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Abstract

Magnetic susceptibility mapping (SM) uses magnetic resonance imaging (MRI) phase images
to produce maps of the magnetic susceptibility (χ) of tissues.

This work focuses on the

applications of SM-based imaging to PET-MRI, the hybrid imaging modality which combines
positron emission tomography (PET) with MRI.
First, the potential of using SM to aid PET attenuation correction (AC) is explored. AC for
PET-MRI is challenging as PET-MRI provides no information regarding the electron density of
tissues. Recently proposed SM methods for calculating the χ in regions of no MRI signal are
used to segment air, bone and soft tissue in order to create AC maps. In the head, SM methods
are found to produce inferior air/bone segmentations to high-performing AC methods, but result
in more accurate AC than ultrashort-echo (UTE)-based air/bone segmentations, and may be
able to provide additional information in subjects with atypical anatomy.
Secondly, a SM pipeline for inclusion in a PET-MRI study into biomarkers for Alzheimer’s
disease (AD) is developed. In the Insight46 study 500 healthy subjects from the 1946 MRC
National Survey of Health and Development are undergoing a comprehensive PET-MRI protocol
at two time-points. SM processing methods are compared and optimised, and a method for
processing images with oblique imaging planes is developed.
The effect of using different tools for automated segmentation of regions of interest
(ROIs) on reported regional χ values is analysed. The ROIs resulting from different tools are
found to result in large differences in χ values. FIRST is chosen as the most appropriate
ROI segmentation tool for this study based on anatomical accuracy as assessed by a
neuroradiologist.
Initial analysis of χ values from 100 subjects using data from the first time-point is carried
out. No significant association with regional χ values is found for amyloid status, PET radiotracer
uptake, or APOE genotype.
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Impact Statement

This thesis compares recently proposed MRI magnetic susceptibility mapping (SM) techniques
for calculating the magnetic susceptibility distribution in the sinuses and bone. The results
highlight the advantages and disadvantages of each method and serve as a recommendation
for further work by the research community.
The application of SM methods to PET-MRI attenuation correction was explored. A number
of issues were encountered, which must be addressed to make SM a competitive technique for
attenuation correction. For example, the masking process must be improved to correctly identify
soft tissue.
A SM processing pipeline was developed for a large birth cohort study. This will enhance
the study by making susceptibility data available alongside numerous other imaging metrics.
The study investigates the pre-clinical stages of Alzheimer’s disease and aims to identify early
biomarkers. This presents the opportunity to bring clarity to the complex relationship between
magnetic susceptibility and Alzheimer’s disease, which has recently begun to be studied.
In the process of developing this pipeline, several technical challenges were encountered,
such as the processing of images with oblique imaging planes. The solutions developed will be
useful in this study and also to the wider susceptibility mapping community.
There are many tools for automatic segmentation of brain regions and several comparison
analyses have been performed. However, this has not been done specifically for SM data which
contributes a unique form of contrast distinct from both T1 - and T2 -weighted images. Three
methods are compared and recommendations are made as to which segmentation tool offers
the best anatomical accuracy for SM in this data.
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Thesis Overview

In Chapter 1 the theory of nuclear magnetic resonance (NMR) is introduced and the fundamental
principles behind using NMR to form magnetic resonance images are described.

The

chapter ends with a discussion of magnetic field inhomogeneities, which introduces magnetic
susceptibility (χ) effects.
Chapter 2 follows the image processing path, which begins with MRI phase images and
ends with SMs, describing each of the necessary steps, including coil combination, phase
unwrapping, multi-echo fitting, background field removal and solution of the phase-to-susceptibility
inverse problem.
The two main themes of this thesis: susceptibility-based PET-MRI attenuation correction
and SM pipeline development for a large study into Alzheimer’s disease, are addressed in
Chapters 3 and 4 respectively. Both strands of work relate to data acquired using the 3 T
Siemens Biograph mMR at UCLH.
Beginning with a literature review of the current status of PET-MRI attenuation correction
techniques in section 3.1, Chapter 3 explores methods to produce SMs of regions in which there
is no MRI signal (i.e. the sinuses, teeth and bones) and proposes the use of these maps to
differentiate between air and bone, creating attenuation correction maps for PET-MRI.
Section 3.2 details the air/bone susceptibility calculation methods. A validation of one of
these methods (IPR) is described in section 3.3. In section 3.4 results from a numerical phantom
experiment, which compares the different methods, are described. In vivo studies are presented
in the fifth and sixth sections. Section 3.5 analyses data from three healthy volunteers, and
section 3.6 looks at five subjects from an ongoing PET-MRI study. In this case, PET uptake
errors were calculated and compared to the ‘gold-standard’ where the CT image is used for
attenuation correction.
Chapter 4 discusses the development of a SM pipeline for data from Insight46, which
is a sub-study of the MRC National Survey of Health and Development. Insight46 aims to
determine early biomarkers of Alzheimer’s disease. Susceptibility processing techniques are
chosen through comparison of commonly applied methods.
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In section 4.2 methods for susceptibility mapping of images acquired with oblique imaging
planes are compared. Susceptibility mapping is usually performed on phase data which has
been acquired with the image volume aligned with the B0 direction. Therefore, when images
have been acquired with the image volume tilted, this must be accounted for in the image
processing pipeline. The approach which maintains the highest level of accuracy in SMs is
identified.
Several of the commonly used methods for creating SMs from phase data are compared in
section 4.3 in order to design the best processing pipeline for this data set.
Section 4.4 looks at how using different tools for automatic segmentation of regions of
interest (ROIs) affects the mean χ values in deep grey matter. Three ROI generation methods
were considered and assessed by comparing mean χ values. They were also ranked for
anatomical accuracy by a neuro-radiologist.
The processing pipeline was applied to 100 subjects from the first time-point. Regional χ
values were extracted and compared to a number of measures such as APOE genotype, PET
standardised uptake value ratio (SUVR) and amyloid status. The results of this analysis are
described in section 4.5.
The findings are summarised in Chapter 5, and options for future work are discussed.
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C HAPTER 1

Foundations of Magnetic Resonance
Imaging

Chapter 1. Foundations of Magnetic Resonance Imaging

1.1

Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) is the physical process underlying magnetic resonance
imaging (MRI). The basics of NMR can be understood from a quantum mechanical viewpoint,
whereas the behaviour of large collections of nuclei, such as those within the tissues of the
human body, can be more easily appreciated from a classical perspective. Both perspectives
are described below, beginning with the quantum mechanical picture.

1.1.1

Quantum Mechanical Description of NMR

1.1.1.1

Spin

All nuclei have intrinsic angular momentum known as spin, which is described by the spin angular
p
momentum, S. The magnitude of the vector is |S| = h̄ I(I + 1) where I is the nuclear spin quantum
number, which depends on the mass number. Nuclei with even numbers of both protons and
neutrons have I = 0, nuclei where the sum of protons and neutrons is odd have half integer spin,
and nuclei with odd numbers of both protons and neutrons have integer spin.
In MRI 1 H is the nucleus of interest and has nuclear spin quantum number I = 12 . In the
absence of a magnetic field, nuclear magnetic moments are oriented randomly. However, when
a magnetic field is applied, the projection of S onto the quantization axis (typically taken to lie
along ẑ) is quantized into 2I + 1 discrete values characterized by the magnetic quantum number,
m.
m = I, I − 1.. − I

(1.1)

So 1 H has two possible spin states, m = +1/2 (known as spin-up) and m = -1/2 (known as
spin-down). Nuclei with I = 0 have no spin states and are NMR inactive.

1.1.1.2

The Zeeman Effect

In the presence of an externally applied magnetic field B0 = B0 ẑ, the nuclear spin states of 1 H,
m = ±1/2, are split into two energy levels, an effect known as Zeeman splitting. As illustrated in
figure 1.1 an energy gap, ∆E = γ h̄B0 , separates the lower energy spin up (m = +1/2) state from
the higher energy spin down (m = -1/2) state, where γ is the gyromagnetic ratio of 1 H.
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Figure 1.1: Zeeman splitting of spin states
In the absence of a magnetic
field, spins are oriented randomly.
In the presence of B0 , spins can
either have m = +1/2 or -1/2 with
an energy separation between
the two spin states.

-1/2
ΔE=γħB0
B0
+1/2

In thermal equilibrium the relative population of the spin-up and spin-down nuclei is given by
∆E
n+
= e kB T
n−

(1.2)

where n+ is the number of spin-up nuclei, n− is the number of spin-down nuclei and kB is the
Boltzmann constant. This means that there is a small excess of nuclei in the spin-up state.
For example, given 1 million nuclei at 300 K in the presence of a magnetic field of strength 1.5
T, there is an excess of ∼10 nuclei in the spin-up state. The excess of spin-up nuclei results
in a net magnetization, M, in the direction of the applied magnetic field. However, as the net
magnetization is aligned with B0 , but is much smaller in magnitude, it cannot be measured.
Therefore, excitation is used to transfer the net magnetization into the transverse plane where it
can be detected.

1.1.1.3

Excitation

Absorption or emission of electromagnetic radiation with frequency ω0 stimulates the transition
of a nucleus from the spin-up to the spin-down state or vice versa. ω0 is the resonance frequency
defined by
∆E = γ h̄ B0 = h̄ ω0

(1.3)

For 1 H nuclei at typical MRI field strengths of a few Tesla, ω0 is in the radio-frequency range
and so the pulse of electromagnetic radiation applied to stimulate excitation is known as a
radio-frequency (RF) pulse. NMR is the process of applying a B0 field to align the spins, followed
by application of an RF pulse to perturb the spins from alignment with B0 . The resulting signal
as the magnetization returns to equilibrium can then be detected and analysed.

1.1.2

Classical Description of NMR

The classical description of the behaviour of the magnetization is also useful in understanding
the processes involved in NMR. Nuclei can be considered as uniformly charged rotating spheres
with an associated magnetic moment, µ . In a magnetic field, B0 , µ precesses around B0 ,
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governed by the equation
µ
dµ
= µ × γ B0
dt

(1.4)

In the classical picture it is instructive to consider protons in the spin-up state as having a
magnetic moment whose z-component is aligned with B0 , and protons in the spin-down state as
having a magnetic moment whose z-component is anti-aligned with B0 .
As can be seen in figure 1.2, under equilibrium conditions there is no transverse
magnetization as the precession of nuclear magnetic moments are out of phase. However,
the excess nuclear magnetic moment aligned with B0 produces a net magnetization, M, in the
direction of B0 . This is the magnetization which is measured in an NMR experiment, and is the
main focus of the classical description of NMR. As previously mentioned, M cannot be detected
whilst it is aligned with B0 , hence the magnetization is ‘tipped’ into the transverse plane so that
M can be measured as it relaxes back to alignment with the B0 axis.

B0

Figure 1.2: Precession
of
nuclear
magnetic
moments about B0
The magnetic moment
of nuclei in the spin-up
B0
state
precesses
around
a
vector
aligned
with
B0
and the magnetic
moment of nuclei in
the spin-down state
precesses around a
M
vector
anti-aligned
with B0 . For typical
MRI
fields
and
temperatures, there is
a small excess in the
number of magnetic
moments aligned with
B0 , resulting in a net
magnetization along
this axis.
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1.1.3

The Bloch Equations

Once out of alignment with B0 , M begins to precess around B0 at a rate governed by the Bloch
equation
dM
= γ M×B
dt

(1.5)

where γ is the proton gyromagnetic ratio. In the presence of B0 only, the precession frequency
around B0 is the Larmor frequency ω0 = γB0 .

1.1.4

Tipping of the Magnetization

A rotating RF field, B1 , is applied to tip the magnetization into the transverse plane. The B1 field
is typically applied in a plane perpendicular to B0 . For an RF field with angular frequency equal
to the Larmor frequency, ω0 , the total magnetic field is


B1 cos(ω0 t)







B(t) = −B1 sin(ω0 t)


B0

(1.6)

Substitution of B1 into the Bloch equation (1.5) permits the solution of M(t). However, the
Bloch equation takes on a much simpler form in a reference frame which rotates at the Larmor
frequency. In this frame a spin precessing at ω0 appears stationary, hence the effect of B0
disappears and B1 is seen as a constant field in the transverse direction


B1



 
 
Brot (t) =  0 
 
0

(1.7)

Substitution of equation 1.6 into the Bloch equation (1.5) yields the laboratory frame solution for
the magnetization


M0 sin(ω1 t) sin(ω0 t)







M(t) = M0 sin(ω1 t) cos(ω0 t)


M0 cos(ω1 t)

(1.8)

Substitution of equation 1.7 into 1.5 yields the rotating frame solution for the magnetization


0







Mrot (t) =  M0 sin(ω1 t) 


M0 cos(ω1 t)
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where ω1 = γB1 . Figure 1.3 illustrates the path traced out by M from alignment with B0 into the
transverse plane, as visualised in the laboratory and rotating frames.

(a) Laboratory frame

(b) Rotating frame

Figure 1.3: Path traced by the magnetization vector, M, under application of the B1 field
Magnetization initially aligned along B0 is tipped into the transverse plane by the B1 field.

1.1.4.1

Flip Angle

The B1 pulse illustrated above completely tips the magnetization into the transverse plane. This
corresponds to a flip-angle of 90°. However, partial rotation towards the transverse plane may
be achieved by reducing the time, τ, for which B1 is applied. In general, the flip angle, α, is given
by
α=

Z τ
0

1.1.5

B1 (t) dt

(1.10)

Relaxation

Due to interactions of the spins, the magnetization does not remain in the transverse plane
indefinitely, but gradually returns to alignment with B0 ; a process known as relaxation. There are
two types of relaxation caused by different physical interactions:

Longitudinal relaxation - interactions between a spin and its environment through which
alignment of M with B0 is recovered, characterized by time constant T1 .
Transverse relaxation - interactions between spins through which the net magnetization
in the transverse plane is lost, characterized by time constant T2 .
29

Chapter 1. Foundations of Magnetic Resonance Imaging

T1 and T2 effects can be included in the Bloch equations

d
dt

Mx





− T1

γB0

2
  
  
My  = −γB0
  
Mz
0

− T1

2

0



0

Mx

 

0



   
   
0  My  +  0 
   
M0
Mz
− T1
T
1

1

Directly after a 90° 
pulse the magnetization lies in the transverse plane.
M
 0
 
conditions M(t = 0) =  0 , the solution to equation 1.11 is
 
0


−t

M0 e T2 cos(ω0 t)

(1.11)

Choosing initial





−t


M(t) = −M0 e T2 sin(ω0 t)


−t
T1
M0 (1 − e )
Mx , Mxy =

(1.12)

q
Mx2 + My2 and Mz after a 90° pulse are displayed in figure 1.4. This relaxation of

magnetization after a B1 pulse is called the free induction decay (FID).

Mxy

Mx

t

Mz

t

t

Figure 1.4: Laboratory frame relaxation of the magnetization after a 90° pulse
Mx and My oscillate sinusoidally whilst simultaneously decaying from M0 according to the
−t

envelope function M0 e T2 , which is equal to Mxy . Meanwhile, Mz recovers from 0 to M0
according to M0 (1 − e

1.1.5.1

−t
T1

).

T2 *

In a perfect system all spins experience the same magnetic field, B0 . In reality B0 is not
perfectly homogeneous, and additional magnetic field inhomogeneities are caused by magnetic
susceptibility effects (as discussed in detail in Chapter 2). This means that tissues experience
slightly different magnetic fields, producing a de-phasing effect as illustrated in figure 1.5.
De-phasing speeds up the loss of the magnetization in the transverse plane such that the time
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constant for transverse relaxation is reduced. The ‘apparent’ time constant is T2 *, given by
1
1
1
=
+
T2∗ T2 T20

(1.13)

where T2 ’ represents the additional de-phasing effect produced by magnetic field inhomogeneities
within a voxel.
Partial dephasing

All spins in phase
maximum net transverse
magnetization

y

Maximum dephasing
negligible net transverse
magnetization

y

y

x

x

x

time
Figure 1.5: T2 * decay as a result of the de-phasing of spins in the transverse plane
Over time, spins within a voxel de-phase due to spin-spin interactions (T2 ) and magnetic field
inhomogeneities (T2 ’) leading to an overall decay time constant, T2 *. As de-phasing increases,
the net magnetization in the transverse plane reduces to zero.

1.2

Magnetic Resonance Imaging

The FID can be detected and used to analyse the frequency spectrum of a sample. However,
in order to produce an image, a more complex pulse sequence is required, which combines
RF pulses to excite the magnetization with magnetic field gradients for spatial encoding of the
resulting signal.

1.2.1

Magnetic Field Gradients

Linear magnetic field gradients allow the strength of the magnetic field along the z-axis to deviate
from B0 by an amount dependent upon position, meaning that the angular frequency of spins is
dependent on position. As B0 has no x or y components, the gradient is given by

G=



∂ Bz
 ∂x 
 ∂ Bz 
 ∂y 


∂ Bz
∂z
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such that the magnetic field is always along the z-direction but can be varied in magnitude
depending on the position, r. Therefore, in the presence of a field gradient, G, the magnetic field
strength at location r is given by
B = B0 + G(r).r

(1.15)

and the corresponding angular frequency of precession for spins at r is
ω(r) = γ (B0 + G.r)

1.2.2

(1.16)

Gradient-echo

Following excitation of the magnetization into the transverse place using an RF pulse (α ≤ 90°),
a gradient-echo (illustrated in figure 1.6) is formed by the application of two sequential gradients
of equal magnitude in opposite directions. The first gradient lobe causes spins to de-phase and
the second lobe, which has a duration twice that of the first lobe, refocuses the spins such that
they come into alignment at the centre of the second gradient lobe. The time at which spins
are refocused is known as the echo time, TE. The re-phasing lobe only reverses the de-phasing
effect caused by the de-phasing gradient, not the de-phasing effect resulting from other magnetic
field inhomogeneities. Therefore, T2 ’ effects are not re-phased. For this reason, in sequences
based on gradient-echoes, the signal undergoes T2 * relaxation rather than T2 relaxation.

1.2.3

Spin-echo

In spin-echo sequences (figure 1.7) a 90° pulse is used to excite spins. The spins begin to
de-phase, reducing the net transverse magnetization. A 180° pulse is applied at time t = τ,
which effectively reflects each spin in a plane with normal perpendicular to B0 , in figure 1.7 this
is chosen to be the plane x = 0. As spins continue to precess in the same direction, they begin
to re-phase, forming an echo at TE = 2τ. As all de-phasing effects are refocused, the resulting
signal at TE has decayed from the initial magnetization with time constant T2 .
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B

D

C

y

C

D

y

x

x
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Figure 1.6: Illustration of a gradient-echo
The maximum net magnetization in the transverse plane is achieved immediately following the
RF pulse (A). This magnetization begins to undergo T2 * decay until the de-phasing gradient
is applied. The magnetization then begins to de-phase more quickly (B). The direction of the
gradient is flipped and spins begin to re-phase (C) until the maximum is reached at the echo
time, TE (D). The initial magnitude of the magnetization is not recovered as only the de-phasing
caused by the gradient is reversed, whereas the de-phasing due to T2 * persists.
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Figure 1.7: Illustration of a spin-echo
The maximum net magnetization in the transverse plane is achieved immediately following the
90° RF pulse (A). This magnetization begins to undergo T2 * decay (B). A 180° pulse is applied
at time τ (C), which flips the spins in the x-axis such that the spins begin to re-phase (D). The
maximum transverse magnetization is achieved at time 2τ (E). The signal at the echo time is
weighted by T2 as T2 ’ effects are reversed by the flipping of spins with the 180° pulse.
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1.2.4

The Gradient-Echo Sequence

The full 2D Gradient Echo (GRE) sequence is shown in figure 1.8. An RF pulse (α ≤ 90°)
is applied to tip the magnetization into the transverse plane and magnetic field gradients are
applied to spatially encode the signal and create the echo at time TE. Multiple echoes may be
acquired by successive application of the frequency encode gradient after a single RF pulse.

Figure 1.8: The 2D gradient-echo sequence
The 2D GRE sequence begins with an RF pulse at the same time as a slice select gradient.
Phase encode and read gradients locate the signal within the slice. The pattern is repeated
after the repetition time, TR, for each phase-encode value and slice.

Slice Select - GSS
Slice selection confines excitation of spins to a thin slab, or slice, by the application of
a frequency-selective RF pulse in conjunction with a gradient known as the slice select
gradient, GSS . GSS causes spins to precess at different frequencies depending on their
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position. For example, if GSS is a z-gradient (though it can be along any other axis), in
accordance with equation 1.16 the frequency of precession of spins is
ω(z) = γ (B0 + GSS z)

(1.17)

The central frequency, ωc , of the RF pulse determines the location of the centre of the
selected slice, zc , given by
zc =

1
(ωc /γ − B0 )
GSS

(1.18)

The bandwidth of the RF pulse, ωc , determines the thickness of the selected slice, ∆z, as
only spins resonating within the frequency of the RF pulse will be excited. ∆z is given by
∆z =

∆ω
γ GSS

(1.19)

During the application of GSS , intra-voxel de-phasing occurs. A slice-rephasing gradient
lobe of opposite sign must be applied for half the duration of GSS to ensure all spins within
the slice are in phase.
Frequency Encode - GFE
Frequency encoding is the gradient scheme seen earlier in gradient-echo formation (see
figure 1.6). As for the slice select gradient, GFE causes the frequency of precession to
vary as a function of spatial position along the FE axis. After acquiring the MR signal,
a Fourier transform can be used to separate out the different frequency components and
therefore determine the position along the FE axis from which the signal originates. During
the application of GFE , intra-voxel de-phasing occurs. Therefore, a re-phasing lobe with
twice the duration of the first lobe must be applied. For a gradient-echo sequence this lobe
is in the opposite direction to the first lobe. The signal is sampled at the echo time, which
occurs at the centre of the re-phasing lobe and so GFE is sometimes referred to as the
readout gradient.
Phase Encode - GPE
The phase encode gradient, GPE , is switched on after the RF pulse and before readout.
Before GPE is applied, the frequency of precession is the same for all spins along a line in
the PE direction (i.e. along a line of equal GFE ). When GPE is switched on, the frequency of
precession becomes a function of position along the PE axis. After GPE is switched off, the
frequency of precession is once again the same along a line in the PE direction. However,
during the application of GPE spins have accumulated a phase shift, which varies in size as
a function of position along the PE direction. This phase shift is encoded in the acquired
signal and can also be related back to spatial position using the Fourier transform. For
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a 2D slice with NFE pixels in the FE direction and NPE pixels in the PE direction, phase
encoding must be applied NPE times, each time with a different magnitude, in order to
uniquely identify signal contributions from individual pixels. This can also be understood
by considering the signal in reciprocal space, as discussed in the following section.

In 2D sequences, as shown in figure 1.8, GSS is used to select a slice and GFE and GPE
are used for spatial encoding within that slice. In 3D imaging, rather than using a slice select
gradient for spatial encoding, an additional phase encoding gradient is used. An RF pulse which
excites the whole volume may be applied, or a slice-select gradient may be used to segment the
volume into smaller slabs, which are excited sequentially.

1.2.5

Reciprocal Space

Reciprocal space, or k-space, is defined by the k-space vector
k(t) =

γ
2π

Z t

G(τ)dτ

(1.20)

0

With reference to equation 1.20, the gradient-echo sequence can also be visualised in terms of
a k-space trajectory (figure 1.9). Assuming the frequency encode direction is along the x-axis
1
1
1
1
and the phase encode along the y-axis, k values extend from − 2∆
x to + 2∆x and − 2∆y to + 2∆y ,

where ∆x and ∆y are pixel sizes in the x and y directions. If the matrix size of an image slice
is Nx by Ny voxels, the spacing between reciprocal space coordinates is given by ∆kx =
∆ky =

1
Ny ∆ y

or alternatively ∆kx =

1
FOVx

and ∆ky =

1
FOVy

1
Nx ∆ x ,

where FOVx and FOVy are the fields of

view in the x and y directions.

1.2.6

The MRI Signal

In the presence of a magnetic field gradient G, the magnetization precesses with angular
frequency
ω(r) = γ (B0 + G.r)

(1.21)

An additional term, ∆B(r), can be included to account for any inhomogeneities in the magnetic
field (detailed discussion in section 1.3).
ω(r) = γ (B0 + G.r + ∆B(r))
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Figure 1.9: Reciprocal space representation of a gradient-echo sequence
The gradient-echo sequence depicted in figure 1.8 can also be visualised as a k-space
trajectory. Within each slice frequency encoding is represented by the horizontal lines, which
‘fill’ k-space along the kFE axis, where there is a horizontal line for each phase encode value.
The coordinates on the k-space grid are separated by ∆kFE in the horizontal direction and
∆kPE in the vertical direction.

Thus, the demodulated signal as a function of time can be written as
S(t) =

Z

d 3 r ρ(r) e(−i

Rt

0 γ(G.r+∆B(r)))dτ

With a change of variables using the definition of the reciprocal space vector k(t) =

(1.23)
γ Rt
2π 0 G(τ)dτ,

and assuming that ∆B(r) has no time dependence, the signal as a function of k is given by
S(k) =

Z

d 3 r ρ(r) e−i2πk.r e−i

Rt

0 γ ∆B(r)dτ

(1.24)

The spin-echo pulse sequence removes the ∆B contribution, as all de-phasing due to field
inhomogeneities is refocused by the 180° pulse. However, in a gradient-echo sequence this
term persists and the signal at the echo time becomes
S(r)eiγ ∆B(r)TE =

Z

d 3 k S(k) ei2πk.r

(1.25)

The raw signal is acquired as a function of k. The inverse Fourier transform yields the complex
signal as a function or r enabling the creation of a magnitude and a phase image.
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1.2.7

MRI Signal Detection

RF coils perform excitation using transmit coils, and signal detection using receive coils. In
some systems, the same RF coil may perform both transmit and receive functions. Coils may
be volume coils, which are usually transmit-receive and cover the whole anatomy of interest, or
receive-only surface coils, which lie on the surface of the patient and detect signal from a small
area. Usually transmission is performed by a volume coil and signal detection by surface coils,
though transmit-receive coils are often used for head imaging.
As surface coils can only detect signal from a small area, they may be used in phased
arrays of multiple coil elements. Groups of coil elements are combined into channels, which
are standalone electric circuits. For example, a head and neck coil array may consist of 12 coil
elements combined into 4 channels. Each coil element has an associated sensitivity profile,
which determines how the signal from individual elements can be combined to produce optimal
signal-to-noise ratio (SNR). This is discussed in more detail in Chapter 2, section 2.1.1.
The transverse magnetization induces a small voltage in the receiver coil. As the voltage is
on the order of millivolts, it must first be amplified by a low noise pre-amplifier and then converted
to a digital signal using an analogue-to-digital converter, which samples the signal at regular
intervals. For a 3 T scanner the carrier frequency is 128 MHz, whereas the information required
to create the image is much lower in frequency. The process of demodulation filters out the high
frequencies and extracts the meaningful information in two channels; the real and imaginary
parts of the imaging signal, I and Q. A complex image can be formed, which is a function of the
k-space vector, k. The inverse Fourier transform can then be applied to yield the complex image
as a function of r.
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Figure 1.10: Parallel imaging using SENSE
For an acceleration factor of 2 half of the phase encode lines are acquired. This causes a
factor of 2 reduction in the FOV and images for the individual coil elements are aliased. The
coil sensitivity maps estimated from a short pre-scan enable the unfolding of aliasing and the
correct combination of images from each coil element.

Parallel imaging allows the acceleration of the MR acquisition when phased array coils are
used. One such parallel imaging technique is SENSitivity Encoding (SENSE), which operates
in the image domain and exploits the sensitivity profiles of phased array coils. The number of
phase encoding steps can be reduced. For example, every other phase encode line can be
omitted, corresponding to an acceleration factor of 2. However, this leads to a FOV which is half
the size of the original. If the object lies outside of the reduced FOV, aliasing occurs as shown
on the top row of figure 1.10. The acceleration factor, R, can in fact take on any value up to the
total number of coil elements.
The intensity in a given voxel, I(i,j,k), is the sum of the true intensity at that location and
the aliased intensity from a voxel outside the FOV. The location outside the FOV from which the
aliased intensity originates is known. However, the proportion of I(x,y,z) which belongs to the
aliased intensity is unknown, which prevents unfolding of the aliased image. By performing a
short pre-scan, the sensitivity profiles of the coil elements can be calculated and this information
can be used to calculate the unknown proportions and the reduced FOV image can be correctly
unfolded.
GRAPPA (GeneRalized Auto-calibrating Partial Parallel Acquisition) is an alternative parallel
imaging technique. Whereas SENSE operates in the image domain after Fourier transform,
GRAPPA fills in missing k-space data before Fourier transform. As with SENSE, only some
k-space lines are acquired. As shown in figure 1.11, there is full k-space sampling through the
centre of k-space, known as the auto-calibration signal (ACS) region. The k-space data from
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the ACS region is used to calculate a weighting factor for each coil. For each missing point
in k-space (target point), the k-space signal is estimated as a weighted combination of k-space
data in surrounding k-space points (those within the kernel) in every coil. Once all missing points
have been estimated, the Fourier transform is applied to calculate the complex image. As there
is a full k-space, images are not aliased.

sampled
non-sampled
target

Coil one

S( )=∑w(coil)S( )
Coil two

ACS region
Coil three

ky

kernel

kx
Figure 1.11: Parallel imaging using GRAPPA
Weighting factors, w, are calculated for each coil using the data in the ACS region. For each
target point (green), the sampled k-space points within the kernel from each coil (red with
black outline) are used to estimate the k-space signal.

The acceleration comes at the expense of SNR. The SNR when using SENSE is reduced
√
by a factor g R, where g is a factor greater than one, dependent upon the geometry of the coil
elements. Artifacts may occur when R is too high, and the quality of unfolding depends on the
accuracy of the coil sensitivity estimation.
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1.3

Magnetic Field Inhomogeneities

Inhomogeneities in B0 can result from imperfect shimming, eddy currents or concomitant
gradients. However, field inhomogeneity can also be caused by the tissues within the sample
itself. The total deviation from B0 , ∆B (as appears in 1.25), can be expanded to
∆B = bsys + bσ + bχ

(1.26)

where bsys refers to magnetic field inhomogeneities inherent in the system such as those
mentioned above, bσ is the chemical shift inhomogeneity and bχ results from the differing
magnetic susceptibility (χ) of tissues. Whereas bσ and bχ can be considered to be static, bsys
may have dynamic components.

1.3.1

Magnetic Susceptibility

The largest sample-dependent effect on ∆B is due to the magnetic susceptibility of tissues. For
example, the large χ difference between air and tissues causes large magnetic field deviations.
When an external magnetic field, such as B0 , is applied to a sample, the magnetic field
induced in the sample can be calculated by solving Maxwell’s equations with appropriate
boundary conditions. The field inside the sample is
B = µ0 (H + M)

(1.27)

where B [T] is the internal magnetic induction, µ0 is the absolute permeability of free space, H
is the magnetic field [A/m], and M is the induced magnetization [A/m]. In a linear, isotropic and
homogeneous material, Maxwell’s equations give
M=χH

(1.28)

There are several types of magnetism:

Diamagnetism Characterised by χ < 0, diamagnetism is a weak effect which produces an
induced magnetization opposing the applied magnetic field.

Paramagnetism Characterised by χ > 0,

paramagnetic materials have an induced

magnetization proportional to, and in the same direction as the applied magnetic field. This
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magnetization is much stronger than diamagnetic effects.

Ferromagnetism Ferromagnetic materials have large χ > 0. Above a certain applied magnetic
field the magnetization of ferromagnetic fields is constant. Such materials may also retain
magnetization after the external magnetic field has been removed.

Figure 1.12 displays the spectrum of magnetic susceptibilities and focuses on materials likely
to be found in the human body, which are usually weakly diamagnetic or weakly paramagnetic.
However, materials with larger paramagnetic susceptibilities may be used as MRI compatible
surgical clips, screws or dental implants.
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Figure 1.12: Magnetic susceptibilities in the human body
Reproduced from Schenck [1]. Most materials found in the human body are either weakly
diamagnetic or weakly paramagnetic. Soft tissue is diamagnetic with a magnetic susceptibility
close to that of water (-9.05 ppm) and air is paramagnetic with a magnetic susceptibility of
0.36 ppm.

