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Abstract
Magnetic Resonance Imaging (MRI) generally only uses the magnitude of the
acquired complex signal. In many contexts the signal phase also contains useful
information, however. The phase which accrues between signal excitation and
acquisition in a gradient-echo sequence, for instance, is proportional to the local
deviation from the static magnetic field. This is related to the magnetic susceptibility
of the tissue, providing a contrast mechanism which is exploited in Susceptibility
Weighted Imaging (SWI) and Quantitative Susceptibility Mapping (QSM), which
allow veins and the iron accumulation to be visualized. In modern MRI, an array of
small surface coils close to the region under examination is often employed to
increase signal-to-noise ratio (SNR) and to make accelerated “parallel imaging”
possible. This gives rise to the need to combine the data from each coil element to
one image. Magnitude signals can be combined using a straightforward approach
(e.g. addition), but combining phase information is not trivial because each coil is
subject to a phase “offset”, which varies over the image and is different for each coil.
An additional problem in processing phase images is that measured phase is limited
to a 2𝜋 range. Values outside this range are “wrapped”.
The aim of this project was to develop a more noise-robust and less
computationally intensive method for combining phase images from multi-channel
coils and multi-echo acquisitions than an existing method, called Multi-Channel
Phase Combination using measured 3D phase offsets (MCPC-3D-I).
Multi-echo MRI sequences acquire the signal a number of times after excitation.
While the signal magnitude decays exponentially over time, the phase changes
linearly. This temporal behavior is utilized to combine the phase images. In the
method developed here - MCPC-3D-S (where S stands for Simple) - the number of
images which need to be unwrapped is reduced from 2𝑛 + 1 in MCPC-3D-I, where
𝑛 is the number of coils, to just 1 – the combined phase difference image. The
robustness is also increased because the combined phase difference image has higher
SNR than the 𝑛 single-coil phase images. Two additional variants of this phase
combination approach have also been developed. In the first,
UMPIRE_COMBINATION, the UMPIRE temporal phase unwrapping method is
applied to unwrap the phase difference image. The second, “A Simple Phase Image
Reconstruction for multi-Echo acquisitions” (ASPIRE) obviates the need to unwrap
phase images entirely. Both are subject to certain echo time relations and minimum
numbers of echoes. By avoiding the need for spatial unwrapping, ASPIRE and
UMPIRE_COMBINATION are well suited to implementation on the MR
reconstruction hardware. Both approaches, as well as the unwrapping algorithm

UMPIRE were implemented in the Siemens ICE framework to run on the MR
scanner’s reconstruction computer.
All three methods developed (MCPC-3D-S, UMPIRE_COMBINATION and
ASPIRE) have much lower computational demand than MCPC-3D-I and show
improved accuracy when applied to 7 T in-vivo brain data acquired from healthy
subjects. The ASPIRE method was the most robust and computationally light
approach. UMPIRE_COMBINATION was susceptible to some measurement
artifacts in low SNR regions. The robustness and the low computational demand of
ASPIRE make it suitable for on-console combination of phase images, and is
expected to contribute to the clinical adoption of SWI and QSM.

Kurzfassung
In der Magnetresonanztomographie (MRT) findet typischerweise nur die Magnitude
des gemessenen komplexen Signals Verwendung, in der Phase ist jedoch häufig
ebenso wertvolle Information enthalten. Die Phase, die bei einer
Gradientenechosequenz in der Zeit zwischen Anregung und Messung des Signals
entsteht, ist proportional zur lokalen Abweichung des statischen Magnetfeldes,
wodurch der weitere Zusammenhang zur magnetischen Suszeptibilität des Gewebes
gegeben ist. Die magnetische Suszeptibilität wird zur Kontrasterzeugung in
suszeptibilitätsgewichteter
Bildgebung
(SWI)
und
quantitativer
Suszeptibilitätskartierung (QSM) genutzt und ermöglicht somit die Visualisierung
von Venen oder Eisenablagerungen im Gewebe. Moderne MRT Scanner verwenden
ein Gitter aus Oberflächenspulen, die in direkter Nähe des gemessenen Körperteils
angebracht werden, wodurch das Signal-Rausch-Verhältnis verbessert wird und eine
beschleunigte Bildgebung durch die parallele Aufnahme an den Spulen ermöglicht
wird. Die daraus resultierende Notwendigkeit, die Aufnahmen der einzelnen
Spulenelemente zu einem einzigen Bild zusammenzufügen, kann für
Magnitudenbilder unkompliziert gelöst werden: beispielsweise in Form von
Addition der Einzelkanalphasen. Die Kombination von Phasenbildern ist jedoch
nicht trivial, da Aufnahmen jeder Spule einer anderen Phasenverschiebung
unterliegen, welche zusätzlich auch örtlich variiert. Eine weitere Schwierigkeit im
Zusammenhang mit der Verarbeitung von Phasenbildern stellt die Limitierung der
gemessenen Phasenwerte auf einen Bereich von 2𝜋 dar. Außerhalb liegende Werte
werden modulo 2𝜋 gemessen, was als wrapping bezeichnet wird und deren
Rekonstruktion als unwrapping.
Das Ziel dieser Arbeit war die Entwicklung eines Verfahrens zur Kombination
von Phasenbildern von Multikanal-Spulen und Multi-Echo Aufnahmen, das robuster
gegenüber Rauschen ist und weniger Rechenaufwand benötigt als die existierende
Methode Multi-Channel Phase Combination using measured 3D phase offsets
(MCPC-3D-I).
Nach der Anregung nehmen Multi-Echo Sequenzen das Signal zu mehreren
Zeitpunkten auf. Während die Magnitude des Signals exponentiell über die Zeit
abfällt, ändert sich die Phase linear mit der Zeit. Das lineare zeitliche Verhalten der
Phasenbilder wird für deren Kombination verwendet. Die in dieser Arbeit
entwickelte Methode MCPC-3D-S (wobei S für Simple steht) benötigt nur einen
einzigen unwrapping-Schritt, anstelle von 2𝑛 + 1 unwrapping-Schritten wie in der
MCPC-3D-I Methode (wobei 𝑛 für die Anzahl der Spulenelemente steht).
Zusätzlich ist die Robustheit verbessert, da das kombinierte Phasendifferenzbild ein

