
(over 10 min). The need for sustaining a consistent breath-holding over this extended
period precluded the recruitment of cardiac patients who often have limited breathholding capability. Potential approaches for accelerating cardiac QSM include the use
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of more efficient echo planar readout (72), parallel imaging (73) and echo sharing
(74), as well as recent image reconstruction methods which combine k-space
undersampling with compressed sensing (75). Second, the in vivo blood oxygenation
difference between RV and LV obtained with QSM was not compared with the
reference blood sampling method. Third, flow compensation was performed only in
the readout and slice directions, which was needed to keep TR and the corresponding
breath-hold length short. However, a previous study (47) has showed that 3D flow
compensation can significantly improve the accuracy of QSM in regions with flow.
Furthermore, the blood flow pattern in heart chambers during the mid-diastolic LV
filling is complex, potentially resulting in phase errors that cannot be corrected with
first-order flow compensation. As the result, the ventricular blood QSM values may
have been affected by residual phase shift due to incomplete flow nulling, which may
explain the slight increase in susceptibility of the LV blood in the apex compared to
that at the basal slice (Figs. 2.2-2.3). Finally, it has been reported that 2D slice
interleaved GRE acquisitions may produce inter-slice phase errors that can be
corrected (72,76,77). We have carefully examined our GRE phase data and did not
observe such errors, possibly because this study used a single slice 2D acquisition
(without slice interleaving). However, phase inconsistency remains a potential concern
regarding data acquisition.

2.6 Conclusion
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In this work, we demonstrated for the first time, the feasibility of in vivo cardiac QSM,
and showed that a reasonable SvO2 value can be measured non-invasively using this
method.
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Figure 2.1. Flow chart of cardiac QSM post-processing.
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Figure 2.2. Two representative high quality cardiac QSM examples, demonstrating
differential susceptibility between the left and right sides of the heart. Magnitude
images reformatted into long axis in the top row, short axis magnitude images in the
middle row, and corresponding QSM in the bottom row. QSM demonstrated
oxygenation differences throughout the basal (left), mid, and apical (right) chambers,
in both examples.
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Figure 2.3. A representative cardiac QSM example with reasonable quality.
Differential susceptibility between the left and right sides of the heart can be seen.
Magnitude images reformatted into long axis in the top row, short axis magnitude
images in the middle row, and corresponding QSM in the bottom row. Columns
represent basal (left), mid, and apical (right) chambers.
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Figure 2.4. Representative cardiac QSM example with poor quality. The susceptibility
contrast is mostly degraded by the shadowing artifacts. The long axis magnitude
image (top) showed that there were a few misregistered slices (red arrows), suggesting
inconsistent breath holding positions.
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Figure 2.5. Comparison of R2* map, and QSM maps computed using PDF+MEDI and
TFI algorithms. In this example, both QSM maps demonstrated much improved blood
contrast between the right and left ventricles than the R2* map does. Between the two
QSM maps, the result from TFI has better RV to LV contrast. The susceptibility
difference between RV and LV blood was 327.4 ppb (corresponding to 77.0% SvO2)
with TFI, and 138.6 ppb (90.1% SvO2, well above the normal range) with
PDF+MEDI.
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CHAPTER 3

FREE BREATHING THREE-DIMENSIONAL CARDIAC QUANTITATIVE
SUSCEPTIBILITY MAPPING FOR DIFFERENTIAL CARDIAC CHAMBER
BLOOD OXYGENATION – INITIAL VALIDATION IN PATIENTS WITH
CARDIOVASCULAR DISEASE INCLUSIVE OF DIRECT COMPARISON TO
INVASIVE CATHETERIZATION

3.1 Abstract
Background: Differential blood oxygenation between left (LV) and right ventricles
(𝛥𝑆𝑎𝑂2) is a key index of cardiac performance; LV dysfunction yields increased RV
blood pool deoxygenation. Deoxyhemoglobin increases blood magnetic susceptibility,
which can be measured using an emerging MRI technique, Quantitative Susceptibility
Mapping (QSM) – a concept previously demonstrated in healthy volunteers using a
breath-hold 2D imaging approach (2DBHQSM). This study tested utility of a novel 3D
free-breathing QSM approach (3DNAVQSM) in normative controls, and validated
3DNAVQSM for non-invasive ΔSaO2 quantification in patients undergoing invasive
cardiac catheterization (cath).
Methods: Initial control (n=10) testing compared 2DBHQSM (ECG-triggered 2D
gradient echo acquired at end-expiration) and 3DNAVQSM (ECG-triggered navigator
gated gradient echo acquired in free breathing using a phase-ordered automatic
window selection algorithm to partition data based on diaphragm position). Clinical
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testing was subsequently performed in patients being considered for cath, including
3DNAVQSM comparison to cine-CMR quantified LV function (n=39), and invasivecath quantified ΔSaO2 (n=15). QSM was acquired using 3T scanners; analysis was
blinded to comparator tests (cine-CMR, cath).
Results: 3DNAVQSM generated interpretable QSM in all controls; 2DBHQSM was
successful in 6/10. Among controls in whom both pulse sequences were successful,
RV/LV susceptibility difference (and ΔSaO2) were not significantly different between
3DNAVQSM and 2DBHQSM (251.7±39ppb [17.5±3.1%] vs. 211.3±29ppb [14.7±2.0%];
p=0.39). Acquisition times were 30% lower with 3DNAVQSM (4.7±0.9 vs. 6.7±0.5
minutes, p=0.002), paralleling a trend towards lower LV mis-registration on
3DNAVQSM (p=0.14). Among cardiac patients (63±10yo, 56% CAD) 3DNAVQSM was
successful in 87% (34/39) and yielded higher ΔSaO2 (24.9±6.1%) than in controls
(p<0.001). QSM-calculated ΔSaO2 was higher among patients with LV dysfunction as
measured on cine-CMR based on EF (29.4±5.9% vs. 20.9±5.7%, p<0.001) or stroke
volume (27.9±7.5% vs. 22.4±5.5%, p=0.013). Cath measurements (n=15) obtained
within a mean interval of 4±3 days from MRI demonstrated 3DNAVQSM to yield high
correlation (r=0.87, p<0.001), small bias (-0.1%), and good limits of agreement
(±8.6%) with invasively measured 𝛥𝑆𝑎𝑂2 .
Conclusion: 3DNAVQSM provides a novel means of assessing cardiac performance.
Differential susceptibility between the LV and RV is increased in patients with cineCMR evidenced LV systolic dysfunction; QSM-quantified ΔSaO2 yields high
correlation and good agreement with the reference of invasively-quantified ΔSaO2.
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3.2 Introduction
Differential blood oxygenation between the left and right heart (𝛥𝑆𝑎𝑂2 ) is an
established index of cardiac performance; left ventricular (LV) dysfunction results in
stagnant blood flow – resulting in increased time for organ extraction of oxygen from
blood and delivery of a greater fraction of deoxygenated blood to the right heart.
Increased ΔSaO2 has been shown to predict adverse prognosis in patients with heart
failure with and without pulmonary hypertension (78-80) for whom it is commonly
used to guide management (81,82). However, in current clinical practice, oxygen
saturation is measured via invasive catheterization (cath). Non-invasive imaging
methods to measure oxygenation in the heart are limited, prohibiting non-invasive
quantification of cardiac blood pool oxygenation as part of routine clinical evaluation
(31,33,40,83-87). Given the fact that invasive catheterization entails procedural risks
and can be challenging in critically ill patients (26-28), a non-invasive imaging
method to accurately measure cardiac oxygenation would be of substantial clinical
utility.
Quantitative susceptibility mapping (QSM) is an emerging MRI technique that enables
quantification of diamagnetic and paramagnetic materials (6,7,21,43,45,46,88). Iron is
a magnetically active element contained in hemoglobin that is central to oxygen
transport - it is weakly diamagnetic when bound to oxygen, and paramagnetic when
deoxygenated (89). This change in magnetic susceptibility by deoxyheme (47,48),
provides a metric by which QSM can measure blood oxygen saturation. Prior work
has validated QSM tissue characterization, including liver and brain iron content
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(21,42,67,90). Regarding blood oxygenation, a pilot study by our group showed
cardiac QSM to be feasible in normal controls (23). However, a 2D acquisition
strategy was employed, which is suboptimal for imaging patients in whom breathholding is often compromised. To address this, a free-breathing 3D QSM approach
was developed that uses diaphragmatic navigator gating to track respiratory position.
This study compared 3D free-breathing QSM (3DNAVQSM) to 2D breath held QSM
(2DBHQSM) in controls, as well as to the reference of 𝛥𝑆𝑎𝑂2 measured in patients
undergoing invasive cardiac catheterization.
3.3 Methods
Study Population
3DNAVQSM was first compared to 2DBHQSM among normative controls without
clinically reported cardiovascular conditions or associated risk factors to test the
relative performance in a cohort able to undergo prolonged imaging inclusive of both
pulse sequences. Next, a second group of normative controls were scanned and
rescanned to test the reproducibility of 3DNAVQSM Δ𝑆𝑎𝑂2 measurement. The second
group of volunteers was asked to get off and then get back on the table between the
two scans. All controls were without self-reported cardiovascular disease or
atherosclerosis risk factors.
After initial testing, 3DNAVQSM was then performed among clinical patients who
were being considered for or had undergone invasive catheterization to quantify blood
oxygen saturation. Catheterization was performed by experienced physicians using
standard techniques; intracardiac blood samples were obtained under baseline
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conditions (without supplemental O2) and used to calculate 𝛥𝑆𝑎𝑂2 between the left
and right heart. To test the effect of gadolinium in Δ𝑆𝑎𝑂2 measurement, QSM were
obtained in 3 healthy volunteers and in 4 patients both pre-contrast and ~30 minutes
post-contrast administration.
This study was performed at Weill Cornell Medicine (WCM; New York, NY). All
participants (controls and patients) provided written informed consent for research
participation. This protocol was performed with the approval from the WCM
Institutional Review Board.
Data Acquisition
MRI was performed using commercial 3.0T scanners (750/SIGNA, GE Healthcare,
Waukesha WI). 3DNAVQSM and 2DBHQSM imaging parameters were identical
between healthy subjects and patients: 1stTE/TE/#TE/TR/BW =
2.3ms/3.6ms/5/20ms/111.1kHz, acquisition matrix=192x144, slice thickness = 5 mm,
views per heartbeat = 10, parallel imaging factor = 2. Full 3D flow compensation
gradients were implemented for both 2DBHQSM and 3DNAVQSM to minimize the
phase generated by intra-chamber blood flow (47). To shorten 3DNAVQSM scan time,
75% partial Fourier acquisition was applied in the phase and slice encoding direction.
Typical resolution is 1.5x1.5x5mm3, 40cm2 FOV, and 20 slices per scan. Furthermore,
2DBHQSM used cardiac gating and breath-holding, and 3DNAVQSM used cardiac and
respiratory gating (with diaphragm navigator) to ensure the acquisition of data at a
consistent cardiac and respiratory phase. QSM was performed using non-contrast MRI
in controls, and at the end of clinical exams in patients, which was approximately ~30
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minutes post-gadolinium (Dotarem [gadoterate meglumine]; 0.2mmol/kg) infusion. As
stated above, in 3 healthy subjects and 4 patients, QSM was acquired both pre- and
post-contrast. Routine cine images were also acquired with typical parameters: TE =
1.4ms, TR = 3.8ms, FA=60o, bandwidth=781Hz/Px, resolution: 1.5x1.5x6mm3, and
SENSE acceleration R=2.
2DBHQSM employed a conventional ECG-triggered multi-echo gradient echo
sequence, for which data was acquired during end-expiration (~12s per breath-hold).
3DNAVQSM employed a tailored ECG-triggered navigator gated multi-echo gradient
echo sequence, for which data was acquired during free breathing: a cross pair
diaphragmatic navigator was used to track respiratory motion (91,92). A 2-bin phaseordered automatic window selection (PAWS) gating algorithm (4mm effective gating
window) was used to tailor data acquisition according to diaphragm position in realtime (22). In PAWS, each diaphragm position falls within a 2mm bin for which kspace is acquired from alternating directions from bin to bin. The scan is complete
when two adjacent bins have acquired all necessary k-space lines. Two navigator
echoes were used in each heartbeat. The first navigator was acquired immediately
before acquisition and used for PAWS gating. The second navigator was acquired
immediately after data acquisition and used to provide additional motion suppression:
if the difference between diaphragm positions detected by the two navigator echoes
was >4mm for a given heartbeat, then the data acquired in that heartbeat were
discarded and scheduled to be reacquired in a later heartbeat.
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Ancillary imaging was performed to test QSM in relation to conventional cardiac
functional/ remodeling indices. Cine-MRI was performed using a conventional steady
state free precession pulse sequence, which was acquired in contiguous long and short
axis images, the latter of which were segmented to quantify left ventricular enddiastolic and end-systolic chamber volumes for calculation of LV and RV ejection
fraction (EF) as well as stroke volume.
QSM Post Processing
QSM maps were reconstructed by first obtaining a total field map (containing both the
local and background field) with the contributions of fat chemical shift removed. This
was done using both graph-cut based phase unwrapping (9) and IDEAL water/fat
separation (57) with iterative chemical shift update (56). Next, a susceptibility map
was obtained using the preconditioned total field inversion method (11). In this work,
two regularization terms, similar to the regularization terms described in MEDI+0
(93), were added to the inversion to restrict the susceptibility variations within the
right ventricle (RV) and left ventricle (LV) as follows:

𝟏
‖𝒘(𝒇 − 𝒅 ⊗ 𝑷𝒚)‖𝟐𝟐 + 𝝀‖𝑴𝑮 𝜵𝑷𝒚‖𝟏
𝒚 = 𝐚𝐫𝐠𝐦𝐢𝐧
𝟐
𝒚
̅𝑹𝑽 )‖𝟐𝟐 + 𝝀𝑳𝑽 ‖𝑴𝑳𝑽 𝑷(𝒚 − 𝒚
̅𝑳𝑽 )‖𝟐𝟐
+𝝀𝑹𝑽 ‖𝑴𝑹𝑽 𝑷(𝒚 − 𝒚

[3.1]

∗

The first two terms are the data fidelity term and structure consistency regularization
term, respectively, where 𝑤 is the SNR weighting, 𝑓 is the total field, 𝑑 is the dipole
kernel, ⊗ is the convolution operator, 𝑃 is the preconditioner, 𝜆 is the regularization
parameter, 𝑀𝐺 is a binary edge mask constructed by retaining the highest 70% of
gradients of the T2*w image obtained by taking the square root of the sum of squares
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GRE images across echoes), and 𝛻 is the gradient operator (6), 𝑃 is a binary mask that
is 1 inside the region of interest (ROI) and a larger value, 𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒 , outside of the ROI
(see below). The final QSM map, 𝜒, is then 𝜒 = 𝑃𝑦 ∗ . The last two terms constrain the
susceptibility variation within the RV and the LV blood pools, where 𝜆𝑅𝑉 and 𝜆𝐿𝑉 are
the regularization parameters, 𝑀𝑅𝑉 and 𝑀𝐿𝑉 are the mask for RV and LV obtained
through manual segmentation on the GRE images. ̅̅̅
𝑦 𝑅𝑉 and ̅̅̅
𝑦 𝐿𝑉 are the average
susceptibility over the RV and LV blood pools, respectively. In this study, the values
of 𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒 = 20, 𝜆 = 1/1000, and 𝜆𝑅𝑉 = 𝜆𝐿𝑉 = 1/20 were empirically determined
in an initial study in healthy subjects via visual inspection of the corresponding QSM,
and then fixed for subsequent subjects.
To account for potential field errors from water/fat separation, an iterative reweighted
least squares fitting method, MERIT (94), was implemented to modify noise
weighting of fat voxels (fat fraction>30%) in each Gauss-Newton iteration to account
for residual fat chemical shift not removed from the total field in the water/fat
separation step. After iteration 𝑖 in the Gauss-Newton solver , the noise weighting, 𝑤,
∗
in fat voxels for the next iteration 𝑖 + 1 was recalculated as 𝑤𝑖+1
=