Though magnetic susceptibility itself is a tissue property, the effect of χ distributions in MRI
images is non-local to the voxels in which χ variations occur (see section 2.2).

1.3.2

Chemical Shift

The resonant frequency of 1 H depends on the molecular environment of the nucleus. In the
human body most 1 H nuclei are found in water, but some are also present in fat and other
molecules. The difference between the chemical environments of fat and water is one of the
largest disparities observed in the body and arises due to different levels of electron shielding of
the applied magnetic field. In fat molecules the shielding effect of the electron cloud is greater
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than in water molecules, such that protons in fat have a lower resonance frequency than protons
in water.
The shift of the resonance peak due to the shielding effect is expressed as
ω = ω0 (1 − σ )

(1.29)

so that the shielding constant, σ , is given by
σ=

ω0 − ωσ
ω0

(1.30)

The chemical shift between fat and water, ωwf , is given by
ωwf = ω0 (σf − σw )

(1.31)

At 3 T, this is a shift of approximately 428 Hz.

1.3.3

The Effect of Magnetic Field Inhomogeneities

Two distinct effects, geometric image distortion and signal loss due to intra-voxel dispersion,
result from magnetic field inhomogeneities [2]. In regions of magnetic field inhomogeneity,
precession frequencies differ from frequencies produced by the applied gradient.
Magnetic field inhomogeneity, ∆B, as introduced in equation 1.22, can also be written as
undesired gradient terms. For example, in the absence of spatial encoding gradients
ω(r) = γ (B0 + G0 .r)

(1.32)

where ∆B = G0 .r
Considering the frequency encode gradient, GFE , to be in the x-direction, the frequency as
a function of x in the absence of inhomogeneities is
ω(x) = γ (B0 + GFE x)

(1.33)

When inhomogeneities are present, this becomes
ω(x) = γ (B0 + GFE x + Gx0 x + Gy0 y + Gz0 z)
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such that the modified position of the voxel, x’, is given by
x0 = x +

Gx0 x + Gy0 y + Gz0 z
Gx

(1.35)

The Gx0 x term manifests as stretching (Gx0 positive) or squashing (Gx0 negative) of voxels in the
x direction. The y and z terms manifest as shearing of the voxels in the y and z directions [3].
When the volume of a voxel is changed by stretching or shearing, the signal intensity of the
image is affected. When a voxel has been stretched, the signal intensity from that voxel will be
spread over a larger region of the image and so will appear darker. Conversely, when the voxel
has been squashed it will appear brighter.
Where intensity changes are caused by pixel stretching/squashing and smearing, the true
intensity can be recovered using distortion-correction algorithms. Magnetic field inhomogeneities
also cause signal loss due to intra-voxel dispersion, and this signal cannot be recovered.
Consider the application of the frequency encode gradient in the presence of field
inhomogeneity, which for simplicity, can be described by an additional gradient along the
frequency encode direction only.
If the de-phase lobe is applied for time t, and the re-phase lobe is applied for time t’, the
phase dispersion across a voxel with size ∆x is equal to
∆φ = γ ∆ x (GFE (t 0 − t) + Gx0 (t 0 + t))

(1.36)

At the echo time t = t 0 . At this time the phase dispersion across a voxel is given by
∆φ = γ ∆ x Gx0 TE

(1.37)

This non-zero phase dispersion causes reduced signal and, for large inhomogeneities,
dispersion may be so great that the signal disappears completely.
Signal loss due to phase dispersion can equivalently be viewed as a shift in the echo time
(i.e. the echo is shifted to the time when the phase dispersion is zero). In order to eliminate
dispersion, t’ must be given by
t0 = t

GFE − Gx0
GFE + Gx0

(1.38)

In the absence of field inhomogeneity, the echo time is TE = t + t 0 = 2t, whereas in the presence
of Gx0 , the shifted echo time, TE’, is
TE 0 = TE

GFE
GFE + Gx0
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Therefore, the time at which maximum signal occurs is shifted from the time that the signal is
sampled. The greater the inhomogeneity, the greater the shift of the echo, and the greater the
signal loss. If the echo is shifted out of the acquisition window, total signal loss occurs. From
equations 1.37 and 1.39, which are equivalent ways of looking at signal loss, it can be seen that
signal loss increases with increasing echo time. This is illustrated in figure 1.13.
5 ms

15 ms

Figure 1.13: Example of signal loss caused by magnetic susceptibility gradients
The susceptibility boundary between the sinuses and soft tissue causes magnetic field
inhomogeneity. This leads to signal loss due to phase dispersion, an effect which increases
with echo time, which can be seen by comparing tissue regions close to the sinuses at two
echo times.

This is the mechanism behind T’2 relaxation as described in section 1.1.5.1 which causes
T2 * to be shorter than T2 .
In spin-echo sequences, the 180° pulse refocuses intra-voxel dispersion. Therefore, only
geometric distortion is observed. In contrast, gradient-echo images suffer from both geometric
distortion and signal loss.
The above discussion considers inhomogeneities to be global additions to magnetic field
gradients.

However, they are better described as local magnetic field gradients and so

geometric distortions and signal loss are dependent upon location. For example, magnetic field
inhomogeneity caused by magnetic susceptibility is large close to the boundary of tissue and air,
and so geometric distortions and signal loss are more pronounced in these regions.
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2.1

MRI Phase Images

The MRI signal, S(r), is complex (figure 2.1)
S(r) = M(r) eiφ (r)

(2.1)

where M(r) is the magnitude image and φ (r) is the phase image. As shown by equation 1.25, the
phase, φ (r), in a GRE sequence, is equal to γ ∆B(r)TE. Example GRE magnitude and phase
images are displayed in figure 2.2. Usually the magnitude images are used for clinical purposes
while the phase is discarded. There are several reasons for choosing the magnitude over the
phase. One such reason is the ability to manipulate magnitude image contrast by varying image
parameters, producing a wide range of scans suited for different diagnostic applications. Another
reason is the extent of post-processing required to produce clinically meaningful images from
phase data.
Where multi-channel receiver coils are used, the first processing step is the combination of
images from individual coil channels. Though this must be done for both magnitude and phase
images, the combination of phase images presents additional complications as will be discussed
in section 2.1.1. An additional phase processing step is the removal of phase wraps, which can

Figure 2.1: The
complex
plane
representation
of
the
MRI signal
The MR signal is given by
S = Meiφ , where M is the
magnitude of the signal and
φ is the phase. The phase is
given by φ = arctan(Im/Re).

Imaginary
channel

(a) Magnitude

φ =arctan(Im/Re)

M

Im

phase
wrap

φ
Re

Real
channel

(b) Phase

Figure 2.2: Magnitude
images
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be seen in figure 2.2b. The origin and removal of phase wraps is discussed in section 2.1.3.
Though phase processing presents more challenges than magnitude processing, the phase
images contain ∆B(r) information, which can be used to calculate the magnetic susceptibility, χ,
of tissues.
This chapter details the processing steps required to calculate susceptibility maps (SMs)
from the raw phase data.

2.1.1

Combining Phase Images from Multi-channel Coil Arrays

Figure 2.3: Combination of images from multiple coil channels
Individual channel magnitude images show the localised sensitivity profile of each channel.

When using phased array coils, the complex signal from each coil channel must be
combined to form a single image as demonstrated in figure 2.3. In the following description
all quantities refer to the signal in a single voxel, such that dependence on spatial location, r,
is implied. The measured signal in each coil, Sc , is related to the true signal of the object, St
through
Sc = Rc St

(2.2)

where Rc is a channel dependent complex factor which encodes the sensitivity of the coil. Rc
can be decomposed into a magnitude, Ac , and a phase, φ0,c , where
Rc = Ac eiφ0,c
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The phase component, φ0,c , sometimes referred to as the phase offset, encompasses the
coil sensitivity phase and any other time-independent contributions to the coil phase such as
B1+ (transmit) phase [4]. The phase offset is distinct from the local field contribution to the
phase, φt (r) = 2π γ ∆B(r) TE, which is dependent on the echo time. φ0,c includes terms which are
common to all coil channels and terms which vary between coil channels. Though the common
contributions contain information regarding the electrical conductivity and permittivity of tissues,
φ0,c can be disregarded when ∆B(r) is the quantity of interest to be extracted from the phase [4].

Equation 2.2 can be expanded to
Mc eiφc = Rc . Mt eiφt

(2.4)

where φc = φt + φ0,c is the total measured phase for each channel. The optimal combination of
individual channel signals can be achieved when Rc are known. There are several methods to
determine Rc . For example, they can be calculated by acquiring a reference scan with a body
coil, which is assumed to have a relatively homogeneous coil sensitivity profile. Coil sensitivity
maps can be created by complex division of the separate channel images by the reference scan
[5, 6].

When reference images are unavailable, Rc must be estimated or approximated. In one
approach the magnitude of the signal from each channel is used as an approximation to the
magnitude of Rc [7]. This allows magnitude images to be combined by root-sum-of-squares
s
Mcomb =

∑ Mc2

(2.5)

c

which is the SNR-optimal expression for magnitude images when Rc is unknown [8].
However, this reference-free approach is not appropriate for phase images as the phase
offsets, φ0,c (r) can destructively interfere. Therefore, where no reference scan from a volume
coil is available, φ0,c (r) must be calculated or estimated by other means. φ0,c can then be
subtracted from the raw phase and the signal from all channels can be combined weighting
by the magnitude [9] or square of the magnitude [10]. The phase is the argument of eiφcomb ,
which is given by
eiφcomb =

∑c Mc2 ei(φc −φ0,c )
∑c Mc2

(2.6)

Many methods have been proposed to estimate φ0,c (r), some of which require multiple-echo
datasets [11, 12, 13, 14, 15], and some of which can be performed for single-echo acquisitions
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[16, 17, 18, 19, 11, 9] by acquiring an additional short scan or making assumptions about the
phase offsets.
Two coil combination methods used in this work are COMPOSER (combining phase images
from array coils using a short echo time reference scan) [9] and ASPIRE (a simple phase
image reconstruction for multi-echo data) [15]. To use COMPOSER, a low resolution short-echo
reference scan must be acquired, which is coregistered to the target scan. When the echo-time
is short enough (∼ 0.8 ms), the reference scan phase approximates the phase offset, φ0,c (r). φ0,c
can then be subtracted from each channel of the target image as described above (equation 2.6).
The reference scan is a short acquisition, but COMPOSER cannot be applied retrospectively if
the reference scan has not been acquired. The coregistration of the reference scan to the target
scan increases the processing time.
Most methods which use the difference between phase data from different echoes to
calculate φ0,c require phase images to be unwrapped. ASPIRE is a phase difference method
which requires no unwrapping, provided the echo times satisfy the condition TEk ≈ 2 TEj . The
phase difference, ∆φkj , between the j th echo and the k th echo is given by the hermitian inner
product
∆φkj = 6

∑ Mj,c .Mk ,c .ei(φk,c −φj,c )

(2.7)

c

where 6 takes the phase of the complex number. The phase offset can then be calculated using
φ0,c = φj,c − ∆φkj mod 2π

(2.8)

Provided the echo-time condition is satisfied, ASPIRE is a high-SNR reference-free coil
combination method. A comparison of COMPOSER and ASPIRE is carried out in section 4.3.
The MRI scanner software performs coil combination. However, the images from each
individual channel can often be output if required. The method used for coil combination depends
on the scanner manufacturer and software version. Sub-optimal phase combination can have
consequences for the quality of phase images and offline combination of saved individual
channel images may be necessary.

2.1.2

Noise Distributions in Magnitude and Phase Images

The noise distribution of the MRI signal for SNR greater than 2 is approximately Gaussian [20].
Noise contributes equally to the real and imaginary channels with variance σ 2 . Therefore, for an
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2
image with complex signal S = M eiφ , the magnitude variance σmag
is given by

2
σmag
= σ2

(2.9)

The variance of the phase image is given by
σ2
M2

(2.10)

1
SNRmag

(2.11)

2
=
σphase

or in terms of SNR
σphase =

2.1.3

Phase Wraps

The phase may only take on values between 0 and 2π. This is evident from the complex plane
representation in figure 2.1. If the phase has undergone n full revolutions in the complex plane,
the recorded phase value is mapped back into the 0 to 2π interval such that a true phase value
of 2nπ + δ is recorded as δ . This effect manifests in phase images as wraps, as demonstrated in
figure 2.2b.

Wraps can be considered as spatial or temporal. As illustrated in figure 2.4 the phase within
a single voxel will evolve in time (blue path) and wraps occur whenever the phase exceeds 2π
(or falls below 0 if the phase evolution is in the opposite direction). The red arrow traverses a
path in the spatial dimension at a single time-point, illustrating spatial wraps caused by large
field variations in this region (i.e. close to the sinus air-tissue interface).

Phase unwrapping is the process of recovering the true phase, 2nπ + δ , from the measured
phase, δ , by calculating the integer n. There are several methods for unwrapping, which can
be classified as: spatial [21, 22, 23], temporal [24], or Laplacian [25, 26]. The most appropriate
method for unwrapping the phase depends on the imaging protocol and the advantages and
disadvantages of different approaches. Temporal unwrapping requires that the phase has not
changed by more than 2π in the time interval, which may be violated for large echo spacing and
large B0 , in which case additional spatial unwrapping may be required. Spatial unwrapping can
be time consuming when images contain a large number of wraps and when images from a large
number of echo times require unwrapping. As spatial unwrapping references phase values to
the phase in a single reference voxel, an nπ offset may occur between echo times, which can be
removed with additional temporal unwrapping.
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Figure 2.4: Illustration of temporal and spatial phase wraps
Phase wraps can be spatial or temporal. Both types of wraps can be present at the same
time. However, usually a single unwrapping approach (either spatial or temporal) will remove all
wraps. Blue stars and diamonds mark a single voxel at different echo times. The corresponding
chart maps the phase evolution across the five echoes (echoes 1, 3 and 5 shown in images
above). The red arrow marks a path across several voxels in the 5th echo phase image. The
corresponding chart maps the phase evolution along this path.

Phase wraps are also known as fringelines and can be closed or open-ended [3]. Open-ended
fringelines are wraps which terminate in a pole or singularity. A singularity is present when the
sum of ±2π phase jumps around a closed loop is non-zero. Whereas closed fringelines can
be unwrapped using one of the unwrapping algorithms, open-ended fringelines are impossible
to unwrap as there is not a single multiple of 2π which can recover the correct phase in the
region around the wrap. Examples of closed and open-ended fringelines can be seen in figure
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2.5. Open-ended fringelines arise in the single-channel phase, φc , when adjacent voxels differ
in phase by more than 2π. This can occur when the coil sensitivity is low and noise dominates
the phase [27]. As phase noise takes a random value between 0 and 2π, this can cause phase
jumps between neighbouring voxels.
Open-ended fringelines can persist in combined phase images when the method of coil
combination does not properly take into account phase offsets [6].

Adaptive Combine is

a reference-free coil combination method [28] used on most versions of Siemens scanner
software. In this method the relative phases between coils are estimated. One coil must therefore
be used as the reference coil. If the SNR in this coil is low, open-ended fringelines may occur,
which can propagate into all of the other phase channels and, therefore, the combined phase
(see figure 2.5a) [29].

(a) Adaptive Combine

(b) ASPIRE

Figure 2.5: Comparison of phase images using different channel combination techniques
Reference free coil combination methods such as Adaptive Combine, which may be optimal
for magnitude images, can lead to low SNR and singularities in phase images due to the
neglected phase offsets. ASPIRE produces combined phase images with higher SNR and no
phase singularities.

2.1.4

Multi-echo Fitting

As mentioned above, the phase in a voxel evolves in time according to
φ = 2π γ ∆B TE + φ0

(2.12)

φ0 , the phase offset common to all coils, is often zero after channel combination, but can be
non-zero for certain channel-combination algorithms. The field map, ∆B, is the quantity of
interest and can be calculated by fitting the phase across all echoes. For unwrapped phase
images with high SNR and a sufficiently high number of echoes, linear regression of the phase
images against TE can be performed [30]. Alternatively, the complex images can be considered,
leading to a non-linear least-squares problem [31]. Within each voxel the field is given by the
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minimisation
∆B = argmin ∑ ||S(TEj ) − M(TEj )ei2π .γ .∆B .TEj +iφ0 ||22
∆B,φ0

(2.13)

j

Liu et al. [31] describe an iterative method for the solution of this problem.

2.2

Magnetic Susceptibility Mapping

Once the field map, ∆B(r), has been extracted from the phase images, the magnetic
susceptibility, χ, can be calculated. As described by Marques and Bowtell [32], the magnetic
field, ∆B(r) resulting from a magnetization distribution M(r) is given by
µ
∆B(r) = 0
4π

Z

1
|r − r0 |3

!
3M(r0 ).(r − r0 )
0
0
.(r − r ) − M(r )) d 3 r0
|r − r0 |2

(2.14)

Assuming that for a strong magnetic field, B0 ẑ, the magnetization is negligible other than in the
z-direction, Mz (r) is given by
Mz (r) = χ(r)

B0
χ(r)B0
B0
= χ(r)
≈
µ0 µr (r)
µ0 (1 + χ(r))
µ0

(2.15)

Making the further assumption that χ  1 (valid in the human body, in which χ values are of the
order 10−6 [1]), equation 2.14 becomes
B
∆B(r) = 0
4π

Z

χ(r0 )
|r − r0 |3

!
3ẑ.(r − r0 )
0
.(r − r ) − ẑ) d 3 r0
|r − r0 |2

(2.16)

The z-component of the field, ∆B(r), can be extracted
∆B(r) =

B0
4π

Z

χ(r0 ).D(r − r0 )d 3 r0 = B0 .(χ ∗ d)

(2.17)

The dipole kernel, D(r), is defined as
D(r) =

V 3cos2 θ − 1
4π |r − r0 |3

(2.18)

where V is the volume of a voxel and θ is the angle between z and (r − r0 ). D(r) is illustrated in
figure 2.6a.
Deville et al. [33] and Marques and Bowtell [32] described how this non-local expression
becomes a simple local relationship in k-space. Using the convolution theorem yields
F (∆B(r)) = B0 (F (χ(r)) F (D(r)))
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B0

-10-5

10-5

-2/3

1/3

(a) D(r)

(b) D(k)

Figure 2.6: The unit dipole
The unit dipole, D(r), can be Fourier transformed to give a k-space representation, D̃(k). Along
the so-called magic-angle (54.7°), D̃(k) is equal to zero.

Forward Model

Inverse Problem

Image space

∆B(r) = B0 (χ(r) ∗ D(r))

χ(r) =

K-space

∆B̃(k) = B0 (χ̃(k) D̃(k))



χ̃(r) = F −1 ∆B̃(k) / D̃(k)

1
B0

(∆B(r) ∗−1 D(r))

Table 2.1: Summary of forward and inverse model equations

which is a simple element-wise multiplication. This can also be expressed as
∆B̃(k) = B0 (χ̃(k) D̃(k))

(2.20)

where ∆B̃(k) = F (∆B(r)), χ̃(k) = F (χ(r)) and D̃(k) = F (D(r)). The dipole kernel in k-space, D̃(k),
is given by
D̃(k) =

1
k2
− 2 z2
3 kx + ky + kz2

(2.21)

which is illustrated in figure 2.6b.
As ∆B(r) is the measurand, yet χ(r) is the quantity of interest, the calculation of χ(r) is
an inverse problem. The inverse problem to be solved is a deconvolution, which can also be
performed in the Fourier domain


χ(r) = F −1 ∆B̃(k) / B0 D̃(k)

(2.22)

The inverse problem is ill-posed due to zeros in the denominator of equation 2.22. These lie
along a cone with equation 2 kz2 = kx2 + ky2 , often called the ‘zero-cone’, which is oriented 54.7°
from B0 . 54.7° is the ‘magic angle’. Resulting SMs display relative χ values as opposed to
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absolute values. This is because D̃(k) (see equation 2.21) is undefined at k = 0, introducing
an arbitrary offset to the SMs. Besides this, the phase is measured relative to the RF carrier
frequency and, as such, the field is relative to an unknown uniform field.
Techniques for solving equation 2.22 will be addressed in section 2.2.4.

Before the

calculation of χ(r) can be considered, the field map, ∆B(r), requires further processing.

2.2.1

Local and Background Fields

One challenge when calculating χ(r) is the fact that there are strong susceptibility sources within
the FOV which produce no MRI signal. For example, when the brain is the region of interest,
most of the head and some of the neck are also included in the FOV. Therefore, regions with
no MRI signal, but strong susceptibility (such as the air surrounding the head and within the
sinuses, the teeth, and the skull) are often included.
Within the brain ROI, χ values (relative to the χ of water) are between -1 and +1 ppm,
whereas the air surrounding the head, and within sinuses have ∆χair −water values of around +9
ppm.
Considering the image-space forward model as shown in table 2.1, larger susceptibility
differences lead to greater magnitude field perturbations, ∆B(r), as demonstrated in figure 2.7.
Therefore, though there is no MRI signal in the air, teeth or skull in conventional MRI
sequences, these susceptibility sources cause field variations within the brain, which are at
least an order of magnitude greater than the field perturbations within the brain ROI, resulting
from susceptibility variations within the brain tissue.
Field perturbations originating from sources outside of the ROI (χext ) are called background
fields, ∆Bbkgd . Background fields may also be referred to as external fields, reflecting the fact
that the fields originate from sources external to the ROI. The field perturbations originating
from sources within the ROI (χint ) are called local fields, ∆Bloc , or internal fields. The total
field perturbation is the sum of the two contributions, ∆B = ∆Bloc + ∆Bbkgd . If background fields
are not removed, they can dominate the susceptibility calculation and obfuscate susceptibility
contrast within brain tissue.
There are other contributions to ∆B(r) which may be considered part of the ‘background’.
As mentioned in section 1.3 (equation 1.26), system field inhomogeneities, such as B0
inhomogeneities not corrected by shimming, contribute to bsys and therefore to ∆B(r).
58

Chapter 2. Phase Imaging and Magnetic Susceptibility Mapping

Figure 2.7: Magnetic field perturbations as affected by the magnitude of susceptibility differences
Two spheres, one with small susceptibility and one with large susceptibility are convolved
with the unit dipole. The larger the difference in susceptibility between the sphere and the
background, the larger the magnitude of the resulting field.

2.2.2

Mathematical Properties of Local and Background Field Perturbations

One of the most frequently exploited mathematical properties of background fields is derived by
taking the Laplacian of the total field, ∆B, which is given by [34]
1
∇2 (∆B) = B0 . (∂ 2 χ/∂ x 2 + ∂ 2 χ/∂ y 2 − 2∂ 2 χ/∂ z 2 )
3

(2.23)

where ∇2 is the 3-dimensional Laplacian operator. As, by definition, χint does not contribute to
∆Bbkgd within the ROI, ∆Bbkgd satisfies the Laplace equation ∇2 ∆Bbkgd = 0, i.e. it is harmonic
within the ROI [35]. Similarly, ∆Bloc is harmonic outside of the ROI. Outside of the ROI ∆Bbkgd
satisfies Poisson’s equation, as does ∆Bloc within the ROI. These relationships are summarised
in table 2.2.

∆Bloc

∆Bbkgd

Within ROI ∇2

=0

= B0 (∇2 χext /3 − ∂ 2 χext /∂ z 2 )

Outside ROI ∇2

= B0 (∇2 χint /3 − ∂ 2 χint /∂ z 2 )

=0

Table 2.2: Mathematical properties of local and background field perturbations
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The local field can therefore be found by direct solution of
M 0 .∇2 (∆B) = ∇2 (∆Bloc )

(2.24)

where the binary mask, M 0 , defines all voxels within the ROI whose numerical Laplacian can
be calculated using only voxels within the ROI. M 0 is an eroded version of the ROI mask, M,
excluding voxels on the boundary of the ROI, where the numerical Laplacian is calculated using
voxels outside of the ROI.
2.24 is a partial differential equation (PDE) for which boundary conditions are unknown.
Most approaches to background field removal attempt to solve this equation either without
boundary conditions, resulting in a solution which is not unique, or by approximating boundary
conditions.

2.2.3

Review of Background Field Removal Techniques

A comprehensive review of background field removal techniques was performed by Schweser et
al. [36] and is summarised here.
As background fields are often slowly-varying within the ROI, one of the early approaches to
background field removal was high-pass filtering of the phase images [37, 38]. This is commonly
carried out using a three-dimensional Hann window with dimensions 32 x 32 x 32 or 64 x 64 x 64.
High-pass filtering has been shown to remove substantial contributions to ∆Bloc in addition to
∆Bbkgd and may fail to remove high-spatial-frequency components of ∆Bbkgd , particularly close
to the boundary [39]. For these reasons it is now rarely used in susceptibility mapping.
As mentioned above, direct solution of equation 2.24 is possible. However, as ∆B outside
of the ROI is unknown, regularisation is required. The Laplacian operation can be formulated as
a convolution with a Laplacian kernel, L. Making use of the convolution theorem, ∆Bloc is given
by
(
∆Bloc = F

−1

F (M 0 . F −1 (F (L) . F (∆B)))
F (L)

)
(2.25)

Division by the Fourier transform of the Laplacian operator results in error amplification,
therefore the division can be regularised by setting the Fourier transform of L to a constant value
wherever it falls below a threshold [26]. This is, in effect, a high-pass filter, which removes
remaining slowly varying fields. This approach is computationally simplistic, but requires the
determination of an optimal threshold parameter, which may not be the same for every data set.
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An adaptation to the direct Laplacian method, SHARP (Sophisticated Harmonic Artifact
Reduction for Phase), is based on the spherical mean value (SMV) property of harmonic
functions, which states that, for a harmonic function, u(r), u is invariant under convolution with a
normalized, radially symmetric function, ρ(r) [40]
u(r) = (ρ ∗ u)(r)

(2.26)

where ρ(r) is a spherical binary kernel (for anisotropic images this becomes ellipsoidal).
Exploiting this theorem, the local field can be calculated by first defining ∆B̂ = ∆B − ρ ∗ ∆B
to give

∆Bloc = (δ − ρ) ∗−1 ∆B̂

(2.27)

However, ∆Bloc can only be calculated where the radius of the kernel is small enough to rely
only upon well-defined phase values. This means that erosion of the ROI is necessary.
The radius of ρ is a trade-off between errors resulting from maintaining the field in the
boundary region when a small radius is used, and the extent of erosion from using a large
radius. In fact using a single voxel as the width of ρ is equivalent to a direct Laplacian solution.
The convolution and deconvolution in equation 2.27 can be formulated as multiplication and
division in k-space. Therefore, a threshold parameter must still be chosen to avoid division by
zero.
To bypass the trade-off caused by radius selection, V-SHARP [41] was proposed, which
uses a different kernel radius for the (de-)convolution depending on how close to the boundary
region a voxel is. Therefore, the radius can be large far from the boundary region, whereas close
to the region, a small radius can be used to minimise contributions from the boundary region
causing errors in ∆B. Unfortunately the use of different kernels prevents the calculation from
being carried out directly in the Fourier domain. Hence the computational time can be longer
than for SHARP.
HARmonic (background) PhasE REmovaL using the LAplacian operator (HARPERELLA)
[42], iHARPERELLA [43], and regularisation-enabled SHARP (RESHARP) [44] are alternative
extensions to SHARP, which use various approaches to determine ∆Bloc within the boundary
region.
Zhou et al. [45] consider the equation 2.24 as a partial differential equation (PDE) which,
without boundary conditions, is not unique. Therefore, Zhou et al. apply the boundary condition
∆Bloc = 0 at the edge of the ROI, based on the assumption that ∆Bloc << ∆Bbkgd in the boundary
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region. They then solve the PDE using a finite difference scheme. This is the Laplacian boundary
value method (LBV).
Similarly, Wen et al. [46] propose the iterative spherical mean value method (iSMV), which
n+1 = ρ ∗ ∆B n
solves the spherical mean value problem iteratively, i.e. from equation 2.26 ∆Bbkgd
bkgd .

The initial ∆Bbkdg is taken to be equal to the total field ∆B and the boundary conditions are
enforced by setting ∆Bbkgd in the boundary regions to the total field, ∆B in each step of the
iteration.
To avoid making explicit assumptions about boundary conditions, the method called
‘projection onto dipole fields’ (PDF) [47] models ∆Bbkgd as resulting from a χ distribution outside
of the ROI, χext , where χext = 0 within the ROI. The background fields can then be modelled as
∆Bbkgd = D ∗ χext

(2.28)

and χext calculated by L2 minimisation of the objective function
argmin kw(∆B − D ∗ χext )k22
χ

(2.29)

where w is a weighting matrix used to give lower weight to contributions from noisy voxels and
voxels outside of the ROI [47]. This approach assumes that the local and background fields are
orthogonal, which breaks down in the boundary region, necessitating some erosion of the ROI.
It also assumes that all harmonic fields within the ROI can be modelled by equation 2.28. The
resulting χext is not unique, and can, in fact, be any susceptibility distribution which adequately
fits the observed ∆Bbkgd .
It is well known that high-pass filtering and regularised direct solution of equation 2.24 can
lead to inaccurate local fields throughout the ROI and these methods are not recommended
for use in susceptibility mapping pipelines. The other methods (SHARP, V-SHARP, RESHARP,
HARPERELLA, iHARPERELLA, LBV, iSMV and PDF) have been found to result in errors which
are small in magnitude as compared to high-pass filtering and regularised direct solution [36].
As quantification has shown that many of the background field removal methods produce
similar results, choosing a method is often based on practical considerations such as speed and
ease of implementation, or visual inspection of the resulting local field maps.
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2.2.4

Solution of the Inverse Problem

Once the background field has been removed from the ROI, the inverse problem as stated in
equation 2.17 and repeated below can be solved
∆B(r) = D(r) ∗ χ(r)

(2.30)

where it is understood that after background field removal ∆B is used to represent the local field
only. As discussed previously, the inverse problem is ill-posed due to the cone of zeroes in D̃(k).
There are many ways to regularise the solution. A small selection of commonly used methods
are summarised here.
One particular class of regularisation techniques involves modification of the dipole D̃(k). In
general, such solutions are obtained directly using a small number of mathematical operations.
They are therefore computationally simple (fast) and easy to implement (little variation between
research groups). Three similar dipole modifications are: threshold-based k-space division
(TKD) [48], a variant on TKD, denoted TKD2 [49], and closed-form Tikhonov regularisation
[30, 50]. These are illustrated in figure 2.8 and defined as follows

χ̃TKD (k) =



D̃(k)∆B̃(k) |D̃(k)| > λ

χ̃TKD2 (k) =



D̃(k)

|D̃(k)| ≥ λ


0

|D̃(k)| < λ

χ̃TIK (k) =

(2.31)

|D̃(k)| ≤ λ


λ ∆B̃(k)

D̃(k)
D̃ 2 (k) + λ

(2.32)

∆B̃(k)

(2.33)

where λ is a threshold parameter > 0. Truncation of the dipole as in equations 2.31 - 2.33 results
in underestimation of the χ values, which can be ameliorated using a correction factor calculated
from the point spread function of the dipole modification [26].
Streaking artifacts are prominent in these closed-form inversion methods due to the
erroneous values used on the zero-cone of the k-space dipole, D̃(k). For TKD, setting the
threshold parameter, λ to the highest value in the kernel D̃(k) i.e.

2
3,

was found to minimise

streaking artifacts [48, 26].
Iterative optimisation is another class of solutions to the inverse problem. The general form
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Figure 2.8: D̃(k) modifications by closed-form SM inverse problem solutions
In closed-form SM inverse problem solutions, the k-space representation of the dipole, D̃(k), is
modified such that the ‘zero-cone’ is eliminated. Each of the methods (TKD, TKD2 and TIK)
uses a regularisation parameter, λ , which controls the level of dipole modification.
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of such methods is
argmin kw(
χ

∆B
− D ∗ χ)k22 + λ R(χ)
B0

(2.34)

where R(χ) is a regularisation term which can take many different forms. One such regularisation
term is
kW χk22

(2.35)

where W is a binary mask which is 1 in regions where the susceptibility is known to be
homogeneous [51], thereby enforcing a piecewise constant solution. When W is 1 everywhere,
the regularisation term reduces to the Tikhonov term and equation 2.34 can be solved directly
using equation 2.33
Another regularisation term was suggested by de Rochefort et al. [51] which can be used
in addition to, or in place of kW χk22 . This regularisation term is
kMG ∇χk22

(2.36)

where ∇ is the gradient operator and MG is a binary image which is 1 where there are
boundaries in the susceptibility contrast. MG can be calculated by applying a finite difference
operator to the magnitude image, and thresholding the result to select boundaries between
structures with different image contrast.