höheres Signal-Rausch-Verhältnis aufweist als die Phasenbilder der 𝑛
Einzelkanalspulen. Darüber hinaus wurden zwei weitere Varianten dieses
Phasenkombinationsverfahrens
entwickelt.
Die
erste
Variante,
UMPIRE_COMBINATION, nutzt UMPIRE als Methode für zeitliches Phasenunwrapping des kombinierten Phasendifferenzbildes. Die zweite Variante, A Simple
Phase Image Reconstruction for multi-Echo acquisitions (ASPIRE), benötigt kein
unwrapping der Phasenbilder. Die Echozeiten beider Methoden müssen bestimmten
Relationen genügen und eine Minimalanzahl an Echos ist erforderlich. Indem das
räumliche unwrapping umgangen wird eignet sich sowohl ASPIRE als auch
UMPIRE_COMBINATION gut für eine Implementierung auf dem MRT Scanner.
Beide Verfahren und auch der unwrapping Algorithmus UMPIRE wurden in dem
Siemens
ICE
Framework
implementiert
und
stehen
auf
dem
Rekonstruktionscomputer des Scanners bereit zur Ausführung.
Alle drei entwickelten Methoden (MCPC-3D-S, UMPIRE und
UMPIRE_COMBINATION) benötigen deutlich weniger Rechenaufwand als
MCPC-3D-I und zeigen zusätzlich eine verbesserste Genauigkeit in der Anwendung
auf in-vivo Gehirndaten von gesunden Probanden, aufgenommen mit einem 7T
MRT Scanner. ASPIRE zeigte sich als die robusteste und auch rechnerisch am
wenigsten aufwändige Methode. UMPIRE_COMBINATION war anfällig für
Messartefakte in Regionen mit geringem Signal-Rausch-Verhältnis. Durch die
Robustheit und den geringen Rechenaufwand von ASPIRE ist diese Methode
geeignet für die Kombination der Phasenbilder direkt am MRT Gerät. Es ist
ebenfalls zu erwarten, dass ASPIRE zur klinischen Einführung von SWI und QSM
beiträgt.
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1 Introduction
1.1 Magnetic Resonance Imaging
In Magnetic Resonance Imaging (MRI), nuclear spins placed in a strong magnetic
field are utilized to obtain information about tissue properties. Usually the proton
spins of water molecules are chosen and tissue properties such as proton density and
relaxation times are retrieved to produce a clinically relevant contrast between
different types of tissue. The information of the magnetic susceptibility is also
inherent to MRI data, but is more difficult to reconstruct. The physical phenomenon
exploited is Nuclear Magnetic Resonance (NMR) [1] and the important aspects for
MRI are described in the following section.

1.1.1 Boltzmann Statistics
If a proton is placed in a magnetic field 𝑩𝟎 , its magnetic moment, or spin, starts
precessing with the Larmor frequency 𝜔0 = 𝛾𝐵0 , where 𝛾 is the gyromagnetic ratio
specific for to protons. On the level of quantum mechanics, the single spins have no
actual direction they point to, as there is no measurement performed which makes
the quantum wave function collapse into single-particle eigenstates [2]. Still, the
average magnetic moment 〈𝝁〉 precesses around 𝑩𝟎 . To calculate the equilibrium
magnetization of the nuclear spins, the system can be projected into the two spin
eigenstates |↑⟩ and |↓⟩ with the respective energies 𝐸↑ and 𝐸↓ . The two eigenstates
have different energy levels according to the Zeeman effect, with 𝐸↑,↓ = 𝐸0 ∓
ℏ𝛾𝐵0 /2, where ℏ is the reduced Planck constant. The probability 𝑃↑ of measuring a
spin in the state |↑⟩ is given by the Boltzmann distribution:
exp(−𝐸↑ /𝑘𝑇)
𝑃↑ =
exp(−𝐸↑ /𝑘𝑇) + exp(−𝐸↓ /𝑘𝑇)
=

exp(ℏ𝛾𝐵0 /2𝑘𝑇)
,
exp(ℏ𝛾𝐵0 /2𝑘𝑇) + exp(−ℏ𝛾𝐵0 /2𝑘𝑇)

1

where 𝑘 is Boltzmann’s constant and 𝑇 is the thermodynamic temperature. The
expression for 𝑃↓ only differs by the sign of the exponent in the numerator. With the
absolute value of the proton spin ℏ𝛾/2, the net longitudinal magnetization per
nucleus 𝜇𝑧 can be written as:

1

〈𝜇𝑧 〉 =

ℏ𝛾
ℏ2 𝛾 2 𝐵0
(𝑃↑ − 𝑃↓ ) ≈
2
4𝑘𝑇

2

The approximation in Eq. 2 is valid as long as the term ℏ𝛾𝐵0 /2𝑘𝑇 is small, so that
higher orders of it can be neglected, which is valid for all realistic MRI experiments.
When performing a measurement, the magnetization is never measured for single
protons, but always the net magnetization, which is the sum of magnetizations for
the protons within a region.

1.1.2 Radio Frequency Pulse
In order to perform a meaningful measurement of the magnetization, a radio
frequency (RF) pulse, which is closely tuned to the precession frequency 𝜔0 is
applied. This RF pulse causes all the spins to coherently rotate by the same angle,
which corresponds to a rotation of the net magnetization by this angle. A 90° pulse,
for instance, flips the net magnetization into the orthogonal plane and afterwards,
the net magnetization starts to precess around the axis of the magnetic field 𝑩𝟎 . Due
to its macroscopic size, the projection of the rotating net magnetization can then be
measured via induction in receiver coils.

1.1.3 MRI Signal Equation
The MR signal induced in the coil 𝑆(𝑡) equals to the proton density 𝜌(𝒓) times the
direction of the local magnetization integrated over the measured volume [3]:
𝑆(𝑡) =  ∫ 𝜌(𝒓)exp(𝑖𝜑(𝒓, 𝑡))𝑑𝒓

3

Taking into account time dependent, local deviations of the main magnetic field, the
accumulated phase 𝜑(𝒓, 𝑡) of the magnetization is described as the precession
frequency integrated over time:
𝑡

𝜑(𝒓, 𝑡) = − ∫ (𝜔0 + Δ𝜔(𝒓, 𝑡 ′ ))𝑑𝑡′

4

0

The signal is best described in the rotating frame of reference, in which 𝜔0 vanishes
and only Δ𝜔(𝒓, 𝑡) remains. In an experiment this is done via demodulation of the
signal with the reference frequency 𝜔0 .
𝑡

𝑆(𝑡) = ∫ 𝜌(𝒓)exp (−𝑖 ∫ Δ𝜔(𝒓, 𝑡 ′ )𝑑𝑡 ′ ) 𝑑𝒓
0

2

5

1.1.4 Formulation in k-space
The use of an imposed gradient in the main magnetic field 𝑩𝟎 to establish a
relationship between the position of the spins and their precessional frequency
allows the proton density distribution 𝜌(𝒓) to be extracted from the signal [4]. This
process is called frequency encoding. With the application of a linear gradient 𝑮(𝑡),
the formulation of the MRI signal from Eq. 5 changes to
𝑡

𝑆(𝑡) = ∫ 𝜌(𝒓)exp (−𝑖 ∫ γ𝐫 ⋅ 𝐆(t ′ )𝑑𝑡 ′ ) 𝑑𝒓 .

6

0

A convenient formalism for describing the phase created by the gradients is the kspace notation [5]. The 𝒌 value is defined by
𝑡

𝒌(𝑡) = 𝛾 ∫ 𝑮(𝑡 ′ )𝑑𝑡 ′ ,

7

0

which simplifies Eq. 6 to
𝑆(𝑡) = ∫ 𝜌(𝒓)e−𝑖𝒓⋅𝒌(𝑡) 𝑑𝒓

8

This motivates the notation in terms of 𝒌, as the signal only depends on the value of
𝒌(𝑡) and not directly on the time.
𝑆(𝒌) = ∫ 𝜌(𝒓)e−𝑖𝒓⋅𝒌 𝑑𝒓

9

The right side of Eq. 9 resembles a Fourier transformation between the proton
density and the measured signal in k-space. By applying the inverse Fourier
transformation, the proton density can be recovered from the signal:
𝜌(𝒓) = ∫ 𝑆(𝒌)𝑒 𝑖2𝜋𝒓⋅𝒌

10

In most practical MRI scenarios, the 𝒌 values are sampled in a grid, either in 3D or
in 2D if a slice is acquired, and the discrete Fourier transformation is applied to
obtain the image. Figure 1 illustrates the connection between measured points in kspace and the reconstructed image after Fourier transformation. Traversal of k-space
is achieved by applying linear gradients with specifically designed gradient coils.
The different acquisition schemes range from measuring one point in k-space per RF
excitation pulse to measuring the whole k-space after one excitation.