𝑤𝑖

{
𝑤𝑖 /(𝜌𝑖 /2𝜎𝑖 )

𝜌𝑖
2𝜎𝑖
𝜌𝑖
2𝜎𝑖

≤1
, where 𝜌𝑖 = 𝑤𝑖 |𝑓 − 𝑑 ⊗ 𝑃𝑦𝑖 | is the voxel-by-voxel data term
>1

residual for the 𝑖th iteration, and 𝜎𝑖 is the standard deviation of 𝜌𝑖 over all voxels.
The differential susceptibility between RV and LV blood pools (∆𝜒) was converted to
blood oxygenation difference (Δ𝑆𝑎𝑂2 ) using an established formula (23):
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∆𝐒𝐚𝐎𝟐 =

−∆𝝌
𝟒𝑯𝝌𝒅𝒆𝒐𝒙𝒚𝒉𝒆𝒎𝒆

[3.2]

Where 𝜒𝑑𝑒𝑜𝑥𝑦ℎ𝑒𝑚𝑒 is the molar susceptibility of deoxyheme such that 4𝜒𝑑𝑒𝑜𝑥𝑦ℎ𝑒𝑚𝑒 =
𝑚𝑙

151.054 𝑝𝑝𝑏 𝜇𝑚𝑜𝑙 is the molar susceptibility of a fully deoxygenated
deoxyhemoglobin (95). 𝐻 = 4𝐻𝑐𝑡

ρRBC,Hb
𝑀𝐻𝑏

is the heme concentration in blood (in
𝑔

𝜇𝑚𝑜𝑙/𝑚𝑙), where 𝐻𝑐𝑡 is the hematocrit, ρRBC,Hb = 0.34 𝑚𝑙 is the mass concentration
of hemoglobin in a red blood cell, and 𝑀𝐻𝑏 = 64450 × 10−6

𝑔
𝜇𝑚𝑜𝑙

is the molar mass

of deoxyhemoglobin. For controls, 𝐻𝑐𝑡 was assumed to be 47% in men and 42% in
women. These values were obtained by taking the average of the range in men and in
women observed in a prior study (96). For patients, 𝐻𝑐𝑡 data was obtained from
peripheral blood samples. Note that the current approach only measures the
susceptibility difference between RV and LV blood pools (therefore only measures the
oxygen saturation difference between the RV and LV blood pools), bypassing the need
to reference the blood susceptibility to a susceptibility reference (typically chosen to
be water), which may or may not replicate in-vivo conditions. Post-processing was
performed using MATLAB (The MathWorks, Natick, MA, USA).
QSM Performance Scores
Image quality (of GRE images) was assessed using two different approaches. Image
quality for individual short axis slices (in-plane data) was scored semi-quantitatively
based on visually assessed motion artifact/endocardial blurring (0 = severe, 1 =
moderate, 2 = negligible). Scoring was performed by consensus of three experienced
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physicians (JWW, JK, JK). Through plane image quality was measured quantitatively
based on the magnitude of slice misregistration (from both in-plane and through-plane
motion), which was measured as the standard deviation of the second derivative along
heart surface curves that were obtained from two perpendicular reformatted long-axis
images that depict the heart-lung interface (23): a higher standard deviation
corresponded to lower through plane image quality (less smooth heart-lung interface).
Statistical Methods
Continuous variables were compared between groups using Student’s t-tests
(expressed as mean  standard deviation). 2D and 3D image quality scores were
compared using a two-tailed Wilcoxon paired-sample signed rank test. Pearson
correlation coefficients and Deming linear regression (97) were used to test the
associations between the QSM based Δ𝑆𝑎𝑂2 and the invasively quantified ΔSaO2, as
were the Bland Altman plot. Two-sided p<0.05 was deemed indicative of statistical
significance. Statistical analyses were performed using MATLAB (MathWorks,
Natick, MA, USA) and Prism 7 (GraphPad Software, San Diego, CA, USA).
3.4 Results
Normative Controls
3DNAVQSM and 2DBHQSM were acquired in a cohort of 10 asymptomatic controls
(31±4 yo, 60% male). Whereas in-plane image quality was higher for 2DBHQSM
compared to 3DNAVQSM (2.0±0.0 vs. 1.1±0.4, p<0.001), through plane image quality
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tended to be higher (lower slice misregistration) for 3DNAVQSM compared to
2DBHQSM (1.0±.2 vs. 1.5±.8, p=0.14).
3DNAVQSM successfully generated interpretable QSM in all 10 controls, whereas
2DBHQSM was successful in 6/10 of cases. Figure 3.1 provides a representative
example of as an interpretable QSM dataset acquired by 3DNAVQSM despite noninterpretable 2DBHQSM (1A), as well an interpretable QSM dataset concordantly
acquired by 2DBHQSM and 3DNAVQSM (1B).
In all cases for which 2DBHQSM was uninterpretable, failure was due to slice
misregistration between sequential LV short axis datasets. Consistent with this,
quantitative slice misregistration was over 2-fold higher in cases for which 2DBHQSM
failed (n=4) compared to cases (n=6) in which 2DBHQSM yielded diagnostic results
(2.3±.4 vs. 1.0±.2, p<0.001). There was no significant difference in slice
misregistration between 3DNAVQSM and 2DBHQSM in exams for which both
sequences were successful (1.0±.1 vs 1.0±.2, p=1.0).
Regarding data acquisition time, results demonstrated 3DNAVQSM to yield a 30%
reduction compared to 2DBHQSM (4.7±0.9 vs. 6.7±0.5 minutes, p=0.002) attributable
to the interval time between each breath-hold. Navigator efficiency for 3DNAVQSM
was 54±12%. Reduced scan time yielded by 3DNAVQSM remained significant even
among controls in whom both pulse sequences produced diagnostic results and
acquisitions were reduced by an average of 37% (4.3±1.4 vs. 6.8±0.4 minutes,
p=0.002), with navigator efficiency for 3DNAVQSM 56±16%.
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Regarding QSM results, mean RV/LV susceptibility difference was not significantly
different between 3DNAVQSM and 2DBHQSM acquired in controls in whom the latter
pulse sequence was successful (251.7±39ppb vs. 211.3±29ppb, p=0.39),
corresponding to 𝛥𝑆𝑎𝑂2 of 17.5±3.1% and 14.7±2.0%, respectively. Of note, the
RV/LV susceptibility difference (and 𝛥𝑆𝑎𝑂2) calculated using 3DNAVQSM was not
significantly different when compared between controls with and without diagnostic
results yielded by 2DBHQSM (251.7±39 ppb vs. 250.0±33 ppb, p=0.87 [17.5±3.1% vs.
17.3±2.4%]).
Reproducibility of 3DNAVQSM (as tested in 5 volunteers) was high, as evidenced by
small mean differences (-0.4%) and reasonable limits of agreement (±2.2%) between
data acquired during two separate scans (Figure 3.2).
Clinical Patients
3DNAVQSM was acquired in 39 patients whose population characteristics are shown in
Table 3.1. In this group, QSM data was successfully obtained in 87% (34/39) of cases.
In 5 cases, 3DNAVQSM yielded non-diagnostic results (non-physiological equivalence
between LV and RV blood oxygenation) – all of which had substantial motion artifact.
In the remainder of patients (n=34), RV/LV susceptibility difference calculated using
3DNAVQSM was substantial (298.3±72.0 ppb), corresponding to a ΔSaO2 of
24.9±6.1% (p<0.001 vs. controls). Image acquisition time in the overall clinical cohort
was 6.9±2.8 minutes; increased acquisition time tended to be longer among patients
compared to controls (4.7±0.9 minutes; p=0.04) due to greater respiratory variability
and lower navigator efficiency in patients (36±12% vs. 54±12%).
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Among the overall clinical cohort in whom QSM was successful (n=34), results varied
in relation to LV systolic dysfunction as quantified using cine-CMR. As shown in
Figure 3.3A, a greater 𝛥𝑆𝑎𝑂2 on QSM was observed among patients with LV
dysfunction (EF<50%) as quantified by cine-CMR (29.4±5.9% vs. 20.9±5.7%,
p<0.001). Similarly, patients in the bottom median of cine-CMR quantified LV stroke
volume had greater 𝛥𝑆𝑎𝑂2 on QSM (27.9±7.5% vs. 22.4±5.5%, p=0.013).
In a subgroup of 15 patients who had successful QSM, invasive cardiac catheterization
(cath) was available as a reference standard for heart chamber oxygenation: all
patients underwent cath for evaluation of known/suspected heart failure – 47% had left
ventricular systolic dysfunction and 53% had primary pulmonary hypertension. Mean
interval between tests (cath, MRI) was 4±3 days (range 0-12 days). Figure 3.3B
provides representative patient examples, including close agreement with invasively
quantified 𝛥𝑆𝑎𝑂2 and increased magnitude of difference in context of LV dysfunction.
As shown in Figure 3.4A, QSM yielded good correlation with invasively quantified
𝛥𝑆𝑎𝑂2 (r=0.87, p<0.001); corresponding to small bias (-0.1%) and reasonable limits
of agreement (±8.6%) between the two tests (Figure 3.4B). Table 3.2 provides a
breakdown of QSM results on a per-patient basis, together with invasive cath data and
corresponding indices of LV function. Consistent with results in the overall clinical
cohort, patients who underwent cath demonstrated LV systolic dysfunction (EF<50%)
to be associated with greater 𝛥𝑆𝑎𝑂2 on both invasive testing (32.9±3.7% vs.
21.2±6.9%, p=0.002) and non-invasive QSM (33.9±5.6% vs. 21.2±5.8%, p<0.001).
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Cardiac QSM before and after contrast administration
Cardiac QSM was obtained successfully in all 7 subjects who were scanned both
before and after contrast administration. As shown in Figure 3.5, the 𝛥𝑆𝑎𝑂2 measured
from pre- and post-contrast QSM matched very well (slope=1.04, r=0.97, p<0.001), with a
small bias (-0.7%), small limits of agreement (±1.9%), and a small mean absolute
difference (0.9%).
3.5 Discussion
This is the first study to test the free breathing 3D cardiac QSM for non-invasive
measurement of blood oxygenation, inclusive of validation data provided by cineCMR quantified cardiac remodeling and invasively quantified oxygen saturation in
cardiac patients. Key findings are as follows: first, among a normative test cohort,
3DNAVQSM more commonly yielded interpretable results than did 2DBHQSM (100%
vs. 60%) and did so within shorter scan time (4.7±0.9 vs. 6.7±0.5 minutes, p=0.002).
Second, 3DNAVQSM performed robustly in a subsequent cohort of 39 patients with
established cardiovascular disease, among whom results demonstrated differential
LV/RV susceptibility in 87% (34/39) of cases: magnitude of 𝛥𝑆𝑎𝑂2 differed in
relation to LV systolic dysfunction as quantified on cine-CMR, as evidenced by
greater 𝛥𝑆𝑎𝑂2 on QSM among patients with impaired LVEF (<50%) compared to
those with preserved LVEF (29.4±5.9% vs. 20.9±5.7%, p<0.001), and similar results
when QSM results were compared in relation to decreased LV function as stratified
based on stroke volume (p=0.013). Third, among a subgroup of patients undergoing
invasive catheterization, 3DNAVQSM yielded good correlation with invasively
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quantified 𝛥𝑆𝑎𝑂2 (r=0.87, p<0.001), corresponding to reasonably small bias and
limits of agreement (-0.1% and ±8.6%, respectively) between approaches.
While our data validate cardiac QSM for differential chamber oxygenation, it is
important to recognize that prior research has applied different MRI approaches for
this purpose. Most previous approaches are based on measurement of blood MR
relaxation times (T2, T2*, and T1) (31,33,40,83,84,86,87,98). However, conventional
methods based on longitudinal (T1) or transverse (T2) relaxation properties can be
challenging to apply clinically. For example, the dependence of spin echo T2 on
oxygenation is well understood, but in practice requires measuring several model
parameters in addition to oxygenation, thereby potentially limiting accuracy or
complicating clinical implementation. Recently, an oxygen saturation measurement
based on acquiring multiple T2 maps using a 2D T2 prepared SSFP sequence designed
to overcome limitations of previous T2 based methods, was shown to provide good
agreement with invasive catheterization based measurement in an animal study. A
comparison between this promising approach and our proposed QSM approach is
warranted in a future study (85). An alternative approach consists of quantifying the
magnetic susceptibility of blood. The physical model relating blood susceptibility to
oxygen saturation is simpler than that for T2 as it is linear with the slope a known
physical constant. The magnetic susceptibility of venous blood can be computed from
the MR image phase by geometric modeling (41,99-102). Mapping of magnetic
susceptibility throughout the 3D field of view, as is done in QSM, enables
measurement of oxygen saturation of any vascular structure (including the heart) by
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simple ROI analysis (47,48,103). Our current data extends on prior work by our group
that has shown QSM to provide an index of hemorrhage (47,67), as well as an index of
metabolism and oxygen utilization in the brain (104,105).
Our QSM results regarding differential LV and RV blood oxygen saturation are
consistent with values reported in prior literature as well as expected differences
between subjects with and without cardiovascular disease. Regarding control data,
𝛥𝑆𝑎𝑂2 measured from 3DNAVQSM (17.5±3.1%) was in agreement with a prior study
that reported 𝛥𝑆𝑎𝑂2 in healthy subjects undergoing invasive cardiac catheterization
(106), in which a mean difference of 18.8% was reported (arterial: 97.3%, venous:
78.5%). Δ𝑆𝑎𝑂2 as measured in controls were also lower than that in patients with
cardiovascular disease (17.5±3.1% vs. 24.9±6.1%, p<0.001), consistent with expected
physiological differences between the two groups. Among our subgroup of patients
with cath validation (n=15), QSM derived Δ𝑆𝑎𝑂2 demonstrated a linear relationship
with invasive measurements, and bias between the two oxygenation measurement
approaches was small.
One key technical innovation in our current study concerns use of navigator
technology for free breathing 3D QSM. The conventional cardiac 2DBHQSM approach
generates data by imaging LV (short axis) slices individually via sequential breathholds in order to reconstruct a 3D field map. When one or more of these breath-holds
is acquired at a different respiratory position than the others, the resulting field map
will not be a true 3D volume, and the QSM map will contain artifacts as the
reconstruction model assumes a continuous 3D dataset as input. The susceptibility
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inversion problem is inherently 3D, given that susceptibility changes within one
region of a given structure (e.g. RV blood pool) affects the field in the surrounding
areas in all three (x, y, z) spatial directions: this stems from the fact that the field is a
3D convolution of the underlying 3D susceptibility distribution with the dipole kernel.
The 3DNAVQSM approach has no inherent mis-registration limitation, and the success
of 3DNAVQSM acquisition depends on navigator accuracy in motion tracking. These
aspects of QSM reconstruction may explain our seemingly discordant finding
regarding GRE image quality and diagnostic performance of the two QSM pulse
sequences tested in our study: even though GRE images from the 2DBHQSM sequence
were assigned higher image scores than images from the 3DNAVQSM sequence,
2DBHQSM failed to generate interpretable QSM more often than did 3DNAVQSM and
this failure was primarily attributable to slice mis-registration.
Several limitations should be noted. First, scan time of 3DNAVQSM sequence is long
(~4-7 minutes) compared to other routine clinical sequences. One potential approach
to shorten scan time is to increase parallel acceleration factor, use compressed sensing
(73,107), and/or apply data acquisition strategies such as echo planar readout (72) or
echo sharing methods (74). Non-Cartesian acquisitions that allow for self-gating (108)
and multi-phase reconstruction (109) are also alternatives to shorten cardiac QSM. A
second limitation to the current 3DNAVQSM approach is that the respiratory motion is
tracked by diaphragm navigator, which is known to fail occasionally (110). More
advanced navigator techniques such as cardiac fat navigator can be used to improve
success rates (91,92,111-113). A third issue to consider is that QSM was performed
during non-contrast imaging in controls, and at the end of contrast-enhanced exams
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(~30 minutes post gadolinium infusion) in patients. Whereas gadolinium changes
blood susceptibility, prior data has shown gadolinium to be near completely cleared
from myocardium, and to be well mixed in the intravascular space at our imaging time
point (114,115). Accordingly, QSM calculations were based on the premise that
contrast blood pool concentration was constant across cardiac chambers, such that
gadolinium contributions to susceptibility in the LV and RV cancel out when
computing differential oxygenation. Fourthly, QSM validation in this study was
derived from cardiac remodeling indices in 39 cardiac patients of whom 15 had
invasive catheterization for evaluation of known or suspected heart failure; further
validation in a larger clinical cohort including patients undergoing catheterization for
different indications is warranted. Finally, it should be noted that whereas interval
between QSM and invasive cath was short (mean 4±3 days, median 2 days [IQR 1-5
days]), cardiac chamber oxygenation could have varied during this time, thus resulting
in discordance between tests. Future research with simultaneous invasive and MRI
oxygenation measurements in animal models could be of utility for further validation
of QSM, as well as comparisons with alternative pulse sequences for oxygenation
quantification (i.e. T2). Nevertheless, our current findings that 3D navigator QSM was
feasible among a clinical cohort in whom it generally agreed with differential
oxygenation saturation as measured invasively is of substantial importance with
respect to translational application of this technique, and provides initial proof of
concept with respect to clinical implementation.
It should also be noted that heart rate could have impacted our QSM results. This has
been shown to be the case for oxygenation methods such as BOLD, which relies on
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the magnitude of the MR signal. On the other hand, QSM, which relies on the phase of
the MR signal, is expected to be relatively insensitive to heart rate because the
contributions to the phase (field) induced by the difference in left and right ventricle
magnetic susceptibility (oxygenation) are not affected by heart rate. Further research is
warranted to specifically assess physiologic factors impacting QSM, as well as to
validate this pulse sequence in a larger clinical cohort including patients undergoing
catheterization for different indications.
3.6 Conclusion
In conclusion, results of this study provide validation of free breathing 3D cardiac
QSM as an index of cine-CMR evidenced LV dysfunction and differential LV/RV
oxygen saturation as measured by invasive catheterization. Future research is
necessary to test accelerated free-breathing QSM strategies, refine cardiac QSM for
myocardial tissue characterization, and validate QSM-derived blood oxygenation for
non-invasive stratification of heart failure symptoms and prognostic outcomes.
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Figure 3.1. Representative Examples of Cardiac QSM in Normative Controls.
1A. Unsuccessful 2DBHQSM due to slice mis-registration (white arrows) attributable
to inconsistent breath-hold positions, resulting in non-diagnostic QSM map.
Corresponding 3DNAVQSM was successful, yielding physiologic differential oxygen
saturation between the left and right ventricles.
1B. Successful 2DBHQSM and 3DNAVQSM, resulting in equivalent QSM maps.
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Figure 3.2. 𝚫𝑺𝒂𝑶𝟐,𝑸𝑺𝑴 reproducibility experiment in normative controls
N=5 normative controls were scanned and rescanned to test the reproducibility of
QSM based Δ𝑆𝑎𝑂2 measurement. The Δ𝑆𝑎𝑂2 measured by QSM between the two
scans were very similar: small bias (-0.4%) and reasonable limits of agreement
(±2.2%).
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Figure 3.3. Cardiac QSM in Cardiac Patients
3A. QSM ΔSaO2 among patients grouped based on presence or absence of LV systolic
dysfunction based on cine-CMR quantified ejection fraction (left) and stroke volume
(right) (data shown as meanstandard deviation). Note greater ΔSaO2 among patients
with LV dysfunction.
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3B. Two representative examples of QSM maps in cardiac patients. In the top patient,
who had severely reduced LV function (EF=20%), QSM measured a marked increase
in ΔSaO2 (36.9%), which agreed well with invasive catheterization (40%). In the
bottom patient, who had normal LV function (EF=70%), QSM measured ΔSaO2
(24.1%) was within normal limits and was similar to invasive data (23%)
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Figure 3.4. Cardiac QSM in Relation to Invasive Catheterization
4A. Scatter plot examining QSM derived ΔSaO2 in relation to invasive catheterization
derived ΔSaO2. A good correlation (r = 0.87, p<0.001) and linear relationship between
the two approaches is observed.
4B. Bland Altman plot. Note small bias between the two tests (-.1%) and moderate
limits of agreement (±8.6%).
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Figure 3.5. QSM based 𝚫𝑺𝒂𝑶𝟐 measured pre- and post-contrast administration
5A. Scatter plot examining QSM derived 𝛥𝑆𝑎𝑂2 pre- and post-contrast administration.
A good correlation and linear relationship between the two measurements is observed.
5B. Bland Altman plot showing small bias (-0.7%) and small limits of agreement
(±1.9%).
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Table 3.1. Population characteristics.
Age
63±10yo
Gender (% male)
31% (12)
Known CAD
56% (22)
Pulmonary Hypertension
51% (20)
Atherosclerosis Risk Factors
Tobacco Use (prior or current)
46% (18)
Hypertension
67% (26)
Hyperlipidemia
54% (21)
Diabetes mellitus
18% (7)
Medication Regimen
ACE Inhibitors or ARB
51% (20)
Beta-Blockers
72% (28)
Aspirin
74% (29)
Statin
69% (27)
Diuretic
46% (18)
Cardiac Structure/Function
LVEF (%)
49±14%
LV Dysfunction (EF<50%)
49% (19)
LV End-Diastolic Volume
186±57ml
LV End-Systolic Volume
106±56ml
RV EF (%)
51±11%
RV Dysfunction (EF<50%)
31% (12)
RV End-Diastolic Volume
169±62ml
RV End-Systolic Volume
96±52ml
Data reported as % (n) for categorical variables, mean standard deviation for
continuous variables.
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Table 3.2. QSM in relation to Invasive Catheterization 𝚫𝐒𝐚𝐎𝟐 and Cine-CMR Cardiac
Function
Patient