The penalisation of susceptibility gradients not in

coincidence with magnitude image boundaries enforces smooth susceptibility changes inside
boundaries, therefore streaking artifacts are suppressed. However, the suppression of changes
in susceptibility which are not represented in the magnitude images can mean that true
susceptibility changes are omitted from the SMs. For example, the red nucleus and dentate
nucleus display high susceptibility contrast, but can sometimes be indistinguishable from
surrounding tissue on gradient-echo magnitude images.
Whereas the regularisation terms above use the L2 -norm, it has been suggested that using
the L1 -norm for the regularisation term in equation 2.36 results in fewer streaking artifacts
[52].This approach is commonly used due to the availability of an online tool [53] and is known
as morphology enabled dipole inversion (MEDI) [54].
Where there is no closed-form solution, minimisations taking the form of equation 2.34 are
solved iteratively. For L2 -norm minimizations one way to do this is using a conjugate gradient
algorithm [55]. For L1 -norms, such as in MEDI, the Gauss-Newton method [56] may be used
instead.
There are many variations of the above iterative SM techniques [57, 58, 59, 60, 61], each
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with advantages and disadvantages. Some methods are available as online tools [53, 62], which
accounts for their frequent use.

2.2.5

Single-step Methods

Recently the practice of performing background field removal and susceptibility calculation
sequentially has been challenged. Simultaneous fitting of local and background fields has been
attempted by several groups.
Bilgic et al. [63] introduced a technique called Single-step QSM, which combines SHARP
processing of phase data, and a susceptibility gradient regularisation term (equation 2.36) to
go directly from total field to susceptibility, thereby bypassing background field removal. The
solution is achieved using preconditioned conjugate gradients.
This idea has since been developed, including some algorithms which also bypass the need
for a separate phase unwrapping step and take wrapped phase images as input [64, 65, 66, 67,
68]. These methods are based on Laplacian approaches to achieve the background field removal
meaning the mask ROI must be eroded (see section 2.2.3) and χ values are only calculated
within the ROI where phase values are defined.
Total field inversion (TFI) [69] is a recently proposed method which bypasses background
field removal, and calculates χ both inside and outside of the ROI in which phase values are
defined. χ is given by

argmin
χ

∆Btotal
1
kw(
− D ∗ χ)k22 + λ kMG ∇χk1
2
B0

(2.37)

as for MEDI. However, ∆Btotal represents the total field ∆Bloc + ∆Bbkgd and χ is calculated for the
whole FOV. For strong susceptibility sources, such as within the sinuses and the skull, conjugate
gradient solvers can take many iterations to converge on the correct solution. Therefore it is
suggested to use a pre conditioner, P, a mask which takes the value 1 within tissue and a
constant value, PB where there are strong susceptibility sources. TFI is explored in more detail
in Chapter 3.
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2.2.6

Multiple-orientation Methods

The ‘missing data’ caused by the zero-cone in the k-space dipole D̃(k) can be recovered by
collecting data with the sample rotated at multiple orientations with respect to B0 . The data
from different orientations can then be combined, eliminating the zero-cone and allowing direct
inversion of equation 2.30. One such multiple-orientation algorithm is COSMOS (calculation of
susceptibility through multiple-orientation sampling) [70].
STI (susceptibility tensor imaging) [71] is another SM technique which requires imaging
at several orientations. This method is designed to capture the susceptibility anisotropy which
occurs in some biomaterials. In the SM approaches discussed so far, the susceptibility within
each voxel is described by a scalar quantity. However, the susceptibility of some materials is
more accurately represented by a tensor, which accounts for the fact that the susceptibility is
dependent upon the orientation of the material to the applied magnetic field. The phase in
white matter fibers is orientation dependent, an effect thought to be caused by the anisotropic
susceptibility of myelin sheaths which can be crudely modelled as a cylindrically symmetric
tensor [72].
Though multiple orientation methods are a good approach for ex vivo or phantom studies,
they are not clinically feasible as it is not always possible for subjects or patients to rotate their
heads to the required angles, therefore in this work, only single-orientation methods are used.

2.2.7

Overview of the Current Status of Susceptibility Mapping Pipeline
Developments

Several review papers have compared techniques for solving the inverse problem [73, 39, 74].
In addition to this, a QSM challenge was recently completed [75]. In the challenge, data were
acquired on a single healthy volunteer at multiple orientations. STI was used to produce the
‘gold-standard’ image. Research groups were invited to apply inversion algorithms to the data
and submit the results.
Though the challenge was able to identify some algorithms that generally do well, there
were several issues with the quantification of algorithm performance. The lack of a suitable
gold-standard and a suitable metric to universally assess the deviation from the ground truth
meant that algorithms could be optimised for each performance metric. A single dataset was
used, which does not demonstrate the ability of algorithms to deal with data from different
patients and different sequences. This means that the ‘best’ inversion algorithm varies from
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dataset to dataset and still relies on a combination of qualitative and quantitative metrics, such
as visual inspection to identify any over-smoothing or streaking artifacts, and computation time.
Ease of implementation and source code availability also factor into the choice of inversion
algorithm.
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3.1

Introduction to Attenuation Correction in PET-MRI

Positron Emission Tomography (PET) is an imaging technique which provides functional
information by detecting the tissue uptake of radiotracers injected into the body. However, PET
provides little anatomical information due to poor spatial resolution and low signal in regions with
low tracer uptake. Therefore, PET is often combined with either Computed tomography (CT) or
MRI to form the hybrid imaging techniques PET-CT and PET-MRI. Radiotracer uptake maps can
then be fused with CT or MRI images showing anatomical detail.
The PET imaging mechanism begins with the injection of a radionuclide which is attached
to a biologically active compound such that it tracks a specific function of the body. This
combination of radionuclide with biological compound forms a radiotracer. The radionuclides
used in PET are positron emitters with short half lives, allowing imaging to take place shortly
after injection. Emitted positrons annihilate with nearby electrons in the body, producing a pair of
511 keV photons which travel in opposite directions towards a ring of detectors surrounding the
body. In conventional PET, a line of response (LOR) is drawn between the two points at which
photons are detected simultaneously in a so-called coincidence event. These two photons are
known to originate from an annihilation event at some position along the LOR. A filtered back
projection (FBP) algorithm can then be used to reconstruct a PET image from the set of LORs.

3.1.1

PET Attenuation Correction

During PET imaging, emitted 511 keV gamma rays may be absorbed or scattered by the body
en route to the detectors. If these processes are unaccounted for during data reconstruction,
misrepresentation of radiotracer uptake may occur. The more tissue gamma rays must travel
through, the more absorption occurs, and the greater the attenuation, hence underestimation
of radiotracer uptake is greater at the centre of the body.

An AC-map which records an

attenuation coefficient (AC) for each voxel must therefore be included in the PET reconstruction.
In standalone PET, the AC map is created by use of a transmission image where the absorption
of photons from an external source is measured. In PET-CT the AC-map can instead be
determined from the CT scan which provides a direct mapping to the electron density of the
tissue. Calculating an attenuation correction map in PET-MRI is an engineering challenge (as
discussed in upcoming section 3.1.3).
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Figure 3.1: Schematic of PET detection
When a positron annihilates with an electron, two 511 keV gamma rays are emitted which
travel in opposite directions. A line of response (LOR) can be drawn between the two points
on the detector ring at which the photons are detected, providing spatially localised information
for the annihilation event

3.1.2

CT-based PET-AC

CT images represent the absorption of photons at CT energies (spectrum of 40 to 140 keV
photons) rather than 511 keV PET photons. However, there are ways of converting CT energy
attenuation coefficients to PET energy attenuation coefficients [76]. Therefore, AC for PET-CT
imaging can be achieved using the CT. There are three main ways of performing this conversion.
First, the CT may be segmented into tissue classes, each of which is assigned a pre-selected
linear attenuation coefficient, µ (cm−1 ) specific to 511 keV photons (n = µN∆x, where n is the
number of photons removed from a beam by absorption or scattering, N is the starting number
of photons and ∆x is the thickness of the material through which the beam has travelled).
Secondly, CT images can be scaled by the factor

PET
µwater
CT
µwater

CT
, where µwater
is the attenuation

coefficient of water for photons of CT energy (which can be taken to be the average energy of
the CT photon spectrum).
For photons of CT energies, the most common mechanisms through which they interact
with tissue are Compton scattering (the photon is absorbed and a lower energy photon emitted)
and the photoelectric effect (the photon is absorbed and an electron emitted). At the lower
energies in the CT spectrum, when photons interact with high atomic number (high-Z) materials,
such as the calcium present in bone, photoelectric absorption may dominate over Compton
scattering. Whereas Compton scattering does not depend on Z and scales linearly with energy,
the photoelectric effect scales with Z 4 and

1
.
E3
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may not be appropriate for bone and other high-Z materials. For this reason, the third method of
conversion is a bi-linear scaling, where low-Z and high-Z materials (defined by a Hounsfield unit
(HU) threshold of the CT image) are scaled by different factors.
MR images do not relate to the electron density of tissues in the same way as CT images so
alternative methods must be used to create an AC-map. The methods currently used to produce
AC maps for PET-MRI can be classified as MRI-based or PET-based, depending on which data
are used to derive attenuation coefficients.

3.1.3

MRI-based PET-AC

As mentioned above, there is no direct relationship between the intensity of a magnitude MRI
image and the photon attenuation properties of the tissue; rather MRI intensities represent the
magnetic relaxation properties of the material when exposed to a magnetic field. The relationship
between tissue properties and MRI relaxation times is complex. However, several methods have
been proposed to use the MRI alone to derive the AC map. Two different types of MRI-based
AC: voxel-based, and atlas-based, are described below.

3.1.3.1

Voxel-based Methods

Voxel-based methods use the intensities of the MRI to produce an AC-map. Usually voxel-based
methods will require an additional MRI acquisition using a sequence with properties suitable for
AC. Due to the lack of a direct relationship between MRI signal magnitude and electron density,
voxel-based methods most commonly involve the segmentation of an image into a number of
tissue classes, each of which is assigned a single attenuation coefficient.
Assigning a single attenuation coefficient to each tissue class naturally introduces errors as
the real case is represented by a continuous distribution of values. The effect of segmenting into
a number of tissue classes has been investigated by Keereman et al. [77]. Using Monte Carlo
simulations of whole-body PET scans, it was found that lung tissue and cortical bone were the
tissue classes which, if neglected, produced the largest errors in the resulting PET images. Five
tissue classes were recommended: cortical bone, spongeous bone, soft tissue, lung tissue and
air.
Using pre-selected attenuation coefficient values for each tissue class may also introduce
errors due to variability in the attenuating properties of different tissue types, particularly in the
lung where lung density varies from patient to patient [78] and also as the lung passes through
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different respiratory states in a single patient [79]. Producing patient-specific spatially variable
lung attenuation coefficients has been attempted [80].
Three materials present a particular challenge for segmentation using MRI images: air, lung
tissue and bone. As mentioned earlier it is important to differentiate between air and lung tissue,
and to include cortical bone (due to its high density) if large errors in tracer uptake are to be
avoided. Air and bone represent the least, and most attenuating materials found in the human
body, and in conventional MRI sequences, both produce no MRI signal. This is due to the lack
of resonating protons in air and the highly mineralized structure in bone (and teeth) which leads
to short T2 , and therefore rapidly decaying signal. Lung tissue also has low MR signal due to the
combination of short T2 and low proton density.
The most common PET-MRI AC method in clinical use [81] is the creation of AC maps
based on Dixon sequences [82]. The Dixon method relies on the chemical shift difference
between protons in a water environment and protons in a fat environment. Gradient or spin
echo images at two different echo times are acquired, one when water and fat are in phase and
one when they are out of phase. The sum and difference of these images produces separate
water and fat images, allowing segmentation of air, adipose tissue (fat), soft tissue (water) and
soft/adipose tissue mixtures [78]. One drawback of this method is its inability to segment cortical
bone, which can lead to large errors. For example, the femoral heads are often mapped as
fat, leading to errors in tracer uptake values, particularly for prostate and lymph node cancers.
Another example is the skull and sinus regions in the head where bone and air can be difficult to
differentiate [83].
Ultra-short echo time (UTE) sequences were introduced by Gatehouse et al. [84] in 2003
and rely on an echo time of the order 0.05 - 0.5 ms to capture signal from bone. The use of UTE
sequences for the production of AC-maps was suggested by Catana et al. and Keereman et al.
[85, 86] as a way to include bone and better identify the lung tissue.
Catana et al. [85] proposed a dual echo UTE sequence (DUTE), which can be used
to identify bone based on signal presence in the first echo and signal absence in the
second. Keereman et al. applied threshold-based segmentation to R2 maps derived from UTE
sequences, segmenting into air, bone and soft tissue [86]. Though both approaches showed
promise in segmenting air and bone, average tracer uptake errors of around 5% were observed
for both methods, with maximum errors of up to 40%.
There have been several adaptations to UTE methods for PET-AC, notably by Juttukonda et
al. [87]. CAR-RiDR uses the images from two UTE echoes to produce masks for air (sinuses),
bone, brain and patient contour (i.e. the whole head). Within bone, R2 * values were mapped
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to bone density, thus allowing a continuous range of attenuation coefficients within bone, rather
than assigning a single attenuation coefficient. Errors are seen around air/tissue interfaces,
caused by susceptibility boundaries which lead to abnormally high R2 * values. This means
mis-identification as bone. These errors are corrected for using segmentation of the Dixon image
to identify soft tissue areas where bone is unlikely to be present. The mean whole-brain absolute
uptake error across all subjects was 2.55%. Ladefoged et al. [88] propose a slight adaptation
to this method, by using different R2 * thresholds for bone inclusion and UTE images rather than
Dixon images for correction of bias at air/tissue interfaces. An average global tracer uptake error
in the brain of 0.1% was reported with a maximum error of 1.2% in the brain and a mean absolute
error of 3.4%.
Similarly Cabello et al. [89] used R2 to produce a map of attenuation coefficients within
bone, whilst using thresholding based on a dual-echo UTE sequence for air segmentation. This
method led to tracer uptake errors of -5.8% to 2.5%.
One benefit of short echo sequences is that they can detect signal from MRI coils,
and therefore include the attenuating properties of coils in AC-maps. Despite UTE methods
outperforming Dixon methods in cortical bone representation, some bone is still mis-registered,
and the length of acquisitions can be long (~1 min for UTE [90] compared to ~18 s for
Dixon-based methods [91]). Due to the long scan time, UTE sequences may only be useful
for brain imaging.
Berker et al. [92] noted that the use of both Dixon and UTE sequences would provide the
necessary tissue classes for head/neck imaging (water/fat and bone/air separation), but that
sequential acquisition would result in long scan time. Therefore, a sequence combining these
approaches to segment into cortical bone, air, adipose tissue and soft tissue was proposed. This
sequence takes the form of a triple-echo UTE sequence (UTILE), utilising the first echo for short
T2 visualisation, and the second and third echoes for water/fat separation. However, large mean
radiotracer uptake errors (on the order of 9%) in the brain were reported, possibly due to an
over-representation of cortical bone.
Zero-TE (ZTE) sequences are an alternative to UTE sequences which also aim to capture
signal from short T2 * tissues, but may yield shorter acquisition times. Whereas in UTE the
gradients are ramped up after the RF pulse, in ZTE the gradients are already on prior to the
pulse, meaning that the centre of k-space is traversed at zero echo time. Wiesinger et al. [93]
have recently proposed a proton density weighted ZTE sequence, using an inverse logarithmic
scale for segmenting into air, soft-tissue and bone, with a good linear relationship found between
the inverse logarithmic ZTE image and HUs for low CT photon energies. This method was tested
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in subjects with both PET-MRI and CT data. A threshold was applied to CT images to produce
a CT bone map. This bone map was then compared to the bone segmentation produced by the
ZTE approach [94]. It was found to be a more accurate representation of bone than previous
methods had provided. However, false positive bone identification was an issue in areas where
there were partial volume effects with bone and sinuses.
Water and Fat Suppressed Projection Imaging (WASPI) is a 3D radial proton-weighted
ZTE sequence [95]. In common with Wiesinger et al. [93], MRI intensity values were found
to correlate with bone density. However, this method has a very long scan time (~8 mins),
requires a fast transmit-receive switch and uses a CT-derived reference map for calibration of
the MR-signal to bone density mapping.

3.1.3.2

Atlas-based Methods

Atlas-based methods use a pre-collated database of CT-MRI pairs to produce a pseudo-CT
(pCT) matching the anatomy of the acquired MR image. The CT can then be used to calculate
an AC map from the HUs. The patient MRI is compared to a database of previously acquired
CT-MRI pairs and the CT partner of the database MRI which most closely matches the patient
MRI is selected. The atlas MR images are co-registered to the patient images in order to identify
the closest matching MRI in the database. The CT pair of this MRI is then selected as the
pseudo patient CT from which an AC map can be derived following one of the HU to AC-map
conversion methods described earlier.
Burgos et al. use a weighted combination of database CTs as the pCT by co-registering
the patient MRI to a weighted combination of database MRIs [96]. A mean error in tracer uptake
of 0.1%, and a mean absolute error of 2.9% were reported. An extension to this method was
presented by Merida et al., which slightly improved accuracy [97]. Another atlas-based method
by Izquierdo-Garcia et al. [98] uses statistical parametric mapping software SPM8 to create a
template. SPM8 includes a segmentation tool which is used on the MRIs of 15 patients (who
also had CT scans) to identify 6 tissues classes (grey matter, white matter, cerebrospinal fluid,
bone, soft tissue and air). The regions from the 15 subjects were non-rigidly co-registered to
form a template. Patient MRIs were then warped into this template space, and the inverse of
this warping was applied to the CT map, thus producing a pseudo-CT for AC. Though complex
bony structures in the head are well reproduced, patient abnormalities (e.g. implants, surgically
altered bone) can pose large problems. Anazodo et al. combined an atlas-based approach
with Dixon images [99]. Atlas-based segmentation of T1 -w data using SPM8 was used to add
bone to Dixon images. This enhanced Dixon method was found to perform similarly to atlas
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methods which produce pCTs, despite use of a single attenuation coefficient for each tissue
class. Atlas-based methods perform much better in the head than they do anywhere else in the
body due to greater inter-patient variability and motion in the body.

3.1.4

PET-based PET-AC

PET-based AC uses 511 keV photons to measure attenuation and therefore bypasses the need
to convert HUs to attenuation coefficients, removing the error produced by this calibration. There
are two types of PET-based AC: transmission and emission. Transmission methods derive
AC-maps based on detection of photons from a source of 511 keV photons, which pass through
the subject, whereas emission methods use the photons detected following annihilation events
to infer attenuating properties.

3.1.4.1

Transmission Methods

Transmission methods are used for stand-alone PET, as no further imaging modalities are
acquired. A transmission source emits 511 keV photons that are detected after travelling through
the patient, enabling a direct calculation of the attenuating properties of the patient. However,
rotating or static sources are challenging to implement in PET-MRI due to the strong magnetic
field and potential interaction between (rotating) components and the MR field, as well as the
narrow width of the bore. Naturally, transmission imaging delivers additional dose to the patient
and also suffers from low spatial resolution.
Time-of-flight (TOF) PET calculates the difference in time between two coincidence events,
and uses this to help pinpoint the location of the annihilation event. Therefore, TOF-PET has
the capability to distinguish emission and transmission events. This allows methods in which
transmission photons can be detected at the same time as emission photons, such as that
described by Mollet et al., which uses an annulus transmission source for simultaneous emission
and transmission imaging [100]. Mollet et al. demonstrated the ability to correct for attenuation
using this method, but segmentation into lung, bone and soft tissue and assignment of a discrete
attenuation coefficient was necessary in order to avoid noise propagation.

3.1.4.2

Emission Methods

Unlike transmission methods, emission methods have no hardware issues and no additional
dose, as no external photon source is required. Most emission methods rely on using maximum
77

Chapter 3. Magnetic Susceptibility-based Discrimination of Air and Bone for PET-MRI Attenuation
Correction

likelihood reconstruction of attenuation and activity (MLAA) algorithms to derive an attenuation
sinogram [81, 101]. Some emission-based methods have been introduced, though the more
successful of these are only applicable to TOF PET. However, there are several drawbacks
to emission-based methods; for example, photons are only emitted from regions where the
radiotracer has been taken up, which can be limited to certain regions for some tracers with
localised uptake. This means that an attenuation of zero must be assumed for regions through
which no LOR is drawn [102].

3.1.4.3

Multi-centre Evaluation of PET-MRI AC Methods

Recently eleven PET-MRI AC methods were evaluated on brain scans from multiple sites
[103]. The methods included were: two vendor implementations (Dixon and UTE) [104], five
atlas-based methods [105, 99, 98, 96, 97], PET-based emission method MLAA [101], and
three voxel-based methods [89, 87, 88]. All investigated methods were found to agree with
CT-based AC to within 5%, which was deemed to be an acceptable limit. Therefore, the authors
concluded that the PET-MRI AC problem has effectively been solved. Three of the four best
performing methods were atlas-based [98, 96, 97] and one was voxel-based [88]. This leaves
little room for necessary improvement in the brain. However, approaches to reduce acquisition
or computational time may be considered an improvement, and it is still unclear which methods
produce acceptable results in other regions of the body where the presence of other tissue types
such as fat and lung, in addition to cortical bone, can be an issue. Voxel-based methods may
yield more accurate AC maps in the body where atlas-based methods can fail. Susceptibility
mapping offers a voxel-based approach with the potential for MRI-based detection of cortical
bone.
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3.2

Calculating the Susceptibility of Air and Bone

The calculation of susceptibility in air, bone and teeth from MRI phase images is an
under-determined inverse problem, as there is no meaningful phase information in these
materials when using conventional MRI sequences. There is no signal in air due to the absence
of resonating protons. In cortical bone and teeth T2 * is short as a result of highly mineralized
structure, which means that signal can only be detected at very short echo times (typically <0.05
ms for cortical bone visualization [84]). There may also be signal voids in, or close to, materials
with large χ values, caused by de-phasing near large susceptibility gradients (see section 1.3.3).
Where the magnitude signal is close to zero, the phase takes on values between ±π according
to a Rician distribution [20].
The absence of signal means that in standard MRI sequences, sinuses, bones and teeth
cannot be differentiated, and in susceptibility mapping they are typically excluded from the region
of interest. However, as air, bone and teeth occupy different positions on the susceptibility scale
(see figure 1.12), calculating the χ values within these regions could allow air, bone, soft tissue
and teeth to be distinguished. Therefore the use of χ values reconstruction in air and bone
is proposed as a method to segment bone and sinuses to produce voxel-based AC maps for
PET-MRI.
We refer to regions where we would like to calculate χ values, but inside which there is no
meaningful phase information, as missing phase regions, or MPRs. Despite the lack of phase
information, several methods have been proposed to reconstruct χ distributions within MPRs.
These methods rely on the principle of non-local phase; the phase in a voxel is influenced by the
susceptibility in all surrounding voxels according to the forward model equations shown in table
2.1. The χ values within MPRs can therefore be inferred from the surrounding phase distribution,
which would ordinarily be removed by background field removal.
All techniques require several binary masks; a tissue mask, an MPR mask, and a head
mask. The tissue mask, Mtissue , identifies all voxels in which the phase is well-defined. The head
mask, Mhead , encloses the region in which the susceptibility is to be calculated, and the MPR
mask, MMPR , identifies all voxels within the head where the phase is not well defined. The masks
satisfy
Mtissue + MMPR = Mhead

(3.1)

Example masks are shown in figure 3.2. Three different techniques for calculating the MPR
susceptibility are described below.
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(a) Magnitude

(c) Mtissue

(b) Phase

(d) Mhead

(e) MMPR

Figure 3.2: Magnitude and phase images with binary masks

3.2.1

Iterative Phase Replacement (IPR)

Buch et al. attempt to overcome the under-determined nature of the inverse calculation by
iteratively updating the phase in MPRs to estimate χMPR [106]. The procedure is as follows (also
shown in figure 3.3):

(A) Acquire GRE head data. Two echoes are required, the first of which should be short (2.5
ms is suggested) in order to prevent signal loss at the susceptibility boundaries where T2 *
de-phasing may occur. For the same reason, high bandwidth is also recommended
(B) Generate binary masks Mhead , Mtissue and MMPR using the magnitude image
(C) Using MMPR , set the MPR phase to zero (i.e. eliminate voxels with noisy phase)
(D) Remove the phase offset term φ0 (see equation 2.12) from the first echo phase, φ (r, TE1 )
(E) Unwrap using PRELUDE [21]
(F) Remove slowly varying phase components within Mtissue , caused by the susceptibility
boundary between the head and the surrounding air rather than any susceptibility
differences within the head. This is achieved by fitting a second order polynomial and
subtracting this from the unwrapped phase image
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(G) Using TKD with threshold λ = 0.1 (to minimise the underestimation of χ values), perform
the inverse calculation to produce an initial SM
(H) Improve estimation of χ values in MPRs using k-space iterative reconstruction as described
by Tang et al. [107]
(I) Multiply by MMPR to extract the χ values in the MPRs
(J) Perform the forward calculation to compute the local magnetic field, ∆Bz (r), and scale by
the first echo time to give the phase resulting from χMPR
(K) Multiply the new phase image by MMPR to extract the MPR phase
(L) Update the MPR phase in the initial phase image with the MPR phase calculated in (K)
(M) Using TKD with threshold λ = 0.1, perform the inverse calculation to produce a SM
(N) Improve χ value estimation in MPRs using additional k-space iterative reconstruction as
described by Tang et al. [107]
(O) Return to step (I)
(P) The iteration is stopped between steps I and J when β =

χi −χi−1
χi

falls below a pre-defined

threshold. χi−1 and χi are χ values within a small sinus ROI for successive iterations

3.2.2

PDF

The background field removal technique, PDF, can be used to estimate χMPR . As discussed in
section 2.2.3 PDF is a background field removal technique which fits the observed external fields
within the ROI to a χ distribution outside of the ROI, χext . When Mtissue is used as the input mask
for PDF, the result of multiplying χext by MMPR may be considered to be an estimate of χMPR ,
though χext may actually take the form of any distribution which adequately fits the observed
external field

3.2.3

Total Field Inversion

Total field inversion (TFI) is a method of susceptibility calculation which treats the so-called
background fields as useful information rather than removing them [69]. The method, which
was briefly described in section 2.2.5, allows calculation of the susceptibility for the whole head,
including MPRs.
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Figure 3.3: Iterative phase replacement (IPR) flow chart
Flow chart showing the steps taken in IPR with cross-referencing to steps described above.
β is a parameter which describes the change in magnetic susceptibility between successive
iterations.
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In MEDI [54] (see section 2.2.4) the minimisation problem is given by
argmin kw(
χ

∆Bint
− D ∗ χint )k22 + λ kMG ∇χint k1
B0

(3.2)

where the background field removal has been used to remove contributions to ∆Btotal from
susceptibility sources outside the region of interest. TFI proposes to replace the internal field,
∆Bint , with the total field, ∆Btotal in order to calculate χ distributions both inside and outside of the
region of interest. However, in doing so, the conjugate gradient algorithm, which is traditionally
used for solution of 3.2, is slow to converge and use of a pre-conditioner is suggested to speed
up convergence. The pre-conditioner, P, is a mask which takes the value 1 within Mtissue and a
constant value, PB , where there are strong susceptibility sources, i.e. within MMPR .
The minimisation problem becomes
argmin
χ

1
∆Btotal
kw(
− D ∗ Py)k22 + λ kMG ∇Py k1
2
B0

(3.3)

where χ ∗ = Py ∗ . In an abstract by the same author [108] it is suggested that the regularisation
term is instead λ kMG ∇y k1 to give more accurate susceptibility results in MPRs.
The next section (section 3.3) describes a validation of IPR using a numerical phantom.
Following this, the methods presented here (IPR, PDF, TFI) are compared in numerical
simulations (section 3.4) and in vivo data (sections 3.5 and 3.6).

Accuracy of air/bone

segmentation is assessed and in section 3.6 attenuation correction is performed and errors in
tracer uptake maps are calculated.
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3.3

Validation of IPR: Numerical Phantom

Preliminary implementations of IPR on in vivo data yielded results which differed from those
reported in [106]. Therefore, a validation of the IPR method was performed using the numerical
brain phantom which was supplied by the author.

3.3.1

Methods

Several views of the phantom are displayed in figure 3.4 and the χ values of the structures are
detailed in table 3.1. This phantom does not include the skull; the MPR region is made up of the
teeth and sinuses only.
The initial phase was calculated using the forward model on the susceptibility phantom
(instead of step A). Masks were defined using phantom χ values.

-0.1ppm

Figure 3.4: The numerical phantom used for IPR validation
The numerical phantom presented in [106] was provided by the author.
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Region

Susceptibility (ppb)

Air
Straight sinus
Superior sagittal sinus
Globus pallidus
Putamen
Caudate nucleus
Grey matter
Thalamus
White matter
Water
Brain edge
Ventricles
Teeth

9000
450
450
180
90
60
20
10
0.1
0
-14
-100
-3000

Table 3.1: Susceptibility values for the IPR numerical phantom
Note that the skull and other bones are not included.

Correspondence with the author revealed a few aspects of the method that are not explicitly
described in [106]. These are:

• The author clarified that the iterative k-space algorithm for streak reduction (steps H and N
following TKD) as described in [107] is performed here using the mask MMPR rather than
a mask of the vessels as is in [107]. Four iterations were used.
• Between steps I and J, the susceptibility within MMPR was smoothed using a 3 x 3 x 3 box
filter with standard deviation 0.4.
• The k-space dipole used for TKD is not exactly that described by equation 2.21. In fact, the
dipole is as described in [109] where the TKD dipole is brought smoothly to zero around
the ‘magic’ angle. For the iterative k-space replacement step and the forward model, the
original, un-smoothed dipole is used.
• Code provided by the author included the multiplication of the SM by Mhead between TKD
and the k-space iteration (i.e. between steps M and N), except during calculation of the
initial SM where this step is omitted (i.e. between steps G and H).

These changes were implemented in this validation and all other parameters and methods
are as described in the paper. The author was only able to provide the sphenoid sinus ROI.
Therefore, bilateral mastoid and maxillary ROIs were drawn onto the numerical phantom, and
the teeth ROI was taken as the whole teeth structure (i.e. everywhere with χ equal to -3 ppm).
The sinus ROIs are shown in figure 3.5.
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a

c

b

Figure 3.5: IPR sinus ROIs
Single slice sinus ROIs were drawn onto the numerical phantom. a) sphenoid; b) mastoid; c)
maxillary.

3.3.2

Results

Figure 3a from [106] is reproduced here in figure 3.6. The initial phase (b) is visually similar to
that shown in the IPR paper. Similarly the SMs resulting from using only the phase within the
brain (e) and the SMs resulting from the IPR method (f) appear similar. However, in both the
phase map and the SMs there is a clear scale difference. It is not clear whether the SMs, or
the phase were referenced to a particular value. This may account for differences in scaling but
would not affect the general behaviour of the iterative method.
0.5
ppm

a

c

e

8 ppm

-0.5
ppm
8 ppm

b

d

f

-3 ppm

-4 ppm

Figure 3.6: Phase map and SMs using IPR
Reproduction of figure 3a from [106] showing: a) The numerical phantom; b) the phase
resulting from applying the forward model to the numerical phantom; c) Mbrain ; d) Mtissue ; e)
SM calculated using TKD on the phase within the brain only; f) SM calculated using IPR (9
iterations).