3

Figure 1: On the left side are the measured points in k-space for a 2D slice acquisition and on the right side is
the magnitude of the resulting image after Fourier transformation. Reproduced from Ref. [6]

1.1.5 Relaxation Times
There are different relaxation effects causing the measured magnetization to
decrease exponentially [7]. The first effect is longitudinal relaxation with the
relaxation time 𝑇1 . It is also called spin-lattice relaxation, as the magnetic
interactions between the protons (spins) and neighboring nuclei (lattice) are
responsible for the return into equilibrium. This causes the net magnetization to
rotate towards equilibrium magnetization in the direction of 𝑩𝟎 , but doesn’t change
the size of it. However, the energy of the spin system is lowered as it gets closer to
the energy minimum and is given to the lattice as thermal energy.
Another important value for MRI is transversal relaxation with the relaxation time
𝑇2 . On an atomic scale, the protons experience different local magnetic fields, which
on average equal the main magnetic field strength. This and random magnetic
interactions between spins cause them to lose phase coherence and thus leading to
relaxation in the transverse plane. However, this only influences the magnitude and
not the angle of the net magnetization vector. The longitudinal relaxation also adds
to transversal relaxation, as it decreases the transversal component of the net
magnetization.
The last relaxation process discussed here is the effective transversal relaxation
with the relaxation time 𝑇2∗ . It includes the contribution of the dephasing effects of a
magnetic field with macroscopic inhomogeneities inside one voxel. These
inhomogeneities arise mainly due to different magnetic susceptibilities present in
different biological structures.
From this short description it can be concluded that the relaxation times fulfill
𝑇1 > 𝑇2 > 𝑇2∗ and are related to inherent properties of the material under

4

investigation. The signal which is actual measured is the local proton density
attenuated by the effects of the different relaxation times. By choosing the Echo
Time 𝑇𝐸 , which is the time between excitation and the center of the echo signal,
different weightings of the relaxation times 𝑇1 and 𝑇2∗ can be obtained.

1.1.6 Ernst Angle
When performing a repeated excitation, only the part of the signal that has already
relaxed via the 𝑇1 relaxation is excited again. The previously excited spins can still
interfere with the new measurement, which for a gradient echo sequence is prevented
by applying a spoiler gradient that dephases the remaining signal in transversal
direction. For repeated excitations with the repetition time 𝑇𝑅 , the choice of the flip
angle is critical for determining the signal intensity and contrast. With a lower flip
angle, less signal is excited, but more is remaining for the next excitation. The
optimum SNR is achieved when using the Ernst flip angle 𝜃𝐸 with the relation [8]:
𝜃𝐸 = arccos (𝑒

𝑇
− 𝑅
𝑇1 )

11

1.1.7 MRI Hardware
The main hardware components of an MRI scanner are the magnet producing the
static field 𝐵0, the gradient coils and the transmit and the receive radiofrequency
coils. The strength of 𝐵0 ranges between 0.35 T and 15 T, with the achievable
resolution increasing with field strength. Most MR scanners use a superconducting
magnet, which is cooled to 4 K by liquid helium. There are three different sets of
gradient coils allowing the production of linear gradients in all directions. Figure 2
shows the principle for a gradient coil, producing a gradient perpendicular to the
direction of the main magnetic field. During an MRI measurement, the gradient coils
are switched rapidly, which produces vibrations and the loud noise associated with
MRI scanners. The next important hardware component is the transmit coil. It
produces the RF pulse to rotate the net magnetization. Transmit coils are often
volume coils with a cylindrical shape and are available in different sizes ranging
from a large whole body coil integrated in the MR scanner (up to 3 T) to smaller
head, knee or ankle coils, which are fixed to the bed or patient and moved into the
scanner bore for a particular measurement. The transmit coils are usually also
capable of receiving the MR signal in form of the precessing magnetization vector,
however, with a low SNR compared to special receive coils. Receive coils can be
volume coils, but there are also surface coils, which are very sensitive close to the
coil at the cost of reduced coverage. To circumvent this shortcoming and combine

5

the high SNR with a bigger volume, an array of surface coils can be used, called the
NMR phased array [9]. An example of a 32-channel head coil is shown in Figure 3.
Phased array coils also allow the acquisition to be accelerated by reducing the phaseencoding steps with sensitivity encoding [10].

Figure 2: Gradient coil for a gradient in y-direction. The direction of the main magnetic field 𝐵0 is along the
cylinder. Reproduced from Ref. [6]

Figure 3: 32-channel head coil, with (A) the transmit birdcage part, (B) the preamplifiers and (C) the array of
receive coils. Reproduced from Ref. [11].

1.2 Gradient-echo Imaging
There is a great number of acquisition sequences in MRI. The sequence details
determine the final resolution of the image, the weighting of different tissue contrasts
and the limitations of that sequence and they also have a great impact on
measurement artifacts present.
The sequence used for this study is gradient-echo imaging [12]. In the k-space
view, one line of k-space is read out at a time after the excitation with an RF pulse.
Figure 4 illustrates the acquisition of one line in a 2D k-space. Directly after the RF
pulse, the current k-space point lies in the center, which can be formally seen in
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Equation 7 with the time 𝑡 = 0. Before readout, the gradients are applied such that
the current k-space point is shifted to the beginning of the line to be acquired. When
the readout starts, only the readout gradient is active, moving the k-space point along
that line and the signal induced in the readout coil is sampled at the required points
in k-space1.

Figure 4: Acquisition of one line in a 2-dimensional k-space. The arrow beginning from the center of k-space
shows the k-values traversed after excitation. First the gradients are applied such, that the current point in kspace is shifted to the beginning of the line to be acquired, then the readout gradient moves the point along that
line. Reproduced from Ref. [13]

The gradient-echo sequence can be performed as a 2D acquisition of one slice after
another or as one 3D volume. Figure 5 shows the sequence diagram of a 2D
acquisition. The z-gradient, which is in the slice direction, is applied during the
excitation of the spins with the RF pulse. This z-gradient causes the precession
frequencies to shift depending on their position along the z-direction and the RF
pulse excites only the spins with the precession frequency corresponding to the RF
pulse frequency. Thus, by choosing the RF pulse with a specific frequency and
bandwidth, a slice profile is selected for excitation. To obtain the image of the
selected slice, the corresponding two-dimensional k-space is sampled. The so-called
phase-gradient is applied to move to the line in k-space and a negative readout
gradient is applied to move to the beginning of that line and the readout is performed.
The process starting with excitation is repeated for all lines in k-space and for each
slice.

1

The line is usually sampled with a very high frequency and the required points in k-space are
obtained by downsampling.