cath
𝚫SaO2
(%)

QSM
𝚫SaO2
(%)

LV Ejection
Fraction
(%)

LV Stroke
Volume
(ml)

LV
Dysfunction
(1 = EF<50%)

Pulmonary
Hypertension
(1=present)

1

25

31

66

96

0

1

2

17

22

70

60

0

0

3

23

24

71

140

0

0

4

10

13

70

90

0

0

5

35

32

47

71

1

1

6

30

29

28

77

1

0

7

40

37

20

48

1

0

8

43

39

20

60

1

1

9

27

35

16

66

1

1

10

28

32

40

48

1

1

11

27

22

66

28

0

1

12

35

30

33

47

1

1

13

23

18

65

94

0

0

14

23

24

54

126

0

0

15

18

17

69

93

0

1
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CHAPTER 4

QUANTITATIVE SUSCEPTIBILITY MAPPING OF CAROTID PLAQUES
USING NONLINEAR TOTAL FIELD INVERSION: INITIAL EXPERIENCE
IN PATIENTS WITH SIGNIFICANT CAROTID STENOSIS

4.1 Abstract
Purpose: To develop a nonlinear preconditioned total field inversion algorithm using
the MEDI toolbox (MEDInpt) for robust quantitative susceptibility mapping (QSM) of
carotid plaques and evaluate its performance in comparison with a local field inversion
algorithm (STISuite) previously applied to carotid QSM.
Methods: Numerical simulation and in vivo carotid QSM were performed to compare
the MEDInpt and STISuite algorithms. Multi-contrast MRI (mcMRI) was used as the
reference standard for detecting calcified plaque and intraplaque hemorrhage (IPH). A
total of five healthy volunteers and eleven patients with at least one significant carotid
artery stenosis were enrolled in this study.
Results: In the numerical carotid phantom, the relative susceptibility errors for
calcified plaque and IPH were reduced from -63.2% and -56.5% with STISuite to 13.0% and -24.2% with MEDInpt, respectively. In humans, MEDInpt provided a
higher QSM quality score and better detection of calcification and IPH than STISuite.
While all calcifications and IPHs detected on mcMRI could be seen on QSM obtained

57

with MEDInpt, only 50% of calcified plaques and 83% of IPHs could be captured on
QSM obtained with STISuite.
Conclusion: MEDInpt can resolve calcification and IPH in advanced atherosclerotic
carotid plaques. Compared to STISuite, MEDInpt provided better QSM quality and
has the potential to improve the detection of these plaque components.
4.2 Introduction
Carotid artery atherosclerosis is a major vascular risk factor and accounts for
approximately 15% of ischemic strokes (116,117). Angiography of the carotid artery
lumen has been used to quantify the degree of narrowing or stenosis as the main
biomarker of stroke risk in patients with carotid atherosclerosis. Additionally, imaging
of the vessel wall is much desired to provide a clinically valuable assessment of
plaque composition (118). For example, the presence of intraplaque hemorrhage (IPH)
on MRI confers a 4 to 6-fold increased risk of future stroke (119,120), which, when
taken into account with stenosis and other risk factors, helps to identify high-risk
patients who would most likely benefit from surgical revascularization procedures
(121-123).
IPH is thought to originate from fragile leaky neovasculature (124) or plaque fissure
(125), and occurs in about one-third of asymptomatic patients and a higher proportion
of patients with hemodynamically significant stenosis (126). Currently, multi-contrast
MRI (mcMRI) is the preferred approach for plaque characterization based on time-offlight (TOF) and black blood fat-suppressed T1-weighted (T1w), T2-weighted (T2w),
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and proton density-weighted (PDw) images (127,128). Fresh and recent IPH can be
identified as a vessel wall region with hyperintense signal on TOF and T1w images
(127,129,130), while chronic IPH appears hypointense. IPH signal intensity on
mcMRI is highly dependent on erythrocyte integrity as well as the state of hemoglobin
degradation from deoxyhemoglobin to methemoglobin in the acute stage and later to
hemosiderin in the chronic stage (131). While mcMRI can detect large IPHs, it misses
about half of small or heavily calcified IPHs (132). Of potentially greater concern,
mcMRI cannot differentiate hemosiderin-rich hemorrhage associated with rupture risk
from calcification that indicates plaque stability and reduces the risk of arterial
embolization by half (133).
Quantitative susceptibility mapping (QSM) is a novel MRI technique that maps
magnetic sources in tissue from the tissue field measured with multi-echo gradient
echo data by performing field-to-source dipole inversion (134-138). QSM is well
suited for distinguishing paramagnetic iron-rich blood products from diamagnetic
bone and calcification (90,139,140), as demonstrated previously in the brain (67,141).
QSM of the carotid vessel wall for plaque characterization has been attempted using
the linear local field inversion approach (142,143). A recent QSM-histology
correlation study on patients scheduled for carotid endarterectomy (144) showed that
QSM obtained using STISuite software (145) markedly improved the depiction of IPH
and calcification in carotid plaques. However, carotid plaque QSM remains a major
challenge in the clinic due to residual artifacts caused by the proximity of background
air and air cavities in the neck region, which often require significant tissue erosion at
the air-tissue interface to ensure effective background field removal (146). Another
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challenge is the noise amplification in areas with low signal-to-noise ratio (SNR)
including calcified plaques and hemosiderin-rich IPHs, which introduces artifacts on
QSM.
The objectives of this study were to develop a nonlinear preconditioned total field
inversion (MEDInpt) algorithm using the MEDI toolbox
(http://pre.weill.cornell.edu/mri/pages/qsm.html) for robust carotid plaque QSM
without tissue erosion and to evaluate its ability for distinguishing IPH and
calcification in comparison with STISuite using mcMRI as the reference standard.
4.3 Methods
Nonlinear preconditioned total field inversion (MEDInpt) algorithm
The proposed MEDInpt algorithm combines the robustness of the nonlinear local field
inversion algorithm against phase noise propagation in low SNR regions (147) with
the improved accuracy of the linear total field inversion (TFI) algorithm near the airtissue boundaries (148). MEDInpt is comprised of two main steps. First, the total field
map (containing both the local and background fields) was obtained by nonlinear
fitting of the multi-echo gradient echo data followed by spatial phase unwrapping as
described in (147). Next, the susceptibility map was computed using regularized
nonlinear total field inversion with preconditioning by minimizing the following
objective function:
𝟐

𝒚∗ = 𝐚𝐫𝐠𝐦𝐢𝐧‖𝒘(𝒆−𝒊𝜶𝒇 − 𝒆−𝒊𝒅∗𝑷𝒚 )‖𝟐 + 𝝀‖𝑴𝑮 𝜵𝑷𝒚‖𝟏

[4.1]

𝒚

𝟐

̅𝑨 )‖𝟐
+ 𝝀𝑨 ‖𝑴𝑨 𝑷(𝒚 − 𝒚
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Here the first two terms are the data fidelity term and structure consistency
regularization term, respectively, where 𝑤 is the SNR weighting, 𝑓 is the total field, 𝑑
is the dipole kernel, 𝑃 is the preconditioner, 𝑀𝐺 is the edge mask, and 𝛻 is the gradient
operator (135). The third term was added to the inversion to enforce susceptibility
homogeneity of the well-mixed blood within the lumens of the carotid arteries, similar
to the regularization of ventricular CSF in the brain as described in (93). 𝑀𝐴 is the
mask of carotid artery lumens obtained by a custom semi-automatic region-growing
segmentation algorithm, and ̅̅̅
𝑦 𝐴 is the average susceptibility within the luminal mask
(recalculated at each iteration when solving Eq.1 using an iterative method). 𝛼 is a
scalar value that scales down 𝑓 to avoid phase wraps in 𝑒 −𝑖𝛼𝑓 and 𝑒 −𝑖𝑑∗𝑃𝑦 . The
preconditioner 𝑃 is a binary mask that is 1 inside the region of interest (ROI) and a
1

larger value, 𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒 , outside of the ROI. The final QSM map is 𝜒 = 𝛼 𝑃𝑦 ∗ . In this
study, we chose 𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒 = 20 — similar to previous cardiac QSM work (149) —
and 𝛼 = 1/100 based on the expectation that the maximum total field in the neck
region is ±1 kHz. The optimal regularization parameters 𝜆 = 1/250 (which controls
the suppression of streaking artifacts on QSM) and 𝜆𝐴 = 1/10 (which controls the
uniformity of susceptibility values within the arterial lumen) were empirically
determined in a healthy subject as follows. First, 𝜆𝐴 was set to 0 and 𝜆 was varied
from 1/100 to 1/10000, and the optimal 𝜆 was determined by visual inspection. Next,
𝜆𝐴 was varied from 1/100 to 1 and an optimal value was similarly obtained. These
parameters were then fixed for all subsequent subjects. The objective function in Eq.1
was minimized using the iterative Gauss-Newton algorithm with a conjugate gradient
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solver (maximum 500 iterations) at each step. To account for residual field map errors
in the input total field, an iterative reweighted least squares fitting method called
model error reduction through iterative tuning (MERIT) was implemented to modify
the data weighting 𝑤 of voxels with poor fit in each Gauss-Newton iteration. In this
work, MEDInpt was compared with a linear local field inversion method recently
applied to carotid plaques (144) using a publicly available implementation (STISuite
version 3.0, https://people.eecs.berkeley.edu/~chunlei.liu/software.html). In STISuite,
a Laplacian-based algorithm was used to unwrap phase data (150), followed by the VSHARP algorithm to remove the background field (151), and the iLSQR algorithm for
local field-to-source inversion (145). These algorithms were run with default
parameters preset by the developers. The same tissue mask was used for processing
with MEDInpt and STI Suite. All processing was performed in MATLAB R2018b
(Mathworks Inc, Natick, MA, USA) using GPU parallel computing enabled on an
Nvidia Titan Xp graphics card (Nvidia Corporation, Santa Clara, CA, USA).
Numerical simulation
To compare the accuracy of MEDInpt and STISuite for carotid QSM, a numerical
carotid vessel wall susceptibility phantom (which includes calcified plaque and IPH)
was generated based on a realistic vessel structure obtained by manual segmentation
of the carotid vessel wall and lumen from MR images of one human subject. Multiecho GRE image data (ignoring T1 relaxation effect) were calculated using the
following signal equation:
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∗