χ within ROIs after five IPR iterations are shown in the IPR paper in table 2. Corresponding
values from this validation using some of the ROIs are shown here in table 3.2. The χ values in
[106] are reported relative to the tissue, but it is not clear whether the tissue χ is calculated as
the average over all tissue, or the average within a smaller ROI. As significant variation in the
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tissue χ was observed in this validation, absolute χ values are reported.
Structure

Mean susceptibility (ppm)
12.5 ± 2.6
10.0 ± 2.5
6.7 ± 3.8
−5.6 ± 2.8

Sphenoid sinus
Mastoid sinus
Maxillary sinus
Teeth

Table 3.2: Susceptibility values in the numerical phantom after five IPR iterations
Mean ± standard deviation in selected ROIs for the IPR validation.

Figure 3.7 shows the behaviour of χ values within the ROIs as the iterations progress. The
sphenoid sinus is shown on the top row, which corresponds to figure 6a in [106]. The χ of the
sinus structures seem to converge, albeit to different χ values (all sinus regions had the same
initial χ value of 9.4 ppm). Of greater concern is the standard deviation of χ, which behaves
differently in the different regions. In all regions the standard deviation increases for the final
five iterations. This indicates that, although χ converges, the spread of χ values continues to
increase.
Rather than using a fixed number of iterations, Buch et al. suggest the use of a stopping
criterion, β = (χi − χi−1 )/χi where χi−1 and χi are mean χ values within the sphenoid sinus
ROI for two consecutive iterations. Figure 3.8 shows β for the sphenoid and other sinus ROIs
investigated. Depending on the level of convergence required, different ROIs will terminate the
iteration at different stages.

3.3.3

Discussion

The IPR method was performed on the numerical phantom provided by the author.

The

implementation was matched as closely as possible to that described in the paper with a
few small differences discussed in the methods section above. However, certain aspects of
the results were found to be inconsistent with those reported in the paper. Referencing of
the susceptibility map may lead to susceptibility offsets as compared to those reported in the
paper and therefore different absolute χ values are expected. A more significant discrepancy is
highlighted by the values shown here in table 3.2 (which corresponds to table 2 in [106]), where
different χ values are reported in three sinus regions. This is in contrast to the published results
which show χ values within a range of 0.3 ppm for all sinus regions. Though the ROIs for the
mastoid and maxillary sinuses are not the same as those used in the study, the variation in χ
values in sinuses here is large, spanning a range of 5.8 ppm.
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Sphenoid: Standard deviation

Measured mean
susceptibility (ppm)

Mastoid: Mean susceptibility

Standard deviation (ppm)

Measured mean
susceptibility (ppm)

Standard deviation (ppm)

Sphenoid: Mean susceptibility

Maxillary: Mean susceptibility

Mastoid: Standard deviation

Measured mean
susceptibility (ppm)

Teeth: Mean susceptibility

Standard deviation (ppm)

Measured mean
susceptibility (ppm)

Standard deviation (ppm)

Maxillary: Standard deviation

Phase replacement iterations

Teeth: Standard deviation

Phase replacement iterations

Figure 3.7: Mean and standard deviation of susceptibility during IPR
Convergence in the sinus regions is replicated (though to different values). However, the
behaviour of the standard deviation is different to [106].
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Stopping criterion: β
mastoid

β (%)

sphenoid

maxillary
teeth

Phase replacement iteration
Figure 3.8: IPR stopping criterion
The stopping criterion, β = (χi − χi−1 )/χi , is suggested for use in the IPR method rather
than a fixed number of iterations. β varies for different ROIs but the sphenoid sinus was
recommended. β values converge for all regions after 9 iterations.

In addition, figure 3.7 (which corresponds to figure 6a in [106]) shows the behaviour of ROI
χ values as the iterations progress. In agreement with the published results, χ values change
most in the first couple of iterations. However, the standard deviation of χ values in the ROIs
behaved differently for each structure. In all regions the standard deviation was found to increase
in the last five iterations. The standard deviations are also much higher than the published results
(for example, see table 3.2). The converging χ but increasing standard deviation indicates that
the overall χ distribution does not in fact converge, but the spread in χ values increases as the
iteration progresses.
The IPR method proposes the use of a stopping criterion β = (χi − χi−1 )/χi where χi−1 and χi
are mean χ values within the sphenoid sinus ROI for two consecutive iterations. A recommended
value for β is not provided, but in this validation it was found that the choice of ROI for β would
change the number of iterations before termination was achieved.
The performance of IPR was found to differ somewhat from published results. However, for
PET-AC exact χ values may not be required, as the ability to distinguish between air and bone
is a good starting point. In order to better test whether IPR is able to successfully distinguish
between air and bone, an additional phantom was created, which also includes the skull.
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3.4

Comparison

of

Air/Bone

Susceptibility

Calculation

Techniques: Numerical Phantom
The previous numerical phantom did not include the skull or other bones, which significantly
limits the ability of phantom simulations to assess suitability for PET-AC. Therefore, an additional
phantom was created which included the basal ganglia, white matter, grey matter, cerebrospinal
fluid (CSF), teeth, skull and sinuses.

3.4.1

Methods

The phantom was based on the anatomy of a healthy volunteer who was scanned using the
parameters shown in table 3.3. The segmentation tool, GIF, which is described in section 4.4
was used for brain parcellation. To produce good estimates of the location of sinuses and bones,
the pseudo-CT generator as described in section 3.1.3.2 was used on the magnitude image.
Thresholds of -350 and 550 HU were applied to the pseudo-CT to segment into three tissue
classes: air, soft tissue and bone/teeth. Nearest neighbour interpolation was used to resample
the image on an isotropic grid with resolution 1.25 x 1.25 x 1.25 mm3 and matrix size 162 x 192
x 192. Structures were assigned the χ values given in table 3.4. The final χ phantom is shown
in figure 3.9.

Sequence Parameters
Sequence Type
Field Strength (T)
Acquisition Plane
Acquisition Time (m:s)
FOV (mm)
Matrix Size
Resolution (mm)
TR (ms)
TEs (ms)
Flip Angle (°)
rBW (Hz/pixel)
Partial Fourier
GRAPPA Factor
Slice Oversampling (%)
Reference Lines

3D GRE
3
Sagittal
2:43
200 x 240 x 240
144 x 192 x 192
1.4 x 1.25 x 1.25
13
2.5
15
482
0.88 x 0.88
2
0
24

Table 3.3: Imaging parameters for images on which numerical phantom is based
The magnitude images of the sequence were used to generate a numerical phantom for
simulations of the air/bone SM methods.
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Region

Susceptibility (ppb)

Air
Globus pallidus
Grey matter
Caudate nucleus
Putamen
Thalamus
Water
Bone
White matter
Ventricles

9200
193
93
93
93
93
0
-2000
-100
-100

Table 3.4: Susceptibility values for the numerical phantom

-0.2 ppm

0.4 ppm

Figure 3.9: Numerical phantom used for air/bone susceptibility calculation comparison
The numerical phantom was based on the anatomy of a healthy volunteer. Table 3.4 shows
the χ values assigned to the segmented tissues.
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A numerical magnitude image was also created with magnitude values based on average
regional values taken from the healthy volunteer image.
The forward model (table 2.1) was used to calculate the phase using TE = 2.5 ms. Both
noiseless and noisy phase (SNR of 100, 50 and 20) were simulated. In accordance with section
2.1.2, Gaussian white noise was added to both the real and imaginary channels of the complex
image. Resulting phase maps contained wraps, which were removed using the unwrapping
algorithm PRELUDE from FSL.
Each of the χ reconstruction methods was applied using the following parameters:

• IPR: TKD threshold 0.1, 9 IPR iterations, 4 k-space iterations
• PDF: Maximum 30 conjugate gradient iterations (tolerance 0.1)
• MEDI: Maximum 10 gauss-newton iterations (tolerance 0.015), maximum 30 conjugate
gradient iterations (tolerance 0.01), λ = 0.001
• TFI: Maximum 10 gauss-newton iterations (tolerance 0.01), maximum 30 conjugate-gradient
iterations (tolerance 0.01), λ = 0.001, pre-conditioner PB = 30

Both MEDI and TFI used a gradient mask, MG , which was calculated by performing the finite
difference gradient operation on the magnitude image. Boundaries were restricted to occupy a
maximum of 35% of the total voxels.
After SM calculation, χ values within air, bone/teeth and the globus pallidus (as an example
of a soft tissue region) were recorded. Using Otsu’s histogram thresholding [110], the χ within
MMPR was thresholded into two tissue classes representing air and bone/teeth.

3.4.2

Results

The relative computing times for the methods when performed on a personal computer with an
Intel(R) Core(TM) i7 Processor and 16 GB of RAM are shown in table 3.5. For the PDF+MEDI
pipeline, most of the total computation time is MEDI. Therefore, to minimise time, PDF could
instead be used in combination with TKD within Mtissue .
SMs for the noiseless case using all four methods are shown in figure 3.10. TKD and IPR
resulted in an inflated range of χ values within MMPR . These SMs are repeated in figure 3.11
with a wider contrast window. Whereas PDF+MEDI and TFI are able to reconstruct detail within
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Method

Time relative to IPR

TKD
IPR
PDF+MEDI
TFI

0.0349
1
1.1 + 25.2 = 26.3
27.7

Table 3.5: Relative computational time for air/bone susceptibility reconstruction methods Times
are relative to IPR, which took 2 m 34 s.

the soft tissue, there is no soft tissue contrast for TKD and IPR. Streaks are most prominent in
TKD and IPR, followed by PDF+MEDI. TFI appears less affected by streaking.
χ values for air, bone/teeth and the globus pallidus are shown in table 3.6. Noise has a
negligible effect on the χ values. Due to the DC component effect of the Fourier transform,
χ values are relative rather than absolute. The values here are unreferenced, which makes
cross-comparison challenging. However, as the χ within all soft tissue regions is close to zero,
referencing is likely to shift values by < 1 ppm. TKD alone (i.e. assuming zero phase within
MMPR ) underestimates the magnitude of χ within both air and bone/teeth. χ values are closer in
magnitude to the true values after IPR, but the standard deviation greatly increases as a result
of increased streaking as found in the previous section 3.3.
Segmentations following histogram thresholding are shown in figure 3.12. The soft tissue
is perfectly identified as it is defined by the mask MMPR . The success of air and bone/teeth
identification is shown in table 3.7. Again, noise is not found to significantly adversely affect
the segmentations. TFI correctly identifies the highest proportion of air, followed by PDF+MEDI
then IPR and lastly TKD. In bone/teeth TFI is again the most successful, closely followed by
PDF+MEDI, then TKD, then IPR. The low proportion of correctly identified bone/teeth is due to
variable χ values in certain regions of the skull and the teeth as seen in the IPR panel of figures
3.11 and 3.12.
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Phantom

-0.2 ppm

0.4 ppm

TKD

IPR

PDF+MEDI

TFI

Figure 3.10: Resulting susceptibility maps from all air/bone susceptibility reconstruction methods
Sagittal slices of the original numerical phantom are shown on the top row. Below are the
corresponding slices of the SM results from each of the reconstruction methods: TKD, IPR,
PDF+MEDI and TFI. Susceptibility values in TKD and IPR SMs are inflated and there is little
soft tissue contrast. Soft tissue contrast is better reproduced using PDF+MEDI than TFI, but
TFI results in fewer streaking artifacts. The images are repeated with a larger window width
in figure 3.11.
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TKD
IPR
PDF+MEDI
TFI

noiseless

SNR = 100

SNR = 50

SNR = 20

2.26±1.34
9.71±5.15
8.70±4.24
8.81±3.48

2.26±1.34
9.71±5.15
8.70±4.25
8.80±3.48

2.26±1.34
9.71±5.18
8.69±4.39
8.70±3.20

2.26±1.34
9.71±5.16
8.78±6.86
8.79±3.56

(a) Air: true χ = 9.2 ppm

TKD
IPR
PDF+MEDI
TFI

noiseless

SNR = 100

SNR = 50

SNR = 20

-0.37±0.86
-0.68±5.34
-1.78±1.33
-1.98±0.87

-0.37±0.86
-0.68±5.34
-1.78±1.33
-1.98±0.87

-0.37±0.86
-0.68±5.35
-1.78±1.42
-1.92±0.95

-0.37±0.86
-0.68±5.35
-1.78±1.42
-1.92±0.94

(b) Bone and teeth: true χ = −2 ppm

TKD
IPR
PDF+MEDI
TFI

noiseless

SNR = 100

SNR = 50

SNR = 20

-0.52±0.10
0.00±0.15
0.19±0.01
0.08±0.03

-0.52±0.10
0.00±0.18
0.18±0.01
0.08±0.03

-0.52±0.10
0.00±0.16
0.17±0.03
0.04±0.02

-0.52±0.10
-0.00±0.19
0.18±0.03
0.09±0.04

(c) Globus pallidus: true χ = 0.193 ppm

Table 3.6: Mean susceptibility values (ppm) in air, bone+teeth and the globus pallidus as
reconstructed by TKD, IPR, PDF+MEDI and TFI

TKD
IPR
PDF+MEDI
TFI

noiseless

SNR = 100

SNR = 50

SNR = 20

85.80
93.67
95.01
96.56

85.97
93.65
94.34
96.47

85.49
93.55
94.33
96.37

85.36
93.56
91.97
96.57

(a) Air

TKD
IPR
PDF+MEDI
TFI

noiseless

SNR = 100

SNR = 50

SNR = 20

92.57
71.40
99.41
99.78

92.41
71.40
99.51
99.78

92.78
71.40
99.38
99.70

92.89
71.20
98.06
99.75

(b) Bone and teeth

Table 3.7: Percentages of air and bone/teeth correctly identified by TKD, IPR, PDF+MEDI and TFI
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Phantom

-2 ppm

8 ppm

TKD

IPR

Figure 3.11: Resulting susceptibility maps from air/bone susceptibility reconstruction methods
TKD and IPR
Sagittal slices of the original numerical phantom are shown on the top row. Below are the
corresponding slices of the SM results from TKD and IPR. Images are shown with a narrower
window width in figure 3.10 to better display susceptibility contrast within the brain.
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Phantom

TKD

IPR

PDF+MEDI

TFI

Figure 3.12: Segmentations of the reconstructed SMs for the numerical simulation
SMs calculated by TKD, IPR, PDF+MEDI and TFI were segmented into air (black),
soft tissue (grey) and bone/teeth (white). TKD and IPR reconstructions show extensive
mis-segmentations in the skull, sinuses and pharynx. PDF+MEDI and TFI reconstructions
show fewer mis-segmentations, but the PDF+MEDI reconstruction shows patches of
incorrectly classified voxels in air regions caused by streaking artifacts in the susceptibility
map.
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3.4.3

Discussion

Proposed methods for calculation of the χ in regions of no MRI signal were tested on a numerical
phantom based on the anatomy of a healthy volunteer. SMs both within MMPR and Mtissue were
calculated and compared to the true values. Threshold-based segmentation was carried out in
MPR regions to produce tissue class maps of air, soft tissue and bone/teeth.
TKD was carried out as a ‘worst case scenario’ for reference. In this case the phase in
MPRs was assumed to be zero. IPR is an iterative method which updates the phase in MPRs
and PDF and TFI are model fitting minimisations. In both IPR and TKD the susceptibility contrast
was totally obscured by streak artifacts resulting from an inability to fit the large field variations
to high susceptibility regions in which there was no MRI signal.
PDF was performed to fit a χ distribution within MPRs. Then MEDI was applied to the
local field within Mtissue , which is another output of the PDF algorithm. Therefore, MEDI was
responsible for calculating the χ distribution in soft tissue, which was the best match to the
original SM. PDF was found to be liable to over-fitting, which introduced noise into the air/bone
region. Therefore, in this case, a maximum of 30 conjugate gradient iterations were allowed. It
is possible that the number of iterations could be optimised on a case-by-case basis to avoid
over-fitting.
TFI also closely replicated the susceptibility contrast within the soft tissue, but the magnitude
of χ values was slightly underestimated.
IPR, PDF+MEDI and TFI were all close to the correct χ in air. However, IPR showed large
standard deviations due to the high level of streaking. PDF+MEDI also showed large standard
deviations. This is probably caused by the lack of regularisation term on the fit, which allows any
χ distribution outside of Mtissue that fits the external fields present within Mtissue . This also allows
some large χ values on the opposite end of the scale as can be seen by the grainy regions in the
PDF+MEDI panel of figure 3.10 in which a high positive χ is incorrectly assigned to diamagnetic
bone.
PDF+MEDI and TFI calculated χ in bone/teeth close to the true value with small standard
deviations. IPR was less close to the correct χ and had a much larger standard deviation.
The ability to correctly identify air and bone/teeth was highest for TFI, closely followed by
PDF+MEDI. As can be seen in figure 3.12, IPR incorrectly identifies large areas of bone/teeth
as air.
There are many limitations to testing these methods using a numerical phantom. Therefore,
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extension to in vivo data (as in the following section) is necessary to get a more realistic picture
of how these methods perform in practice. Some of the limitations of using a numerical phantom
are:

• All methods assume the phase is related to the susceptibility through convolution with the
unit dipole as given in table 2.1. In the numerical simulations this exact model was used to
create the phase image. As such, the phase perfectly matches the model which is used to
reconstruct the susceptibility. In reality there may be other contributions to the phase such
as chemical shift contributions. There may also be phase offsets which are not completely
removed by ASPIRE or quadratic fitting. This means that the model used to reconstruct the
susceptibility is, at best, an approximation to the true relationship between the measured
phase and the susceptibility.
• Though Gaussian white noise was added to the phase in the simulations, this may not
match the scale of the noise seen in the in vivo images.
• Unwrapping errors did not occur in the numerical simulations, probably because there were
no disconnected areas or jagged edges in Mtissue . Spatial phase unwrapping can fail when
there are disconnected regions in Mtissue .
• The masks are a perfect representation of the underlying tissue composition, i.e. MMPR
encompasses all air, all bone and all teeth, but no soft tissue.
• MG is calculated by taking the finite difference gradient of the simulated magnitude
image. As the numerical magnitude image is piecewise-constant, there are no boundary
false-positives.
• The ‘inverse crime’ is committed so the reconstruction is overly optimistic. The numerical
χ phantom is defined on a discretized grid made up of voxels. The forward calculation is
then performed, resulting in a phase image defined on a voxel-grid the same size as that
of the phantom. If this phase image is used to test the inverse calculation, it will result in
unrealistically optimistic χ reconstructions. The forward model should be applied to a χ
phantom with high spatial resolution and then the phase image should be down-sampled
before χ reconstruction is attempted.
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3.5
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Air/Bone

Susceptibility

Calculation

Techniques Using Pseudo-CT Reference Standard: In
Vivo
The four SM methods were tested on healthy volunteer data acquired using the Siemens
Biograph mMR, with MR-only acquisition.

Healthy volunteers did not undergo CT scans.

Therefore, there was no gold-standard for determining the accuracy of tissue-class maps. A
pseudo-CT, or pCT, was taken to be a good approximation to the true CT, and therefore also a
reasonable reference standard for tissue-class maps. SMs were compared visually and tissue
class maps were assessed for accuracy. As for the numerical phantom, the aims of this work
were two-fold: to investigate whether the SM methods can produce accurate maps of the
susceptibility within the head, including sinuses, bones and teeth, and to assess whether this
information can be used to produce tissue class maps of air, soft tissue and bone+teeth.

3.5.1

Methods

Phase data were acquired according to the sequence parameters shown in table 3.8.
Phase data from individual coil channels were combined using ASPIRE [15]. Resulting
phase maps were unwrapped using FSL PRELUDE, followed by quadratic fitting to remove
slowly varying phase variations as suggested in [106].

Sequence Parameters
Sequence Type
Field Strength (T)
Acquisition Plane
Acquisition Time (m:s)
FOV (mm)
Matrix Size
Resolution (mm)
TR (ms)
TEs (ms)
Flip Angle (°)
rBW (Hz/pixel)
Partial Fourier
GRAPPA Factor
Slice Oversampling (%)
Reference Lines

3D GRE
3
Sagittal
4:19
202 x 240 x 240
144 x 320 x 320
1.4 x 0.75 x 0.75
13
2.87, 7.87
15
473
NA
2
NA
24

Table 3.8: Imaging parameters for in vivo testing of SM-based air/bone segmentation
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Due to high noise in the neck and chin regions, resulting from poor receiver coil coverage
in this region, manual intervention was necessary in the masking process. ITK-SNAP [111] was
used to create Mhead . Thresholding of the magnitude image within the Mhead region was then
carried out to create an initial Mtissue from which erroneously included MPR voxels were removed
using ITK-SNAP. MMPR was then calculated as Mhead ∩ M tissue , where M tissue is the complement
of Mtissue .
The following parameters were used in the SM methods:
• TKD: TKD threshold λ = 0.1
• IPR: TKD threshold λ = 0.1, 9 IPR iterations, 4 k-space iterations
• PDF: Maximum 50 conjugate gradient iterations (tolerance 0.1)
• MEDI: Maximum 10 gauss-newton iterations (tolerance 0.015), maximum 50 conjugate
gradient iterations (tolerance 0.01), λ = 0.001
• TFI: Maximum 10 gauss-newton iterations (tolerance 0.01), maximum 50 conjugate-gradient
iterations (tolerance 0.01), λ = 0.001, pre-conditioner PB = 10
To reduce computation time, rather than performing PDF+MEDI, only the PDF part of the
pipeline was applied. This means that only the χ within the MMPR , and not within Mtissue , was
calculated. As the echo time used was very short, there is little phase contrast within the brain
from which MEDI can reconstruct the χ distribution.
Using the same approach as the numerical simulations, TFI used a gradient mask, MG ,
which was calculated by applying the finite difference gradient operator to the magnitude image.
Boundaries were restricted to occupy a maximum of 35% of the total voxels.
The mean χ across Mtissue was set to zero rather than referencing to any specific region.
Three single-slice ROIs were drawn onto first echo magnitude images: the mastoid sinus,
maxillary sinus and teeth. χ values within the ROIs were reported.
Thresholds were applied to SMs within MMPR . Rather than determining threshold values for
the χ within MMPR using Otsu’s histogram thresholding [110] (as for the numerical phantom), the
threshold between air and bone/teeth was set to 0 ppm as this prevented mis-identification of
thresholds caused by variation of χ within sinus regions.
The reference standard was taken to be the pCT produced using the online pseudo-CT
generator [96, 112] on the first echo magnitude image. The pCT can be seen in the second
row of figure 3.13. To produce a tissue class map containing bone/teeth, soft tissue and air, two
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thresholds were applied to the pCT. The thresholds were chosen to be -350 HU and 550 HU by
histogram thresholding. The result of this process can be seen in the third panel of figure 3.13.
This was taken to be the reference standard tissue class map.

magnitude

pCT

+1000 HU

-1000 HU

segmented pCT

Figure 3.13: Pseudo-CT from the magnitude image and the tissue class map following thresholding
of the pseudo-CT into air, soft tissue and bone/teeth
The pseudo-CT generator takes the magnitude as input and produces a pseudo-CT in
Hounsfield Units.
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3.5.2

Results

SMs produced by the four methods are shown in figure 3.14 for one of the healthy volunteers.
Note that MEDI was not applied after PDF such that χ values were only calculated within the
MMPR region. The distribution of χ values in all the SMs extend further than the expected range
(i.e. -4 ppm to +9.5 ppm). In agreement with the numerical simulations, TKD and IPR showed
inflated χ values and streak artifacts within Mtissue . Streaking was not prominent in the TFI
susceptibility map. There was very little contrast observed within the brain, which is due to the
short echo time acquisition.
Table 3.9 shows χ values within the two sinus ROIs and the teeth ROI, for all healthy
volunteers. Underestimation of χ values is observed in TKD due to the chosen TKD threshold
[26].

In agreement with numerical simulations, when IPR is used, χ values increase in

magnitude, along with an increase in the standard deviation. The MPR SMs calculated by PDF
also have large standard deviations. In fact, grainy regions can be seen in the fourth panel
of figure 3.14. Consistent with the numerical simulations, TFI results in the lowest standard
deviations due to the regularization which enforces smoothness.
As anticipated, χ values in the sinuses are positive with respect to soft tissue, i.e. they are
paramagnetic, whereas χ values in teeth are negative with respect to soft tissue, i.e. they are
more diamagnetic. However, the χ in the maxillary sinus is much greater than the mastoid sinus
for all subjects. This is probably caused by the different geometry and environment of the two

Healthy Volunteers
Structure

Method

One

Two

Three

Mastoid
sinus

TKD
IPR
PDF
TFI

0.82±0.77
3.16±4.25
2.71±3.01
2.94±2.73

1.24±0.65
6.70±4.36
7.36±3.99
7.16±2.81

1.65±0.58
6.74±3.34
7.87±1.74
7.86±1.46

Maxillary
sinus

TKD
IPR
PDF
TFI

3.79±0.91
16.05±7.08
11.93±4.44
11.77±2.74

4.29±1.13
20.35±9.74
14.93±6.60
13.50±3.73

4.78±0.55
18.29±4.63
13.79±5.68
13.61±2.19

Teeth

TKD
IPR
PDF
TFI

-1.79±0.62
-7.90±3.31
-9.59±11.00
-7.94±3.82

-2.17±0.86
-8.34±4.19
-5.21±11.00
-5.64±3.92

-2.11±0.44
-7.94±3.22
-7.40±6.72
-6.65±2.33

Table 3.9: Mean susceptibility values in MPR ROIs
Mean±standard deviation susceptibility within the mastoid and maxillary sinus ROIs and the
teeth ROI.
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TKD

IPR

PDF

TFI

-2 ppm

+4 ppm

Figure 3.14: Susceptibility maps from all air/bone susceptibility reconstruction methods
Sagittal slices of the magnitude image are shown on the top row. Below are the corresponding
slices of the SM results from each of the reconstruction methods: TKD, IPR, PDF and TFI.
PDF was used to calculate the susceptibility in the MPR regions only. In the other methods
soft tissue contrast is poor, but TFI is relatively free of streaking artifacts.

104

Chapter 3. Magnetic Susceptibility-based Discrimination of Air and Bone for PET-MRI Attenuation
Correction

regions rather than a physical reality.
The tissue class maps produced by applying a threshold to the SM within MMPR are shown
in figure 3.15 for one of the subjects. There are several regions in which the tissue class maps
are incorrect. One of these is the skull, where in some places χ is positive rather than negative
as expected. This may be caused by a lack of surrounding phase information. As the skull is
close to the edge of the head, much of the surrounding phase is not present. Another region
with incorrect results is the pharynx, particularly when using TKD or IPR. The pharynx can be
approximated as a cylinder parallel to B0 . In this case the magnetic field perturbations outside
of the cylinder are equal to zero, and so no phase perturbations are present from which to infer
the χ inside the cylinder.
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pCT

TKD

IPR

PDF

TFI

Figure 3.15: Tissue class maps from all air/bone susceptibility reconstruction methods
Sagittal slices of the pCT tissue class map are shown on the top row. Below are the
corresponding slices of the tissue class maps, created by applying at threshold to the MPR
region in each of the reconstruction methods: TKD, IPR, PDF and TFI. All methods perform
poorly in the skull. TKD and IPR reconstructions also incorrectly identify areas of the pharynx
as bone.
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Taking the pCT tissue class map as the reference standard, figures 3.16 and 3.17 show
the proportions of air and bone/teeth which are correctly identified by SM. As can be seen in
figure 3.16, 48-64% of the air as identified by the pCT tissue class map is not included in MMPR
and therefore mis-classified as soft tissue. Within MMPR a much smaller proportion of air is
mis-classified as bone, with PDF performing worst and TFI performing best across subjects
as shown by blue and red arrows. Similarly, as seen in figure 3.17, a large proportion of the
bone/teeth is not included in MMPR . Around 20% of bone is mis-classified as air in almost all
methods and subjects. TFI performs best across subjects and TKD performs worst.
Figure 3.18 shows how much of the soft tissue is correctly identified. Over 90% of the
tissue is correctly identified, but as the majority of voxels within the head can be classified as
soft-tissue, 10% mis-classification can still mean large numbers of voxels.
Figures 3.16 to 3.18 demonstrate that MMPR and Mtissue disagree with the pCT in some
areas. Using MMPR as based on the magnitude image to identify regions of low attenuation (i.e.
sinuses) and regions of high attenuation (i.e. bone/teeth) may introduce errors in tissue class
maps. MMPR for one of the subjects is displayed in figure 3.19 alongside the regions of air and
bone/teeth as identified by the pCT tissue class map. MMPR is true to the magnitude image, in
that regions with discernible signal are excluded. However, the pCT identifies regions of high
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Figure 3.16: Proportion of air correctly identified by SM methods as compared to the pseudo-CT
derived tissue class map
Air segmentations by the four SM methods are compared to the pCT tissue class map.
As compared to this reference standard the proportion of air mis-classified as soft tissue,
correctly identified and mis-classified as bone/teeth,is shown. Red arrows show the most
successful methods of identifying air and blue arrows show the least successful methods.
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Figure 3.17: Proportion of bone/teeth correctly identified by SM methods as compared to the
pseudo-CT derived tissue class map
Bone/teeth segmentations by the four SM methods are compared to the pCT tissue class
map. As compared to this reference standard the proportion of air mis-classified as soft tissue,
correctly identified and mis-classified as air,is shown. Red arrows show the most successful
methods of identifying bone/teeth and blue arrows show the least successful methods.
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Figure 3.18: Proportion of soft tissue correctly identified by MMPR as compared to the pCT tissue
class map
MMPR was created by thresholding of the magnitude image followed by manual editing of
the mask using ITK-SNAP. This soft tissue segmentation is compared to the pCT soft tissue
segmentation and the proportion of soft tissue correctly identified, mis-classified as air, and
mis-classified as bone/teeth is reported.
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or low Hounsfield units where the MRI signal is non-zero. Without a true CT it is not possible
to say which is more correct at identifying regions of air, bone and teeth. However, pCTs have
performed well in testing, though errors are known to occur in the neck and throat areas which
are less well represented in the atlas [96].

magnitude

pCT sinuses and bone

MMPR

Figure 3.19: Regions of air and bone/teeth as identified by the pCT and MMPR
The pCT regions of air and bone are identified by thresholding the pCT whereas MMPR
identifies regions of no signal in the magnitude images. There is some disagreement as
to where the sinuses and bone-teeth are located. The pCT also depicts a thicker skull.
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3.5.3

Discussion

Magnitude and phase data were acquired for in vivo comparison of methods for calculating SMs
within air and bone/teeth. SMs were compared visually and χ values within the teeth and two
sinus regions were reported. Of the four SM methods, TFI was found to contain less streaks
and smoother χ distributions, due to the regularisation term. Both TKD and IPR showed streak
artifacts and inflated χ values in soft tissue. PDF showed grainy results within MPRs, most likely
due to lack of regularisation and the fact that any χ distribution which predicts the large scale
phase variations within soft tissue may be fitted.
ROI χ values were positive with respect to soft tissue in the sinuses and negative with
respect to soft tissue in the teeth as expected. However, different χ values were found in the
mastoid and maxillary sinus regions. Rather than a physical difference, this may be an artifact
of the susceptibility calculation method. As the phase within the sinuses is zero, the only phase
available from which the susceptibility may be inferred is the surrounding soft tissue phase. In
different locations, the geometry of surrounding tissue impacts the ability to reproduce accurate
χ distributions.
Buch et al. [106] report χ values relative to tissue of +6.5 ppm in the mastoid sinus, +9.3 ppm
in the maxillary sinus, -3.2 ppm in the teeth and -2.1 ppm in the occipital bone and mandible.
IPR results here agree with a higher χ in the maxillary sinus than the mastoid sinus, but χ
in the maxillary sinus was found to be much larger than reported in [106]. Teeth were more
diamagnetic than found in [106]. Literature reports values relative to water of +0.12 ppm for
cortical bone [113], -3.78 ppm for cancellous bone (also known as spongy bone, the cancellous
bone has a porous structure and can be found between cortical layers of the skull and at the end
of long bones) [114] and -2.27 ppm also for cancellous bone [115]. Similar values for cancellous
bone were found by Hwang et al. [116] and Chung et al. [117]. In this work the cancellous
bone showed MR signal, and was hence excluded from MMPR . As seen in figure 3.14 the χ in
these regions does not differ from that of soft tissue. Cortical bone was included in MMPR and is
diamagnetic with respect to water.
SM of bone (usually in regions such as the femur, knee, tibia, radius) is a growing field of
research where the distinction between cancellous and cortical bone is frequently discussed.
In both cases bone marrow is present which contains fat. Phase contributions from fat (i.e.
chemical shift) can lead to errors in SMs if not accounted for. Therefore, SMs of bone usually
require so-called water-fat separation where the phase contributions from fat are removed before
susceptibility mapping. Due to the lower bone density, GRE sequences with conventional echo
times usually show MRI signal in cancellous bone. In these cases, conventional SM techniques
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can be used to calculate χ distributions [118]. Cortical bone can only be detected with MRI
using UTE or ZTE sequences due to its higher bone density. Therefore, approaches to map the
susceptibility of cortical bone have so far been piece-wise constant (including the techniques
investigated here). Using a UTE sequence with modelled MRI signal, and modelling the cortical
bone signal based on R2 * and fat contributions, allows inhomogeneous χ distributions within
bone to be mapped [119].
There are a number of limitations to this work:

• Lack of χ gold-standard χ values were compared to existing literature. However, the χ of
different human tissues is still an open question and any in vivo study faces the same lack
of a reference standard.
• pCT-derived tissue class map as reference standard Ideally a CT would be used
to create reference tissue-class maps, but this was not possible for healthy volunteers.
Though pCTs have been shown to be a good approximation to true CTs, there may be
errors. Further errors may be introduced when thresholding into tissue classes. This is not
necessarily a straightforward process and can be unrepresentative of the tissue types in
the head.
• Use of MMPR to define regions of air, bone and teeth Regions of no MRI signal are
not necessarily the same as regions of air, bone and teeth. The pCT suggests that
there are regions of bone which do show MR signal for this sequence. For example,
the cancellous bone between hard layers of cortical bone in the skull is known as the
diploë, and retains MR signal. As discussed above, cancellous bone is thought to be 2-3
ppm more diamagnetic than water, but this is not seen here. In theory, the SM should
be independent of the masks used. However, the masking significantly influences the
outcome of the SM methods. For example, soft tissue erroneously included in MMPR may
incorrectly be calculated to be highly paramagnetic. Bone with MR signal is included in
Mtissue and is calculated to have χ similar to tissue, which goes against the findings of
previous work. There is a further question as to whether including cancellous and cortical
bone in the same tissue class is acceptable for PET-AC.
• Noise in magnitude image The magnitude images used had low SNR, which meant
that manual intervention was necessary in the masking process. This can be avoided
by lowering the resolution.