7

Figure 5: Sequence diagram of a 2D gradient-echo acquisition. The diagram represents the measurement of one
line in k-space and is repeated for all the lines with different slice and readout gradients (as depicted in the
diagram). The slice gradient is applied during the RF-pulse to excite only the selected slice. Before the readout,
the phase encoding gradient is applied and a negative readout gradient. During readout only the readout
gradient is active and the signal echo is obtained. Reproduced from Ref. [12]

The sequence diagram for the 3D acquisition is shown in Figure 6. For the 3D
acquisition the whole volume is excited and thus the corresponding k-space is also
three-dimensional. The difference compared to 2D acquisition is that no gradient is
active during excitation. The z-gradient is used at the same time as the phase
encoding gradient and moves the current point in k-space to the z-position of the
selected line, while the phase encoding gradient moves to the y-position. The readout
of a line in x-direction is performed similar to the 2D acquisition, with a negative
rewind gradient before readout and only the readout gradient active during readout.
The 3D acquisition has the advantage of better SNR, as the signal from a whole
volume is measured instead of from a single slice.

8

Figure 6: Sequence diagram of a 3D gradient echo acquisition. The whole 3D volume is excited with the RFpulse and afterwards the slice and phase encoding gradients are applied to move to the corresponding k-space
line to be measured and a negative readout gradient to move to the beginning of that line. During readout only
the readout gradient is active and the signal echo is obtained. Reproduced from Ref. [12]

1.3 MRI Phase
In MRI measurements, the magnitude of the signal is mainly used as the source of
information, as it relates to the relaxation times. However, the complex MRI signal
also possesses phase information which reflects the local magnetic field strength and
thus is related to the magnetic tissue properties. MRI phase methods are now an
emerging field of study. Phase information is used as an additional contrast in
susceptibility weighted imaging [14] and to calculate quantitative susceptibility
maps (QSM) [15] as well as susceptibility tensor images [16]. From the phase
evolution one can derive a fieldmap, which is used for the correction of distortions
[17] or the optimization of shimming [18]. Furthermore, phase images allow the
detection of iron accumulations in the brain [19], the measurement of the tissue
conductivity [20] and tissue elasticity [21], the monitoring of the temperature [22]
and the measurement of the flow velocity [23].
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1.3.1 Unwrapping Phase Ambiguities
One step necessary in processing phase images is “unwrapping” of measured phase
values. Wraps occur due to the inherent limitation of the phase range to 2𝜋, which
is evident as phase ambiguities. Phase wraps are more pronounced at higher field
strength, as the phase evolution per unit time increases. An example of a wrapped
phase image and the unwrapped version is shown in Figure 7, which was acquired
at a field strength of 7 T.

Figure 7: Phase unwrapping of a single channel from a 32-channel head coil using Cusack unwrapping [24]

There are two classes of unwrapping algorithms, spatial and temporal. Spatial
algorithms such as Cusack’s method [24] or PRELUDE [25] work well in connected
regions, but are inefficient in moderately complex geometric patterns and cannot
correctly resolve wraps if some portions of the object are disconnected from the rest
and are generally computationally expensive [26]. The temporal algorithms, on the
other hand, perform well in complex geometric patterns, however require a multiecho acquisition with particular constraints on the echo times. The general approach
of temporal unwrapping is to process the image voxelwise and determine the
unwrapped phase values from the time series at different echo times. The simplest
way to obtain an unwrapped phase image is to use two echoes with the difference
between the two echo times short enough that the phase evolution stays in a 2π range.
The phase difference between the two echo times can be folded into the 2π range
and no wraps remain, however, the resulting unwrapped phase image has lowered
SNR because of the difference operation involved. This unwrapped difference image
can either be the final result or it can be used as a template for further unwrapping
of the original phase data, which for example is done in CAMPUS [27] . However,
the requirement of the phase difference without wraps limits the application to low
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field strengths or regions with low 𝐵0 field inhomogeneity. The following methods
overcome this limitation by utilizing more than two echoes. The UMPIRE [26]
method requires three echoes with an uneven echo spacing to calculate a difference
of phase differences, which corresponds to the phase evolution of an arbitrary short
time. This can be chosen to contain no wraps and serves as the template for further
unwrapping. The maximum likelihood approach of MAGPI [28] requires echo
times, which are optimized for minimum ambiguity in phase wraps and allows a
high SNR fieldmap to be achieved. However, the computational expense of MAGPI
is considerably higher than the temporal methods CAMPUS and UMPIRE, limiting
the use of MAGPI to offline application, whereas CAMPUS and UMPIRE could be
considered for unwrapping on the MRI scanner’s reconstruction computer, where
the reconstruction time needs to be short compared to the whole measurement time.

1.3.2 Combining Phase Data from Multi-Channel RF Coils
The measured phase consists of an echo time dependent part, which represents the
local variations of the static magnetic field and an echo time independent part, the
phase offset 𝜑0 [29]. The formulation for the phase offsets is given in the theory
section in Equations 12 and 13. One part of the phase offset 𝜑0 are artifacts from the
receiver or transmitter chain, including drift of the frequency synthesizer, inadequate
bandpass filters or non-centered k-space (e.g. pulse timing errors, eddy currents or
imperfect encoding gradients). The remaining part of 𝜑0 is related to the spatial
variation of the receive field 𝐵1 in the imaged object, which is the magnetic field
which would be produced by the receiving coil and relates to the complex sensitivity
of the individual coil. The spatial variation of 𝐵1 is pronounced at ultra-high field
strength due to a higher RF wavelength in tissue and the dependence on the coil is
especially important with phased array coils. Therefore, for the combination of the
phase data from a phased array coil, especially at high field strength, the receiver
offsets have to be taken into account.
The methods for combining multi-channel phase data use either a single echo
acquisition, a multi echo acquisition or a single echo acquisition with a reference
scan. Single echo approaches combine the phase data to improve the signal to noise
ratio (SNR), however they leave an arbitrary phase offset remaining, and thus the
phase values do not reflect Δ𝐵0 uniquely. This can influence certain methods, like
QSM, where additional non-harmonic phase sources can corrupt the susceptibility
reconstruction [30]. Examples of single echo approaches are the Virtual Reference
Coil (VRC) method [31], which creates a reference phase to which each coils phase
is transformed before combination, and the adaptive combine method (AC) [32],
which uses an SNR optimal approach, but leads to phase errors and signal voids in
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certain cases [33]. A common approach with a reference scan is the Roemer/SENSE
[9, 10] approach, which uses the volume coil as a reference to estimate coil
sensitivity maps and then combines the phases using these sensitivity maps as well
as a noise correlation matrix. This approach does not remove the individual phase
offsets, but it substitutes them with the 𝐵1 field from the volume coil. The next
methods all estimate 𝜑0 to subtract it from the original phase data, which can then
be combined using a weighted complex sum. MCPC-3D-II [34] uses a lower
resolution dual echo reference scan and calculates 𝜑0 by weighted subtraction of the
two echoes after offline computation including spatial unwrapping. COMPOSER
[35] uses an short echo time reference scan, which can be directly treated as 𝜑0 , as
the contained phase evolution is negligible. The downsides are the requirement for
a reference scan with a very short echo time and when not integrated into a single
sequence the need for coregistration with the possibility of geometric errors. The
simplest multi-echo approach is to calculate a Hermitian Inner Product (HiP) [36]
between two echoes, however, resulting in an image with low SNR. The method is
different from those described in that it produces only one combined image
corresponding to the phase evolution in the difference between the echo times of the
two contributing echoes. Other multi-echo approaches are MCPC-3D-I [34], which
calculates 𝜑0 from the unwrapped multi-echo data by weighted subtraction or
MAGPI [28], which performs maximum likelihood analysis of the data. However,
both approaches need extensive computation, which limits their application to
offline reconstruction. Another multi-echo combination approach is singular value
decomposition [37], processing the image on a pixel by pixel basis. This leads to
arbitrary offsets for individual pixels, therefore only phase difference images with
lower SNR contain useful information.