𝑺𝒋 (𝒓) = 𝑴𝟎 𝒆−𝒕𝒋 𝑹𝟐 (𝒓) 𝒆𝒊𝒕𝒋 𝒅(𝒓)∗𝝌(𝒓)

[4.2]

where 𝑆𝑗 (𝑟) is the complex GRE signal measured at location 𝑟 and the jth echo time
𝑡𝑗 , 𝑀0 is the equilibrium magnetization, 𝑅2∗ is the T2* relaxation rate, 𝑑 is the dipole
kernel, and 𝜒 is the known phantom susceptibility distribution. The following tissue
parameters 𝑀0 (a.u.)/𝑅2∗ (Hz) /𝜒 (ppm) were assumed based on literature values:
muscle = 0.9/40/0, vessel wall = 0.9/45/-0.1, arterial blood = 0.85/20/0.1, venous
blood = 0.85/40/0.4, calcification = 0.13/500/-1.5, IPH = 0.5/150/1.5. Background air
has susceptibility of 9 ppm. The simulation parameters were: 1st TE/ΔTE/ETL = 2.9
ms/4.7 ms/4 (same as that of in vivo imaging study), SNR = 100. Complex GRE
images were generated at 0.3 mm isotropic resolution and then downsampled to 0.6 x
0.6 x 2 mm3 resolution (which was used for in vivo imaging), from which QSM
images were reconstructed using MEDInpt and STISuite as described above.
In vivo carotid QSM study
The human imaging study was approved by our local Institutional Review Board.
Carotid QSM was first optimized and tested in five healthy volunteers (all male, mean
age 31.6 years ± 8.8). The developed carotid QSM protocol was further evaluated in
patients with atherosclerotic disease of the carotid arteries who were undergoing
imaging for clinical purposes. Imaging was performed on 3T Siemens scanners using a
product 64-channel head/neck coil or a 6-channel dedicated carotid surface coil for
signal reception. A total of eleven patients (all male, mean age 63.2 years ± 4.8) with
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at least one hemodynamically significant carotid artery stenosis (>50% stenosis) were
included in this pilot study.
The carotid plaque MRI protocol was based on recent recommendations by the ASNR
Vessel Wall Imaging Study Group (152) and consisted of 3D gradient echo TOF, 2D
black-blood fat-suppressed T1w and T2w turbo spin echo (TSE), and 3D
magnetization-prepared rapid gradient echo (MPRAGE) sequences for mcMRI as well
as 3D multi-echo gradient echo sequence for QSM with approximately 6 cm
longitudinal coverage of the carotid bifurcation. The pertinent imaging parameters
were as follows: axial T1w TSE: TR/TE = 885/9.4 ms, echo train length (ETL) = 7,
number of signal averaging (NSA) = 2, readout bandwidth (rBW) = 410 Hz/pixel,
voxel size = 0.63x0.63x2 mm3, scan time = 4:12 min; axial T2w TSE: TR/TE =
4770/58 ms, ETL = 12, NSA = 3, rBW = 410 Hz/pixel, voxel size = 0.63x0.63x2
mm3, scan time = 6:21 min; coronal MPRAGE: TR/TE/TI = 840/3.4/500 ms, flip
angle = 15, rBW = 331 Hz/pixel, voxel size = 0.63x0.63x0.83 mm3, scan time = 3:44
min; axial TOF: TR/TE = 20/3.6 ms, flip angle = 30, rBW = 250 Hz/pixel, voxel size
= 0.63x0.63x2 mm3, scan time = 4:03 min; axial QSM: TR/first TE/TE spacing =
21/2.9/4.7 ms, ETL = 4, flip angle = 10, NSA = 2, rBW = 580 Hz/pixel, voxel size =
0.63x0.63x2 mm3, scan time = 8:03 min. For T1w and T2w TSE, blood suppression
was achieved by spatial presaturation of the region immediately upstream to the
imaged slice. For QSM, echo time spacing of 4.7 ms was chosen to allow 4 interecho phase evolution of fat relative to water at 3T, which has been shown to provide
optimal field estimation in the presence of fat (153).
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Image analysis
A neuroradiologist with 13 years of reading experience reviewed the mcMRI images
to identify calcification and IPH in carotid plaques. Calcification was defined as a
vessel wall region with hypointense signal (compared to the adjacent muscle) on
mcMRI images. IPH was defined as a wall region with hyperintense signal on T1w
and MPRAGE images (the TOF image was used when the MPRAGE image was not
interpretable due to motion or blood flow artifacts) and hypo- or iso-intense region on
T2w images. Prior CTA images (if available) were also reviewed as part of an IRBapproved retrospective study to corroborate the presence of calcified plaques. The
MEDInpt and STISuite QSM image of the plaque detected by mcMRI was then
reviewed to identify calcification and IPH as regions with strongly negative and
positive susceptibilities, respectively, compared to that of the adjacent arterial blood.
The diagnostic quality of QSM maps obtained with MEDInpt and STISuite was
subjectively scored on a 3-point scale (1=poor, 2=good, 3=excellent). QSM values are
reported using arterial blood as the susceptibility reference.
4.4 Results
Numerical simulation results showed that the mean susceptibility values of both
calcified plaque and IPH obtained with the proposed MEDInpt algorithm were more
accurate than those obtained with STISuite, reducing the relative error in calcified
plaque and IPH from -63.2% and -56.5% with STISuite to -13.0% and -24.2% with
MEDInpt, respectively. While both algorithms were able to correctly detect the
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presence of calcification and IPH, MEDInpt provided a more truthful depiction of
plaque morphology (Fig.4.1).
Carotid wall QSM was obtained successfully from all five healthy volunteers using
MEDInpt and STISuite. Figure 4.2 shows an example of QSM images of the common
carotid artery, demonstrating improved depiction of the artery wall and soft tissues
without tissue erosion by MEDInpt in the neck region compared to STISuite. The
average quality scores of QSM obtained with MEDInpt and STISuite were 2.8 ± 0.4
and 1.8 ± 0.4, with higher scores for MEDInpt in all five healthy cases.
Carotid plaque QSM using MEDInpt and STISuite was successful in 82% (9/11) of
patients. Two patients had non-diagnostic QSM due to excessive ghosting and blurring
artifacts caused by breathing motion as evidenced by the source GRE magnitude
images; their data were excluded from further analysis. The average QSM quality
scores of the remaining nine patients were 2.6 ± 0.5 and 1.8 ± 0.4 for MEDInpt and
STISuite, respectively. A total of six plaques with calcifications and six with IPH were
identified on mcMRI, all of which (100%) could be seen on QSM obtained with
MEDInpt. However, only 3/6 (50%) of calcified plaques and 5/6 (83%) of IPHs could
be captured on QSM obtained with STISuite. Figure 4.3 shows an example of a large
plaque with extensive calcification almost fully occluding the left internal carotid
artery in a 59-year-old patient. The calcified plaque can be defined as regions with
hypointense appearance on mcMRI and strongly negative susceptibility on QSM with
similar depiction by MEDInpt and STISuite. In this and all subsequent figures, display
windows of ±1.5 ppm and ±0.75 ppm were used for QSM images obtained with
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MEDInpt and STISuite, respectively, to provide similar visual contrast. Figure 4.4
shows an example of a plaque in the right internal carotid artery of a 69-year-old
patient, which appears hyperintense on TOF, T1w and MPRAGE images and
hypointense on a T2w image suggesting the presence of a recent IPH (131). On QSM,
this area also has a hyperintense appearance with a positive susceptibility value of 0.7
ppm by MEDInpt and 0.2 ppm by STISuite. In this example, QSM also identified an
adjacent calcified plaque with a negative susceptibility value of approximately -1 ppm,
which could not be prospectively identified by the human readers using only mcMRI
images because of its small size. Figure 4.5 illustrates the superior QSM quality of
MEDInpt compared to that of STISuite for depicting calcified plaques in a 71-year-old
patient in excellent agreement with mcMRI.
In addition to the six IPHs identified by both QSM and mcMRI, QSM obtained with
the proposed MEDInpt algoirthm further detected small focal hyperintense areas with
high positive susceptibility in four other plaques, which were invisible or appeared
hypointense on mcMRI similar to calcification and could not be prospectively detected
on QSM obtained with STISuite. Figure 4.6 illustrates an example in which two
regions at the boundary of a large plaque from a 63-year-old patient appear similarly
hypointense on TOF, T1w, T2w and MPRAGE images. On QSM obtained with
MEDInpt, one region has a strongly negative susceptibility of -1.5 ppm consistent
with calcification. However, the other region shows a strongly positive susceptibility
of 1.8 ppm suggesting an old hemorrhage with deposition of highly paramagnetic
hemosiderin. These plaque features with marked susceptibility contrast could not be
seen well on QSM obtained with STISuite.
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4.5 Discussion
In this pilot study, we have demonstrated the feasibility of carotid QSM using the
proposed MEDInpt algorithm and its potential to distinguish calcification and IPH in
carotid plaques of patients with hemodynamically significant carotid stenosis.
Calcified plaques appear hypointense on QSM with strongly negative susceptibility of
less than -1 ppm, while IPH has positive susceptibility ranging from approximately 0.5
ppm in a recent hemorrhage to 1.5-2 ppm in a chronic hemorrhage. The promising
results obtained in this preliminary study suggest that QSM can play an important role
in carotid plaque assessment, especially for distinguishing calcification and IPH, as
well as for detecting small focal IPH. Compared to traditional mcMRI, the
unambiguous visual contrast between calcification/IPH and the surrounding tissues on
QSM allows easy identification and may improve diagnostic confidence.
The benefit of QSM for improving the depiction of calcifications and IPHs in carotid
atherosclerotic plaques has been demonstrated recently by Ikebe et al (144) who
applied the STISuite linear local field inversion method to carotid QSM. In this study,
we showed that, compared to STISuite, MEDInpt provides higher QSM quality scores
as well as better depiction of calcification and IPH, leading to improved detection
rates. Several factors may contribute to the performance of STISuite in this study: 1)
the Laplacian based phase unwrapping may introduce smoothing of the field
measurements near large susceptibility sources (154), and 2) background field
removal, which is necessary for local field inversion methods, can be challenging in
the neck area due to the presence of air cavities and bones within the region of interest
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(146). Unlike STISuite, MEDInpt performs total field-to-source inversion through
nonlinear fitting of the complex field data, which is more robust against noise
propagation (147) and achieves effective background field removal over the small
neck region without requiring tissue erosion.
A major pathological feature of vulnerable plaques at high risk of rupture is the
presence of IPHs (119,120,123). Currently, IPH is identified as T1w hyperintensity on
a plaque region (128). However, it is well known that T1w hyperintensity only
captures the transient methemoglobin phase of hemorrhage after red blood cell lysis
(155). The hemosiderin phase immediately follows the methemoglobin phase due to
macrophages collecting heme iron released during hemorrhage formation.
Hemosiderin has considerably higher positive magnetic susceptibility than
methemoglobin, resulting in hypointensity on T1w due to rapid signal decay caused by
diffusion (spin echo) and dephasing (gradient echo) in strong inhomogeneous fields
(131). This T1w hypointensity has been interpreted as calcification, another common
component of carotid plaque with very negative susceptibility, potentially causing IPH
misdetection. The inability of mcMRI to reliably detect IPH is even more pronounced
at higher magnetic field strengths (3T vs. 1.5T) due to increased susceptibility induced
field effects (156). This is considered as the primary cause of the much lower IPH
detection sensitivity (53-71%) of mcMRI at 3T compared to 1.5T (132,157,158).
Unlike mcMRI, QSM allows for direct characterization of tissue magnetism and can
resolve IPH hemosiderin with positive (strongly paramagnetic) susceptibility from
calcification with negative (strongly diamagnetic) susceptibility. This is demonstrated
in Fig. 4.6 where QSM detects small regions that appear hypointense on mcMRI but
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have high susceptibility values of opposite signs consistent with calcification and
hemorrhage sources. In this study, out of the ten detected plaques with IPH, six of
relatively large size were identified by both mcMRI and MEDInpt QSM, and four of
small size by MEDInpt QSM alone. This suggests that adding MEDInpt QSM to
carotid MRI may improve the IPH detection rate. Furthermore, combining QSM with
T1w may enable the characterization of hemorrhage age (Fig. 4.6) (139), which is
potentially valuable for assessing plaque rupture risk. The encouraging results
obtained in this pilot study warrant a larger study to evaluate the benefit of QSM for
detecting IPHs.
While carotid QSM was successfully obtained from all healthy volunteers, excessive
motion artifacts led to unreliable QSM in 18% of patients, which is similar to the 15%
failure rate attributed to motion in a previous multicenter carotid MRI study (159).
Motion is a well-known challenge for high resolution MRI (160). Carotid artery
motion includes both the patient’s involuntary head or swallowing motion and
physiological motion related to respiration and cardiac pulsatility. Swallowing has
been identified as the greatest source of artery displacement (4.7 mm on average)
(161). Real-time navigator gating approaches have been developed to suppress intrascan swallowing and breathing motion (51,162,163) and will be considered in our
future work to further improve the reliability of carotid plaque QSM.
A major limitation of this feasibility study is the lack of histopathological
confirmation of calcification and IPH detected in the carotid plaques. Another
limitation is the relatively long scan time of the QSM sequence. More efficient k70