Numerical simulations showed high levels of accuracy which are not replicated in vivo. In
addition to the limitations detailed in section 3.4.3 regarding the over-simplicity of the numerical
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simulations as opposed to in vivo, there are a number of additional reasons why the in vivo case
showed greater errors than the numerical simulations:

• In the numerical simulations the masks are a perfect reflection of the underlying tissue
composition, i.e. MMPR encompasses all air, all bone and all teeth, but no soft tissue. In the
in vivo case the masks are somewhat more complicated. The masking process attempts to
include all voxels with discernible signal in Mtissue and all voxels showing no signal in MMPR .
Noise increases the challenge of this task and even after manual intervention there were
many incorrectly allocated voxels. Identifying all regions with no signal does not necessarily
equate to identifying all regions which are not soft tissue. For example, some of the spongy
bone was included in Mtissue because its signal was non-zero. T2 * de-phasing effects
also mean that some tissue in regions of large susceptibility gradients may be incorrectly
included in MMPR .
• Optimization of parameters is relatively straightforward when the ground truth is known but
more difficult in the in vivo case. Determination of optimal parameters is discussed in [69],
and the recommended parameters were taken as starting points here.
• Echo times were chosen such that water and fat are in phase and signal cancellation is
avoided. However, fat related effects (i.e. chemical shift) can contribute to the phase and,
where unaccounted for, this can lead to errors in SMs. It is particularly important to account
for fat contributions in cortical bone. As fat contributions were not accounted for here, they
could contribute to errors in χ values. Recent work has looked at SM in bone in other areas
of the body [119, 120].
• The numerical phantom did not contain complex distributions of air and bone (e.g. air
pockets surrounded by bone such as the frontal sinus).

It is unlikely that SM can

reconstruct the χ of such structures as the detectable surrounding phase is the sum of
contributions from both the air and bone.

One aim of this work was to assess the ability of the methods to produce accurate
susceptibility maps within the head. Visual inspection of susceptibility maps showed sinus
regions to be, on the whole, paramagnetic, and bone+teeth regions to be diamagnetic. Though
there were several regions with notable errors. χ values were roughly consistent with literature,
more so for TFI.
The other aim was to investigate whether the SMs could be used to identify air, bone
and teeth. Using the pCT as a reference standard some regions are consistently correctly
classified across methods and others are mis-classified perhaps due to geometry or artifacts
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of the methods. The mask definitions were found to strongly influence the results and this raises
many questions as to whether regions of no MR signal can be equated to regions of strong χ,
and whether classifying into three tissue types is appropriate.
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3.6

Comparison

of

Air/Bone

Susceptibility

Calculation

Techniques Using CT Reference Standard: In Vivo
The four SM methods were tested on data from four subjects from a study into early onset
Alzheimer’s disease. MRI and Florbetapir PET data were acquired using the Siemens Biograph
mMR. Subjects also had a CT scan, which was used to perform the ‘gold-standard’ attenuation
correction.

3.6.1

Methods

The susceptibility mapping GRE sequence parameters are shown in table 3.10. The sequence
was designed for the dual purpose of both air/bone differentiation and brain susceptibility
mapping.

The former aim requires whole-head coverage and the latter requires multiple

evenly-spaced echoes. The sequence was allocated a maximum time of five minutes.
As in the previous volunteer images, individual coil phases were combined using ASPIRE
[15]. Resulting phase maps were unwrapped using FSL PRELUDE, followed by quadratic fitting
to remove slowly varying phase variations.
As before, manual intervention was necessary in the masking process. In this case artifacts
from patient motion were an issue in addition to high noise in the neck and chin regions.

Sequence Parameters
Sequence Type
Field Strength (T)
Acquisition Plane
Acquisition Time (m:s)
FOV (mm)
Matrix Size
Resolution (mm)
TR (ms)
TEs (ms)
Flip Angle (°)
rBW (Hz/pixel)
Partial Fourier
GRAPPA Factor
Slice Oversampling (%)
Reference Lines

3D GRE
3
Sagittal
4:52
180 x 240 x 240
144 x 192 x 192
1.25 x 1.25 x 1.25
27
2.5, 7.5, 12.5, 17.5, 22.5
11
470
0.88 x 0.88
2
0
24

Table 3.10: Imaging parameters for in vivo testing of SM-based air/bone+teeth segmentation as
compared to CT-based AC
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ITK-SNAP [111] was used to manually edit Mhead and Mtissue after the masks were created
by thresholding and morphological processing of the magnitude images.
SM methods were applied as described in the previous section (3.5) and tissue class maps
were created using the same method.
Each tissue class was assigned a value in HU so that AC could be applied to the PET data.
Bone was assigned a value of 1035 HU, soft tissue 41 HU and air -960 HU. The soft tissue value
was selected by calculating the average HU in the brain from all four CT images. The bone value
was selected by analysing histograms of the HU values from all four CT images. The HU value
of the bone peak for each subject was determined, and these four values were averaged to give
1035 HU.
In the previous section (3.5), volunteers had only MRI scans. Therefore, success was
quantified in terms of identification of air, bone and soft tissue as compared to the pCT. In this
case subjects had PET scans, and so the final tracer uptake maps produced using different AC
methods were compared.
As can be seen in figure 3.20, the CT image has a small FOV. Although CT-based AC is
the reference standard, in this case some inaccuracies may result from the reduced FOV. PET
images using each of the AC methods (including pCT) were compared to the reference standard,
PETCT . A separate comparison was carried out using PETpCT as the reference standard. The
manufacturer attenuation correction based on a UTE sequence was included in the comparisons.
The mean absolute percentage errors (MAPEs) across the brain provide a global measure
of the uptake as compared to the reference-standard PET image. The measure takes into
account both the overestimation observed in the ventricles, and the underestimation seen close
to the skull. Using PETCT as the reference standard, the mean absolute percentage error is
given by
MAPE =

∑i PETX i − PETCT i
× 100%
PETCT i

(3.4)

where i sums over voxels.

3.6.2

Results

The tissue class maps produced by applying a threshold to the SMs within MMPR are shown in
figure 3.20 for one of the subjects along with UTE-based tissue class map and the CT and pCT.
As mentioned above, the CT has a smaller FOV than the PET-MRI images. As in the previous
study there are several regions in which the tissue class maps are incorrect. Again, the skull
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is too thin and there are cases of incorrectly identified bone in the pharynx and some of the
sinuses.
The resulting PET image produced using the CT for attenuation correction, PETCT , is shown
in figure 3.21, which also shows percentage difference maps given by

PETX −PETCT
PETCT

×100%, where

X represents the pCT, UTE or one of the four SM-based methods: TKD, IPR, PDF+MEDI or TFI.
In general, the HU values in soft tissue in the pCT are lower than in the CT, which leads
to global underestimation. The SM-based methods show lower levels of underestimation in the
grey and white matter because the soft tissue value was based on HU values from the CTs,
but show overestimation in the ventricles, as a single soft tissue HU value was also applied
to regions containing CSF. Underestimation of the skull thickness leads to underestimation of
PET close to the skull. Some patches of overestimation are also observed where sinuses are
misidentified. Errors of up to 30% are seen where bone is misclassified as air and vice versa.
The differences between the different SM-based methods is small.
The UTE led to patches of overestimation near to the skull and underestimation in the soft
tissue. The arrow marks a region of overestimation appearing in the soft tissue caused by
mis-segmentation of the sinuses.
As the CT had a smaller FOV than the PET-MRI images, the accuracy of the PETCT as a
reference-standard is diminished. Therefore, figure 3.22 shows the same difference images, but
using the PETpCT as the reference-standard. As compared to the PETpCT , PET images from
SM-based AC show overestimation of PET values in the soft tissue. The SM-based AC methods
result in fewer errors than the UTE-based AC.
Table 3.11 shows the MAPE values using PETCT as the reference-standard. PETPDF was
not produced for subject 3 due to data corruption. By considering this metric, the most similar
method to CT-based AC depends on the subject. The pCT is expected to be closest to the CT,
but differs in this case because of the difference in soft tissue values. The same metric is shown
when PETpCT is used as the reference-standard in table 3.12. This shows that of the SM-based

Subject

pCT

UTE

TKD

IPR

PDF+MEDI

TFI

1
2
3
4

8.69
9.08
7.98
8.43

12.39
10.98
9.43
10.54

8.63
7.63
7.12
9.91

9.10
8.96
11.03
7.41

9.92
8.89
NA
9.67

8.50
7.60
7.68
7.94

Table 3.11: Mean absolute percentage errors in the PET images as compared to the pCT corrected
PET image
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Figure 3.20: Tissue class maps from all air/bone susceptibility reconstruction methods
The top panel shows sagittal slices of the CT and pCT. Below are the corresponding slices
of the tissue class maps, created by applying a threshold to the MPR region in each of the
reconstruction methods: TKD, IPR, PDF+MEDI and TFI. Susceptibility-based methods agree
reasonably well with the UTE in terms of skull location. However, all methods fail to identify
the frontal sinus and TKD and PDF tissue class maps show errors in other regions of air.
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Figure 3.21: PET image from reconstruction with CT attenuation correction and difference images
from other attenuation correction methods
The PET image using the CT for attenuation correction is shown in the top left. All other
images are percentage difference images using the pCT, UTE and the four SM-based
methods. The UTE and pCT show hotspots around the skull. Overestimation occurs in
the UTE and susceptibility methods as there is no distinct tissue class for the ventricles.
The black arrow indicates a hot spot of disagreement within soft tissue in the UTE-based
attenuation correction.

methods PETTFI is the most similar to PETpCT in three out of four subjects and PETIPR is the
least similar in the same three subjects. The UTE-based AC correction results in large MAPEs
when using either the CT or the pCT as the reference standard.

Subject

UTE

TKD

IPR

PDF+MEDI

TFI

1
2
3
4

8.58
7.57
7.57
9.93

6.96
6.79
7.50
10.62

7.01
7.38
8.25
8.45

6.95
6.88
NA
9.15

6.46
6.67
6.69
9.06

Table 3.12: Mean absolute percentage errors in the PET images as compared to the pCT corrected
PET image
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Figure 3.22: PET image from reconstruction with pCT attenuation correction and difference images
from other attenuation correction method
The PET image using the pCT for attenuation correction is shown in the top left. All other
images are percentage difference images between the pCT and the four SM-based methods
and UTE-based method. As compared to pCT-based attenuation correction, the UTE and
SM-based methods lead to patches of large overestimation and underestimation in the skull
and overestimation in the ventricles. In general, disagreements in soft tissue are small (<
5%). The black arrow indicates a hot spot of disagreement within soft tissue in the UTE-based
attenuation correction

3.6.3

Discussion

The image used for AC which most closely matches the CT-based AC in terms of the MAPE
metric is different for each subject. The pCT was expected to be the closest match. However,
the pCT showed underestimation of PET values as compared to the CT. This is explained by the
erroneous difference in soft tissue HU values between the CT and pCT. Due to the reduced FOV,
the CT is not as close to a gold-standard as in the ideal case where the CT FOV matches the
PET-MRI FOV.
The SM-based tissue class maps suffer from the same issues as discussed in section 3.5.3.
The thin skull resulted in underestimation of tracer uptake values in this region, and the uniform
HU value across the whole brain lead to overestimation of tracer uptake values in the ventricles.
Another tissue class for CSF could be implemented to prevent the overestimation of tracer uptake
values in the ventricles. The ventricles could be identified from the MRI magnitude images
using thresholding within the brain. However, the underestimation of skull thickness is a more
challenging problem to solve and is the biggest disadvantage of the SM-based AC methods.
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In addition, motion artifacts resulted in low SNR. This impacted the accuracy of the masking
process, and noise propagated into the susceptibility images. The time restriction necessitated
a small FOV. In order to include the whole head, the phase-encoding was in the AP direction,
meaning motion artifacts due to blinking were projected back through the head. Changing
phase-encoding to the LR direction may decrease motion artifacts of this type, but the subjects
in this study were also prone to general head motion, exacerbated by placement of the sequence
at the end of the protocol.
When the pCT was used as the reference-standard, the MAPE metric determined PETTFI to
be the closest matching method in three of the four cases, and PETIPR to be the least matching
method in the same three cases. This finding supports previous results, which generally found
TFI to produce the best tissue class maps.
The errors in tracer uptake values (using pCT as the reference-standard) close to areas of
tissue misclassification are on the order of 15%, which is much higher than the best-performing
methods in the multi-centre study [103]. Within the soft tissue, errors are much lower (<5%).
Manufacturer attenuation correction is performed using a tissue-class map based on a UTE
scan. In general, PET images produced using UTE-based AC correction were found to have
larger errors than SM-based methods, including localised areas of error within soft tissue regions
where sinus mis-segmentation errors occurred. This shows that SM-based methods can offer
improvements over the current manufacturer attenuation correction, and are competitive in terms
of computation time and the ability to be performed online.
It is clear that the SM-based methods can lead to anatomical misrepresentations which must
be resolved for such methods to compete with atlas-based approaches. The misrepresentation
of the skull is the biggest source of error in PET uptake values.
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3.7

Summary of Magnetic Susceptibility-based Discrimination
of Air and Bone for PET-MRI Attenuation Correction

The preceding sections investigated methods to reconstruct the susceptibility within regions of
the head in which there is no MRI signal when using conventional sequences. The aims were
two-fold: to determine the ability of the methods to produce accurate SMs within the head, and
to investigate whether this information can be used to produce AC-maps for PET-MRI.
First, IPR was tested using a numerical phantom supplied by the author [106] (section 3.3).
The ability to accurately reproduce χ values of the sinuses was called into question, with the
methods showing a tendency to inflate χ values.
Numerical simulations (section 3.4) compared the three reconstruction methods, IPR, PDF
and TFI to TKD (i.e. making no attempt to reconstruct phase in MPRs). Underestimation of
χ values was observed when using TKD, as expected for the chosen threshold. Despite this
underestimation, both TKD and IPR led to inflation of χ values in the brain. TKD and IPR were
unable to reproduce uniform susceptibility contrast within the brain, whereas both PDF+MEDI
and TFI showed good susceptibility contrast in the brain. All three methods led to reasonable
estimates of susceptibility in sinuses and bone/teeth and were able to correctly identify over
70% of air and bone/teeth. However, TFI was consistently the most accurate method, both at
estimating χ values and segmenting air and bone/teeth.
In the first in vivo study (section 3.5), χ values within sinuses were found to vary depending
on location. Values for the teeth were more diamagnetic than previously reported in the literature
[106]. TFI SMs were least impacted by streaking artifacts, which were prominent in both TKD
and IPR SMs. Comparison of tissue class maps and pCTs showed that the presence of errors
in the mask MMPR was a limiting factor in the ability to identify air and bone/teeth. The results
depend on the thresholds chosen to segment the pCT. Choosing a lower HU threshold for bone
improves the agreement between SMs and pCTs. TFI showed the highest levels of agreement
with the pCTs.
In the second in vivo study (section 3.6), PET images using the CT (or the pCT) for
AC were compared to PET images reconstructed using SM-based tissue class maps for AC.
Overestimation of tracer uptake values was observed in the ventricles as there was no tissue
class for CSF in SM-based tissue class maps. Underestimation of the thickness of the skull led
to underestimation of tracer uptake values in this region, but with some patches of overestimation
resulting from sinus regions which were misclassified. Tracer uptake errors in soft tissue were
121

Chapter 3. Magnetic Susceptibility-based Discrimination of Air and Bone for PET-MRI Attenuation
Correction

small for all SM-based methods. The manufacturer attenuation correction based on a UTE scan
was also carried out. In general tracer uptake errors were larger than SM-based methods.
Considering all the results, TFI provides the best level of accuracy for segmenting air and
bone/teeth. It also showed the most accurate χ values in numerical simulations and maintains
tissue contrast within brain. However, care should be taken to interpret results bearing in
mind the enforced smoothness of the solution, caused by the piece-wise constant susceptibility
regularisation.
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3.7.1

The Potential of Using SM Methods for PET-MRI AC

Discussions in previous sections considered the accuracy of SM methods in creating tissue
class maps containing soft tissue, air and bone/teeth. However, even high accuracy tissue-class
maps can lead to errors in PET-AC. As has been discussed in relation to creating masks of
high and low attenuating materials, three tissue classes may be overly simplistic. For example,
cancellous bone may be less attenuating than cortical bone, but still more attenuating than soft
tissue. Keereman et al. [77] recommended differentiating between cortical bone, cancellous
bone, soft tissue, and air.
SM-based AC methods are unlikely to be able to compete with the current high performers.
A multi-centre comparison of methods [103] found eleven methods which all resulted in uptake
errors of less than 5%. In this case errors around the skull and sinuses reached over 30% where
misclassification of bone as air and vice versa occurred. One limitation of SM-based methods for
PET-AC is the inability to relate χ values to attenuation coefficients. Instead, a single attenuation
coefficient must be used for each tissue class.
At present the SM-based methods require off-line processing: justifiable for quantitative
results in a research setting, but impractical for clinical use. SM-based methods are competitive
in terms of computation time and could be integrated into scanner image processing for on-line
AC.
Future work might involve looking into combining SM-based methods with other AC
techniques. For example, SM information could reveal errors in pCTs in patients with anatomy
which is not well represented in the database or in cases where artifacts from dentures and
implants in the head and neck affect pCT accuracy. A consensus has not yet been reached on
which AC methods are best suited to body imaging. Atlas-based methods are more challenging
outside of the brain due to greater variability between subjects and de-formability of organs. SM
faces it’s own challenges in the body, for example, separating out fat contributions, but future
work could reveal whether SM methods may be an option for whole-body PET-AC.

3.7.2

Other Applications for SM within Air and Bone

There may be other applications for the SM methods described here. TFI or PDF+MEDI can
be used for imaging applications in the head and neck due to the ability to reproduce reliable χ
values near to boundaries between materials with large susceptibility differences.
One of the limitations of SM methods is that reconstruction of susceptibility is limited where
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there is insufficient surrounding phase. The methods are likely to perform well in cases where
regions of signal absence are surrounded by soft tissue. For example, signal-dropout due to
calcifications or bleeds. In these cases surrounding phase information is likely to be good,
allowing accurate reconstruction of χ values inside the region of no signal.
Other applications where air/bone/teeth segmentation is needed in addition to soft tissue
contrast are radiotherapy treatment planning and monitoring and high intensity focused
ultrasound (HiFU). For both applications the location of bone must be determined. Both are
very sensitive to misrepresentation of bone, which can cause treatment errors.

3.7.3

Recommendations for Air/Bone Susceptibility Mapping Protocols
and Areas of Future Work

Several recommendations for data acquisition can be made based on the in vivo attempts to
perform susceptibility mapping of air and bone.
Accurately creating the masks Mhead and Mtissue was found to be not only one of the most
challenging and variable parts of the process, but also the one which has the greatest effect on
the success of air/bone/soft tissue segmentation.
For automated mask generation to be robust, magnitude images should have high SNR. To
achieve this, neck coils in addition to head coils should be used to give adequate coil coverage.
For optimal automated mask generation, high SNR should be favoured over high resolution.
However, more sophisticated histogram thresholding methods may also help to allow automated
mask generation in the presence of noise.
High bandwidth and short echo-times minimise signal dropout close to air-tissue interfaces.
However, if brain SM contrast is also required, longer echo times are needed to capture this
contrast. In such cases a multi-echo approach could be used, where the first echo may be used
to produce a field map for MPR susceptibility calculation, and a fit across all echoes could be
used for field mapping within soft tissue.
UTE sequences may help to differentiate between cortical and cancellous bone. Future
work could look into the possibility of using UTE and Dixon images along with SM to segment
into five tissue classes including soft tissue, cortical bone, cancellous bone, fat and air. Water-fat
separation was not used here, but should be included in future work to remove possible fat
contributions to the phase.
As mentioned above, SM could be combined with atlas-based methods to identify regions
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of failure, such as those in patients with atypical anatomy.
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Chapter 4. Brain Susceptibility Mapping in a Large Birth Cohort Study of Alzheimer’s Disease

In this chapter a SM processing pipeline for data from a large birth cohort study of
Alzheimer’s disease is devised. Development of the processing pipeline is discussed in sections
4.2 and 4.3. Section 4.2 investigates approaches for processing data from images acquired with
oblique imaging planes. Section 4.3 details the methods chosen for generating the SMs from
phase images. In order to analyse regional susceptibility values, regions of interest (ROIs) must
be segmented. Methods for automated generation of ROIs are compared in section 4.4. The
processing pipeline was then applied to data from the first time-point and the results are detailed
in section 4.5. The motivation for including SM in the study is described below.

4.1

Susceptibility Mapping for the Insight46 Study

The MRC National Survey of Health and Development (NSHD) has followed 5362 participants
from their birth during a single week in 1946 through to today, collecting data at different life
stages to help determine the impact of social and biological factors on long-term health [121].
Insight46 is a sub-study including 500 individuals from the birth cohort [122]. This study
aims to determine early biomarkers and preclinical determinants of Alzheimer’s disease (AD).
Each participant is subjected to a comprehensive PET-MRI imaging protocol and cognitive
testing at two time-points separated by two years.
AD is the leading cause of dementia and is characterized by the accumulation of amyloid β
(Aβ ) plaques, the presence of neurofibrillary tangles (NFTs) and high levels of atrophy.
Aβ is the fragment of a protein which is found in healthy neurons. The Aβ peptides break
off from the protein and over time begin to accumulate to form insoluble plaques, which build
up between neurons and block synapses. Previous research has shown Aβ accumulation is
present in around a third of people in their 70s [123]. It is thought that Aβ accumulation begins
several years before clinical symptoms of AD appear and may trigger AD pathologies.
Tau proteins are part of microtubule structures, which transport substances around
cells. When the tau proteins are abnormal, they collapse into tangles (NFTs) such that the
microtubules are dysfunctional. This impairs the transport of nutrients in the cell, leading to
neuronal cell death.
The biological characteristics of AD described in part above, are also present in other
neurodegenerative diseases, and appear as part of healthy ageing. However, the speed of
neurodegeneration and cognitive decline is highly variable. For this reason it is important to study
factors which may hasten disease progression, and those which may stall disease progression.
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Hand in hand with this must come the ability to detect AD in its preclinical stages and to predict
the likely rate of disease progression in order to provide the potential for early intervention, and
to determine risk factors.
Several risk factors, both genetic and environmental, have already been identified. For
example, APOE is a protein involved in cognitive processes. There are three alleles of the
APOE gene: E2, E3 and E4, leading to 6 genotypes. Presence of the E4 allele has been found
to increase the risk of developing AD [124], and the risk of developing AD earlier in life [125]. The
APOE-E4 allele is thought to affect Aβ deposition and removal, possibly leading to the increased
risk of AD [126]. While E4 is associated with an increased risk, E2 is thought to decrease risk.
Therefore, there is a different risk associated with the three genotypes with at least one copy of
the E4 gene. Environmental risk factors with a less well understood link to AD include smoking,
inactivity and obesity.
The PET radioligand carbon-11-labelled Pittsburgh compound B (PiB) binds to Aβ and can
therefore be used to image Aβ accumulation [127]. Aβ burden as measured by PiB imaging has
been shown to predict cognitive decline and neurodegeneration in subjects with mild cognitive
impairment (MCI) [128, 129]. For Insight46 Florbetapir (18 F) was used; an alternative to PiB,
which also binds to Aβ , but with a longer half-life allowing for increased tracer accumulation.
Other biomarkers which have been investigated include CSF biomarkers and, more recently,
iron.

4.1.1

Iron and Alzheimer’s Disease

Iron is present in both the Aβ plaques and NFTs which are characteristic of AD pathology
[130, 131] and iron overload is a well-documented feature of the disease [132, 133], though
the precise mechanism through which iron accumulation and AD progression are related is not
well understood.
Iron is essential for healthy brain function, playing a role in oxygen transportation, DNA
synthesis and other physiological functions [134]. Abnormal iron homeostasis can lead to
iron accumulation, which occurs to a certain extent in healthy ageing [135, 136]. However,
excessive iron accumulation in specific brain regions is seen in neurodegenerative diseases
such as Parkinson’s disease and AD, where it is associated with oxidative stress and neuronal
cell loss [137].
It is thought that high ferritin levels can advance cognitive decline in AD and that ferritin
levels are increased by presence of the APOE-E4 allele [138]. However, it is unclear whether
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iron elevation can identify those at risk of developing AD or whether its predictive powers are
limited to forecasting the speed of disease progression in those already diagnosed with AD.

4.1.2

Susceptibility Mapping as a Means to Image Iron

SM has been proposed as a means to image iron in the brain [139, 140]. In a post-mortem study,
SM values were shown to correlate with iron deposition in deep grey matter regions [141, 142].
Additionally there are several reports of the correlation of χ values with presumed regional iron
concentrations [143, 61, 48, 74] as given in [144].
It is important to bear in mind that SM is not a direct measure of iron concentration and
although correlations between iron levels and χ values have been found, the dominant source
of susceptibility contrast varies across brain regions. Most of the iron in the human body
exists within red blood cells; deoxygenated haemoglobin is paramagnetic whereas oxygenated
haemoglobin is diamagnetic [145]. This is the primary source of susceptibility contrast in vessels,
and the underlying principle of blood oxygenation level dependent (BOLD) imaging. Iron in the
form of ferritin is paramagnetic and has been found to dominate the susceptibility in the basal
ganglia leading to high χ values [141, 146].
The calcium compounds found in calcifications are another source of susceptibility contrast.
SM allows the discrimination of bright iron-containing blood depositions (paramagnetic) and dark
calcifications (diamagnetic) [147, 148, 149], which can be difficult to differentiate on conventional
MRI magnitude images.
Myelin is a major source of susceptibility contrast in white matter, but is far less abundant
in grey matter. Axons are surrounded by an electrically insulating myelin sheath. Myelin is
diamagnetic [150, 151], and can therefore counteract paramagnetic contributions to susceptibility
from iron. Myelin is thought to be the source of susceptibility anisotropy in white matter [152]
due to its hollow cylinder-like structure, which produces susceptibility contrast dependent upon
the orientation of the fiber with respect to the applied magnetic field [72, 153].
As there are a variety of sources contributing to the susceptibility in different brain regions,
care must be exercised when inferring iron load from χ values, bearing in mind other sources of
susceptibility contrast and their likely relative contributions. The relationship between iron load
and susceptibility can be considered most reliable in the deep grey matter regions because the
contrast in these regions is dominated by iron stored in the form of ferritin [154].
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4.1.3

Susceptibility Mapping in Alzheimer’s Disease

Due to its sensitivity to iron concentration, SM may be a powerful tool in AD imaging [155, 156],
with the potential to investigate iron accumulation over time, possibly with predictive powers. SM
has also been used to show iron accumulation in the frontal lobe in healthy ageing [157].
Several studies have investigated age-dependent changes in susceptibility in deep grey
matter structures [158, 159]. In the globus pallidus, the magnetic susceptibility was found to
remain constant after approximately 20 years of age, whereas the average susceptibility in the
caudate nucleus, putamen and red nucleus was found to continue increasing with age, with the
steepest increase observed in the putamen. In [159] use of an age-dependent susceptibility
threshold was suggested for determining whether a subject has abnormally high iron content in
relation to healthy subjects of the same age. Therefore, in SM studies of AD, deep grey matter
regions should be considered individually with reference to the rate of change of susceptibility
with age and average χ values for healthy individuals of the same age.
To date, there have been a handful of studies which investigate SM as a tool for probing
iron accumulation in AD. In one early study, significant susceptibility differences in deep grey
matter regions, particularly the putamen, were found in AD patients as compared to cognitively
normal (CN) controls [160]. In this work the SM pipeline was direct Laplacian unwrapping [25] +
PDF [47] + MEDI [54]. Regional analysis was carried out using FSL FIRST on MPRAGE images
to create the regions. Another study, also using a PDF + MEDI pipeline, found increased iron
load in the putamen and caudate nucleus in AD patients [161]. However, the iron load was not
correlated with levels of cognitive decline. ROI analysis was carried out by manually drawing
ROIs onto SMs.
Recently a small study into 19 CN elderly, 19 amnestic MCI and 19 AD subjects looked at
grey matter volume changes caused by neuronal loss, and compared this to SM as a technique
to differentiate the three groups (CN, aMCI and AD) [162]. Grey matter volume was assessed
using T1 -w structural images. SM values were found to be significantly increased in AD versus
CN in several regions. In contrast to the aforementioned work, the putamen and globus pallidus
were not found to have significantly higher SM values associated with AD. Significant differences
were also found between CN and aMCI.
Two studies have looked at SM alongside PiB PET imaging. The first compared 22 CN
elderly subjects to 15 with MCI [163]. SMs were calculated by discrete Laplacian unwrapping,
background field removal using SHARP [40] on each of the two echoes separately, then
averaging of the echoes to give the local field map (averaging after background field removal
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has been found to be less accurate than averaging before background field removal [164]). The
inverse calculation was performed using iLSQR from the STI suite [58, 59]. Using the frontal
lateral ventricles as the reference region, no significant difference was found between MCI and
CN subjects. However, the study found that MCI subjects with the APOE-E4 allele showed
significantly higher SM values in the neocortex.
More recently Ayton et al. carried out a study with 100 subjects: 64 of whom were CN,
17 MCI, and 19 were diagnosed with AD [165]. Each subject underwent PET and MRI imaging
within one month of cognitive assessment. Cognitive assessment was repeated every 18 months
for up to six years. As above, the PET scans used carbon-11-labelled Pittsburgh compound B.
The MRI phase images from each coil were unwrapped separately and the background field was
removed using vSHARP [41], before the channels were combined. SMs were then produced
using iLSQR [58, 59]. ROIs were identified by aligning images to MNI space and segmenting
by propagation of a previously parcellated atlas database. In subjects determined to be Aβ
positive, more rapid decline in cognitive performance was associated with higher χ values in the
hippocampus, temporal and frontal lobes. However, in subjects without Aβ pathology there was
no clear link between χ values and cognitive performance. The results provided support for the
hypothesis that iron, in combination with Aβ pathology, may accelerate clinical progression in
AD.
These early SM studies have started to unpick the relationship between iron accumulation
and AD, but the results so far have been inconclusive. Further studies are needed to test
whether SM, like PET imaging, can be a predictor of cognitive decline. As discussed above,
the relationship between iron concentrations and χ values is not direct. Therefore, further
investigation is needed to verify the link between iron and χ value in AD, by quantifying other
contributions to susceptibility contrast. Another challenge in using iron as a biomarker for AD
is the increase in iron deposition in healthy ageing. More longitudinal studies are needed to
determine if SM can distinguish between healthy iron accumulation and iron accumulation as a
pre-cursor to cognitive decline. In this work a SM processing pipeline is developed for inclusion
in the Insight46 study such that χ values at two time-points can be compared and linked to
neurodegeneration as measured by various clinical and imaging metrics.
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4.2

Accounting for Tilted Image Volumes

For the Insight46 study susceptibility mapping data was acquired using oblique imaging planes.
This section investigates the impact of oblique imaging planes on the accuracy of susceptibility
maps, and implements several processing pipelines which account for the oblique imaging
planes in different ways. Field maps and susceptibility maps were compared in order to select
the best pipeline for the Insight46 dataset, and to make recommendations for other datasets with
oblique imaging planes.