1.4 Aim
The aim of this project was to develop the new phase combination method MCPC3D-S that is derived from MCPC-3D-I with the same goal of combining the phase
strictly related to magnetic susceptibility without phase ambiguities. The acquisition
requirement for the new method remains the same with at least two echoes. The
number of unwrapping steps is reduced to lower the computational expense and the
unwrapping is performed on data with higher SNR to reduce the risk of unwrapping
errors. An additional aim was to implement the combination together with UMPIRE
unwrapping in MATLAB and verify the applicability on data acquired from subjects
at a 7T scanner.
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1.5 Achievements
The phase combination the method MCPC-3D-S reduces the number of phase
images to be unwrapped from (2𝐿 + 1), where 𝐿 is the number of coils, to just 1
and is more robust regions of low SNR.
For the phase unwrapping step after the combination, the temporal unwrapping
algorithm UMPIRE is discussed as well as a slightly modified version for improved
stability in low SNR regions is presented.
During the course of the project, an additional phase combination method was
developed, called ASPIRE (A Simple Phase Image Reconstruction for multi-Echo
acquisitions), in which the second echo time is chosen to be two times the first echo
time. The unwrapping step is avoided due to the special echo time relation, thus the
computational expense is minimal and allows online computation on the
reconstruction computer of the scanner.
Another variant called UMPIRE_COMBINATION was developed that performs
just one step of temporal unwrapping using the UMPIRE unwrapping algorithm and
also has low computational expense as well. also requires special echo time relations,
the same as UMPIRE unwrapping, with at least three echoes.
Due to the promising properties of ASPIRE and UMPIRE_COMBINATION,
both methods were implemented in the Siemens ICE framework and run on the
reconstruction computer of the scanner. To produce not only combined but readyto-use phase images directly on the scanner the two discussed algorithms for
unwrapping the combined phase images, UMPIRE and modified UMPIRE, were
also implemented and run on the scanner.
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2 Theory
2.1 Formulation of MR phase
After Fourier reconstruction of the acquired data from an array of coils, the complex
image 𝑰𝑐𝑖 (𝒓) for echo 𝑖 and coil 𝑐 can be expressed in terms magnitude times
complex phase,
𝑰𝑐𝑖 (𝒓) = 𝜌𝑖𝑐 (𝒓) exp (𝑖 (𝜑0𝑐 (𝒓) + 𝛾Δ𝐵(𝒓)𝑇𝐸,𝑖 )) ,
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where Δ𝐵(𝒓) is the static magnetic field variation, and 𝜌𝑖𝑐 (𝒓) contains the spin
density, the total relaxation at time 𝑇𝐸,𝑖 and the sensitivity of the coil 𝑐, and 𝜑0𝑐 (𝒓)
are the phase offsets. The phase offsets are very smooth, because they are dominated
by the MR wavelength in tissue, which is on the order of cm and they are unaffected
by the relaxation times and phase development, both of which can vary rapidly in
space. The following equation describes the phase 𝜑𝑖𝑐 (𝒓) measured at time 𝑇𝐸,𝑖 for
coil 𝑐:
𝜑𝑖𝑐 (𝒓) = ∠𝑰𝑐𝑖 (𝒓) = 𝜑0𝑐 (𝒓) + 𝛾ΔB(𝒓)𝑇𝐸,𝑖 + 2𝜋 𝑛𝑖𝑐 (𝒓)
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Here, n𝑐𝑖 (𝒓) is the number of wraps which have occurred (an integer), as the phase
is confined to the range [0; 2𝜋]. An illustration of the phase evolution in one voxel
is shown in Figure 1. For correct reconstruction of Δ𝐵(𝒓), first the phase offsets
𝜑0𝑐 (𝒓) are removed to combine the coil array data to one image and then unwrapping
is performed.
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Figure 8: Phase evolution in one voxel. At the time 𝑡 = 0, the measured phase value is the phase offset. The
gradient of the phase change is determined by 𝛥𝐵0 . When the phase values exceed the 2𝜋 range, they are
wrapped back into that range.

2.2 Phase combination algorithms
The general combination approach can be divided into three steps:
1. Calculating the phase offset 𝜑0𝑐 for each coil element
2. Subtracting 𝜑0𝑐 from the individual coil element data
3. Combining the coil element data
These steps are common to a range of combination methods. The difference between
these methods, however, is how 𝜑0𝑐 are calculated, which is non-trivial given that 𝜑0𝑐
are generally wrapped. The following methods, MCPC-3D-I, MCPC-3D-S and
ASPIRE, which all require a dual-echo acquisition are explained and compared. The
new method MCPC-3D-S is a simplified and improved version of MCPC-3D-I, and
ASPIRE in turn is a special case of MCPC-3D-S, which does not require any form
of unwrapping.
Figure 9 gives an overview for these three methods, the steps for the calculation
of 𝜑0𝑐 are shown in the first box for MCPC-3D-I and in the second box for MCPC3D-S and ASPIRE. Below the boxes are the steps common to all three phase
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combination methods, which is subtraction of 𝜑0𝑐 and combination of the coil
element data.

Figure 9: An overview of the steps of MCPC-3D-I, MCPC-3D-S and ASPIRE (illustrated for eight channels).
MCPC-3D-I: Phase data for both echoes and all coil elements (A) are unwrapped and corrected for 2π jumps
between echoes (B). Equation 16 was applied to yield phase offset maps (C) and finally smoothing and
conversion to complex was performed (PO). In the newly proposed approaches on the right side, phase data for
both echoes and all coil elements (a) is combined using HiP (b). In MCPC-3D-S, the HiP phase difference (HiPPD) is unwrapped and scaled to yield the phase evolution in time 𝑇𝐸1 (c), which is subtracted from the phase at
the time 𝑇𝐸1 to yield the phase offsets (d), which are smoothed and converted to complex (PO). In ASPIRE, the
HiP-PD (b) is directly subtracted from the phase at time 𝑇𝐸1 (d) without the need for unwrapping and scaling.
The final steps depicted below are subtraction of the smoothed phase offsets (PO) from the original phase data
at all echo times (I) to yield corrected phase values (II), which are combined using weighted complex sum over
coil elements (III).