space sampling trajectories (164) and the use of higher field strengths or better surface
carotid coil designs to improve SNR can be used to reduce acquisition time. Also, in
comparison with QSM approaches for dealing with a large dynamic range of
susceptibilities, including the STAR-QSM method (165), was not performed. Finally,
other plaque components of clinical interest including the lipid-rich necrotic core and
the fibrous cap were not considered in this study due to the limited sample size.
4.6 Conclusion
In conclusion, our study demonstrated that QSM using the proposed MEDInpt
algorithm can distinguish calcification and IPH in advanced atherosclerotic carotid
plaques in good agreement with findings on mcMRI. Compared to STISuite, MEDInpt
provided better QSM quality and has the potential to improve the detection of
calcifications as well as small focal areas with high positive susceptibility values
consistent with hemorrhages.
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Figure 4.1. Simulated susceptibility distribution (in ppm) of the carotid artery with a
calcified plaque (strongly negative compared to the surrounding arterial blood and
muscle tissues) and an IPH (strongly positive) near the carotid bifurcation. Both
coronal and enlarged axial views (at the level indicated by the orange line) are shown
on the left. QSM images reconstructed from the numerically simulated complex multiecho GRE data (SNR = 100) by the proposed MEDInpt and STISuite algorithms show
good tissue contrast for both plaque components. However, MEDInpt provides more
accurate susceptibility values than STISuite.
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Figure 4.2. Example of black blood T1w and QSM images (in ppm) of the common
carotid arteries obtained from a healthy volunteer using MEDInpt and STISuite
reconstruction algorithms. Compared to STISuite, MEDInpt provides better overall
QSM quality of the cervical vasculature and soft tissues. Note the improved depiction
of the arterial vessel walls by MEDInpt (red arrows) with a diamagnetic susceptibility
of approximately -160 ppb compared to -60 ppb by STISuite using arterial blood as
the susceptibility reference.
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Figure 4.3. Example of a heavily calcified plaque almost fully occluding the left
internal carotid artery at the level of carotid bifurcation with hypointense appearance
on TOF and black-blood T1w and T2w images as well as strongly negative
susceptibility on QSM images computed with MEDInpt and STISuite (approximately
<-1.2 ppm compared to arterial blood). Note the improved calcification contrast on
QSM compared to mcMRI images. In this and all subsequent figures, display windows
of ±1.5 ppm and ±0.75 ppm were used for QSM images obtained with MEDInpt and
STISuite, respectively, to provide similar visual contrast. The computed tomography
angiography (CTA) image acquired 1.5 years prior to MRI at 0.6 mm resolution from
the same patient is shown to help with plaque localization.
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Figure 4.4. Example of a carotid plaque in the right internal carotid artery (red arrow)
with hyperintense appearance on TOF, T1w and MPRAGE images and slightly
hypointense signal on the T2w image, which are consistent with a recent IPH. On
QSM, the IPH shows relatively high positive susceptibility (approximately 0.7 ppm
and 0.2 ppm higher than the arterial blood by MEDInpt and STISuite, respectively).
Both MEDInpt and STISuite show a small calcified plaque on the wall of the adjacent
carotid artery with strongly negative susceptibility on QSM (yellow arrow),
demonstrating the superior contrast of QSM for calcification detection compared to
mcMRI.
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Figure 4.5. Example of calcified plaques in the left carotid artery at the level of
carotid bifurcation with hypointensity on mcMRI and strongly negative susceptibility
(approximately -2 ppm compared to the arterial blood) on QSM obtained with the
MEDInpt algorithm. In this case, STISuite did not provide a clear depiction of the
calcifications.
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Figure 4.6. In this example of a severely stenotic right internal carotid artery, small
hypointense regions (arrows) can be identified at the edge of a large plaque on TOF,
T1w, T2w and MPRAGE images suggesting the presence of calcifications. On QSM
obtained by the proposed MEDInpt algorithm, one region (yellow arrow) shows
strongly negative susceptibility (approximately -1.5 ppm) consistent with calcification.
However, the other region shows strongly positive susceptibility (approximately 1.8
ppm) with hypointensity on mcMRI, suggesting paramagnetic iron contained within
hemosiderin from old hemorrhage. These plaque features could not be identified on
the corresponding QSM obtained with STISuite.
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CHAPTER 5
MULTI-ECHO COMPLEX TOTAL FIELD INVERSION (mcTFI) METHOD
FOR IMPROVED SIGNAL MODEL IN QUANTITATIVE SUSCEPTIBILITY
MAPPING

5.1 Abstract
Purpose: To develop a multi-echo complex Total Field Inversion (mcTFI) method to
compute the susceptibility map directly from the multi-echo gradient echo images
using an improved signal model that retains the Gaussian noise property in the
complex domain, and demonstrate its improvements in QSM reconstruction over the
traditional field-to-source inversion.
Methods: The proposed mcTFI method was compared with the Total Field Inversion
method (TFI) in a numerical brain with hemorrhage and calcification, the numerical
brains used in the QSM challenge 2.0, 18 brains with intracerebral hemorrhage
scanned at 3T, and 6 healthy brains scanned at 7T.
Results: Compared to TFI, the proposed mcTFI demonstrated more accurate QSM
reconstruction around the lesions in both numerical simulations. The mcTFI
reconstructed QSM also demonstrated the best image quality with the least artifacts in
the brains with intracerebral hemorrhage scanned at 3T and healthy brains scanned at
7T.
Conclusion: The proposed multi-echo Complex Total Field Inversion improved QSM
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reconstruction over traditional field-to-source inversion through better signal
modeling.
5.2 Introduction
Quantitative Susceptibility Mapping (QSM) is an MRI contrast mechanism that is
capable of the mapping of the underlying tissue magnetic susceptibility (1). The
magnetic susceptibility sources are magnetized when placed inside an external
magnetic field such as the main field B0 of an MRI scanner, and the magnetic fields
generated by the magnetized susceptibility sources, henceforth termed the
susceptibility field, can then be measured by the MRI scanner for susceptibility map
reconstruction. Accordingly, QSM can be used to study tissue susceptibility sources
such as deoxyheme iron in blood (2-8), tissue nonheme iron (9-12), myelin (13),
cartilage (14,15), and calcification (16-18). QSM robustness and reproducibility have
been demonstrated for brain applications (19,20), and there are a wide range of QSM
clinical applications, including deep brain stimulation target mapping (21,22), cerebral
cavernous malformation monitoring (23-25), multiple sclerosis chronic inflammation
imaging (26-28) and MRI follow-up without gadolinium (27,29), neurodegeneration
investigation in Parkinson's disease (30-33) and Alzheimer’s disease (31,34,35), and
more (36,37).
Technical challenges remain for QSM in regions of low SNR, such as lesions with
large susceptibility contrasts and regions near air-tissue interfaces (38), and these
challenges become more problematic at higher field strengths. Typically, the multiecho gradient-echo (GRE) sequence is used for QSM data acquisition and the
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susceptibility field can be inferred as the change in the phase of the GRE images
measured at the multiple echo times. QSM reconstruction consists of first estimating
this susceptibility field from the GRE images, and then reconstructing the
susceptibility map from the estimated field (39). While proper noise modeling of the
estimated field is important (40,41), assumptions made during field estimation from
GRE data may introduce errors (39,42). These errors can propagate into the
reconstructed susceptibility map as artifacts. The use of iterative tuning of the noise
weighting (MERIT) (41) helps alleviate some of the resulting artifacts but its
implementation remains empirical.
Here we report a multi-echo Complex Total Field Inversion (mcTFI) method to
compute the susceptibility map directly from the acquired GRE images using an
improved signal model and the Gaussian noise property of the complex data. We
compared mcTFI with preconditioned Total Field Inversion (TFI) (43,44), to
demonstrate improvements in susceptibility reconstruction, especially in regions with
low SNR.
5.3 Theory
In this work, the gradient echo signal 𝑆𝑗 measured at echo time 𝑡𝑗 with 𝑗 = 1, … , #𝑇𝐸
is modeled as:

∗

𝑺𝒋 = 𝒎𝟎 𝒆−𝒕𝒋 𝑹𝟐 𝒆𝒊𝝓𝟎 𝒆𝒊𝒕𝒋 𝟐𝝅𝒇

[5.1]

Where 𝑚0 is the initial magnetization, 𝑅2∗ is the T2 relaxation rate, 𝜙0 is the initial
phase offset, and 𝑓 is the susceptibility field. The susceptibility field is modeled as a
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dipole field: it is the convolution of a susceptibility distribution 𝜒 with the magnetic
field of a unit dipole. An operator 𝐷 is used to denote the convolution with the unit
dipole field:

𝒇 = 𝜸𝑩𝟎 𝑫𝝌

[5.2]

Where 𝜔0 = 𝛾𝐵0 with 𝐵0 the main magnetic field with 𝛾 being the gyromagnetic
ratios. Therefore, Eq. 5.2 can also be written as the susceptibility modeled complex
signal at the jth echo:
∗

𝑺𝒋 = 𝒎𝟎 𝒆−𝒕𝒋 𝑹𝟐 𝒆𝒊𝝓𝟎 𝒆𝒊𝒕𝒋 𝛚𝟎 𝑫𝝌

[5.3]

The goal of QSM is to reconstruct the susceptibility distribution map, 𝜒, from the
measured complex GRE images, 𝑆𝑗 .
Here, we propose mcTFI to compute the susceptibility distribution directly from the
complex gradient echo data. The cost function of mcTFI was formulated as follows:

′

𝛘′ = 𝑷𝐲 ′ , (𝐦′𝟎 , 𝐑∗𝟐 , 𝛟′𝟎 𝐑𝐲 ′ )

[5.4]

#𝑻𝑬
∗

= 𝐚𝐫𝐠𝐦𝐢𝐧 ∑‖𝒎𝟎 𝒆−𝒕𝒋 𝑹𝟐 𝒆𝒊𝝓𝟎 𝒆𝒊𝒕𝒋 𝑫𝑷𝒚 − 𝑺𝒋 ‖
𝒎𝟎 ,𝑹∗𝟐 ,𝝓𝟎 ,𝒚

𝟐
𝟐

𝒋=𝟏
𝟐

𝒅𝒎𝟎
𝟐
𝑴
𝒄
̅̅̅̅
+ 𝝀𝟏 ‖𝑴𝑮 𝜵𝑷𝒚‖𝟏 + 𝝀𝟐 ‖𝑴𝒄 (𝑷𝒚 − 𝑷𝒚 )‖𝟐 + 𝝀𝟑 ‖ 𝒅𝑹∗𝟐 ‖
𝒅𝝓𝟎 𝟐
Where 𝑚0 , 𝑅2∗ , and 𝜙0 , were solved alongside with the susceptibility map, 𝜒 = 𝑃𝑦,
with 𝑃 being a preconditioner. The second term is a weighted total variation designed
to suppress streaking artifacts in 𝑦, where 𝜆1 is the regularization parameter, 𝑀𝐺 is the
binary edge mask reflecting the anatomy, and 𝛻 is the gradient operator. The third
term enforces uniform susceptibility distribution in 𝑃𝑦 within a mask 𝑀𝑐 where 𝜆2 is
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̅̅̅̅ 𝑀𝑐 is the average of 𝑃𝑦 over 𝑀𝑐 . In brain QSM,
the regularization parameter, and 𝑃𝑦
𝑀𝑐 is typically chosen as the regions containing CSF (45). The last term is a Tikhonov
regularization on the updates of 𝑚0 , 𝑅2∗ , and 𝜙0 to improve stability, where 𝜆3 is the
regularization parameter.
The optimization problem in Eq. 5.4 was solved iteratively using the Gauss-Newton
(GN) method. In each GN iteration, Eq. 5.4 was linearized with respect to the four
unknowns via first order Taylor expansion. For computational efficiency, the
linearized problem at the 𝑛th GN iteration was broken down into two subproblems: 1)
∗
keeping 𝑚0,𝑛 , 𝑅2,𝑛
, and 𝜙0,𝑛 fixed, 𝑦𝑛+1 was found using the Conjugate Gradient (CG)

solver (see Appendix A for solver detail):

#𝑻𝑬

𝒚′𝒏+𝟏

[5.5]

𝟐

∗

= 𝐚𝐫𝐠𝐦𝐢𝐧 ∑‖𝒎𝟎,𝒏 𝒆−𝒕𝒋𝑹𝟐,𝒏 𝒆𝒊𝝓𝟎,𝒏 𝒆𝒊𝒕𝒋 𝑫𝑷𝒚 − 𝑺𝒋 ‖ + 𝝀𝟏 ‖𝑴𝑮 𝜵𝑷𝒚‖𝟏
𝒚

𝟐

𝒋=𝟏

+ 𝝀𝟐 ‖𝑴𝒄 (𝑷𝒚 − ̅̅̅̅
𝑷𝒚𝑴𝒄 )‖𝟐𝟐
∗
and 2) keeping 𝑦𝑛+1 fixed, 𝑚0,𝑛+1 , 𝑅2,𝑛+1
, and 𝜙0,𝑛+1 were updated using a voxel-by-

voxel pseudo-inversion (see Appendix B for solver detail):

′
(𝒎′𝟎,𝒏+𝟏 , 𝑹∗′
𝟐,𝒏+𝟏 , 𝝓𝟎,𝒏+𝟏 )

[5.6]
#𝑻𝑬
∗

= 𝒂𝒓𝒈𝒎𝒊𝒏 ∑‖𝒎𝟎 𝒆−𝒕𝒋𝑹𝟐 𝒆𝒊𝝓𝟎 𝒆𝒊𝒕𝒋 𝑷𝑫𝒚𝒏+𝟏 − 𝑺𝒋 ‖
𝒎𝟎 ,𝑹∗𝟐 ,𝝓𝟎

𝟐
𝟐

𝒋=𝟏
𝟐

𝒅𝒎𝟎
+ 𝝀𝟑 ‖ 𝒅𝑹𝟐∗ ‖
𝒅𝝓𝟎 𝟐

The proposed mcTFI method can be considered as an extension to the TFI method
(44). In TFI, QSM was computed by fitting the susceptibility to the susceptibility
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field, 𝑓, which needs to be first estimated via a separation fitting, for instance, by
approximating the noise in the signal amplitude in Eq. 5.1 and solving only for 𝜙0 and
𝑓:

#𝑻𝑬

(𝝓′𝟎 , 𝐟 ′ )

= 𝐚𝐫𝐠𝐦𝐢𝐧 ∑‖|𝑺𝒋 |𝒆𝒊𝝓𝟎 𝒆𝒊𝒕𝒋 𝟐𝝅𝒇 − 𝑺𝒋 ‖
𝝓𝟎 ,𝒇

𝟐

[5.7]

𝟐

𝒋=𝟏

the susceptibility map was then reconstructed by solving the following optimization
problem using the Gauss-Newton method:

𝛘′ = 𝑷𝐲 ′ , 𝐲 ′ = 𝐚𝐫𝐠𝐦𝐢𝐧‖𝒘(𝑫𝑷𝒚 − 𝒇)‖𝟐𝟐 + 𝝀𝟏 ‖𝑴𝑮 𝜵𝑷𝒚‖𝟏

[5.8]

𝒚

+ 𝝀𝟐 ‖𝑴𝒄 (𝑷𝒚 − ̅̅̅̅
𝑷𝒚𝑴𝒄 )‖𝟐𝟐
where 𝑤 is a diagonal noise weighting matrix, which was typically calculated as the
covariance matrix of the fitting in Eq. 5.7 (46). Note that the noise in 𝑓 may no longer
be Gaussian, which could introduce model errors to the data fidelity term in Eq. 5.8.
Using a proper noise weighting in TFI can help to mitigate this model error (as well as
fitting errors from Eq. 5.7) by assigning small values to 𝑤 in the problematic voxels,
therefore, reducing the influence of these problematic voxels during the optimization.
Since 𝑤 can also contain errors and may not completely account for the noise property
in the susceptibility field, MERIT (41) was introduced to further retune 𝑤. With
MERIT, at the end of the 𝑖th GN iteration, the noise weighting 𝑤𝑖 is updated to 𝑤𝑖+1,
which will be used in the next GN iteration, as follows:
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𝒘𝒊+𝟏

𝒘𝒊
𝒘𝒊
=
𝝆 𝑹
( 𝑻𝒊 )
{

𝝆𝒊
≤𝟏
𝑻
𝝆𝒊
>𝟏
𝑻

[5.9]

where 𝜌𝑖 = 𝑤𝑖 |𝐷𝑃𝑦𝑖 − 𝑓| is the voxel-by-voxel data term residual for the 𝑖𝑡ℎ iteration,
𝑇 is the threshold determining the number of voxels whose noise weighting will be
reduced, and 𝑅 is the attenuation factor determining the strength of the weighting
reduction. Carefully selection of 𝑇 and 𝑅 are important: large values may cause
reasonable voxels to be disregarded and small values may not probably penalize all
erroneous voxels. However, MERIT is a heuristic method and the parameters, 𝑇 and
𝑅, are currently empirically determined.
The proposed mcTFI method is hypothesized to be an improvement upon the TFI
method because 1) mcTFI does not require the fine-tuning of 𝑤, and 2) by avoiding a
separate fitting of 𝑓, the Gaussian noise assumption in mcTFI cost function still holds.
5.4 Methods
The accuracy of the proposed mcTFI algorithm was evaluated against TFI both
without and with MERIT (TFI+MERIT) in a numerical brain simulation with
inclusion of a hemorrhage and calcification, in patients suffering from intracerebral
hemorrhage (ICH) scanned at 3T and in healthy subjects scanned at 7T.
Implementation Details
In TFI, 𝑃 is the automated adaptive preconditioner, 𝜆1 = 0.001, and 𝜆2 = 0.1 were
chosen as accordance with the literature (43). The MERIT parameters 𝑇 = 6𝜎, where
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𝜎 is the standard deviation of the two-norm of the data term residual, and 𝑅 = 2 were
chosen according to the original work (41).
The same automated adaptive preconditioner was used in mcTFI. The follows steps
were taken in order to match the regularizations parameters in mcTFI to that in TFI:
1) The noise weighting in TFI was scaled such that its mean values over the brain
1

mask 𝑀 was 1, or #𝑀 ∑𝑘∈𝑀 𝑤𝑘 = 1 with #𝑀 the number of voxels in 𝑀. In
1

1

mcTFI, the complex images, 𝑆𝑗 were scaled by 𝐶 = #𝑇𝐸 ∑#𝑇𝐸
𝑗=1 #𝑀 ∑𝑘∈𝑀|𝑆𝑗,𝑘 |, so
1

1

𝑆𝑗,𝑘

that #𝑇𝐸 ∑#𝑇𝐸
𝑗=1 #𝑀 ∑𝑘∈𝑀 |

𝐶

|=1.