4.2.1

Oblique Imaging Planes in Susceptibility Mapping

So far it has been assumed that image volumes are acquired with the image axes, û, v̂, ŵ
(usually referred to as î, ĵ, k̂, but changed here to avoid confusion with k-space vector k), aligned
with the world coordinates x̂, ŷ, ẑ (where B0 is along ẑ). This is usually the case for SM as the
orientation of B0 relative to the image volume must be known in order to correctly model the unit
dipole, D̃(k). In this case, the world coordinate system and image coordinate system can be
considered equivalent. The k-space vector and B0 vector can be expressed as
k = ku û + kv v̂ + kw ŵ

(4.1)

B0 = B0 ŵ

(4.2)

The general form of the equation defining the k-space dipole is
1
− (B̂0 .k̂)2
3

(4.3)

1
k2
− 2 z2
3 kx + ky + kz2

(4.4)

D̃(k) =
which reduces to (equation 2.21)
D̃(k) =

when the image coordinates are aligned with the world coordinates.
However, time constraints may place a limitation on the FOV, meaning that image volumes
may be tilted for some subjects in order to cover the whole region of interest; the brain, for
example. In this case, two or more of the image vectors, û, v̂, ŵ are not aligned with x̂, ŷ, ẑ and
the general form of the k-space dipole must be used (equation 4.3). In the image coordinate
basis B0 is now given by
B0 = B0 (ẑ.û)û + B0 (ẑ.v̂)v̂ + B0 (ẑ.ŵ)ŵ
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The scalar products ẑ.û, ẑ.v̂, and ẑ.ŵ can be extracted from the DICOM files.
As the unit dipole, D̃(k), must be modelled for certain background field removal algorithms
and for the SM calculation, the orientation of B0 with respect to image vector ŵ must be
accounted for in both of these steps. There are several ways of dealing with an off-axis B0
direction, which can be grouped into two categories. The first category models the unit dipole,
D, directly taking into account the off-axis B0 direction. The other category models the dipole as
defined in equation 2.21, which assumes that B0 is aligned with ŵ, and rotates the image such
that the image vectors of the rotated image, û0 , v̂0 , ŵ0 are aligned with the world coordinates x̂,
ŷ, ẑ.
The different approaches are:

1. Take angle of B0 into account in the definition of the dipole
(a) DipK - Define the dipole in k-space using equation 4.3
D̃(k) =

1
− (B̂0 .k̂)2
3

(4.6)

(b) DipIm - Define the dipole in image-space [35] and apply the Fourier transform. The
image-space expression for the dipole is
D(r) =

V 3 cos2 θ − 1
4π
r3

(4.7)

where V is the volume of a voxel and θ is the angle between r and B̂0
(c) DipAp - Define the dipole using equation 4.3 (as in (a)) followed by a low-pass filter
to smooth edges to zero
2. Rotate the image
(a) RotPDF or RotLBV - Rotate total field maps before background field removal using
either PDF or LBV
(b) LBVRot - Rotate local field maps after background field removal: This is only
applicable to pipelines where the background field removal technique is independent
of the B0 orientation e.g. LBV

The aim of this work is to identify any artifacts associated with the above approaches and
to select the most appropriate method to apply to the Insight46 dataset.
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4.2.2

Methods

Susceptibility mapping was performed on 10 representative subjects from the Insight46 study
(GRE sequence parameters in table 4.3) using five of the six approaches described above
(excluding RotLBV) to account for the tilted image volumes. The full processing pipeline for each
of the approaches is shown in figure 4.1. The angles at which image volumes were acquired in
the 10 Insight46 test subjects are detailed in table 4.1 (the angles are defined in figure 4.2).
Images for each subject were acquired using a single orientation, which precludes the

Tra>Cor°

Tra>Sag°

-20.4
-6.9
6.1
-10.7
-10
-6.6
-6.0
-6.2
-13.4
-14.8

-4.0
0
0
0
0
0
0
0
0
0

Table 4.1: Image tilting angles

Figure 4.1: Processing pipelines for tilted image volumes
Rows show the six processing pipelines. All pipelines begin with ASPIRE coil combination,
complex fitting to produce the total field map, and PRELUDE to remove residual wraps.
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Figure 4.2: Angles defining orientation of image coordinates with respect to world coordinates

comparison of SMs from differently oriented image volumes of the same subject. Therefore, an
additional ‘Dual Orientation Study’ was carried out using a single healthy volunteer. A different
scanner (SIEMENS MAGNETOM Prisma) was used, but the sequence parameters were the
same as the Insight46 GRE sequence. The sequence was applied three times: once with the
image volume tilted by Tra>Cor −30° and twice with no tilting of the image volume. This allowed
comparison of tilted and untilted images for the different pipelines.
A scan-rescan comparison was carried out for the two untilted image acquisitions. Even
when there is no difference in image orientation, SMs from intra-session repeats can differ due
to subject physiology or motion. Therefore, the scan-rescan experiment places a lower bound
on the difference between any two SMs from the same subject regardless of any image tilting.
An anthropomorphic phantom was used to investigate differences in total field maps which
were found to be dependent upon image orientation.
The k-space (DipK) and image-space (DipIm) dipoles are shown in figure 4.3.

The

apodization in approach DipAp was achieved by multiplying D̃(k) by a Kaiser-Bessel-derived
window as shown in figure 4.4 [166].
In the image rotation approaches, RotPDF, RotLBV and LBVRot, the data were resampled
such that the new image vector, ŵ0 is aligned with B0 . This was achieved by applying a rotation
to the imaging grid coordinates and resampling the image using the rotated coordinates (û0 , v̂0 ,
ŵ0 ).
Rotation was performed on the total field map or local field map rather than the raw phase
images for two reasons: (1) The interpolation involved in resampling impacts fringelines in such a
way that may lead to unwrapping failures and (2) Multi-echo acquisitions result in multiple phase
images, therefore several raw phase images would need to be rotated. By rotating the fitted total
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Figure 4.3: Tilted and untilted k-space dipoles
The k-space dipole, D(k), using DipK (a,b) and DipIm (c,d) definitions of the dipole, for both
untilted (a,c) and tilted (b,d) image volumes.

Figure 4.4: Apodized k-space dipole
The tilted k-space dipole (b) is apodized by a window function (a) which smooths the edges to
zero to produce the DipAp dipole (c)
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field maps, errors resulting from fringeline resampling can be avoided and computational time is
reduced as only one image is resampled.
For these reasons image rotations were performed on the field maps, either before (RotPDF,
RotLBV - figure 4.5), or after (LBVRot - figure 4.6) background field removal. All rotation was
carried out by resampling using FSL FLIRT with spline interpolation [167, 168].
For the dual orientation study the RotLBV pipeline was applied in addition to the other five
approaches. Whereas PDF requires a modelled dipole, LBV is a laplacian-based approach (see
section 2.2.3), which is independent of B0 orientation.
PDF residual tolerance was set to 0.01 and the LBV residual tolerance was 0.001 with a
maximum of 500 iterations.
Susceptibility maps were not referenced (i.e. the mean across the image was zero). The
SMs were compared and ROI segmentations generated using FSL FIRST [169] on the first

Figure 4.5: Total field map rotation before background field removal
Total field maps are resampled before background field removal (RotPDF and RotLBV) such
that in the new reference frame the image coordinate vector ŵ0 is aligned with B0 .

Figure 4.6: Local field map rotation after background field removal
Local field maps are resampled after LBV background field removal (LBVRot) such that in the
new reference frame the image coordinate vector ŵ0 is aligned with B0 .
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echo magnitude images were used to compare χ values within deep grey matter structures.
For pipelines RotPDF, RotLBV (dual orientation study only) and LBVRot, the ROIs were rotated
using FSL FLIRT with nearest neighbour interpolation.

4.2.3

Results

4.2.3.1

Insight46 Test Subjects

First, local field maps after background field removal were inspected. The local field map for the
DipK approach is shown in figure 4.7. The local field map contains ‘stripe’ artifacts which are
often located where large susceptibility changes occur. The ‘stripes’ are not present in any of
the other approaches.

Figure 4.7: Local field maps showing ‘stripe’ artifacts resulting from DipK k-space dipole
Field map, ∆B, after background field removal using PDF for approach DipK. ‘Stripe’ artifacts
are caused by the rotated k-space dipole.

Figure 4.8 highlights the origin of these artifacts. The image-space dipole, D(r), is calculated
directly in the DipIm approach, and can be calculated for DipK using D(r) = F −1 {D̃(k)}. For
DipIm and DipK D(r) is shown for a tilted and untilted image volume. The ‘stripe’ artifacts arise
in D(r) for the DipK approach regardless of tilt, and result from violations of circular continuity in
k-space when performing the inverse Fourier transform.
The discrete Fourier transform of an image is periodic with periodicity in each dimension
equal to the number of voxels along that dimension. When k-space DipK dipoles are tilted, as
can be seen if figure 4.3b, the resulting pattern is aperiodic and there is a step at the boundaries
when the volume is tiled. This causes ringing artifacts in image-space. Though there is a small
discontinuity at the edges when there is no tilting, increasing the tilting increases the size of the
step across the boundary. Therefore, stripe artifacts have a greater extent when using a tilted
dipole.
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Figure 4.8: Unit dipole diagrams showing the origin of ‘stripe’ artifacts
The image-space dipole, D(r) from DipIm versus DipK for both untilted and tilted image
volumes. In both tilted and untilted DipK dipoles, artifacts can be seen extending along the
Cartesian axes (arrows). The off-centre sagittal slices show that these artifacts have a greater
extent in tilted volumes.

Figure 4.9 shows example SMs for the five different approaches. DipIm and DipAp SMs
have scaling differences due to the dipole modifications. Though scaling factors to account
for this can be calculated, using an additional scaling factor complicates direct comparison with
non-tilted pipelines. As apodizing the dipole in the DipAp approach is effectively a low-pass filter,
the SM appears smooth as compared to the other approaches. DipK, DipIm, DipAp and RotPDF
use PDF for background field removal so some differences can be seen in LBVRot, where LBV
is used, purely because of the different approach to local field calculation.

141

Chapter 4. Brain Susceptibility Mapping in a Large Birth Cohort Study of Alzheimer’s Disease

Figure 4.9: SMs for all tilt correction approaches
Example SMs from a representative Insight46 test subject. Note the different scale for the
DipAp SM. The red circle indicates the ‘stripe’ artifacts seen in DipK SMs. (As approaches
RotPDF and LBVRot rotate the image, the slices are oriented differently to the first three
columns.)

142

Chapter 4. Brain Susceptibility Mapping in a Large Birth Cohort Study of Alzheimer’s Disease

Mean χ values (for all methods except DipAp due to scaling differences) for a single
Insight46 test subject are shown in figure 4.10. Differences between mean χ values for DipK,
RotPDF and LBVRot are small as compared to the standard deviation within ROIs. The different
contrast in the DipIm image is reflected in the lower χ values.

Figure 4.10: Susceptibility values in ROIs for different tilt correction approaches
Mean χ values for a representative Insight46 test subject. Mean χ values using the DipK,
RotPDF and LBVRot approaches are very similar. Error bars represent ± standard deviation
within the ROI.

Figure 4.11 shows a comparison of mean χ values for the ten Insight46 test subjects using
approaches DipK, RotPDF and LBVRot; the three methods which do not require additional
scaling. There is good agreement between DipK and RotPDF because both approaches use
PDF for background field removal.
Differences between these approaches and LBVRot are more likely to be explained by
the use of LBV rather than PDF for background field removal than by differences in the tilting
approach i.e. LBVRot rotates after background field removal rather than before.
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Figure 4.11: Mean susceptibility values for ten subjects using different tilting pipelines
Lines join the mean χ values for approaches DipK, RotPDF and LBVRot from left to right.
Colours represent the ten subjects. Although changes in mean χ values are small, the χ of
one subject relative to another depends on the method used (i.e. crossing of lines).

4.2.3.2

Dual Orientation Study

Figures 4.12 and 4.13 show images from the dual orientation study. The total field map, local
field map and SM for the untilted dataset using the PDF pipeline is shown in the top row of figure
4.12. These images were subtracted from the corresponding images for the tilted dataset using
no correction, and using approach RotPDF. The resulting images are shown in the following two
rows.
The difference between the untilted and tilted total field map is relatively large, caused
by shimming differences between the two scans. Once background field removal has been
performed the difference between the local field maps is relatively small, even for the uncorrected
case. When no tilt correction is performed, the effect of using an incorrectly modelled dipole on
the resulting local field map is small. However, using the incorrectly oriented dipole for the
susceptibility calculation is shown to introduce larger errors (3rd column).
Similar results are obtained for the LBV pipelines as shown in figure 4.13, which includes
uncorrected, LBVRot and RotLBV difference images.
To quantify the SM differences, histograms of the voxel values for SMtilted − SMuntilted are
shown in figures 4.14 and 4.15. The corrected pipelines lead to a slightly narrower peak centred
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around a difference of 0 as compared to the untilted case, suggesting that they do provide a
beneficial correction. Between pipelines LBVRot and RotLBV there is very little difference in
the histograms, but visual inspection of 4.13 shows LBVRot to produce SMs most similar to the
untilted case.

Figure 4.12: Differences between field maps and SMs for the straight and tilted datasets: PDF
The total field, local field and SMs are shown for the untilted data set on the first row. The
second row shows the difference between the images obtained from the tilted data using
no tilt correction and the above images and the third row shows the difference between the
images obtained from the tilted data using tilt correction approach RotPDF. The difference
in total field is large, but this difference is largely eliminated by the background field removal
step.
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Figure 4.13: Differences between field maps and SMs for the straight and tilted datasets: LBV
The total field, local field and SMs are shown for the untilted data set on the first row. The
second row shows the difference between the images obtained from the tilted data using no
tilt correction and the above images, the third row shows the difference between the images
obtained from the tilted data using tilt correction approach LBVRot and the fourth row similarly
for approach RotLBV. As for PDF the difference in total field is large, but this difference is
largely eliminated by the background field removal step.
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Figure 4.14: Voxel histogram of SM differences from straight and tilted data: PDF
The resulting SMs from the tilted data with no correction and from the tilted data with RotPDF
correction were subtracted from the SM for the straight data. The resulting susceptibility
difference images are shown as voxel histograms.

Figure 4.15: Voxel histogram of SM differences from straight and tilted data: LBV
The resulting SMs from the tilted data with no correction, from the tilted data with RotLBV
correction, and from the tilted data with LBVRot correction, were subtracted from the SM
for the straight data. The resulting susceptibility difference images are shown as voxel
histograms.
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Mean χ values from the dual orientation dataset are shown in figures 4.16 and 4.17. In
general, LBV pipelines seem to be more affected by rotation errors which are left uncorrected.
In the regions investigated, the RotPDF correction pipeline generally results in values closer to
the untilted case (i.e. what is taken to be the reference standard) than DipK corrected pipelines.
For LBV-based methods the LBVRot pipeline gave values closer to the reference standard than
the RotLBV case, suggesting that LBV should be carried out on the total field map followed by
rotation of the resulting local field map.
In both PDF and LBV pipelines there are cases where the uncorrected pipelines are closer
to the reference standard than the corrected pipelines. This suggests that, although corrected
pipelines result in smaller errors overall (see figures 4.12 and 4.13), there are errors in specific
locations which can influence mean ROI values. Errors may also result from inter-scan variability.
Results from a repeated untilted scan are shown in the following section, to give an approximate
lower bound on the expected size of errors between any two acquisitions.

Figure 4.16: Mean susceptibility values for the dual orientation dataset: PDF pipelines
Red lines show the mean ROI χ value for the untilted acquisition. The bars show values for
the uncorrected PDF pipeline, the DipK corrected pipeline and the RotPDF corrected pipeline.
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Figure 4.17: Mean susceptibility values for the dual orientation dataset: LBV pipelines
Red lines show the mean ROI χ value for the untilted acquisition. The bars show values
for the uncorrected LBV pipeline, the LBVRot corrected pipeline and the RotLBV corrected
pipeline.

4.2.3.3

Scan-Rescan Study

Results from a repeated intra-subject, intra-session untilted scan are shown in figures 4.18 and
4.19 (which correspond to figures 4.12 and 4.13 in the tilted versus untilted comparison). The
top rows in each figure show images from the first scan and the bottom rows show difference
images between the first and second scans. RMSE values are much lower than the tilted
vs untilted investigation, but are non-zero, which shows that even if image volume tilting is
perfectly accounted for, tilted images will not exactly match the untilted reference standard due
to intra-scan differences. In particular, differences can be observed for LBV pipelines in the deep
grey matter area.
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Figure 4.18: Differences between field maps and SMs for a repeated untilted scan: PDF
The total field, local field and SMs are shown for scan one on the first row. The second
row shows the difference between the images obtained from scan one and scan two, using
PDF for background field removal. The total field map differences are small but non-zero.
These differences propagate through to the susceptibility map. This shows that there is some
inter-scan variability, even when the images from both scans are acquired with the same
imaging volume orientation.

Figure 4.19: Differences between field maps and SMs for a repeated untilted scan: LBV
The total field, local field and SMs are shown for scan one on the first row. The second
row shows the difference between the images obtained from scan one and scan two, using
LBV for background field removal. As for PDF, the total field map differences are small but
non-zero. The χ RMSE value for the LBV pipeline is slightly higher than the PDF pipeline.
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Mean χ values are shown in table 4.2. The difference in mean χ between the two scans
is of the order 10 ppb, which means tilt correction pipelines cannot be expected to give mean χ
values within 10 ppb of the untilted reference scan in order to be considered successful.
Mean susceptibility (ppb)
PDF

LBV

Region

Scan

Re-scan

Scan

Re-scan

L-Thal
R-Thal

25.3
24.0

17.6
19.1

4.6
6.2

-4.4
0.5

L-Put
R-Put

60.6
48.3

61.3
45.4

68.8
56.8

55.3
46.8

L-Caud
R-Caud

55.4
54.7

58.8
54.2

50.5
45.1

44.8
39.6

L-Glob
R-Glob

177.0
131.1

166.1
137.4

177.5
132.0

148.5
128.2

Table 4.2: Mean ROI susceptibilities (ppb) for scan and re-scan

4.2.3.4

Investigating Orientation Dependent Field Map Differences

The total field map difference between the two untilted scans (figures 4.18 and 4.19 first columns,
second rows) is much smaller than between a tilted and an untilted scan (figures 4.12 and
4.13). Whereas small changes between scans can be accounted for by blood flow differences
and subject movement, the large scale changes occur only between scans with different image
volume orientations.
This effect was investigated by scanning an anthropomorphic (wax and water) phantom
using several different image volume orientations. Figure 4.20 shows total field map difference
images for several different orientations of image acquisition volume. The difference images are
calculated by subtracting each total field map from the total field map acquired with no tilting of
the image volume. As shown, the total field map varies for different image volume orientations,
despite the phantom remaining the same. Discrepancies must therefore be caused by pre-scan
shimming differences.
As can be seen in the second columns of figures 4.12 and 4.13, the large difference in total
field is mostly eradicated during the background field removal.
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Figure 4.20: Total field maps for phantom acquisitions at different image volume orientations
Each column shows axial, coronal and sagittal slices of the difference images from several
image volume orientation acquisitions calculated by subtracting the total field maps from the
total field map acquired with an untilted image volume. The total field map varies with image
volume orientation, which indicates differences in pre-scan shimming.

4.2.4

Discussion

When phase images are acquired with imaging volumes at a non-zero angle to B0 , creating the
unit dipole in k-space leads to striping artifacts in local field maps and susceptibility maps, the
origin of which is the use of the discrete Fourier transform as shown in figure 4.8. Care must be
taken when using multi-orientation methods such as COSMOS for SM where DipK creation of
the tilted dipole is used.
Though using an image-space equation for the unit dipole (DipIm) and apodizing the
k-space dipole (DipAp) were able to remove the striping artifacts, they introduce image scaling
which must be corrected for, and apodization leads to smoothing of SMs which cannot be
corrected.
An alternative approach is the rotation of field maps, either before background field removal
(RotPDF or RotLBV), or after background field removal (LBVRot only). Though rotating images
via resampling can blur images due to interpolation, using spline interpolation did not cause
unacceptable image quality degradation.
Differences between mean χ values in ROIs for the pipelines DipK, RotPDF, RotLBV and
LBVRot are small compared to the variation between subjects and to the variation within ROIs.
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Discrepancies between RotPDF and LBVRot can be accounted for by differences between PDF
and LBV background field removal.
The dual orientation study revealed large differences in the total field maps. Scanning the
anthropomorphic phantom using several image orientations showed that these differences were
caused by the pre-scan shimming. These large effects are mostly removed in the process of
background field removal. Small differences due to subject motion and blood flow may remain,
and the scan-rescan study placed a lower bound on the size of these differences in SMs.
Inspection of the difference maps in figures 4.12 and 4.13 shows that differences are small
in the local field maps, but using an incorrectly oriented dipole can lead to larger errors in the
SMs. RMSE values were reduced by using the tilt correction approach, though the scan-rescan
data showed that there is an upper bound to the expected RMSE improvements. As expected,
differences are greater around the vessels where susceptibility gradients are large.
Differences between the untilted and tilted mean χ values are greatest for LBV pipelines.
Though LBV has no theoretical dependence on orientation, the numerical implementation of the
Laplacian operator as a discrete kernel may introduce differences between the untilted and tilted
cases.
Edge effects may also play a role; LBV results are unreliable at the edge of the ROI (see
section 2.2.3). This can lead to large differences around the edge of the brain which can
propagate to other regions during the susceptibility calculation. Such differences can be reduced
by additional erosion of the local field map following LBV.
SMs similar to the DipK pipeline were produced for the Insight46 test subjects by using
approaches RotPDF, RotLBV and LBVRot, but the stripe artifacts produced by DipK were not
seen in these pipelines. The dual orientation dataset indicates that RotPDF may be the best
pipeline as mean χ values vary less between the tilted and untilted acquisitions than when using
LBV-based pipelines. The RMSE values between the tilted and untilted local field maps and SMs
are also lower for the RotPDF pipeline.

4.2.5

Conclusion

The definition of the unit dipole depends on the direction of B0 relative to the FOV. Therefore
where the susceptibility calculation and/or background field removal steps of the SM pipeline use
the modelled unit dipole, tilting of the image volume relative to B0 must be taken into account.
The commonly used k-space definition (DipK) of the k-space dipole D̃(k) was found to lead to
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image artifacts. Though apodization of D̃(k) (DipAp) reduced these artifacts and image-space
definition of the dipole (DipIm) eliminated the artifacts, these approaches introduced scaling
issues which make direct comparison with non-tilted pipelines difficult. The best approach was
found to be rotation of the total field map, ∆B, before background field removal with PDF.
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4.3

Development of the Susceptibility Mapping Processing
Pipeline

As discussed in detail in Chapter 2 there are many components to a data processing pipeline
which takes individual channel phase images as input, and outputs susceptibility maps. The
previous section (section 4.2) discussed how oblique imaging planes can affect the choice
of method for background field removal and the susceptibility map calculation. This section
discusses the options available for all of the processing steps in turn and a technique for each
stage is chosen by taking into account the imaging parameters (number of echoes, echo times,
SNR etc.), computation time, and simplicity.
The sequence parameters for the GRE scan are shown in table 4.3. The images were
acquired using the Biograph mMR PET-MRI scanner (Siemens Healthcare, Erlangen).

4.3.1

Coil Combination

Scanner-combined (using Adaptive Combine) phase images were saved, along with individual
channel phase to allow for offline coil combination as described in section 2.1.1. A reference
scan with parameters shown in table 4.4 was acquired for use with the COMPOSER coil
combination technique [9]. As the echo times of the GRE scan satisfied the condition TE2 ≈
2 TE1 , ASPIRE could also be performed [15]. An example of the resulting phase images for the

Sequence Parameters
Sequence Type
Field Strength (T)
Acquisition Plane
Acquisition Time (m:s)
FOV (mm)
Matrix Size
Resolution (mm)
TR (ms)
TEs (ms)
Flip Angle (°)
rBW (Hz/pixel)
Partial Fourier
SENSE Factor
Slice Oversampling (%)
Reference Lines

3D GRE
3
Axial
3:48
220 x 165 x 144
256 x 196 x 96
0.86 x 0.86 x 1.5
27
4.92, 9.84, 19.70
15
400
0.88 x 0.88
2
17
24

Table 4.3: Gradient-echo imaging parameters for Insight46
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Sequence Parameters
Sequence Type
Field Strength (T)
Acquisition Plane
Acquisition Time (m:s)
FOV (mm)
Matrix Size
Resolution (mm)
TR (ms)
TEs (ms)
Flip Angle (°)
rBW (Hz/pixel)
Partial Fourier
SENSE Factor
Slice Oversampling (%)
Reference Lines

3D GRE
3
Axial
0:11
240 x 240 x 160
128 x 128 x 32
1.9 x 1.9 x 5.0
5.0
1.50
5
810
NA
2
NA
24

Table 4.4: Reference scan imaging parameters for Insight46

three coil combination methods is shown in figure 4.21. Phase singularities and low SNR can
be observed in the Adaptive Combine phase. Neither COMPSOSER nor ASPIRE resulted in
phase singularities, and produced phase images with improved SNR over Adaptive Combine.
The COMPOSER phase images contain a phase offset which arises due to the subtraction of a
reference image from each channel phase before the combination.
The quality of the coil combination can be assessed using the Q-metric, as discussed in the

adaptive
combine

composer

aspire

Figure 4.21: Third echo phase images resulting from three coil combination methods
Phase images produced by Adaptive Combine contain phase singularities which cannot be
resolved. COMPOSER introduces a phase offset due to subtraction of a reference image. Not
only does ASPIRE not produce a phase singularity, the SNR is much improved as compared
to Adaptive Combine.
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supporting information of [9]. Q is given by
Q=

Mmethod_s
MSS

(4.8)

where Mmethod_s is the combined magnitude image using the coil combination method of interest,
and MSS is the simple sum of the magnitude from each channel. Q is calculated within each voxel
and should be close to 1. The histograms shown in figure 4.22 reveal that Adaptive Combine
performs poorly in terms of the Q-metric, whereas COMPOSER and ASPIRE perform similarly,
with ASPIRE very slightly outperforming COMPOSER. Additionally, ASPIRE does not require a
reference scan. Therefore, ASPIRE was chosen for the combination of individual channel phase.
Scanner-combined pre-scan normalized magnitude images were used to generate the complex
images.
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(a) Q-metric reveals poor performance for scanner coil combination as compared to COMPOSER
and ASPIRE

(b) A zoomed in view shows that ASPIRE performs slightly better than COMPOSER

Figure 4.22: Q-metric histograms for scanner, COMPOSER and ASPIRE coil combination

158

Chapter 4. Brain Susceptibility Mapping in a Large Birth Cohort Study of Alzheimer’s Disease

4.3.2

Calculation of Local Field Map

Before estimating the total field map, a brain mask was produced using FSL BET on the third
echo magnitude images. The third echo was chosen as signal dropout close to the sinuses
increases with echo time. Therefore, using the first or second echo for brain masking resulted in
tissue being included in the brain mask, which was no longer visible by the third echo time. The
brain mask was used to set the phase outside the brain to zero.
As the sequence is multi-echo, several options were available for calculating the field map
from the phase images (see section 2 for discussion of different phase processing methods).
Unwrapping (using any phase unwrapping algorithm such as PRELUDE, direct Laplacian) can
be followed by either complex or linear fitting (see section 2.1.4). Alternatively, fitting can be
performed first, using complex fitting followed by unwrapping of residual wraps. As unwrapping
can be the most time consuming aspect of phase processing, performing complex fitting of the
wrapped phase images followed by removal of residual wraps means only one image needs to
be unwrapped. As there are only a small number of residual wraps in the field maps, spatial
unwrapping (PRELUDE) can be performed very quickly.
Alternatively, residual wraps can be removed using a Laplacian technique such as SHARP,
which can also remove background fields. However, such methods can also degrade the local
field, an effect which is sensitive to the choice of regularisation parameter.
As found in [36] two of the most accurate background field removal techniques were PDF
and LBV. Therefore these methods were both considered for use in this study. The choice
of background field removal technique was complicated by the fact that phase images were
acquired with slices oblique to the B0 direction. The effect of this rotation on the performance
of background field removal was investigated in the section 4.2. An approach which rotates the
local field map such that B0 is along the ŵ axis of the image, followed by PDF background field
removal was chosen.

4.3.3

Susceptibility Map Calculation

To minimise computation time, only direct methods for calculating the SMs from the local field
maps were considered (see equations 2.32, 2.31 and 2.33). TKD2 was not considered as the
performance of TKD2 and TKD are generally similar [39]. Both TKD and Tikhonov regularisation
require a regularisation parameter. For TKD λ =

2
3

is found to minimise streak artifacts [26].

In order to investigate the optimal parameter for Tikhonov regularisation, L-curve analysis was
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performed.

4.3.3.1

Selection of Optimal Tikhonov Regularisation Parameter Using the L-curve

The choice of regularisation parameter in Tikhonov regularized SM is a balance between
under-smoothing and oversmoothing. Small regularization parameters allow data errors to
dominate the solution, whereas large regularization parameters result in large residuals.
One way to select a regularisation parameter is to analyze the L-curve. The L-curve is a
logarithmic plot of the solution norm against the residuals. [170]. χ residuals are given by
kM (D(r) ∗ χ − ∆BB )k22 and the solution norm is kM χk22 . The point of maximum curvature of the
0

L-curve can be shown to correspond to the optimal regularization parameter [170].
An example L-curve for one of the subjects is shown in figure 4.23. The maximum curvature
corner is calculated to be at λ = 0.062. Figure 4.24 shows the SMs generated by using the
optimal λ and by the smaller and larger λ values also marked on figure 4.23. SMs are relatively
insensitive to differences in λ values on the order of 10−2 .

solution norm

10 -2

10 -4
6=0.001

10

6=0.062

-6

10 -9

6=0.200

10 -8

10 -7

10 -6

10 -5

10 -4

residual norm
Figure 4.23: L-curve for determining optimal Tikhonov regularisation parameter
The point of maximum curvature does not always correspond to the ‘corner’ of the L. In this
case the optimal regularisation parameter is 0.062. λ = 0.001 leads to a solution dominated
by streaking artifacts, and λ = 0.200 causes oversmoothing.

L-curve analysis was performed for each of the ten test subjects. The optimal λ values were
found to range between 0.046 and 0.058 with a rounded average value of 0.05. This value was
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λ

= 0.001
underregularised

λ

= 0.062
optimal

λ = 0.200
overregularised
+0.1
ppm

-0.1
ppm
Figure 4.24: Comparison of Tikhonov regularisation parameters
Under-regularization allows data errors to dominate whereas over-regularization leads to
over-smoothing and loss of contrast. The optimal regularization parameter is a balance
between the two.

applied to all subjects in the study.
Similar to TKD, susceptibility values are underestimated by Tikhonov regularisation, even
with the optimal regularisation parameter. As can be seen in figure 4.24, the point of maximum
curvature is not always at the typical location on the corner of the ‘L’. This means that the optimal
solution can favour smoothing over minimisation of streaking artifacts, leading to underestimation
of χ values in the same way as when using TKD. The point spread function correction factor as
described in section 2.2.4 can be used to restore χ values to their true range.