2.2.1 MCPC-3D-I
The steps for estimating 𝜑0𝑐 in MCPC-3D-I are illustrated in the left box in
Figure 9. The first step is unwrapping of the phase data from each coil element for
both echoes. As the echoes are unwrapped separately, phase jumps of 2𝜋 can occur
in the unwrapped phase data between different echoes. These phase jumps are
corrected, using the difference to the expected phase at the second echo time [34].
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The wrapping integers are estimated and removed from the unwrapped phase images
to yield the unwrapped images 𝜑𝑖,𝑢 , thus Equation 13 can be transformed into:
𝑐
(𝒓) = 𝜑1𝑐 (𝒓) − 2𝜋 𝑛𝑖𝑐 (𝒓)
𝜑𝑖,𝑢
𝑐
(𝒓) = 𝜑0𝑐 (𝒓) + 𝛾ΔB(𝒓)𝑇𝐸,𝑖
𝜑𝑖,𝑢
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To calculate the expected phase, the phase evolution between the two echoes is
calculated via the HiP and is unwrapped. The HiP between echo 𝑖 and 𝑗 combines
the reconstructed complex data from all channels to receive the phase evolution 𝜃𝑖,𝑗
between two echoes and can be expressed as:
θi,j (𝒓) = ∠ (∑ 𝑰𝑐𝑖 (𝒓) ⋅ conj(𝑰𝑗𝑐 (𝒓)))
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𝑐

This phase evolution is added to the first unwrapped echo of each coil element to
obtain an estimation of the phase at the second echo time and after comparison the
phase jumps can be removed. Given the data from two echo times, the phase offset
can be derived from the unwrapped phase by eliminating ∆𝐵0 from the two instances
of Equation 14:
𝜑0𝑐 (𝒓)

𝑐
𝑐
𝑇𝐸,2 𝜑1,𝑢
(𝒓) − 𝑇𝐸,1 𝜑2,𝑢
(𝒓)
=
𝑇𝐸,2 − 𝑇𝐸,1
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Ideally, the resulting image would only contain the phase offsets, however, due to
effects which are non-linear in time some tissue contrast and flow artifacts are
included in the phase offsets. As the phase offset itself is very smooth over the
volume of the brain, strong spatial smoothing is applied as a final step in order to
remove the artifacts of high spatial frequency.
The disadvantage of MCPC-3D-I is the required spatial unwrapping. In low SNR
regions, which are common in single coil element phase data, most algorithms fail
to fully unwrap the images. Additionally, the algorithms for spatial unwrapping are
all rather complicated and are computationally expensive, which is problematic as
there are two times the number of coil elements plus one HiP phase image to be
unwrapped. To give an example, for a brain scan acquired with a 32-channel head
coil and usual acquisition parameters, 65 images need to be unwrapped, which can
(dependent on the algorithm used) require about 10 hours of offline computation.
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2.2.2 MCPC-3D-S
This method is a simplified and improved version of MCPC-3D-I. Equation 16,
which is used for determining the phase offsets can be rearranged in the following
way (the voxel index r being omitted):
𝑐
𝑐
𝑇𝐸,2 𝜑1,𝑢
− 𝑇𝐸,1 𝜑2,𝑢

𝑇𝐸,2 − 𝑇𝐸,1
𝑇𝐸,1
𝑐
𝑐
= 𝜑1𝑐 − (
) (𝜑2,𝑢
− 𝜑1,𝑢
)
𝑇𝐸,2 − 𝑇𝐸,1
= 𝜑1𝑐 − 𝑠 ⋅ 𝑃𝐷(𝜑2 , 𝜑1 )𝑢 

𝜑0𝑐 =
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In the final step, the coil index in the phase difference (PD) can be omitted as the
phase difference does not depend on the specific coil. This suggests that for
calculating the phase offsets the combined phase difference, calculated via the HiP,
can be used. The phase difference is scaled with the factor 𝑠 and is subtracted from
the measured phase at the first echo time.
However, unwrapping is still required as the phase difference image possibly
contains wraps and the scaling is only possible after unwrapping. Scaling wrapped
phase values is the same operation as calculating the power of complex numbers
which results in a set of possible scaled values. The resulting phase offsets are
smoothed, as in MCPC-3D-I, to eliminate remaining artifacts of high spatial
frequency. The steps of MCPC-3D-S are outlined in the right box of
Figure 9.
The improvement compared to MCPC-3D-I is that the unwrapping is performed
on an image with better SNR, which reduces the unwrapping errors. The
computation time is also drastically reduced due to the need to only unwrap a single
image. The remaining problem with MCPC-3D-S is that it still relies on unwrapping
and hence is susceptible to unwrapping errors and also depends on an
implementation of an unwrapping algorithm to run.

2.2.3 ASPIRE
ASPIRE is a special case of MCPC-3D-S in which the unwrapping is completely
omitted. When the echo times are chosen such that 𝑇𝐸,2 = 2 ∙ 𝑇𝐸,1 , then the HiP
already corresponds to the phase evolution of the time 𝑇𝐸,1. No scaling of the phase
difference is required and in this special case the unwrapping can be omitted. In
ASPIRE, the HiP can be directly subtracted from the first echo of the original phase
data to produce the phase offsets. The smoothing of the phase offsets is still
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necessary and is the most computationally expensive step remaining. This allows
ASPIRE to run on the MRI scanner’s reconstruction computer in a time short
compared to the measurement.
An additional observation is that scaling the phase values by an integer can also
be performed without phase ambiguities. This generalizes the echo time
requirements to perform ASPIRE to
𝑚 ⋅ 𝑇𝐸,2 = (𝑚 + 1) ∙ 𝑇𝐸,1 ,
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with 𝑚 being an integer. The scaling factor 𝑠 in then calculated to be an integer:
𝑠=

𝑇𝐸,1
1
=
=𝑚
𝑇𝐸,2 − 𝑇𝐸,1 𝑚 + 1 − 1
𝑚
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2.3 Phase unwrapping algorithms
The unwrapping algorithms presented perform unwrapping for an already combined
image.

2.3.1 UMPIRE
The temporal phase unwrapping algorithm UMPIRE calculates, for each voxel, an
integer number of estimated phase wraps 𝑛(𝒓). The unwrapped image is obtained
by subtracting 𝑛(𝒓) ⋅ 2𝜋 from the original phase image. This procedure ensures that
the noise characteristics are not influenced by the unwrapping as long as no
unwrapping errors occur. The general idea behind UMPIRE is to acquire a sequence
with unequal echo spacing in order to calculate the phase evolution of a time short
enough to contain no wraps. For a sequence with at least three echoes, 𝛿𝑇𝐸 can be
defined as
𝛿𝑇𝐸 = Δ𝑇𝐸,2 − Δ𝑇𝐸,1 ,

with𝛥𝑇𝐸,𝑖 = 𝑇𝐸,𝑖+1 − 𝑇𝐸,𝑖

20

The phase evolution in the time 𝛿𝑇𝐸 is used as a template for unwrapping, therefore,
𝛿𝑇𝐸 has to be chosen such that no wraps occur. If the maximum frequency variation
Δ𝜔0,max = max(|Δ𝜔0 (𝒓)|) is known, this is guaranteed when
𝒓

𝛿𝑇𝐸 <

𝜋
Δ𝜔0,max

.
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𝛿𝑇𝐸 can be tuned to arbitrary small values by defining the echo times accordingly.
However, with smaller 𝛿𝑇𝐸 , artifacts and noise become more pronounced and could
lead to unwrapping errors.
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The calculations in UMPIRE are performed independently for each voxel and
therefore the voxel location r is omitted in the following equations. To obtain the
first frequency estimation Δ𝜔est , the phase difference (PD) images, corresponding
to the times Δ𝑇𝐸,1 and Δ𝑇𝐸,2 , are calculated:
𝜃𝑖+1,𝑖 = PD(𝜑𝑖+1 , 𝜑𝑖 )
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Then the difference between phase differences is calculated and divided by the
corresponding time:
Δ𝜔est =