#𝑇𝐸 2
2) 𝜆1,𝑚𝑐𝑇𝐹𝐼 = 𝜆1,𝑇𝐹𝐼 × ∑#𝑇𝐸
𝑗=1 𝑡𝑗 and 𝜆2,𝑚𝑐𝑇𝐹𝐼 = 𝜆2,𝑇𝐹𝐼 × ∑𝑗=1 𝑡𝑗 were chosen as

the regularization parameters (see appendix A for derivation).
The Tikhonov regularization parameter, 𝜆3 , was automatically determined for each
case by first constructing a L-curve in a large range, from 10-5 to 101 with an
increment of an order of magnitude, to determine a rough value for the L-curve corner.
Then, a second L-curve was constructed within a range of an order of magnitude
around this rough value, and 𝜆3 was chosen as the corner of the second L-curve. The
L-curve corner was determined using an adaptive pruning algorithm (47). To further
improve the stability of mcTFI, 𝑚0 and 𝑅2∗ were constrained to be greater than or
equal to zero.
Proper initializations are important for solving the nonlinear optimization problems in
∗
mcTFI. Here, 𝑅2,𝑖𝑛𝑖𝑡
was obtained using ARLO (48), and then 𝑚0,𝑖𝑛𝑖𝑡 was estimated
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as 𝑚0,𝑖𝑛𝑖𝑡 =

|𝑆1 |
∗
−𝑡1 𝑅2,𝑖𝑛𝑖𝑡

e

. 𝜙0,𝑖𝑛𝑖𝑡 and 𝑓𝑖𝑛𝑖𝑡 were obtained via pseudo-inversion of the

phase in the first two GRE echoes: (𝜙0,𝑖𝑛𝑖𝑡 , 𝑓𝑖𝑛𝑖𝑡 ) = [

1 𝑡1 −1 ∠𝑆1
] [
].
1 𝑡2
∠𝑆2

One challenge in initializing Eq. 5.5 is that the angle of a complex exponential is only
defined within a range of 2𝜋, so that large susceptibility field may cause wraps in the
phase, leading in turn to a wraps in the resulting susceptibility map. Such wrapping
artifact can be avoided if 𝑦 is initialized without any wraps, and this was done with the
following steps:
1) Perform phase unwrapping on 𝑓𝑖𝑛𝑖𝑡
2) Perform phase unwrapping on the phase of the GRE images: ∠𝑆𝑗,𝑛𝑜𝑤𝑟𝑎𝑝 =
∠𝑆𝑗 −𝑓𝑖𝑛𝑖𝑡 ∗𝑡𝑗 +𝜙0,𝑖𝑛𝑖𝑡

∠𝑆𝑗 − round (

2𝜋

) ∗ 2𝜋

3) Construct a new set of GRE images that do not have phase wrap: 𝑆𝑗,𝑛𝑜𝑤𝑟𝑎𝑝 =
|𝑆𝑗 |𝑒 𝑖𝛼∠𝑆𝑗,𝑛𝑜𝑤𝑟𝑎𝑝 . Here, 𝛼 is a very large scalar that ensures the range of
𝛼∠𝑆𝑗,𝑢𝑛𝑤𝑟𝑎𝑝 falls within 2𝜋 so that there is no phase wrap.
∗

−𝑡𝑗 𝑅2,𝑖𝑛𝑖𝑡 𝑖𝜙0,𝑖𝑛𝑖𝑡 𝑖𝑡𝑗 𝐷𝑃𝑦
4) Solve 𝑦𝑛𝑜𝑤𝑟𝑎𝑝 = argmin ∑#𝑇𝐸
𝑒
𝑒
−
𝑗=1 ‖𝑚0,𝑖𝑛𝑖𝑡 𝑒
𝑦

2

̅̅̅̅ 𝑀𝑐 )‖22, linearized at 𝑦 = 0 and
𝑆𝑗,𝑛𝑜𝑤𝑟𝑎𝑝 ‖2 + 𝜆1 ‖𝑀𝐺 𝛻𝑃𝑦‖1 + 𝜆2 ‖𝑀𝑐 (𝑃𝑦 − 𝑃𝑦
with 1 GN iteration.
5) 𝑦𝑖𝑛𝑖𝑡 = 𝑦𝑛𝑜𝑤𝑟𝑎𝑝 /𝛼
A quality map guided spatial unwrapping algorithm was used for phase unwrapping
(49).
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Simulation
A numerical brain phantom with calcification and hemorrhage was constructed based
on the Zubal phantom (50). First, multi-echo GRE image data (ignoring T1 relaxation
effect) were simulated according to Eq. 5.3, on 3T, with simulation parameters 1st TE
(ms)/ΔTE (ms)/#TE (ms)/voxel size (mm3)=4.5/5/8/1x1x1, and with known tissue
parameters 𝑚0 (a.u.)/𝑅2∗ (Hz)/𝜙0 (rad)/𝜒 (ppm) set for different structures based on
literature values: white matter = 0.715/20/1/-0.046, grey matter = 0.715/20/1/0.053,
CSF = 0.715/4/1/0, caudate nucleus= 0.715/30/1/0.093, putamen = 0.715/30/1/0.093,
thalamus = 0.9/20/1/0.073, globus pallidus = 0.9/45/1/0.193, calcification =
0.1/500/1/-2.4, ICH = 0.1/150/1/2.68, air = 0/0/0/9, sagittal sinus = 0/45/0/0.27, and
skull = 0/4/0/-2. Next, random zero-mean gaussian white noise at SNR = 100 was
added to the real and imaginary parts of the complex image independently. Finally, the
GRE images were downsampled by a factor of 2, from which the QSM images were
reconstructed using the different methods for comparison. This simulation experiment
was repeated for SNR ranging from 10 to 150 to evaluate the performance of the QSM
methods at different SNR levels, and at each SNR level the experiment was repeated
10 times. The accuracy of the reconstructed QSM was calculated as the mean of the
1

2

RMSE=√𝑁 ∑𝑁
𝑖 (𝑀𝜒𝑡𝑟𝑢𝑡ℎ,𝑖 − 𝑀𝜒𝑟𝑒𝑐𝑜𝑛,𝑖 ) over the 10 repeats; RMSE was calculated
inside of the brain mask, only inside of the lesions, and only outside of the lesions.
The lesion mask was set as the actual lesion plus 3 layers of voxels around it.
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QSM Challenge 2.0 data
The 4 datasets (1 brain with and without calcification, simulated at two different SNR)
provided in the QSM Challenge 2.0 (51) were used to compare mcTFI, TFI, and
TFI+MERIT. The results were evaluated according to the metrics of QSM Challenge
2.0, which are:
1) RMSE over the whole brain
2) demeaned and detrended RMSE, ddRMSE, calculated over the whole brain,
over the cortical gray and white matter, over the deep gray matter, and over the
venous blood
3) linear regression analysis over all voxels in deep gray matter
4) streaking artifact level around calcification
5) the magnetic moment of the calcification
Both data and evaluation codes are available on the official QSM Challenge 2.0
website: http://www.listsnu.org/qsm-challenge.
In vivo Brain
Eighteen ICH patients were scanned on a commercial 3T scanner (750/SIGNA,
General Electric Healthcare, Waukesha Wisconsin, USA) with a unipolar flow
compensated multi-echo gradient echo sequence. The acquisition parameters were: FA
= 15, FOV = 25.6 cm, TE1 = 4.5–5.0 ms, TR = 39–49 ms, #TE = 6–8, ΔTE = 4.6–5
ms, acquisition matrix = 512 × 512 × 64–144, reconstructed voxel size = 0.5×0.5 mm2,
reconstructed slice thickness = 1-3 mm, and BW = ± 62.5 kHz.
Six healthy volunteers were scanned on a prototype 7T MR scanner (MR950, Signa
7.0T, General Electric Healthcare, Waukesha, WI) using a two-channel transmit/3288

channel to receive head coil with a multi-echo gradient echo sequence. The acquisition
paramters were: FA = 15, FOV = 220 × 176 mm2, TE1 = 3.81 ms, TR = 45.03 ms,
#TE = 10, ΔTE = 4.1 ms, acquisition matrix = 320 × 320 × 74, reconstructed voxel
size = 0.5×0.5 mm2, reconstructed slice thickness = 1 mm, and BW = ± 78.1 kHz.
The image quality of the reconstructed hemorrhage was scored semi-quantitatively
based on visually assessed artifacts with a three-point scale (3 = severe, 2 = moderate,
and 1 = negligible), by an experienced radiologist (I. K.). The image quality scores
(presented as mean ± standard deviation) were compared with each other using a twotailed Wilcoxon paired-sample signed rank test, and a two-sided 𝑝 < 0.05 was
deemed indicative of statistical significance.
5.5 Results
Simulation
Figure 5.1 shows the comparison between TFI, TFI+MERIT, and mcTFI in a
simulated brain that contains a calcified lesion and an ICH. As shown in Figure 5.1A
(SNR=100), TFI reconstructed QSM contains severe streaking artifacts that originated
from the two lesions. The streaking artifacts were suppressed with the usage of
MERIT, but the lesions susceptibilities were underestimated and the lesions
themselves appeared enlarged. On the other hand, the mcTFI QSM contains no
streaking artifacts, the lesion susceptibilities were in reasonable agreement with
ground truth, and the lesions were not enlarged. Figure 5.1B showed the mean RMSE
over the 10 repeats at different SNR levels, and mcTFI results consistently resulted in
better RMSE than the TFI and TFI+MERIT results.
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QSM Challenge 2.0
Figure 5.2A shows the QSM reconstructed using TFI, TFI+MERIT, and mcTFI in
one of the datasets provided by QSM Challenge 2.0. The TFI result contains streaking
artifacts that originate from the calcified lesion. The streaking artifact was suppressed
using MERIT, but the lesion size appeared larger than ground truth. The QSM from
mcTFI contains the least streaking artifacts from the lesion and the lesion size is not
enlarged compared to the ground truth. The QSM from the three methods is otherwise
similar outside of the calcified lesion and streaking artifacts. This is also demonstrated
in Figure 5.2B, where the RMSE and streaking artifact measurements in TFI+MERIT
and mcTFI are much better than that in TFI, because both TFI+MERIT and mcTFI
results contain minimal streaking artifacts. But between TFI+MERIT and mcTFI, the
latter produced more accurate calcification moment measurement compared to the
ground truth.
In vivo Brains with hemorrhages
The image quality scores of the reconstructed hemorrhages for TFI, TFI+MERIT, and
mcTFI were respectively 2.44±0.62, 1.78±0.35, and 1.11±0.21. There was a
significant difference between the scores of TFI and TFI+MERIT (p=0.002), a
significant difference between the scores of TFI and mcTFI (p<0.001), and significant
difference between the scores of TFI+MERIT and mcTFI (p<0.001)
Figure 5.3 shows the QSM reconstructions in a representative ICH brain presented in
the three major planes. Severe streaking artifacts coming from the hemorrhage were
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observed in the TFI result; these streaking artifacts were significantly reduced in
TFI+MERIT, but not completely suppressed (yellow arrow). In mcTFI, the
hemorrhage streaking artifacts appeared to be nearly suppressed.
In vivo healthy Brains at 7T
The image quality scores for TFI, TFI+MERIT, and mcTFI were 2.86±0.24,
2.29±0.41, and 1.29±.041, respectively. There was no significant difference between
the scores of TFI and TFI+MERIT (p=0.102), a significant difference between the
scores of TFI and mcTFI (p=0.002), and significant difference between the scores of
TFI+MERIT and mcTFI (p=0.012).
Figure 5.4 shows the QSM reconstructions in a representative brain scanned at 7T. In
case 1, significant artifacts in the prefrontal cortex area were observed in the TFI and
TFI+MERIT results (red arrows) while the proposed mcTFI effectively suppressed
this artifact.
5.6 Discussion
QSM computes the susceptibility map from a susceptibility field (38,39,52-54),
typically with the field first estimatied by fitting a signal model to the acquired GRE
images. The fitting errors and the non-zero mean Gaussian noise in the resulting fitted
susceptibility field propagates through the subsequent dipole inversion step, causing
artifacts in the final susceptibility map. The proposed mcTFI method computes the
susceptibility map directly from the multi-echo complex GRE images, while
minimizing errors in field estimation and retaining the Gaussian noise property in the
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data term. The mcTFI method was compared with TFI (without and with MERIT), and
mcTFI demonstrated both quantitative and qualitative improvements over TFI in
simulations, brains with ICH, and healthy brains scanned at 7T.
The proper biophysical modeling is important for parameter extraction in quantitative
MRI. For field estimations in the presence of fat chemical shift, for example, Dimov et
al. (55) demonstrated that by modeling the fat chemical shift as part of the unknowns,
as opposed to assuming it to be a constant value, the quality, and accuracy resulting
estimated field was substantially improved. Prior to this work, the susceptibility field
was first estimated via various approximations to Eq. 5.1, where different assumptions
to the noise property of the field were made in the different approximations (39,56).
For example, the TFI approach here estimated the susceptibility field by solving Eq.
5.7 (a simplified version of Eq. 5.1), in which the magnitude component of the
complex images was assumed to be noiseless. The proposed mcTFI, on the other hand,
solves the signal equation directly, which is a better signal model with fewer
approximations and simplifications.
Another benefit of fitting the susceptibility map directly to the complex data is that the
assumed noise in mcTFI is that of the acquired data. A separate field estimation
commonly simplifies and alters the noise property, contributing to potential model
errors in the subsequent dipole inversion step, which is typically formulated as
maximum likelihood estimation by minimizing the quadratic data fidelity term
‖𝐷𝜒 − 𝑓‖22 , thereby causing artifacts in the final susceptibility map. A noise
weighting term, 𝑤, needs to be introduced to the data fidelity term ‖𝑤(𝐷𝜒 − 𝑓)‖22 to
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mitigate the model errors and suppress the artifacts (40), but the proper estimation of
𝑤 remains a challenge. This noise property related errors are substantial in tissue
lesions with large susceptibilities such as hemorrhages and at ultra-high field strengths
such as 7T. Accordingly, mcTFI can significantly improve QSM performance for
these applications, as demonstrated in this work.
Currently, for field estimation using Eq. 5.7, the noise weighting is calculated as the
covariance matrix of the fit in Eq. 5.7 (46), but it does not properly account for the
noise properties, as demonstrated by the suboptimal TFI results in this work. Further
retuning of 𝑤 using MERIT allows better suppression of artifacts from these model
errors (41). However, MERIT is a heuristic method and dataset-specific MERIT
parameters are required to ensure that MERIT suppresses the artifacts without
introducing new artifacts (see appendix C for details regarding the parameters).
Looking at the examples in this work, when the MERIT parameters caused overpenalization, then, as shown in Figure 5.1A, the streaking artifacts were effectively
suppressed, but to over-penalized noise weighting in the voxels in and around the two
lesions, led to the solver to fit for the field around the lesions first and the size of the
lesions in the resulting susceptibility map appeared larger. In contrast, by using a more
accurate model in the data term, mcTFI results demonstrated a sufficient suppression
of streaking artifacts while retaining the true size of the lesions. Furthermore, the overpenalization of MERIT likely causes the loss of data in TFI, resulting in less accurate
susceptibility map reconstruction in comparison to mcTFI, as shown in Figure 5.1B.
Similar behaviors were also demonstrated in Figure 5.2A, where streaking artifacts
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were effectively suppressed using MERIT, but lesions appeared larger. On the other
hand, mcTFI was able to suppress streaking artifacts, while avoiding the introduction
of new artifacts. Figure 5.3 demonstrated a case where MERIT failed to completely
suppress all streaking artifacts because it did not sufficiently penalize the noise
weighting in all problematic voxels; in contrast, the QSM reconstructed using mcTFI
suppressed streaking artifacts around the hemorrhage.
There are a few limitations to the current implementation of mcTFI. Firstly, Eq. 5.1
may not fully describe the images from any GRE acquisitions. To model the brain
GRE images produced by the acquisition strategy described in the Methods section,
additional terms may need to be introduced into Eq. 5.1 to account for other
contributions to the signal, including voxel sensitivity function, chemical shift, bipolar
readout, shimming gradients, and intravoxel dephasing. Secondly, the nonlinear and
nonconvex objective function in mcTFI, by definition, has multiple local minima, and,
therefore, its solutions may be sensitive to the choice of initial guess. There is no
guarantee that the initial guess strategies as used in this initial implementation are
optimal, so the investigation into robust initial guesses is a natural continuation of this
work. Finally, an increase of model complexity in mcTFI also comes with an increase
in computation time; the Alternating Direction Method of Multipliers (ADMM),
which is a much faster algorithm (57), may be used efficiently solve the objective
function in mcTFI.
5.7 Conclusion
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This work proposed the mcTFI method to directly estimate the susceptibility map
from the GRE images, which is a more appropriate way to model the signal noise and
bypass any errors from a separate field estimation. Compared to TFI, the proposed
mcTFI demonstrated improvements in susceptibility map reconstruction, with reduced
streaking artifacts and improved performance in regions with low SNR.
5.8 APPENDIX 5A
∗