4.3.3.2

Comparison of TKD and Tikhonov SMs

Figure 4.25 compares SMs produced by TKD and Tikhonov regularisation. As can be seen in
the lower two panels, streaking artifacts are the main difference between the two methods, and
there is little difference in the actual tissue contrast. The streaking artifacts are less prominent in
the Tikhonov regularised SMs, therefore this method was chosen over TKD.
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-0.3
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TKD - Tikhonov

Tikhonov
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Figure 4.25: Comparison of TKD and Tikhonov SMs
The top two panels show TKD and Tikhonov SMs for two subjects. Below are axial and coronal views of difference images (row one minus row two). Even
for this narrower contrast window, the only differences appear to be streaking artifacts, which are less prominent on Tikhonov SMs.
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4.3.4

Selection of a Reference Region

As explained in section 2.2, χ values in SMs are relative rather than absolute and therefore
require some form of referencing. The simplest form of χ reference is to set the overall mean
χ to zero. This is automatically achieved when using D̃(k = 0) = 0 in TKD or Tikhonov SM
calculations as D̃(k = 0) defines the DC offset.
Alternatively, the susceptibility of a particular region can be chosen as the reference
susceptibility. The susceptibility within the reference region should not be dependent upon
disease stage, age or any other variable. Ideally reference regions should be identifiable by
automatic delineation algorithms (particularly for large studies) with high robustness.
Common choices for the reference region are CSF regions [58, 40, 171, 160] such as the
posterior lateral ventricles [160, 162] and the frontal horn of the lateral ventricles [163], and white
matter regions [172, 173, 174].
In the aforementioned SM study into AD [160] a bilateral ventricular region aligned with B0
was manually delineated on SMs. The splenium of the corpus callosum, which had previously
been identified as an ideal reference region [143], was ruled out due to the possible presence
of white matter tract degeneration. Some subjects showed ventricular enlargement, which is
common in AD. Therefore the size of the ventricular reference region was adapted such that
the boundary of the ROI was within 3 to 10 voxels of the ventricular boundary. Heterogeneous
susceptibility and calcifications were excluded from the ROIs.
In [165], inhomogeneity and variable presence of choroid plexus was found in the posterior
ventricles, and therefore frontal white matter was chosen as it was found to be homogeneous,
both within and across subjects.
However, the suitability of white matter as a reference region has been called into question
[175] due to the dependence of susceptibility on orientation.

In [175] different reference

regions were analysed for 62 melanoma patients at different stages of disease progression and
treatment. Both SMs and magnitude images were used for manual delineation of the twelve
regions, which were: (grey matter:) red nucleus, caudate nucleus; (white matter:) crus cerebri,
posterior limb of internal capsule, four regions within the corpus collosum; (CSF:) anterior horns
of ventricles, atrium of the lateral ventricles, body of the lateral ventricles and the sinus rectus.
The susceptibility within both the internal capsule and the CSF regions was found to be
independent of disease stage and age, and had low variation across subjects. The possibility of
orientation dependence in the internal capsule was identified, whereas the difficulty of depicting
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CSF regions and the likelihood of strong variations in ventricular size was noted. In all regions
investigated, there were a number of outliers. This leads the author to comment that this may be
a strong advantage of not using a reference region at all.
In this processing pipeline χ values are not referenced to a particular region, but using
Tikhonov regularisation for the susceptibility calculation sets the mean χ over the whole brain to
zero.
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4.4

Comparison of Tools for Automated Brain ROI Segmentation

In order to identify whether SM can provide biomarkers for AD, χ values in anatomical regions
are often analysed. One current practice is to take the average χ in defined regions of interest
(ROIs) as a summary measure which can be compared across subjects. As calculated χ values
are relative rather than absolute, definition of at least one ROI may be necessary to provide a
reference χ value, even when extensive ROI analysis is not carried out. In this section, methods
for automatic ROI delineation are compared in order to select a method for the Insight46 SM
data.
There are limitations to ROI-based analysis of imaging data. For example, there may be
variation of susceptibility within an ROI which is masked by the averaging process. The size
and shape of ROIs can also influence the average value of susceptibility. There are many
different ways of defining and producing ROIs which can introduce uncertainty in the comparison
of values from different studies. Despite the limitations, ROI-based analysis is a simple summary
measure of χ values in different regions of the brain, and is a useful tool for investigating
correlations between different imaging metrics.

4.4.1

ROI Delineation for Susceptibility Maps

Automatic ROI generation is required for this large study, as it allows average χ values within
anatomical regions to be calculated without manual delineation. There are many tools for
performing automatic sub-cortical segmentation. Two of the most common are FSL FIRST
and Freesurfer, both of which are optimised for use on T1 -w images [169, 176]. FIRST is a
model-based tool which first registers the image to the MNI T1 -w MRI standard brain template
then models each sub-cortical structure as a surface mesh which can be deformed to match
the image characteristics based on data from a training set of 336 T1 -w images. Freesurfer, on
the other hand, uses a single-atlas approach to calculate voxel-by-voxel probabilities of tissue
classification based on voxel location and intensity.
Though many of the regions of interest in SM studies can be easily identified on T1 -w
images, for example the thalamus, putamen and caudate nucleus, other structures such as the
dentate nucleus, red nucleus and substantia nigra, have superior contrast on SMs. Therefore,
these regions are often of interest in SM studies and their SM contrast may also be exploited in
the segmentation process.
As SM is a relatively new technique, there have been few large studies in which automatic
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segmentation has been applied. FIRST was used in a 16 subject matched study of AD [160]
which found an increased χ value in the putamen in the AD brain. χ values were systematically
lower than those found in the literature, which was thought to be due to the choice of reference
region: a bilateral posterior ventricular region which was manually delineated. The authors found
that FIRST performed well in cases of severe atrophy but commented that under-performance of
globus pallidus segmentation was noted by a neurologist, probably due to reduced T1 -w contrast
in this region.
Manual delineation of ROIs has also been used in a number of studies. ROIs which were
completely encompassed by the anatomical regions were drawn directly onto five slices of the
SM in a study of clinically isolated syndrome (CIS) with 20 patients and 20 matched controls
[172]. The reference region was the internal capsule. In the caudate nucleus, putamen and
globus pallidus, CIS patients had increased χ values as compared to healthy controls.
In a post mortem study of brain iron, manual delineation was instead performed on fast spin
echo magnitude images from 13 subjects [141]. In this case, the size of the ROIs was matched
to that of dissected tissue samples. The correlation between χ value and iron concentration
was found to be strong in deep grey matter structures. Occipital white matter was used as the
reference region.
Recent work has attempted to make use of multiple image contrasts for segmentation. For
example, a multi-atlas approach using T1 -w images along with either SM or R2 * maps was
developed [177]. Using manual delineations as the reference standard, the inclusion of SM and
R2 * information was found to improve segmentation quality as compared to FIRST for the globus
pallidus, for which T1 -w contrast in magnitude images was observed to be poor. The T1 -w FIRST
pipeline was found to be adequate for the caudate nucleus and the putamen. The hybrid method
was used in a matched study of multiple sclerosis (MS) with 74 subjects which found increased
χ values in MS patients. FIRST had also been used in a previous study of MS [178].
Feng et al. [179] noted that the quality of segmentations produced by FIRST in patients
with brain atrophy was poor, and determined that this was due to errors in the registration of
patient data to Montreal Neurological Institute (MNI) space. Normally, small registration errors
can be corrected by FIRST in the surface mesh optimization stage, but larger registration errors
cannot be corrected for. Feng et al. proposed a method to improve the results of FIRST in
regions of abnormal brain anatomy, such as severe atrophy. Hybrid images were created from
T1 -w images, using SMs to enhance the contrast of images such that they better match the
MNI template used by FIRST. As compared to a manual reference standard, DSCs and overlap
metrics were improved over FIRST with the un-enhanced images. This approach was then
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tested on 41 MS patients and 41 healthy subjects.
Several methods to generate ROIs are compared in this work. FIRST was chosen as a
popular T1 -optimised tool as it was found to be faster than Freesurfer. A recently proposed
method, based on geodesic information flows (GIF) [180] was also included, as this method
already formed part of the Insight46 study.
GIF is a framework for information propagation between datasets which has been applied to
brain parcellation [181] and is available as an online tool [112]. The framework aims to overcome
the problem that propagating parcellations from image atlases can result in errors when the
target dataset is morphologically different to the atlas dataset [180].
An alternative approach known as Eve [171] was also used in order to segment regions
which cannot be segmented by FIRST or GIF but which have good contrast on SMs (dentate
nucleus, red nucleus and substantia nigra). Eve is an atlas template which delineates several
structures of interest in SMs, some of which cannot be easily identified on conventional T1 - and
T2 -w images. The Eve atlas is a collection of coregistered images from a 33 year old female.
A SM produced using multi-orientation data was manually delineated, and these ROIs were
combined with white matter ROIs from delineation on other image contrasts to form a set of
labels. Eve labels can be propagated into the target image space by coregistration of the Eve
SM or magnitude image with the corresponding target images.
Though well known methods such as FIRST have been validated and compared, there has
not been a study comparing the results obtained by using different methods for segmentation
on SMs. The first strand of this work (section 4.4.3) investigates whether, for each of the three
chosen methods, AS-magnitude images could be used as an alternative to MPRAGE images.
The effect on FIRST and GIF segmentations is of particular interest as these methods are
optimised for T1 -w images whereas the magnitude images acquired as part of the SM sequence
show little T1 -w contrast.The reproducibility of sub-cortical segmentations using data acquired
with different imaging parameters is one of the greatest challenges in automatic ROI generation
and has not been fully explored using data from typical SM sequences.
In the second strand of work (section 4.4.4), the aim was to investigate the dependence of
Eve segmentation accuracy on the contrast matching of the images used for co-registration. If
SMs are used for coregistration, contrast matching should, in theory, be good, as susceptibility
is an intrinsic tissue property. Alternatively, coregistration can be performed using magnitude
images, which can differ in contrast depending on the imaging parameters.
Regional average χ values can differ from method to method depending on the size
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of the segmented ROIs and the anatomical accuracy of ROI boundaries which can lead to
partial volume effects. In the final strand of work (section 4.4.5), ROIs are generated from
the AS-magnitude images using each of the three methods and regional mean χ values are
compared.

4.4.2

Methods

SMs were calculated from 10 Insight46 3D GRE phase images.

The parameters for this

sequence, along with the parameters for the anatomical MPRAGE also acquired as part of
the Insight46 study, are repeated in table 4.5. GRE magnitude images will be referred to as
AS-magnitude and the resulting SMs will be referred to as AS-susceptibility.
Axial slices of the AS-magnitude, MPRAGE and AS-susceptibility are shown in figure 4.26.
Basal ganglia can be seen with improved contrast in the MPRAGE over the AS-magnitude. The
red nucleus is an example of a structure which is visible on the SM but not the magnitude images.
Eve atlas templates (either Eve-magnitude or Eve-SM) were coregistered with the AS or
MPRAGE images. NiftyReg [182, 183] was used to perform the coregistration using an affine
registration as an initialisation for non-linear registration. The resulting transformation matrix was
then applied to Eve ROIs using nearest neighbour interpolation to generate ROIs in AS space.
For all three tools, the difference between using AS-magnitude images (with little T1 -w
contrast) and structural T1 -w MPRAGE images to generate regions was assessed. MPRAGE

Sequence Parameters
Sequence Type
Field Strength (T)
Acquisition Plane
Acquisition Time (m:s)
FOV (mm)
Matrix Size
Resolution (mm)
TR (ms)
TEs (ms)
TI (ms)
Flip Angle (°)
rBW (Hz/pixel)
Partial Fourier
SENSE Factor
Slice Oversampling (%)
Reference Lines

3D GRE
3
Axial
3:48
220 x 165 x 144
256 x 196 x 96
0.86 x 0.96 x 1.5
27
4.92, 9.84, 19.70
NA
15
400
0.88 x 0.88
2
17
24

MPRAGE
3
Sagittal
5:06
282 x 282 x 229
256 x 256 x 208
1.1 x 1.1 x 1.1
2000
2.92
870
8
240
NA
2
0
24

Table 4.5: Insight46 3D GRE and MPRAGE parameters
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AS-magnitude

MPRAGE

SM

basal
ganglia

-0.15 ppm

0.3 ppm

red
nucleus

Figure 4.26: Magnitude images from the SM sequence (AS-magnitude) and the MPRAGE and SMs
Superior contrast in the deep grey matter region can be seen in the MPRAGE over the
AS-magnitude. However, neither magnitude image is able to show the red nucleus, which
is clearly visible in the SM (red box).

images were coregistered to AS space before applying the ROI generation when using FIRST
and Eve.
As part of the study processing pipeline, GIF parcellation had previously been performed in
MPRAGE space, therefore existing labels were propagated to AS space using the transformation
matrix obtained by coregistration of the MPRAGE with the AS-magnitude. AS-magnitude GIF
segmentations were produced using the online tool [112, 184].
The difference between using the coregistration of Eve-magnitude with AS-magnitude
images and the coregistration of Eve-SM with AS-susceptibility to propagate the Eve Atlas labels
was assessed.
Comparisons were carried out using Dice similarity coefficients, DSC =
χ differences, ROI volume differences and Bland-Altman plots.

A∩B
A∪B ,

mean absolute

All ROIs investigated and

compared are shown in figure 4.27.
ROIs for ten subjects were ranked for anatomical accuracy by a neuroradiologist. Eve
AS-susceptibility, FIRST AS-magnitude, GIF AS-magnitude and GIF MPRAGE were ranked.
Three structures within the basal ganglia: caudate nucleus, globus pallidus and putamen were
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Figure 4.27: ROI methods investigated and compared
Coloured boxes show comparisons. The red box represents comparisons between MPRAGE
and AS-magnitude generated segmentations within each method, the green box represents
the comparison of Eve ROIs using the AS-magnitude versus the AS-susceptibility for label
propagation, the purple box represents a direct comparison of all methods using the
AS-magnitude and the blue box contains all segmentations relying only on AS images.

overlaid separately on the SM, and the four methods were ranked from best to worst in terms of
anatomical accuracy. Points from 1 to 4 were awarded for best to worst.
For each anatomical structure, subjects were randomly ordered and each ROI method was
randomly assigned a label A-D. ROIs were viewed side by side using the ITK-SNAP viewer. An
axial slice of one of the subjects for putamen ranking is shown in figure 4.28. As shown, the ROI
outlines were drawn in red and displayed over the SM with fixed windowing.
Points for each region were summed across subjects to give a total score for each method
in the different regions. The best possible score is 10 (i.e. 10 subjects awarded a single point
each) and the worst possible score is 40 (i.e. 10 subjects awarded 4 points each).

25-A

25-B

25-D

25-C

-0.3 ppm

+0.3 ppm

Figure 4.28: Axial slice of ROI outlines (putamen)
For viewing by the neuroradiologist, the four ROI outlines were shown side by side with fixed
windowing of the susceptibility map. The ROI methods were randomly labelled A-D then
ranked best to worst.
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4.4.3

Results: MPRAGE vs AS-magnitude
MPRAGE

AS-magnitude AS-susceptibility

Eve
FIRST
GIF

DSCs for segmentations performed on MPRAGE versus AS-magnitude images are displayed
in figure 4.29. The DSCs are consistently high (>0.8) when using FIRST. This suggests that
FIRST produces very similar segmentations for both types of magnitude image. The standard
deviation across subjects is also small. GIF also has low standard deviation across subjects
but, in general, DSCs are slightly lower (>0.75). Eve DSCs vary more across subjects and
across ROIs. In addition, asymmetry between the DSCs of left and right regions is observed.
The dentate nucleus ROIs from Eve have the lowest overlap. The DSC values indicate that
FIRST has the greatest overlap between ROIs, followed by GIF and then Eve which shows large
variation.

Figure 4.29: MPRAGE vs AS-magnitude DSCs
The mean DSCs across ten subjects, with error bars representing the standard deviation.
FIRST DSCs are consistently high, closely followed by GIF. Eve DSCs are much more
variable, including left-right variability. (ALIC and PLIC are the anterior and posterior limbs
of the internal capsule).
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Figure 4.30 shows the mean absolute difference in mean χs in ROIs. For FIRST, χ changes
are <0.015 ppm, and in most regions <0.010 ppm. Similar results are obtained for GIF where
mean χ changes are also generally <0.010 ppm. Eve showed the largest mean χ differences up
to an average of 0.028 ppm in the right globus pallidus.

Figure 4.30: MPRAGE vs AS-magnitude absolute mean susceptibility differences
The mean (± s.d.) across subjects of absolute difference in χ from MPRAGE and
AS-magnitude derived ROIs. The globus pallidus is identified as a region with high variability
between MPRAGE and AS-magnitude derived ROI χ values.
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ROI volume differences are shown in figure 4.31.

For FIRST, MPRAGE ROIs are in

general slightly larger than AS-magnitude ROIs. This difference is appreciable in the putamen
where the ROIs are on average over 10% larger. Similarly, Eve MPRAGE-derived putamen
ROIs are significantly larger than the AS-magnitude ROIs. In fact, for almost all subjects, all
MPRAGE-derived ROIs are larger, significantly so in the putamen, caudate nucleus and globus
pallidus. In general, GIF ROIs vary less in volume when using different magnitude images than
the other two methods, showing either small increases or small decreases in ROI volumes.

Figure 4.31: MPRAGE vs AS-magnitude ROI volume differences
The percentage increase in number of voxels in MPRAGE derived ROIs, as compared to
AS-magnitude derived ROIs. ROI volume is most consistent for GIF. Very high volume
changes are seen for Eve globus pallidus ROIs.

Bland-Altman plots show the agreement of the two sets of mean χ measurements using
the different magnitude contrasts for segmentation. Plots for the left globus pallidus and right
caudate nucleus are shown in figures 4.32 and 4.33. The left globus pallidus (fig 4.32) is an
example of a region where the two measurements of mean χ values show large disagreements.
This can be seen in deviation from the line of equality on the left hand plots and a large spread of
data around the mean difference on the right hand plots. The even spread of points around the
mean difference suggests that there is no bias towards under or overestimation with either of the
methods. The right caudate nucleus (fig 4.33) shows closer agreement between the measured
mean χs for the different magnitude images.
The mean difference in average χ (as indicated by the solid central horizontal line in the
right hand figures) deviated from zero by different amounts depending on the region. The results
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are summarised in table 4.6 which shows that globus pallidus segmentations using different
magnitude images led to the greatest differences in mean χ values. The putamen also shows
large values for Eve and FIRST, and the caudate nucleus has large differences when using Eve.

MeanDSusceptibilityD(MPRAGE)

FIRST

DifferenceD(MPRAGE,AS-magnitude)

Eve

GIF

Mean
(MPRAGE,AS-magnitude)

MeanDSusceptibility
(AS-magnitude)

Figure 4.32: MPRAGE vs AS-magnitude Bland-Altman left: globus pallidus
Bland-Altman analysis comparing mean χ values in the left globus pallidus. Dotted lines
represent ± 2 s.d. There is large deviation from the line of equality and a large spread about
the mean difference, which is consistent with the high variability shown by DSCs, mean χ
values and volume differences.
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MeanDSusceptibilityD(MPRAGE)

FIRST

DifferenceD(MPRAGE,AS-magnitude)

Eve

GIF

Mean
(MPRAGE,AS-magnitude)

MeanDSusceptibility
(AS-magnitude)

Figure 4.33: MPRAGE vs AS-magnitude Bland-Altman: right caudate nucleus
Bland-Altman analysis comparing mean χ values in the right caudate nucleus. Dotted lines
represent ± 2 s.d. All subjects lie close the the line of equality and are clustered close to the
mean difference. This shows that MPRAGE and AS-magnitude derived ROIs provide similar
measures of the mean χ within the right caudate nucleus.

Region
L-thalamus
R-thalamus
L-putamen
R-putamen
L-caudate
R-caudate
L-globus pallidus
R-globus pallidus

Eve

FIRST

GIF

-0.651
-1.71
-9.39
-5.30
-9.58
-5.95
13.4
23.6

0.640
-0.0929
-5.12
-4.40
3.11
0.332
7.84
-0.634

2.98
1.64
1.39
1.73
1.49
3.77
2.26
1.25

Table 4.6: MPRAGE vs AS-magnitude Bland-Altman mean difference values
Mean difference χ values in ppb.
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4.4.4

Results: AS-magnitude vs AS-susceptibility Using Eve

Figures 4.34 and 4.35 show the AS-susceptibility and the AS-magnitude images alongside the
corresponding images from the Eve template. The SMs appear to match reasonably well in terms
of contrast, as would be expected as SMs represent a relative tissue property. The magnitude
images do not match well, as the Eve image is T2 -w whereas the AS-magnitude image
appears much more T1 -w, probably due to a mismatch in TR; TR = 27 ms for AS-magnitude
and TR = 70 ms for the Eve-magnitude.

(a) AS-SM

(b) Eve-SM

Figure 4.34: AS-SM as compared to Eve SM

(a) AS-magnitude

(b) Eve-magnitude

Figure 4.35: AS-magnitude as compared to Eve magnitude

DSCs comparing the ROIs segmented by Eve using the AS-magnitude for coregistration
with the Eve magnitude image versus the AS-susceptibility for coregistration with the Eve SM
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are shown in figure 4.36. Unsurprisingly, the DSCs are low, as a result of the different degrees
of contrast matching with the Eve template.

Figure 4.36: AS-magnitude vs AS-susceptibility DSCs
The mean DSCs across ten subjects, with error bars representing the standard deviation.
DSCs are low for most regions, showing low similarity between AS-magnitude and
AS-susceptibility derived ROIs.

Correspondingly, the mean χ differences, shown in figure 4.37, are large. In general,
they are larger than differences between using different magnitude images for coregistration
as discussed in the previous results section.
Figure 4.38 shows percentage ROI volume increase between AS-magnitude and
AS-susceptibility based Eve ROIs. Most regions show larger ROIs when using the SMs for
the coregistration step. The average number of voxels in the globus pallidus increases by 100%.
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Figure 4.37: AS-magnitude vs AS-susceptibility absolute mean susceptibility differences
The mean (± s.d.) across subjects of absolute difference in χ from Eve AS-magnitude and
AS-susceptibility derived ROIs. Susceptibility differences are much larger than the MPRAGE
vs AS-magnitude comparison (4.30). The variation in ROI boundaries is large enough to
significantly change the measure of susceptibility within each region.

Figure 4.38: AS-magnitude vs AS-susceptibility ROI volume differences
The percentage increase in number of voxels in Eve AS-susceptibility derived ROIs, as
compared to AS-magnitude derived ROIs. Red stars mark the mean across subjects. Volume
differences are particularly pronounced in the globus pallidus.
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Bland-Altman analysis also showed the differences in mean χs in the ROIs.

Large

deviations were seen in the left globus pallidus in figure 4.39 and smaller (but still larger than the
previous comparison AS-magnitude versus MPRAGE) differences in the right caudate nucleus

Mean Susceptibility
(MPRAGE)

Eve

Difference
(MPRAGE,AS-magnitude)

(figure 4.40).

Mean Susceptibility
(AS-magnitude)

Mean
(MPRAGE,AS-magnitude)

Mean Susceptibility
(MPRAGE)

Eve

Difference
(MPRAGE,AS-magnitude)

Figure 4.39: AS-magnitude vs AS-susceptibility Bland-Altman: left globus pallidus
Bland-Altman analysis comparing mean χ values in the left globus pallidus. Dotted lines
represent ± 2 s.d. As shown by DSCs, mean χ differences and volume differences, the two
sets of ROIs yield much different mean χ values. There is a clear bias towards higher mean
χ values reported by MPRAGE-derived ROIs.

Mean Susceptibility
(AS-magnitude)

Mean
(MPRAGE,AS-magnitude)

Figure 4.40: AS-magnitude vs AS-susceptibility Bland-Altman: right caudate nucleus
Bland-Altman analysis comparing mean χ values in the right caudate nucleus. Dotted lines
represent ± 2 s.d. There is a bias towards lower mean χ values reported by MPRAGE-derived
ROIs.
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4.4.5

Results: AS-magnitude Based ROIs

All segmentation methods were used on the AS-magnitude. Mean χ values are shown in figure
4.41. Mean χ values in the thalamus and caudate nucleus are relatively independent of the
method used. In the putamen, there appears to be a systematic decrease in mean χ from Eve
to FIRST to GIF. However, such clearly consistent patterns are not observed in other regions.

Figure 4.41: All AS-magnitude ROIs: mean susceptibility values
Mean χ values for all 10 subjects, using EVE, FIRST and GIF on the AS-magnitude images.
Red stars mark the mean across subjects. Differences between methods are largest in the
globus pallidus.

The number of voxels in each ROI for each subject is shown in figure 4.42. Though large
volume differences are shown for the thalamus, it is a large region and so the relative change
in volume is small. The large size and the fact that the χ value as compared to the surrounding
white/grey matter is small, mean that volume changes have little influence on the mean χ value
within the ROI. Relative to the size of the region, the globus pallidus ROIs vary the most across
methods followed by the putamen.
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Figure 4.42: All AS-magnitude ROIs: ROI volumes
The number of voxels in AS-magnitude derived ROIs. Red stars mark the mean across
subjects. Volume differences between thalamus ROIs are large, but lower as a percentage of
the total volume than in the globus pallidus.

An illustration of some poorly segmented ROIs is shown for an example subject in figure
4.43. The top row (a) shows ROIs calculated using Eve on the AS-susceptibility. The following
three rows are all derived from AS-magnitude images using Eve (b), FIRST (c) and GIF (d).
Rows a and b show a clear mis-segmentation of the caudate nucleus, and row a shows
enlarged globus pallidus ROIs at the expense of the putamen. Alternatively, when using Eve
on the AS-magnitude (b), the globus pallidus is much smaller, suggesting that different contrasts
between the putamen and the globus pallidus are observed on the magnitude and the SM.
FIRST ROIs (row c) are arguably the best match of the susceptibility contrast observed here,
although the boundary between the globus pallidus and the putamen is hard to see visually here
on the SM and also on the AS-magnitude images. FIRST may rely on prior knowledge of typical
putamen and globus pallidus shapes to segment these regions here, where there is no clear
contrast division. GIF globus pallidus ROIs are noticeably smaller.
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a

b

c

d

Figure 4.43: All AS-magnitude ROIs overlaid on SM
ROIs overlaid on the SM and mean χs for one subject. This slices are oriented 6° from
the axial plane. a) Eve ROIs generated using AS-susceptibility, b) Eve ROIs generated
using AS-magnitude image, c) FIRST ROIs generated using AS-magnitude image, d) GIF
ROIs generated using AS-magnitude image. Rows a) and b) show mis-identification of the
globus pallidus and caudate nucleus. Row c) shows that FIRST produces globus pallidus and
caudate nucleus outlines which more tightly conform to the contrast boundaries. GIF ROIs
have non-smooth outlines which can deviate from contrast boundaries.

For the same subject, mean χ values for all AS-magnitude derived ROIs and the Eve
AS-susceptibility ROIs are shown in figure 4.44. For this subject, the main differences are seen
in the caudate nucleus and globus pallidus. As observed in figure 4.43, the caudate nucleus is
mis-segmented in the Eve methods and this results in the reduced mean χ values seen here.
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Figure 4.44: All AS-magnitude ROIs: mean susceptibility values for single subject
Mean (± s.d.) χ values for the subject depicted in figure 4.43.
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4.4.6

Results: Radiologist Ranking of ROIs

The ranking scores are shown in table 4.7. Although Eve has the best (lowest) score for the
globus pallidus, it has a high total score due to poor performance in the other regions. Figure
4.45 shows the caudate nucleus ROIs for a representative subject. The consistently poor
performance of Eve in the caudate nucleus indicates a mismatch of susceptibility contrast in
this region (see figure 4.34). FIRST performs best in both the caudate and putamen, and comes
second in the globus pallidus, leading to a low overall score.

Eve
Rank 4

GIF
Rank 3

FIRST
Rank 2

GIF-MPRAGE
Rank 1

Figure 4.45: Caudate nucleus ROIs example
As demonstrated here, the caudate nucleus ROIs produced using Eve often extend beyond
the boundary, resulting in a consistently poor ranking for Eve caudate nucleus ROIs.

In the globus pallidus, AS-magnitude and MPRAGE-based GIF segmentations received
equal scores. However, in the caudate nucleus and putamen in 17 out of 20 cases GIF-MPRAGE
was ranked better than GIF AS-magnitude. Therefore, the process of calculating GIF regions
using the T1 -w MPRAGE and then propagating labels to AS-space can be considered to produce
more accurate ROIs than using the GIF algorithm directly on the AS-magnitude.

Eve

FIRST

GIF

GIF-MPRAGE

Caudate
Globus Pallidus
Putamen

40
13
30

17
17
10

26
35
34

17
35
26

Total

83

44

95

78

Table 4.7: ROI ranking scores
1 point for rank one, 2 points for rank 2, etc. such that lowest scores are best.
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4.4.7

Discussion

In this section, automatic sub-cortical segmentation using three different methods was
investigated. The ROIs produced using the different tools were assessed in terms of similarity,
size and reported regional mean χ values. Two of the tools, FIRST and GIF, were optimised
for use with T1 -w magnitude images. Eve, on the other hand, was developed to exploit SM
contrast, and enable the segmentation of structures such as the red nucleus which is invisible
on T1 -w images. The effect of using different magnitude image contrasts with the tools was also
investigated.
The first part of this work was intended to determine whether AS-magnitude images could be
used as an alternative to MPRAGE images, particularly using FIRST or GIF, which are optimised
for T1 -w images. DSCs for FIRST and GIF AS-magnitude and MPRAGE ROIs are relatively small
and differences in mean χ are smaller than 0.01 ppm. Despite this being a small change in mean
χ, in a study of CIS [172], significant differences in average χ values for healthy subjects and CIS
patients were as small as 0.015 ppm and in a comparison of healthy controls and MS subjects
[177], significant differences between group averages were found in all four (thalamus, putamen,
caudate nucleus and globus pallidus) ROIs and ranged in magnitude between 0.007 ppm and
0.021 ppm . Therefore, ROI differences resulting from using different contrasts for segmentation
may be large enough to influence conclusions drawn from large studies.
The second section of this work looked at the difference between using the AS-magnitude
versus the AS-susceptibility for Eve segmentation. In theory, SMs should be more appropriate for
registration of datasets as susceptibility is a tissue property and should not depend on imaging
parameters. The resulting ROIs from these two approaches differed greatly as was shown by
large DSCs and large volume changes. Figure 4.43 also illustrated some differences in reported
χ values. Visually the SMs appear to have better contrast matching than the magnitude images.
However, using the AS-susceptibility was found to result in oversized globus pallidus ROIs at the
expense of the putamen ROIs, showing that the SM was still not able to clearly distinguish the
boundary between the globus pallidus and the putamen. Neither Eve approach appears to be
suitable for this set of image contrasts.
In the third section, all methods were used on the AS-magnitude in a three-way comparison
of the methods. The globus pallidus was again seen to be the region which was least robust to
changes in the ROI method. Visual comparison of one subject showed mis-segmentations for
Eve and for GIF. FIRST derived ROIs appeared to better match the anatomy. This could be due
to the fact that FIRST introduces prior knowledge about the location of the globus pallidus when
the contrast is poor. This appears to work well for these subjects, but may fail when subjects
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show anatomical abnormalities [179]. GIF regions are smaller in general, suggesting they are
more conservative, which may help to mitigate partial volume effects. In many ways this was not
a fair comparison as image contrasts were not optimised for the different segmentation methods.
On the other hand, this provides a realistic scenario in that the imaging parameters were
chosen based on their suitability for susceptibility mapping rather than optimised for anatomical
segmentation, and anatomical images such as the MPRAGE are not available for every dataset.
The thalamus, caudate nucleus, putamen and globus pallidus were analysed in the most
detail as these regions were segmented by all three methods. The thalamus was found to be
the most consistent across all methods and image contrasts investigated. This is likely due to
the physical properties of this region. As it has a large volume, changes in region boundaries
have a small effect on the mean χ within the ROI. It is also separate from other deep grey
matter structures and the χ within the thalamus is similar to that in the surrounding white matter,
meaning that even if white matter is incorrectly included in the ROI, the mean χ is not greatly
affected.
The globus pallidus was the most inconsistent of all the regions. This has also been found in
previous studies [160]. In general, contrast in the globus pallidus is poor on magnitude images,
including MPRAGE images. The globus pallidus was visible on SMs, but the boundary with the
putamen was poorly defined. This meant that using Eve on the SMs produced large globus
pallidus volumes and smaller putamen volumes.
There are many limitations of this work. The population studied here is small (10 subjects)
and specific, in that healthy individuals all of the same age are studied. Conclusions drawn here
are likely to differ for populations of different ages, and perhaps to a greater extent in clinical
populations where clinical abnormalities such as severe atrophy may be present [179].
In this work, the magnitude images from one possible SM sequence are used.