PD(𝜃3,2 , 𝜃2,1 )
𝛿𝑇𝐸
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By comparing the PD images 𝜃𝑖+1,𝑖 to Δ𝜔est , a wrapping integer 𝑛𝑖+1,𝑖 is estimated
′
and the wraps are removed to obtain the unwrapped phase differences 𝜃𝑖+1,𝑖
:
𝑛𝑖+1,𝑖 = ⌊

𝜃𝑖+1,𝑖 − Δ𝑇𝐸,𝑖 ⋅ Δ𝜔est
⌋
2𝜋

′
𝜃𝑖+1,𝑖
= 𝜃𝑖+1,𝑖 − 2𝜋𝑛𝑖+1,𝑖
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∗
To compute a higher SNR estimate of the frequency variation Δ𝜔est
, a weighted
combination
of
the
unwrapped
PD
images
is
performed:
∗
𝜃𝑖+1,𝑖
∗
Δ𝜔est
= 𝑎𝑖 ⋅
,
with ∑ 𝑎𝑖 = 1
26
Δ𝑇𝐸,𝑖

The last step is to estimate the phase wraps in the original images and to subtract
them:
𝑛𝑖 = ⌊

∗
𝜑𝑖 − 𝑇𝐸𝑖 ⋅ Δ𝜔est
⌋
2𝜋

𝜑𝑖′ = 𝜑𝑖 − 2𝜋𝑛𝑖
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In the reconstruction pipelines discussed in this thesis, the phase offsets are already
removed, therefore the final UMPIRE steps of phase offset removal and unwrapping
in a second pass are omitted.
The UMPIRE phase unwrapping algorithm compared to spatial algorithms
features better performance in complex patterns, but there are also shortcomings.
The requirement of three echoes with the specific echo relation reduces its
applicability. Sequences usually acquired with one echo would take more time to
acquire with three echoes. There is also the problem of signal loss at long echo times,
which can lead to unwrapping errors, where the phase at the third echo time has
noisy values due to signal decay. Another problem are artifacts in the measured
phase data. If there is non-linear phase development due to measurement
imperfections or inaccuracy in early stages of the reconstruction, the algorithm has
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difficulties to reconstruct the unwrapped phase values. The artifacts are amplified in
the calculation of Δ𝜔est , as the phase contrast is reduced to a short echo time, while
the artifacts can add up. This especially is the case for bipolar acquisition, where the
even echoes are taken in the opposite readout direction in k-space than the odd
echoes, causing measurement specific artifacts to have different polarity in even and
odd echoes. Because of the effective phase calculation of 𝜑1 + 𝜑3 − 2 ⋅ 𝜑2 , this
gives 4 times the size of the artifacts in Δ𝜔est than in the measured phase data.

2.3.2 UMPIRE MOD
To reduce the influence of artifacts and noise in the unwrapping process, a slightly
modified version has been devised. This version is not generally applicable, but only
if the phase offsets have been removed prior to unwrapping. Then, the short phase
evolution of the time
𝛿𝑇𝐸 = 𝑇𝐸,1 + 𝑇𝐸,2 − 𝑇𝐸,3
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can be taken as an unwrapping template. It has slightly improved noise
characteristics and is more robust against certain kinds of artifacts. However, the
types of artifacts present still depend on the actual configuration of the system and
the acquisition scheme.

2.4 Phase Combination using UMPIRE
This method is basically MCPC-3D-S phase combination with UMPIRE as
unwrapping algorithm and therefore requires 3 echoes satisfying the UMPIRE echo
condition. To calculate the unwrapped fieldmap, which is image (c) in Figure 9, first
the two phase evolutions 𝜃3,2 and 𝜃2,1 are computed via HiP from the separate coil
element data. From these phase evolutions the same UMPIRE steps can be
∗
performed as explained above until the estimated frequency Δ𝜔est
has been
∗
computed. Δ𝜔est is finally multiplied by the first echo time 𝑇𝐸,1 to yield the
unwrapped phase evolution corresponding to the first echo time (c). Latter steps are
the same as MCPC-3D-S.
There is no advantage in terms of combination quality over the ASPIRE method,
as UMPIRE unwrapping can produce errors in low noise regions, however, if the
echo time restriction 𝑇𝐸,2 = 2 ⋅ 𝑇𝐸,1 needed for ASPIRE cannot be fulfilled, this
method constitutes an equally fast alternative. Although UMPIRE has restrictions to
the echo times as well, they are not as strict as in ASPIRE and allow enough freedom
for most multi-echo measurement protocols.
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3 Methods
3.1 Acquired Data
The data from two healthy volunteers is presented in this study. The measurements
were performed at a 7 Tesla MR whole body Siemens Magnetom scanner (Siemens
Healthcare, Erlangen, Germany) with a 32-channel head coil (Nova Medical,
Wilmington, USA), consisting of a birdcage transceive coil and 32 receive elements.
The following measurements were performed to compare the performance of the
phase combination methods in the brain. The target scan for phase combination was
a high resolution multi-echo gradient-echo scan, which was acquired with
monopolar readout in axial 3D, GRAPPA factor of 2 with 448x364x112 matrix, with
0.49 mm in-plane resolution and 1.1 mm thick slices, and a receiver bandwidth of
385 Hz/pixel and TR = 26 ms. Two versions of this sequence have been acquired,
the first with TE = {6, 11, 17} ms and the second with TE = {6, 12, 17} ms. Both
had an acquisition time of 7 min 13 secs.

3.2 Implementation
3.2.1 MATLAB
The methods discussed were implemented in MATLAB for offline reconstruction
and to allow comparison between them. The program developed requires the phase
and magnitude images from each RF coil (channel) and echo in NIfTI format [38]
as input and the text header file, which includes parameters such as the echo times.
The required files are produced from the DICOM image files exported from the
Siemens scanner by the MATLAB tool “Siemens DICOM sort and convert to NIfTI”
[39]. In the program structure the common steps in combination are shared between
the combination methods with the only different part being the calculation of the
phase offset. This enables unbiased comparison between the combination methods.
For the combined phase images, it is also possible to choose one of the unwrapping
algorithm UMPIRE, modified UMPIRE, PRELUDE or Cusack’s method to perform
a final unwrapping of the combined phase data. Additionally, the program offers two
different modes of computation. One mode is the calculation of the whole 3D
volume at once, requiring up to 50 GB of memory for computation. As Cusack’s
phase unwrapping is performed in 3D, it is only available in this mode. The second
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mode is slice-wise computation, which features a very low memory consumption of
below 1 GB and allows parallel computation.
The unwrapping tool used during the combination for MCPC-3D-I and MCPC3D-S is Cusack’s method, as it was more robust and faster for a 3D volume than the
other available spatial unwrapping tools PRELUDE and PHUN.