̅̅̅̅ 𝑀𝑐 :
Starting from Eq. 5.5, let 𝑊𝑗 = 𝑚0 𝑒 −𝑡𝑗𝑅2 𝑒 𝑖𝜙0 𝑒 𝑖𝑡𝑗𝐷𝑃𝑦 , and 𝐴𝑃𝑦 = 𝑃𝑦 − 𝑃𝑦
#𝑇𝐸
2

𝐸(𝑦) = argmin ∑‖𝑊𝑗 − 𝑆𝑗 ‖2 + 𝜆1 ‖𝑀𝐺 𝛻𝑃𝑦‖1 + 𝜆2 ‖𝑀𝑐 𝐴𝑃𝑦‖22
𝑦

𝑗=1

First order Taylor expansion around 𝑦 gives:
#𝑇𝐸

𝐸(𝑦 + 𝑑𝑦) = ∑ ‖
𝑗=1

2

𝑊𝑗 − 𝑆𝑗
+𝑊𝑗 (𝑖𝑡𝑗 𝐷𝑃𝑑𝑦)

‖ + 𝜆1 ‖𝑀𝐺 𝛻𝑃(𝑦 + 𝑑𝑦)‖1
2

+ 𝜆2 ‖𝑀𝑐 𝐴𝑃(𝑦 + 𝑑𝑦)‖22
The regularizations terms can be reformatted as follows so that the regularizations
terms at each 𝑗 can be scaled down by 𝑡𝑗 :
#𝑇𝐸

𝐸(𝑦 + 𝑑𝑦) = ∑ ‖

𝑊𝑗 − 𝑆𝑗

𝑗=1

+𝑊𝑗 (𝑖𝑡𝑗 𝐷𝑃𝑑𝑦)

2

#𝑇𝐸

‖ + 𝜆1 ∑‖𝑡𝑗 𝑀𝐺 𝛻𝑃(𝑦 + 𝑑𝑦)‖1
2

𝑗=1

#𝑇𝐸

+ 𝜆2 ∑‖𝑡𝑗 𝑀𝑐 𝐴𝑃(𝑦 + 𝑑𝑦)‖

2
2

𝑗=1
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Let 𝐵 = 𝑊𝑗 − 𝑆𝑗 :
#𝑇𝐸

#𝑇𝐸
2

𝐸(𝑦 + 𝑑𝑦) = ∑‖𝐵 + 𝑊𝑗 (𝑖𝑡𝑗 𝐷𝑃𝑑𝑦)‖2 + 𝜆1 ∑‖𝑡𝑗 𝑀𝐺 𝛻𝑃(𝑦 + 𝑑𝑦)‖1
𝑗=1

𝑗=1
#𝑇𝐸
2

+ 𝜆2 ∑‖𝑡𝑗 𝑀𝑐 𝐴𝑃(𝑦 + 𝑑𝑦)‖2
𝑗=1

Gradient of E with respect to 𝑑𝑦:
𝛿𝐸
𝛿𝑑𝑦
#𝑇𝐸

∑ 𝑑𝑦 𝐻 𝑃𝐻 𝐷𝐻 𝑡𝑗𝐻 𝑖 𝐻 𝑊𝑗𝐻 𝑊𝑗 𝑖𝑡𝑗 𝐷𝑃𝑑𝑦 + 𝑑𝑦 𝐻 𝑃𝐻 𝐷𝐻 𝑡𝑗𝐻 𝑖 𝐻 𝑊𝑗𝐻 𝐵 + 𝐵 𝐻 𝑊𝑗 𝑖𝑡𝑗 𝐷𝑃𝑑𝑦
𝑗=1
#𝑇𝐸

𝛿
=
𝛿𝑑𝑦

𝜆1 ∑|𝑡𝑗 𝑀𝐺 𝛻𝑃(𝑦 + 𝑑𝑦)|
𝑗=1
#𝑇𝐸

𝜆2 ∑ 𝑑𝑦 𝐻 𝑃𝐻 𝐴𝐻 𝑀𝐻 𝑡𝑗𝐻 𝑡𝑗 𝑀𝐴𝑃𝑑𝑦 + 𝑑𝑦 𝐻 𝑃𝐻 𝐴𝐻 𝑀𝐻 𝑡𝑗𝐻 𝑡𝑗 𝑀𝐴𝑃𝑦 + 𝑦 𝐻 𝑃𝐻 𝐴𝐻 𝑀𝐻 𝑡𝑗𝐻 𝑡𝑗 𝑀𝐴𝑃𝑑𝑦
( 𝑗=1
)
#𝑇𝐸

∑ 2𝑅𝑒{𝑃𝐻 𝐷𝐻 𝑡𝑗𝐻 𝑖 𝐻 𝑊𝑗𝐻 𝑊𝑗 𝑖𝑡𝑗 𝐷𝑃𝑑𝑦} + 2𝑅𝑒{𝑃𝐻 𝐷𝐻 𝑡𝑗𝐻 𝑖 𝐻 𝑊𝑗𝐻 𝐵}
𝑗=1
#𝑇𝐸

𝜆1 ∑ 𝑃𝐻 ∇H 𝑀𝐺𝐻 𝑡𝑗𝐻

=

𝑗=1
#𝑇𝐸

1
|𝑡𝑗 𝑀𝐺 ∇P𝑦|

[𝑡𝑗 𝑀𝐺 ∇𝑃(𝑦 + 𝑑𝑦)]

𝜆2 ∑ 2𝑃𝐻 𝐴𝐻 𝑀𝐻 𝑡𝑗𝐻 𝑡𝑗 𝑀𝐴𝑃𝑑𝑦 + 2𝑃𝐻 𝐴𝐻 𝑀𝐻 𝑡𝑗𝐻 𝑡𝑗 𝑀𝐴𝑃𝑦
(

𝑗=1

)

In both 𝜆1 and 𝜆2 terms, since 𝑡𝑗 is the only summation variable and 𝑡𝑗 is scalar, the
above expression can be further simplified:
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#𝑇𝐸

∑ 2𝑅𝑒{𝑃𝐻 𝐷𝐻 𝑡𝑗𝐻 𝑖 𝐻 𝑊𝑗𝐻 𝑊𝑗 𝑖𝑡𝑗 𝐷𝑃𝑑𝑦} + 2𝑅𝑒{𝑃𝐻 𝐷𝐻 𝑡𝑗𝐻 𝑖 𝐻 𝑊𝑗𝐻 𝐵}
𝑗=1
#𝑇𝐸

𝛿𝐸
=
𝛿𝑑𝑦

𝜆1 (∑ 𝑡𝑗 ) 𝑃𝐻 ∇H 𝑀𝐺𝐻
𝑗=1

1
[𝑀𝐺 ∇𝑃(𝑦 + 𝑑𝑦)]
|𝑀𝐺 ∇P𝑦|

#𝑇𝐸

𝜆2 (∑ 𝑡𝑗2 ) 2𝑃𝐻 𝐴𝐻 𝑀𝐻 𝑀𝐴𝑃𝑑𝑦 + 2𝑃𝐻 𝐴𝐻 𝑀𝐻 𝑀𝐴𝑃𝑦
(

)

𝑗=1

Settings the gradients to zero:
#𝑇𝐸

∑ 2𝑅𝑒{𝑃𝐻 𝐷𝐻 𝑡𝑗𝐻 𝑖 𝐻 𝑊𝑗𝐻 𝑊𝑗 𝑖𝑡𝑗 𝐷𝑃𝑑𝑦}
𝑗=1
#𝑇𝐸

𝜆1 (∑ 𝑡𝑗 ) 𝑃𝐻 ∇H 𝑀𝐺𝐻
𝑗=1

1
[𝑀𝐺 ∇𝑃𝑑𝑦]
|𝑀𝐺 ∇P𝑦|

#𝑇𝐸

𝜆2 (∑ 𝑡𝑗2 ) 2𝑃𝐻 𝐴𝐻 𝑀𝐻 𝑀𝐴𝑃𝑑𝑦
(

)

𝑗=1
#𝑇𝐸

∑ 2𝑅𝑒{𝑃𝐻 𝐷𝐻 𝑡𝑗𝐻 𝑖 𝐻 𝑊𝑗𝐻 𝐵}
𝑗=1
#𝑇𝐸

𝜆1 (∑ 𝑡𝑗 ) 𝑃𝐻 ∇H 𝑀𝐺𝐻

=

𝑗=1

1
[𝑀𝐺 ∇𝑃𝑦]
|𝑀𝐺 ∇P𝑦|

#𝑇𝐸

𝜆2 (∑ 𝑡𝑗2 ) 2𝑃𝐻 𝐴𝐻 𝑀𝐻 𝑀𝐴𝑃𝑦
(

𝑗=1

)
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5.9 APPENDIX 5B
2

𝑑𝑚0
2
′
′
−𝑡𝑗 𝑅2∗ 𝑖𝜙0 𝑖𝑡𝑗 𝑃𝐷𝑦𝑛+1
∗
′
(𝑚0 , 𝑅2 , 𝜙0 ) = 𝑎𝑟𝑔𝑚𝑖𝑛 ∑‖𝑚0 𝑒
𝑒 𝑒
− 𝑆𝑗 ‖2 + 𝜆3 ‖ 𝑑𝑅2∗ ‖
𝑚0 ,𝑅2∗ ,𝜙0
𝑑𝜙0
𝑗=1
#𝑇𝐸

2

First order Taylor expansion:
𝐸(𝑚0 + 𝑑𝑚0 , 𝑅2∗ + 𝑑𝑅2∗ , 𝜙0 + 𝑑𝜙0 )
∗

2

𝑚0 𝑒 −𝑡𝑗𝑅2 𝑒 𝑖𝜙0 𝑒 𝑖𝑡𝑗𝐷𝑃𝑦𝑛+1 − 𝑆𝑗
𝑑𝑚0 ‖
∗
2
#𝑇𝐸 ‖ +𝑚 𝑒 −𝑡𝑗 𝑅2 𝑒 𝑖𝜙0 𝑒 𝑖𝑡𝑗 𝐷𝑃𝑦𝑛+1 (
)
𝑑𝑚0
0
𝑚0
=∑
+ 𝜆3 ‖ 𝑑𝑅2∗ ‖
−𝑡𝑗 𝑅2∗ 𝑖𝜙0 𝑖𝑡𝑗 𝐷𝑃𝑦𝑛+1
∗
+𝑚0 𝑒
𝑒 𝑒
(−𝑡𝑗 𝑑𝑅2 )
𝑑𝜙0
𝑗=1
2
‖
‖
∗
−𝑡𝑗 𝑅2 𝑖𝜙0 𝑖𝑡𝑗 𝐷𝑃𝑦𝑛+1
(𝑖𝑑𝜙0 )
+𝑚0 𝑒
𝑒 𝑒
2

∗

Let 𝑊𝑗 = 𝑚0 𝑒 −𝑡𝑗 𝑅2 𝑒 𝑖𝜙0 𝑒 𝑖𝑡𝑗 𝐷𝑃𝑦𝑛+1 , and 𝐵 = 𝑊𝑗 − 𝑆𝑗
𝐸(𝑚0 + 𝑑𝑚0 , 𝑅2∗ + 𝑑𝑅2∗ , 𝜙0 + 𝑑𝜙0 )
2

𝑑𝑚0
2
𝑑𝑚0
= ∑ ‖𝑊𝑗 (
− 𝑡𝑗 𝑑𝑅2∗ + 𝑖𝑑𝜙0 ) + 𝐵‖ + 𝜆3 ‖ 𝑑𝑅2∗ ‖
𝑚0
2
𝑑𝜙0
𝑗=1
#𝑇𝐸

2

#𝑇𝐸

𝐻
𝑑𝑚0
𝑑𝑚0
= ∑ [𝑊𝑗 (
− 𝑡𝑗 𝑑𝑅2∗ + 𝑖𝑑𝜙0 ) + 𝐵] [𝑊𝑗 (
− 𝑡𝑗 𝑑𝑅2∗ + 𝑖𝑑𝜙0 ) + 𝐵]
𝑚0
𝑚0
𝑗=1

𝐻

𝑑𝑚0
𝑑𝑚0
+ 𝜆3 [ 𝑑𝑅2∗ ] [ 𝑑𝑅2∗ ]
𝑑𝜙0
𝑑𝜙0
Gradient of E with respect to 𝑑𝑚0 , 𝑑𝑅2∗ , and 𝑑𝜙0 :
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𝛿𝐸
𝛿𝑑𝑚0
𝑑𝑚0 𝐻 𝐻 𝑑𝑚0
𝑑𝑚0 𝐻 𝐻
𝑑𝑚0 𝐻 𝐻
∗
#𝑇𝐸
(
) 𝑊𝑗 𝑊𝑗
) 𝑊𝑗 𝑊𝑗 𝑡𝑗 𝑑𝑅2 + (
) 𝑊𝑗 𝑊𝑗 𝑖𝑑𝜙0
−(
𝛿
𝑚0
𝑚0
𝑚0
𝑚0
=
∑
𝛿𝑑𝑚0
𝑑𝑚0 𝐻 𝐻
𝑑𝑚0
𝑑𝑚0
𝑑𝑚0
𝐻
𝑗=1 + (
) 𝑊𝑗 𝐵−(𝑡𝑗 𝑑𝑅2∗ ) 𝑊𝑗𝐻 𝑊𝑗
+ (𝑖𝑑𝜙0 )𝐻 𝑊𝑗𝐻 𝑊𝑗
+ (𝐵)𝐻 𝑊𝑗
[
𝑚0
𝑚0
𝑚0
𝑚0 ]
(