The

AS-magnitude contrast here is more similar to T1 -w contrast than many other SM sequences
due to relatively short TE and TR. As such, the conclusions drawn here regarding the use of
SM sequence magnitude images for sub-cortical segmentation cannot be extended to all SM
sequences.
There is no gold-standard ROI in this work. Manually delineated ROIs are often used as the
reference standard, but in this study this was substituted for the less time consuming process of
ranking the ROIs in order of suitability.
Four grey matter structures were the focus of this work as they are common across all
methods and have been included in several previous studies. However, there are other ROIs
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which have been investigated as SM biomarkers, for example, the amygdala, which is also
segmented by all of the methods used here. From results here, the task of choosing a single
segmentation method which is optimal for all regions is complex.
χ values are not referenced to the mean χ in a particular region, but the mean χ across
the brain is set to zero as part of the Tikhonov susceptibility calculation. This is not of great
importance here as changes between methods within subjects is the primary interest. However,
this may account for any disagreements with published χ values in ROIs.
One of the metrics used here is the mean χ within ROIs. The median may be a more
reliable measure due to the influence of outliers on the mean. Within ROIs, use of the median
may reduce the impact of inaccurate ROI boundaries. Taking the median across the population
may help to exclude subjects where ROIs have been mis-segmented.
Though not one of the specific aims of this work, some of the benefits and drawbacks of
using the SM-based segmentation method, Eve, have been highlighted. Using Eve is appealing
as several regions are segmented which are not included in T1 -based methods and SMs provide
good contrast which could be exploited for segmentation.
Eve was not able to produce accurate ROIs due to the simplistic approach which registers
target images to either a magnitude image or SM template, and propagates labels. This method
fails when image contrasts do not match well. In this case, magnitude image parameters
were not well matched. Despite SM theoretically producing identical images regardless of the
sequence used (as susceptibility is an inherent tissue property), there were differences in the
SM contrasts. Whereas the Eve atlas represents the anatomy of a 33 year old healthy subject,
subjects in this study are 70 years old. This age mismatch may contribute to coregistration
difficulties. At this time there are large differences between SMs due to different processing
pipelines, where different pipelines may also introduce specific issues for coregistration. For
example, streaks may make coregistration more difficult, whereas methods which enforce
boundaries and smoothness may influence coregistration.
In this case, using Eve on MPRAGE images may have given more accurate ROIs. However,
this would defeat the purpose of using Eve here in an attempt to exploit SM contrast. The
incorporation of SM with other image contrasts as described by Feng et al. [179] and Cobzas et
al. [177] is likely to be key in improving the segmentation of problem regions such as the globus
pallidus, in addition to magnitude invisible regions such as the red nucleus.
The neuroradiologist rankings determined that FIRST is the best ROI method to use, with
the lowest combined score across all regions. However, it was not consistently ranked as the
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best in all regions, with Eve being ranked best for the globus pallidus. There are a number of
limitations to ranking the ROIs in such a manner. Firstly, although the methods and subjects
were ordered randomly, each of the methods has unique characteristics. GIF regions tended
to be smaller and less smooth (partly due to nearest neighbour resampling effects) than those
produced by Eve or FIRST. However, attempts to remove such characteristics moves away from
a true representation of the chosen method.
Second, the radiologist was asked to rank according to ‘anatomical accuracy’, the meaning
of which may be subjective. In some cases certain ROIs may be deemed more anatomically
accurate in terms of adhering to region contours, but may include partial volume effects, whereas
other methods may be ranked worse due to being smaller than the region itself, even though in
such cases there will be no partial volume effects. Nevertheless, the rankings give a good idea
as to where certain methods fail to correctly segment structures and the high overall score for
FIRST suggests that it is a good compromise, even in regions where it was not the top scorer.
The neuroradiologist rankings found MPRAGE-based GIF ROIs to be more accurate than
the AS-magnitude based GIF ROIs. A similar relationship is likely to exist for FIRST ROIs,
though these were not included in the ranking process. The DSCs between MPRAGE and
AS-magnitude based FIRST ROIs are higher than when using GIF, meaning the superiority of
MPRAGE-based over AS-magnitude based is likely to be less pronounced.

4.4.8

Conclusion

These results indicate that the choice of automatic ROI generation tool could affect conclusions
drawn based on average χs within ROIs in large SM studies as different methods used on the
same images resulted in average ROI value differences on the order of 0.01 ppm; greater for
problem regions such as the globus pallidus. This makes it difficult to directly compare χ values
between studies using different automatic segmentation tools. Calculation of the uncertainty in
ROI definition should be performed and the results interpreted accordingly.
In addition, the use of AS-magnitude rather than MPRAGE with FIRST and GIF led to
differences in mean χ values of up to 0.01 ppm.
Susceptibility maps generally show good contrast of sub-cortical structures, including the
globus pallidus, which can be hard to segment using T1-w images. However, as implemented
here, Eve ROIs were found to be unreliable. This was largely due to coregistration errors,
resulting from poor contrast matching between target and template images. Coregistration can
be improved in many ways, including acquisition of a more closely matched magnitude image.
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The results here are specific to the image contrasts produced by this particular sequence
and to the characteristics of the cohort. There are, without doubt, numerous ways in which the
quality of the ROIs could be improved. Nevertheless, this work indicates that the susceptibility
metrics resulting from ROIs produced by different methods and different contrasts can differ to
an extent which may impact upon conclusions drawn from large imaging studies into using χ
values as clinical biomarkers. As such, all studies reporting regional χ values should assess the
accuracy of ROIs and, if possible, perform more than one segmentation method to illustrate the
extent to which results are influenced by choice of segmentation method.
For this study, FIRST regions are chosen as the most anatomically accurate, as determined
by neuroradiologist rankings of ROIs overlaid on SMs.
There are many options for future work, including investigation of GRE sequence
parameters to optimise both magnitude image contrast for segmentation and phase contrast
for SM, and analysis of SM coregistration from different pipelines.
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4.5

Preliminary SM Results in 100 Subjects at the First
Time-point

In the preceding sections of this chapter the development of a SM pipeline for the Insight46
sub-study was described, which will be used for all subjects in the study at both time-points. The
SM pipeline will be integrated into the larger processing pipeline which reconstructs images for
all MRI techniques. The χ values extracted from the SMs can be used to investigate a number of
hypotheses regarding the association between magnetic susceptibility and the development of
AD. For example, the hypothesis that subjects with higher χ values in deep grey matter regions
are more likely to develop AD.
At this time only data from the first time-point was available and so hypotheses relating to the
development of AD could not be tested. In this section, preliminary data at the first time-point
from 100 subjects were analysed to investigate correlations between χ values in deep grey
matter regions and selected imaging, physiological and genetic measurements. This analysis
provides an insight into how the SMs can be used in the study. Hypotheses tested in this section
are:

• χ values are higher in subjects with at least one copy of the APOE E4 gene. As
discussed in section 4.1, presence of the APOE E4 gene is associated with higher AD risk
[124, 126].

• χ values are higher in subjects determined to be Aβ positive. As discussed in section
4.1, AD is characterised by accumulation of Aβ plaques. A recent PiB study found that in
subjects determined to be Aβ positive, more rapid decline in cognitive performance was
associated with higher χ [165].

• χ values are higher in subjects with lower haemoglobin levels. There have been
reports that there is an association between AD and anaemia [185, 186, 187]. Therefore,
lower haemoglobin levels may be associated with higher iron accumulation in the basal
ganglia. On the other hand, low haemoglobin levels can be indicative of iron deficiency,
which may be associated with depletion of iron stores. However, iron metabolism and
transport is very complex, particularly in the brain, and there may be no relation between
haemoglobin levels and levels of brain iron deposition. This speculative hypothesis is used
to test for any clear link between haemoglobin levels and magnetic susceptibility in the
basal ganglia.
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4.5.1

Methods

The choice between different methods for steps in the SM data processing pipeline was
discussed in section 4.3, building on the recommendations for processing data with oblique slices
outlined in section 4.2. When these results are taken into consideration, the final processing
pipeline for the data is as below:

• Coil combination: Combine channel phase using ASPIRE
• Multi-echo phase fitting: Fit the complex images as in [31]
• Unwrapping: Use PRELUDE to remove residual wraps
• Background field removal: Rotate images using FSL FLIRT (see section 4.2) then use PDF
with λ = 0.1
• Direct Tikhonov regularisation with λ = 0.05 and susceptibility correction factor calculated
as in [26]

ROIs were then segmented using FIRST on the first echo GRE magnitude images as FIRST
gave the most anatomically accurate ROIs on the SMs as assessed by a neuroradiologist
(see section 4.4 for discussion of automatic segmentation algorithms). The amygdala, caudate
nucleus, globus pallidus, putamen and thalamus were chosen as ROIs in line with previous SM
studies of AD (section 4.1.3) The SMs were unreferenced (see section 4.3.4 for discussion of the
advantages and drawbacks of χ referencing). Median rather than mean χ values were calculated
to minimise the influence of partial volume effects, which can occur when ROI outlines do not
adhere strictly to structure boundaries.

4.5.1.1

Statistical Analysis

The two-sample t-test with 5% significance level was used to determine whether median χ values
were different for groups with different APOE status or amyloid status. The Shapiro-Wilk test was
used to test for normality. Amyloid status is a summary measure of the Florbetapir-PET SUVR.
Subjects with SUVR above a threshold were determined to be Aβ positive.
The relationship between the median χ values for both PET SUVR and haemoglobin were
investigated using the Pearson correlation coefficient. Linear regression was performed for the
haemoglobin data and R2 values were calculated.
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4.5.2

Results

Median ROI χ values are plotted against the nominal iron concentration as given by Hallgren
et al. [144] in figure 4.46. The expected linear relationship between susceptibility and nominal
iron concentration is well reproduced in these 100 subjects. The caudate nucleus strays farthest
from the line of best fit. There are many possible sources for this discrepancy, including ROI
inaccuracies or an age effect which is not reflected in the Hallgren measure of iron content,
which calculates an average over 81 deceased patients of different ages.
Figure 4.47 shows how χ values in subjects with the E4/E4 genotype (i.e. two copies of the
E4 gene) compare to χ values in those with other genotypes. Although there was found to be a
significant difference between the two groups in the globus pallidus, the incidence of the E4/E4
genotype is low, which means the positive group is of insufficient size (N = 6) to draw conclusions
based on this data.
Although the E4/E4 genotype is associated with the earliest onset of AD, all carriers of
the E4 gene are thought to be at an increased risk of early AD development over non-carriers
[124]. Figure 4.48 shows the χ values for E4 carriers (at least one copy) versus non-carriers

Figure 4.46: Susceptibility values vs nominal iron concentration
Median χ values for deep grey matter ROIs are plotted against the nominal iron concentration
as given by Hallgren et al. [144]. Red markers represent the median value across all subjects.
In general, the expected linear relationship between nominal iron concentration and median
χ values is adhered to.
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Figure 4.47: Median susceptibility values of subjects with APOE E4/E4 genotype as compared to
other subjects
Median SM values for each subject in five bilateral ROIs. Subjects with the E4/E4 genotype
are shown in red and all other subjects are shown in black. Blue and yellow lines indicate the
mean across subjects in the two populations. The median χ in the two groups was found to
be significantly different (two-sample t-test) in the globus pallidus, but the number of APOE
E4/E4 subjects is very small.

(no copies). The results indicate that there is no difference in SM values between subjects with
at least one copy of APOE E4 and those with other genotypes. Using the two-sample t-test,
no statistically significant difference was found between the median χ values of the two groups.
Median χ values in the globus pallidus deviated from normality in the positive group and in the
thalamus for the negative group.
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Figure 4.48: Median susceptibility values of subjects with at least one copy of the E4 gene as
compared to subjects with no copy of E4
Median SM values for each subject in five bilateral ROIs. Subjects with at least one copy of
E4 are shown in red and all other subjects are shown in black. Blue and yellow lines indicate
the mean across subjects in the two populations. The median χ values are very similar for
the two populations and no significant difference between the groups was found.

Aside from a weakly positive correlation in the thalamus, there are no statistically significant
correlations between χ values and SUVR in the basal ganglia regions, as shown in figures 4.49
to 4.53. However, the SUVR used here is a global measure, therefore regional correlations with
χ values are not necessarily to be expected.
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Figure 4.49: Median susceptibility values vs SUVR: amygdala
Black markers: No E4, blue markers: one E4, red markers: two E4.

Figure 4.50: Median susceptibility values vs SUVR: caudate nucleus
Black markers: No E4, blue markers: one E4, red markers: two E4.
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Figure 4.51: Median susceptibility values vs SUVR: globus pallidus
Black markers: No E4, blue markers: one E4, red markers: two E4.

Figure 4.52: Median susceptibility values vs SUVR: putamen
Black markers: No E4, blue markers: one E4, red markers: two E4.
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Figure 4.53: Median susceptibility values vs SUVR: thalamus
Black markers: No E4, blue markers: one E4, red markers: two E4.

Figure 4.54 indicates that there is no statistically significant difference in median χ values
between Aβ positive subjects (high amyloid burden) and Aβ negative subjects (normal amyloid
burden). (The distribution of the median χ values in the globus pallidus deviated from normality
in the amyloid positive group).

197

Chapter 4. Brain Susceptibility Mapping in a Large Birth Cohort Study of Alzheimer’s Disease

Figure 4.54: Median susceptibility values of amyloid positive vs amyloid negative subjects
Median SM values for each subject in five bilateral ROIs. Amyloid positive subjects are shown
in red and amyloid negative subjects are shown in black. Blue and yellow lines indicate the
mean across subjects in the two populations. There is no significant difference between the
median χ values of the two populations.

Figures 4.55 to 4.59 show susceptibility versus haemoglobin in the amygdala, caudate
nucleus, globus pallidus, putamen and thalamus. Subjects are separated by sex as the normal
haemoglobin range is different for females (115-155 g/L, N = 46) and males (130-170 g/L,
N = 54). One female subject and two male subjects had haemoglobin levels below the normal
range. Weak negative correlations between haemoglobin and susceptibility were found in the
female caudate nucleus, globus pallidus and putamen, and the male amygdala. Weak positive
correlations were found in the female amygdala and the male caudate nucleus, globus pallidus
and thalamus. No correlation was found in the female thalamus and male putamen.
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Figure 4.55: Median susceptibility values vs haemoglobin: amygdala

Figure 4.56: Median susceptibility values vs haemoglobin: caudate

Figure 4.57: Median susceptibility values vs haemoglobin: globus pallidus
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Figure 4.58: Median susceptibility values vs haemoglobin: putamen

Figure 4.59: Median susceptibility values vs haemoglobin: thalamus

4.5.3

Discussion

Whereas previous work has focused on differentiating between AD, mild cognitive impairment
(mCI) and control groups, Insight46 is a prospective study and therefore most of the
subjects included in this preliminary analysis are considered to be healthy at this initial
time-point. Therefore, data analysis is limited to the comparison of imaging and physiological
measurements. However, the prevalence of Alzheimer’s amongst 70 year-olds in the UK [188]
suggests that a number of the the participants are likely to be in the pre-clinical stages of AD,
which will allow biomarker hypotheses to be tested at a later date.
Comparison with previous studies of SM in AD such as [160] and [162] is not possible as
these studies assess differences between clinical populations.
At this stage, no association was found between global SUVRs or amyloid status and
regional χ values. Regional SUVR values were not available for a region by region comparison.
Van Bergen et al. [163] found a significant difference between the susceptibility of APOE-E4
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positive and negative subjects within the caudate nucleus for both controls and MCI subjects, and
in several cortex regions for mCI subjects only. In this dataset, no significant differences were
found between APOE-E4 positive and negative groups.
Assuming that APOE status is strongly linked to a higher risk of developing AD [189], the
fact that no significant differences in χ values between APOE-E4 positive and negative subjects
were found indicates that χ values, and therefore iron concentrations, may not be indicative of a
higher AD risk. However, the number of subjects is small (and the number of subjects with two
copies of the E4 gene is very small) so there is a high chance of a false negative result. Use
of data from the second time-point, after disease onset, will be necessary to fully explore the
relationship between iron concentrations and risk of developing AD. Even if iron levels are not
elevated in the pre-clinical stages of the disease, they may be related to disease progression,
which cannot be tested until after disease onset.
Weak correlations were found between haemoglobin levels and χ values in certain
regions.

In deep grey matter regions iron takes non-haem forms, mostly in the form of

ferritin [141, 146]. The weak correlations observed here suggest that haemoglobin levels may
have some relationship with deep-grey matter non-haem iron concentrations (as measured by
magnetic susceptibility), though the nature of this relationship is not clear and appears to be
different for females and males. There is no clear evidence that lower haemoglobin levels are
associated with higher χ values (inferring higher brain iron deposition). Only three subjects were
considered to have haemoglobin levels below the normal range so it is not possible to infer any
relation between anaemia and iron accumulation in the basal ganglia. Data from the full set of
subjects may provide higher statistical power to determine whether the correlations observed
here are significant.

4.5.4

Conclusion

This preliminary analysis of the deep-brain χ values in 100 subjects proved the SM pipeline to
be highly robust, with successful coil combination, unwrapping, background field removal and
susceptibility calculation in all subjects with the requisite data.
An exploratory analysis of the deep-brain regional χ values was performed for the first
100 subjects in this cohort. Analysis of data from the full cohort from both time-points will
allow χ to be investigated as a potential biomarker for AD. APOE genotype, SUVR, Aβ status
and haemoglobin level were available for comparison with regional χ values. The results are
summarised below.
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No association was found between amyloid status and regional χ values. This neither
corroborates nor contradicts previous work into SM for AD as most studies have considered AD
subjects as compared to healthy controls. Additional data at later time-points regarding disease
status will be required in order to compare results with the previous work.
No relationship was been found between APOE genotype and susceptibility. This suggests
that increased iron accumulation is not associated with the APOE-E4 gene which has been
linked to a higher risk of developing AD, although the statistical power was limited by the relatively
small number of E4 carriers in these 100 subjects.
There were some weak correlations observed between haemoglobin levels and median χ
values. However, there was no clear relationship and the correlations depended on both sex and
region. Analysis of the full dataset will allow further investigation of these correlations.
More regions should be investigated, such as the hippocampus [163] and temporal and
frontal lobes [165], in order to compare with these previous studies.
As discussed in section 4.3.4 the χ values in this preliminary study are unreferenced due
to the difficulty of identifying a reference region which is easy to delineate and does not vary
with disease stage. Data from the full cohort can be used to analyse different reference regions
and assess their suitability. Though using a reference region will not change the results of
correlations between measurements within subjects, it may influence inter-subject differences.

202

Chapter 4. Brain Susceptibility Mapping in a Large Birth Cohort Study of Alzheimer’s Disease

4.6

Summary of Brain Susceptibility Mapping in a Large
Birth Cohort Study of Alzheimer’s Disease

In this chapter, the development of a susceptibility mapping processing pipeline for the Insight46
sub-study of the MRC NSHD was described. The addition of SMs to the comprehensive imaging
protocol provides the opportunity to investigate the link between iron concentration and AD,
which has been the subject of several recent studies which suggest susceptibility could be a
biomarker for AD. As compared to other SM and AD studies, the cross-sectional design of this
study allows differences due to disease status to be investigated without the need to account for
age-related changes in susceptibility which are not linked to disease. The breadth of imaging
and clinical data available for this cohort will allow χ values to be inspected with reference to a
range of metrics and biomarkers.
In imaging protocols designed specifically for susceptibility mapping, it is unlikely that
images will be acquired with tilted image volumes.

However, as a relatively new imaging

technique, susceptibility mapping is often retrospectively included in MRI studies, meaning
GRE images are not always optimised for susceptibility processing. When images have been
acquired with oblique imaging planes, the field maps can be rotated by resampling using spline
interpolation such that the new image vector, ŵ0 is aligned with B0 . PDF can then be used for
background removal. These recommendations can be followed whenever images have been
acquired with tilted image volumes, without compromising the quality of susceptibility maps.
In the development of the SM processing pipeline, methods for the different processing
steps from individual channel phase images to SMs were compared. Two channel-combination
methods, ASPIRE and COMPOSER were compared and ASPIRE was found to result in higher
quality phase matching. The methods have not been previously compared and the use of
ASPIRE has only been reported in four healthy volunteers. LBV and PDF background field
removal techniques were compared. PDF was chosen as it was found to be more robust with
regards to tilted image volumes. Tikhonov regularisation was selected for the susceptibility
calculation. Compared to TKD, Tikhonov regularisation resulted in fewer streaking artifacts
without loss of contrast. L-curve analysis was used to determine the optimal regularisation
parameter for this cohort.
A detailed comparison of three automatic ROI generation techniques was carried out to
determine how the difference between the anatomical boundaries of grey matter ROIs influence
regional χ averages. Using different ROI generation tools resulted in mean χ differences on the
order of 0.01 ppm (χ values in deep grey matter regions are typically between 0.01 ppm and
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0.2 ppm), which makes it challenging to compare and interpret results from studies which do not
use the same ROI generation technique. For this dataset, ranking by a neuroradiologist found
FIRST to produce the most anatomically accurate ROIs.
The pipeline was found to be robust and successfully produced SMs for the first 100 subjects
in the study. Average χ values were extracted and correlated with APOE genotype, PET uptake
values, Aβ status and haemoglobin levels. At this time no significant correlations were found
between deep-brain tissue χ values and the selected clinical and imaging measures. The
expected linear relationship between nominal iron content and χ values was satisfied by the
median χ values. The analysis carried out here provides a framework for future analysis of the
full dataset.
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In this thesis, applications of susceptibility-based MRI to PET-MRI of the brain were
investigated.
The potential of using susceptibility information to achieve attenuation correction for
PET-MRI was investigated (Chapter 3). Validation of a recent method which endeavours to
reconstruct the susceptibility distribution within the sinuses, teeth and bones, inside which there
is no MRI signal, was performed (section 3.3). The numerical phantom experiment described in
this section used the same numerical phantom which was used to generate previously published
results [106]. This validation produced some results which differed from the published results.
Namely, the χ values in certain regions did not converge towards the true value, but instead the
standard deviation of χ values within the regions increased with each iteration. This may have
been caused by amplification of errors introduced by streaking artifacts.
IPR was compared to three other SM methods (TKD, PDF+MEDI and TFI) using a more
realistic numerical phantom, which included the bone tissue class in addition to teeth, sinuses
and soft tissue. The results (shown in section 3.4) identified TFI as the most accurate method
for estimating χ values and segmenting air and bone/teeth. TFI also took the most computation
time. Numerical phantoms represent an ideal case which differs significantly from in vivo data.
However, they may be useful in future work for optimising parameters and exploring a range of
scenarios, such as metal implants or anatomical anomalies due to surgery.
Two in vivo studies were carried out to investigate the performance of SM methods for
PET-MRI AC. The first (section 3.5) used data from three healthy volunteers as a preliminary
investigation into the the application of SM-based methods to segment air and bone. The
pseudo-CT was used as the air/bone segmentation reference standard as the volunteers did not
have CT scans. As found for the numerical phantom (section 3.4), TFI was the most successful
method for segmenting air and bone. However, large segmentation errors were found. All
methods rely on creating an initial mask to identify regions of either air or bone. The results
obtained were found to be highly dependent on the definition of this initial mask. Further work
will investigate alternatives to using this mask, or ways to make the mask more accurate. For
example, using UTE or ZTE sequences may be able to capture enough signal from bone to make
the masking unnecessary, as in that case all regions with no MRI signal can be immediately
identified as air.
The second in vivo study (section 3.6) used data from subjects taking part in a PET-MRI
study of AD. As subjects underwent both PET-MRI and CT scans, the SM-based AC could
be compared to both CT-based AC (the most commonly used reference standard due to the
direct link between HU and tissue electron density) and pCT-based AC. The results showed that
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the TFI AC pipeline was the SM-based method leading to the lowest errors in PET images as
compared to CT-based and pCT-based AC. The errors in PET values close to areas of tissue
misclassification were on the order of 15%, which is much higher than the best-performing
methods in a multi-centre study [103]. Within the soft tissue, errors were much lower (<5% similar in size to errors in the multi-centre study). In general, SM-based methods resulted in
lower PET errors than the scanner implementation of AC which is based on UTE images.
There are several issues with SM-based AC. The methods investigated here aim to segment
SMs into three tissue classes: air, bone and soft tissue. This means each tissue class is
assigned a single attenuation coefficient, which can lead to errors when there is variation
between subjects and within tissue types.

All of the SM methods require a mask to be

generated which identifies soft tissue. In this work thresholding was used to create the soft
tissue mask, but areas of cancellous bone and bone with MR signal at short echo times
were misidentified as soft tissue.

TFI can have a long computation time, but the time is

less than atlas-based methods. To overcome some of these limitations, further work may
include continued investigation into SM calculation methods and their optimisation and physical
measurements of human tissue susceptibilities for validation. The susceptibility of different types
of bone has not been extensively studied and so it is difficult to assess the accuracy of calculated
χ values in bone. Another direction for future work is the extension of these techniques to other
regions of the body where SM-based AC may have more to offer over existing techniques.
In the second strand of work detailed in this thesis, a processing pipeline for SM data from
a large birth cohort study was developed (Chapter 4). This included investigating approaches to
correct for the effect of tilting image volumes (section 4.2) and comparing methods of automatic
ROI segmentation as applied to SMs (section 4.4). Some preliminary brain tissue susceptibility
results were analysed, which are shown in section 4.5.
SM techniques for each stage of the SM pipeline (i.e. field map calculation, background
field removal and SM calculation) were compared (section 4.3), allowing a choice of methods
for the processing pipeline to be made.

The chosen pipeline used the methods ASPIRE

(coil combination), multi-echo complex image fitting (field calculation), PRELUDE (removal of
residual phase wraps), PDF (background field removal), and direct Tikhonov regularisation (SM
calculation).
Informing the decision to use PDF for background field removal was the work performed to
investigate SM processing for data acquired with the image volume rotated with respect to the
B0 direction (section 4.2). Several different processing pipelines were tested, which included
the comparison of two background field removal techniques: LBV and PDF, and the rotation
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of images at different stages in the processing pipeline: rotating field maps before or after
background field removal. Using FSL Flirt to rotate field maps prior to background field removal
using PDF was found to be the best approach for avoiding rotation related errors in the SMs.
There is little existing work which discusses automatic ROI segmentation methods in relation
to susceptibility mapping. The definition of ROIs can have a large impact on the reported average
χ values in deep grey matter regions which are often used as a proxy for iron content. In many
studies manual delineation is used for ROI definition but in a large study this is impractical.
Therefore, three existing methods for automatic ROI generation were compared (section 4.4).
Two of the methods, FIRST and GIF, are optimised for use with T1 -w images, and the third
method, Eve, was developed to perform segmentation on SMs. In the first comparison all three
methods were performed on both the GRE-magnitude image and the MPRAGE image and for
each method reported mean χ values produced by the two ROI segmentations were compared.
In general, differences were on the order of 0.01 ppm, which is of a similar magnitude to the raw
χ values.
For Eve, the magnitude image or SM could be used for coregistration to the corresponding
Eve template. The choice of image contrast used for coregistration was found to have a large
effect on the resulting segmentations. The magnitude images from this study were not well
matched to the contrast of the Eve template, resulting in some poor quality segmentations.
Finally, the three methods were compared with each other when all used on the
GRE-magnitude image. Ranking of the appearance of the ROIs on the SMs by a neuroradiologist
found FIRST to be the most anatomically accurate in the majority of regions. Therefore, this
ROI segmentation tool was chosen for the analysis of the preliminary susceptibility data from
the large cohort study of AD.
In this work the globus pallidus segmentations were found to be the most inaccurate,
likely due to poor contrast on magnitude images. Due to superior contrast, using SMs to
aid segmentation may help to produce more accurate globus pallidus segmentations, but the
SM-based method used here (Eve) did not perform well enough to offer improvement over
magnitude image-based segmentation tools.
The preliminary results shown in section 4.5 included images from the first time-point of
100 study subjects, none of whom were diagnosed with AD. ROIs segmented using FIRST were
used to produce regional χ values in several deep-brain structures, and these were correlated
with other clinical and imaging measures. No association with regional χ values was found for
amyloid status, Florbetapir PET SUVR, or APOE genotype. The APOE genotypes with at least
one copy of the E4 gene have been shown to be associated with increased risk of developing AD
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earlier. Using susceptibility as a proxy for iron concentration, this suggests that any increased
risk related to the APOE E4 gene is not related to elevated iron concentration. Data from the
second time-point may provide more insight into AD risk and its relation to χ values in the brain.
Some correlations were observed between χ values and haemoglobin. However, the nature of
this association is not clear and more data are required to unpick this relationship.
In future work more regions will be investigated, such as the hippocampus and temporal and
frontal lobes to allow comparison with previous studies [165, 163]. An in-depth investigation into
the suitability of different susceptibility reference regions will be carried out using data from the
full cohort. Though using a reference region will not change the results of correlations between
measurements within subjects, it may influence inter-subject differences.
The SM processing pipeline developed in this work will be integrated into the larger Insight46
processing pipeline.

This will allow automatic generation of SMs for all subjects at both

time-points. Automatic segmentation will be used to extract average regional χ values which
can be compared to a range of clinical and imaging metrics including those mentioned here and
some additional metrics such as MMSE. Data from both time-points will help to shed light on the
association between brain iron and AD.
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Poster presentation · 25th Annual Meeting of the International Society for Magnetic Resonance
in Medicine (ISMRM), 22nd-27th April 2017, Honolulu, US
‘Variation of Regions of Interest (ROIs) using different tools for automatic ROI generation: The
impact on reported magnetic susceptibility values in QSM’
Poster presentation · 25th Annual Meeting of the International Society for Magnetic Resonance
in Medicine (ISMRM), 22nd-27th April 2017, Honolulu, US
‘Evaluation of air/bone segmentation using susceptibility-based imaging methods’
Poster presentation · Institute of Physics and Engineering in Medicine (IPEM), MRI in
Radiotherapy Meeting, 31st March 2017, Edinburgh, UK
‘Air/bone segmentation using magnetic susceptibility-based MRI’
Poster presentation and pitch · 25th British Chapter of the ISMRM Postgraduate Symposium,
24th March 2017, King’s College London, UK
‘Adapting the QSM processing pipeline for tilted image volumes’
Poster presentation · 4th International Workshop on MRI Phase Contrast and Quantitative
Susceptibility Mapping, September 26th-28th 2016, Medical University of Graz, Austria
‘Comparison of MRI magnetic susceptibility-based methods to differentiate air and bone’
Poster presentation and study group power pitch · 24th Annual Meeting of the ISMRM,
7th-13th May 2016, Singapore
‘Evaluation of an iterative phase replacement method for susceptibility mapping in regions with
no MRI signal’
Poster presentation and pitch · 24th British Chapter of the ISMRM Postgraduate Symposium,
1st April 2016, King’s College London, UK
‘Magnetic dipole field fitting for identification of air and bone using MRI: An in-vivo study ’
Poster presentation and pitch · 21st British Chapter ISMRM Meeting, 9th-11th September
2015, University College London, UK
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