+ 𝜆3 (𝑑𝑚0𝐻 𝑑𝑚0 )
)
#𝑇𝐸

𝐻

𝑊𝑗 𝐻 𝑊𝑗
𝑊𝑗 𝐻 𝑊𝑗
𝑊𝑗 𝐻
𝑊𝑗
𝐻
= ∑ [(
+(
) ) 𝑑𝑚0 − (
𝑊𝑗 𝑡𝑗 𝑑𝑅2∗ + (𝑡𝑗 𝑑𝑅2∗ ) 𝑊𝑗𝐻
)
𝑚0 𝑚0
𝑚0 𝑚0
𝑚0
𝑚0
𝑗=1

𝑊𝑗 𝐻
𝑊
𝑊𝑗 𝐻
𝑊𝑗
𝐻 𝑗
𝐻
+(
𝑊𝑗 𝑖𝑑𝜙0 + (𝑖𝑑𝜙0 ) 𝑊𝑗
)+(
𝐵 + (𝐵)𝐻
)] + 2𝜆3 𝑑𝑚0
𝑚0
𝑚0
𝑚0
𝑚0
#𝑇𝐸

= ∑ [2𝑅𝑒 {
𝑗=1

+ 2𝑅𝑒 {

𝑊𝑗 𝐻 𝑊𝑗
𝑊𝑗 𝐻
𝑊𝑗 𝐻
𝑑𝑚0 } − 2𝑅𝑒 {
𝑊𝑗 𝑡𝑗 𝑑𝑅2∗ } + 2𝑅𝑒 {
𝑊𝑗 𝑖𝑑𝜙0 }
𝑚0 𝑚0
𝑚0
𝑚0

𝑊𝑗 𝐻
𝐵}] + 2𝜆3 𝑑𝑚0
𝑚0
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𝛿𝐸
𝛿𝑑𝑅2∗
−𝑑𝑅2∗ 𝐻 𝑡𝑗𝐻 𝑊𝑗𝐻 𝑊𝑗

#𝑇𝐸

=

𝛿
∑
𝛿𝑑𝑅2∗
(

𝑗=1 −𝑑𝑅 ∗ 𝐻 𝑡 𝐻 𝑊 𝐻 𝐵
2 𝑗
𝑗

[

𝑑𝑚0
+ 𝑑𝑅2∗ 𝐻 𝑡𝑗𝐻 𝑊𝑗𝐻 𝑊𝑗 𝑡𝑗 𝑑𝑅2∗ − 𝑑𝑅2∗ 𝐻 𝑡𝑗𝐻 𝑊𝑗𝐻 𝑊𝑗 𝑖𝑑𝜙0
𝑚0

𝑑𝑚0 𝐻 𝐻
) 𝑊𝑗 𝑊𝑗 𝑡𝑗 𝑑𝑅2∗ − (𝑖𝑑𝜙0 )𝐻 𝑊𝑗𝐻 𝑊𝑗 𝑡𝑗 𝑑𝑅2∗ − (𝐵)𝐻 𝑊𝑗 𝑡𝑗 𝑑𝑅2∗
−(
𝑚0
]

+ 𝜆3 (𝑑𝑅2∗ 𝐻 𝑑𝑅2∗ )
)
#𝑇𝐸

=

∑ [− (𝑡𝑗𝐻 𝑊𝑗𝐻 𝑊𝑗
𝑗=1

𝑑𝑚0
𝑑𝑚0 𝐻 𝐻
) 𝑊𝑗 𝑊𝑗 𝑡𝑗 )
+(
𝑚0
𝑚0
𝐻

+ (𝑡𝑗𝐻 𝑊𝑗𝐻 𝑊𝑗 𝑡𝑗 + (𝑡𝑗𝐻 𝑊𝑗𝐻 𝑊𝑗 𝑡𝑗 ) ) 𝑑𝑅2∗ − (𝑡𝑗𝐻 𝑊𝑗𝐻 𝑊𝑗 𝑖𝑑𝜙0 + (𝑖𝑑𝜙0 )𝐻 𝑊𝑗𝐻 𝑊𝑗 𝑡𝑗 )
− (𝑡𝑗𝐻 𝑊𝑗𝐻 𝐵 + (𝐵)𝐻 𝑊𝑗 𝑡𝑗 )] + 2𝜆3 𝑑𝑅2∗
#𝑇𝐸

= ∑ [−2𝑅𝑒 {𝑡𝑗𝐻 𝑊𝑗𝐻 𝑊𝑗
𝑗=1

𝑑𝑚0
} + 2𝑅𝑒{𝑡𝑗𝐻 𝑊𝑗𝐻 𝑊𝑗 𝑡𝑗 𝑑𝑅2∗ } − 2𝑅𝑒{𝑡𝑗𝐻 𝑊𝑗𝐻 𝑊𝑗 𝑖𝑑𝜙0 }
𝑚0

− 2𝑅𝑒{𝑡𝑗𝐻 𝑊𝑗𝐻 𝐵}] + 2𝜆3 𝑑𝑅2∗
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𝛿𝐸
𝛿𝑑𝜙0

=

𝛿
∑
𝛿𝑑𝜙0
𝑗=1

(

𝑑𝑚0
− 𝑑𝜙0𝐻 𝑖 𝐻 𝑊𝑗𝐻 𝑊𝑗 𝑡𝑗 𝑑𝑅2∗ + 𝑑𝜙0𝐻 𝑖 𝐻 𝑊𝑗𝐻 𝑊𝑗 𝑖𝑑𝜙0 + 𝑑𝜙0𝐻 𝑖 𝐻 𝑊𝑗𝐻 𝐵
𝑚0
𝑑𝑚0 𝐻 𝐻
𝐻
) 𝑊𝑗 𝑊𝑗 𝑖𝑑𝜙0 −(𝑡𝑗 𝑑𝑅2∗ ) 𝑊𝑗𝐻 𝑊𝑗 𝑖𝑑𝜙0 + (𝐵)𝐻 𝑊𝑗 𝑖𝑑𝜙0
+(
𝑚0
]

𝑑𝜙0𝐻 𝑖 𝐻 𝑊𝑗𝐻 𝑊𝑗

#𝑇𝐸

[

+ 𝜆3 (𝑑𝜙0𝐻 𝑑𝜙0 )
)
#𝑇𝐸

= ∑ [(𝑖
𝑗=1

𝐻

𝑊𝑗𝐻 𝑊𝑗

𝑑𝑚0
𝑑𝑚0 𝐻 𝐻
𝐻
) 𝑊𝑗 𝑊𝑗 𝑖) − (𝑖 𝐻 𝑊𝑗𝐻 𝑊𝑗 𝑡𝑗 𝑑𝑅2∗ + (𝑡𝑗 𝑑𝑅2∗ ) 𝑊𝑗𝐻 𝑊𝑗 𝑖)
+(
𝑚0
𝑚0
𝐻

+ (𝑖 𝐻 𝑊𝑗𝐻 𝑊𝑗 𝑖 + (𝑖 𝐻 𝑊𝑗𝐻 𝑊𝑗 𝑖) ) 𝑑𝜙0 + (𝑖 𝐻 𝑊𝑗𝐻 𝐵 + (𝐵)𝐻 𝑊𝑗 𝑖)] + 2𝜆3 𝑑𝜙0
#𝑇𝐸

= ∑ [2𝑅𝑒 {𝑖 𝐻 𝑊𝑗𝐻 𝑊𝑗
𝑗=1

𝑑𝑚0
} − 2𝑅𝑒{𝑖 𝐻 𝑊𝑗𝐻 𝑊𝑗 𝑡𝑗 𝑑𝑅2∗ } + 2𝑅𝑒{𝑖 𝐻 𝑊𝑗𝐻 𝑊𝑗 𝑖𝑑𝜙0 }
𝑚0

+ 2𝑅𝑒{𝑖 𝐻 𝑊𝑗𝐻 𝐵}] + 2𝜆3 𝑑𝜙0

Settings the gradients to zero:
#𝑇𝐸

#𝑇𝐸

𝑗=1

𝑗=1

𝑊𝑗 𝐻
𝑊𝑗 𝐻
𝑑𝑚0
∑ [𝑅𝑒 {
𝑊𝑗 (
− 𝑡𝑗 𝑑𝑅2∗ + 𝑖𝑑𝜙0 )}] + 𝜆3 𝑑𝑚0 = ∑ [−𝑅𝑒 {
𝐵}]
𝑚0
𝑚0
𝑚0

#𝑇𝐸

∑ [−𝑅𝑒 {𝑡𝑗𝐻 𝑊𝑗𝐻 𝑊𝑗
𝑗=1

#𝑇𝐸

𝑑𝑚0
(
− 𝑡𝑗 𝑑𝑅2∗ + 𝑖𝑑𝜙0 )}] + 𝜆3 𝑑𝑅2∗ = ∑[𝑅𝑒{𝑡𝑗𝐻 𝑊𝑗𝐻 𝐵}]
𝑚0
𝑗=1
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#𝑇𝐸

∑ [𝑅𝑒 {𝑖

#𝑇𝐸

𝐻

𝑊𝑗𝐻 𝑊𝑗

𝑗=1

𝑑𝑚0
(
− 𝑡𝑗 𝑑𝑅2∗ + 𝑖𝑑𝜙0 )}] + 𝜆3 𝑑𝜙0 = ∑[−𝑅𝑒{𝑖 𝐻 𝑊𝑗𝐻 𝐵}]
𝑚0
𝑗=1

5.10 APPENDIX 5C
The threshold, 𝑇, needs to be selected such that only the unreliable voxels in the data
have their noise weighting reduced. As such, if 𝑇 is smaller than the optimal value,
then some of the reliable voxels would be penalized, resulting in the loss of data, but if
𝑇 is larger than the optimal value, then some unreliable voxels would not be penalized,
allowing these voxels to continue to generate artifacts in the solution. The attenuation
factor, 𝑅, determines how much the noise weightings in voxels, that were picked up by
a given 𝑇, are reduced. Large 𝑅 could cause voxels to be over-penalized, leading to
the loss of data, and small 𝑅 could result in insufficient noise weighting reduction in
unreliable voxels and insufficient suppression of artifacts. The current implementation
of MERIT uses the parameters 𝑇 = 6𝜎, where 𝜎 is the standard deviation of the twonorm of the data-term residual, 𝜌, therefore, assuming that 𝜌 is a Gaussian
distribution, 0.3% of the voxels are penalized by MERIT at every GN iteration. In
practice, however, it is unlikely that precisely 0.3% of voxels in every GN iteration
contain model errors. Furthermore, the current MERIT implementation uses 𝑅 = 2,
𝝆

𝟐

such that the noise weighting in the selection voxels are reduced by a factor of ( 𝑻𝒊 ) ,
but there is no guarantee that this reduction factor will always return a more
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appropriate noise weighting. Implementation of MERIT can be found in the MEDI
opensource toolbox: http://pre.weill.cornell.edu/mri/pages/qsm.html
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Figure 5.1. A) comparison between TFI, TFI+MERIT, and mcTFI in a simulated brain
that contains a calcified lesion and an ICH. TFI contains streaking artifacts that
originated from the two lesions, due to improper noise weighting in voxels around the
lesions. MERIT helped to suppress the streaking artifacts, but the size of the lesion
appeared enlarged. mcTFI suppressed the streaking artifacts and reconstructed the
lesions best resembled the ground truth. B) mcTFI results also have the best RMSE at
all different SNR levels.
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Figure 5.2. A) comparison between TFI, TFI+MERIT, and mcTFI in one of the
datasets provided by the QSM Challenge 2.0. TFI contains streaking artifacts that
originated from the calcification, whereas both TFI+MERIT and mcTFI were able to
suppress the streaking artifacts. B) mcTFI demonstrated a more accurate
reconstruction (last two columns) of the calcification than TFI+MERIT (bold indicate
the best value).
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Figure 5.3. QSM reconstructions in a brain with the large ICH. Severe streaking
artifacts were observed in the TFI result. TFI+MERIT reduced the severity of the
streaking artifacts but did not completely suppress them (yellow arrows), likely
because MERIT did not properly penalize all of the problematic voxels. The streaking
artifacts were the smallest in the mcTFI reconstructed susceptibility map.
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Figure 5.4. A representative healthy brain scanned at a 7T scanner. Significant
artifacts in the prefrontal cortex area were observed in the TFI and TFI+MERIT
results (red arrows) and proposed mcTFI effectively suppressed such artifact.
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CHAPTER 6
CONCLUSION AND FUTURE DIRECTIONS

6.1 Cardiac QSM
This dissertation detailed the framework, for both data acquisition techniques and
post-processing methods, to generate high-quality cardiac QSM maps. This work
demonstrated, for the first time, the feasibility of in vivo cardiac QSM, and provided
the initial validation of QSM based SvO2 through comparison with invasive
catheterization measurements.
A major limitation of the current cardiac QSM is that the scan time of the cardiac
QSM pulse sequence presented is long (~4-7 minutes) compared to other routine
clinical cardiac MRI sequences. One approach to shorten scan time is to increase
parallel acceleration factor, use compressed sensing (73,107), and/or apply data
acquisition strategies such as echo planar readout (72) or echo sharing methods (74).
Non-Cartesian acquisitions that allow for self-gating (108) and multi-phase
reconstruction (109) are also alternatives to shorten cardiac QSM. Deep-learning
reconstruction could also be employed to vastly reduce the k-space coverage needed to
generate the cardiac GRE images for QSM reconstruction (175).
6.2 Carotid QSM
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The work in this dissertation demonstrated that QSM maps can be reconstructed using
the proposed non-linear formulation of TFI (MEDInpt). The reconstructed QSM maps
can distinguish calcification and IPH in advanced atherosclerotic carotid plaques in
good agreement with findings on mcMRI.
However, the current data acquisition of carotid QSM is not robust against motion
artifacts; 18% of the patient cases presented in chapter 4 resulted in unreasonable
QSM maps due to excessive motion artifacts in the source GRE images. Real time
navigators gating, such as the one presented in chapter 3, may be implemented to
compensate for the motion during the scan. Deep learning frameworks may also
retrospectively correct the source GRE images with motion artifacts (176).
6.3 Multi-Echo Complex Total Field Inversion (mcTFI) Method
This dissertation proposed the mcTFI method to directly estimate the susceptibility
map from the GRE images, which is a more appropriate way to model the signal noise
and bypass any errors from a separate field estimation. Compared to TFI, the proposed
mcTFI demonstrated improvements in susceptibility map reconstruction, in regions
with low SNR.
A few improvements for mcTFI as suggested as follows. Firstly, the data fidelity term
used in mcTFI presented in chapter 5 may not fully describe the images from any
multi echo GRE acquisitions, therefore, additional terms may need to be introduced
into to the data fidelity term to account for other contributors to signals, such as fat,
bipolar readout, shimming gradient, and voxels dephasing. Secondly, the non-linear
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multi-echo fitting of mcTFI also comes with an increase in computation time; the
Alternating Direction Method of Multipliers (ADMM), which is a much faster
algorithm (174), can be implemented to efficiently solve the objective function in
mcTFI. Finally, the GRE images used in the current mcTFI are not the source images
from the GRE acquisition, but rather, they are coil combined from the source images.
A further improvement to mcTFI, therefore, would be to fit the susceptibility map
directly to the original multi-coil multi-echo GRE images.
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