3.2.2 Siemens Image Calculation Environment
The combination of phase images directly on the scanner has multiple advantages.
In a clinical setting it is necessary that the reconstruction process is performed online
on the scanner and that the acquired data is immediately available to the radiologist
after the acquisition. In a scientific setting, the uncombined data is usually exported
and the phase combination and further analysis is processed on a computation
cluster. As the usual size of uncombined data for one 3D-acquisition is about 50GB,
stored in up to 500.000 files of individual slice-images, the exporting process takes
several hours. This can be drastically reduced by combining the data directly on the
scanner and only exporting the small fraction of combined data.
Therefore, the combination methods ASPIRE and UMPIRE_COMBINATION
were implemented in the Image Calculation Environment (ICE) to run on the
reconstruction computer of the scanner. Additionally, UMPIRE unwrapping can be
performed after the combination if there are at least three echoes and these fulfill the
UMPIRE echo time relation.
The Image Calculation Environment is a C++ framework and is used for
reconstruction programs to run on a Siemens scanner. An ICE program is structured
into several “functors”, each performing an encapsulated task, working sequentially
in a pipeline architecture. The functors are joint into pipe services when working on
the same data level, which can be raw data in the beginning or image slices after the
Fourier transformation. The novel combination method was implemented as one
functor, which was inserted into the functor chain after the Fourier transformation,
where the combination is processed slice-wise.

3.2.3 Gaussian Smoothing
The ICE framework does not provide a function for smoothing of an image slice,
therefore, a smoothing algorithm was implemented. As the smoothing applied on the
phase offsets is very strong, large kernel sizes are required. To perform the
smoothing operation fast also with large kernel sizes, an algorithm with a run time
independent of kernel size is chosen [40]. The algorithm achieves approximate
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Gaussian smoothing, which is sufficient for smoothing of the phase offsets. A
canonical implementation of n-dimensional Gaussian smoothing, where each
smoothed voxel is directly calculated from all voxels inside the kernel, would have
a run time of 𝑂(𝑟 𝑛 ) , with 𝑟 being the length of the cubic kernel. The first
simplification is the application of Gaussian smoothing independently in x-, y- and
z-direction, with the exactly same result, but the run time is 𝑂(𝑛 ⋅ 𝑟). A further
improvement is the iterative application of a mean filter instead of Gaussian
smoothing, which has a run time independent from kernel size: 𝑂(𝑛 ⋅ 𝑘), for 𝑘
applications of the mean filter. The mean filter is implemented as a running filter
with only one addition, subtraction and division performed per voxel. The kernel
size of the mean filter has to be calculated in order to perform Gaussian smoothing
with a given standard deviation [41]. In this implementation the mean filter is applied
three times, which results in an average deviation from perfect Gaussian smoothing
of 0.04% [40]. The approximate Gaussian smoothing has been implemented in C++
for the ICE environment as well as in MATLAB to allow comparison of the outputs.
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4 Analysis
4.1 Qualitative Analysis
A qualitative comparison was performed between the outcomes of the different
methods. This includes a discussion and comparison of visual artifacts. The phase
offsets are very smooth over the whole volume and thus the calculated phase offsets
are wrong if they have sudden phase jumps other than 2𝜋. These sudden phase jumps
occur for example where a phase unwrapping error was produced. The skull shows
often lots of phase jumps for methods using unwrapping, but there are also cases
where erroneous phase jumps occur inside the brain.

4.2 Quantitative Analysis
In the absence of a ground truth, the quantitative assessment of the combination
quality is not trivial. In the literature, phase images are mostly assessed qualitatively
and the absence of open-ended fringe-lines or the fact that phase images can be
unwrapped is used as indication for effective phase matching. However, the loss of
SNR that occurs for poor phase matching is not taken into account as long as there
is no complete destructive loss of signal. The quality of the phase matching is here
assessed with the metric Q.
𝑐
|∑𝑐 𝑀𝑐 ⋅ exp(𝑖 ⋅ 𝜑corrected
)|
𝑄=
𝑐
∑𝑐 𝑀
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When the phase offsets are correctly estimated and subtracted for each coil element,
the individual signal vectors point into the same direction (i.e. they are matched). In
that case the numerator, which is the length of the complex sum of the signals, is
maximal and also equal to the denominator.

25

4.3 Runtime Measurement
The runtime of the different combination methods was measured in MATLAB. The
time measurement was started after reading the data from the disk, as the reading
operation takes a considerable amount of time and changes when other disk requests
are processed at the same time. The timing stopped after the results are calculated,
but before they are written to disk for the same reasons. In the MATLAB program,
the different methods share all the same steps for phase combination except the
calculation of the phase offsets which differs for each method.
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5 Results
The results for ASPIRE and UMPIRE_COMBINATION are computed on the
acquisition with the echo times {6, 12, 17} and the methods MCPC-3D-I and
MCPC-3D-S have been computed on the additional acquisition with the echo times
{6, 11, 17}. The reason for this is that the data for the MCPC-3D methods should
not fulfill the ASPIRE echo relation, as the unwrapping step would be unnecessary
und the same output as ASPIRE would be produced.
For the ASPIRE method, the successful removal of the phase offsets is shown in
Figure 10 for one coil element.

Figure 10: Successful removal of the phase offsets shown for one coil element using the ASPIRE method. The
red circle shows the region of the phase singularity. The magnitude image shows a signal void in the region of
the phase singularity.

The original measured phase has open-ended fringe-lines [33, 42], which are
singularities of the measured phase in regions of destructive signal interference. In
Figure 10, this region is marked with a red circle. If not removed, the open-ended
fringe-lines hinder a meaningful combination of phase data from different coil
elements. The open-ended fringe-lines are reproduced in the calculated phase offset
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and in the smoothed version with less phase noise. The phase offset including the
open-ended fringe-line is successfully removed from the original phase data, which
is the final single channel phase image in Figure 10. There is only some noise left at
the position of the phase singularity. In the combined phase image, the SNR is
improved and the remaining noise from the phase singularities is removed, as it is at
different locations for different coil elements.

Figure 11: Qualitative comparison of the phase offset calculated with different phase combination methods. The
red ellipses in the MCPC-3D methods show unwrapping errors in the skull, the red ellipses in ASPIRE and
UMPIRE_COMBINATION show flow artifacts.

Differences between the phase offsets calculated by the combination methods are
shown in a qualitative comparison in Figure 11 and Figure 12. Figure 11 illustrates
the characteristic properties of the phase offsets with a slice from the central region
of the brain and one channel. Generally, all four combination methods produce
reasonable phase offsets and in this slice no serious problems can be seen. In terms
of SNR the MCPC-3D-I method is inferior to the other three methods, which is best
seen at the open-ended fringe-line. Another aspect is the unwrapping errors in the
skull in both MCPC-3D methods, which are shown in the red regions. Although the
errors are outside the brain, they can potentially introduce artifacts at the edge of the
brain during the smoothing step. The other two methods, ASPIRE and
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UMPIRE_COMBINATION, produce correct phase offsets in the skull, as they do
not require connected regions. One other visible artifact are flow artifacts. These are
visible in ASPIRE and UMPIRE_COMBINATION and are highlighted in the red
ellipse. However, the flow artifacts are not caused by the combination, but are visible
after acquisition. The artifacts are visible in the second acquisition for the ASPIRE
methods, but not in the first acquisition for the MCPC-3D methods. These are not
systematic differences caused by the acquisition parameters, but by the physiological
state at the acquisition time.

Figure 12: Qualitative comparison of the combination methods in a low slice of the brain. The methods MCPC3D-I and UMPIRE_COMBINATION show severe unwrapping errors, whereas MCPC-3D-S and ASPIRE
produce correct phase offsets. The difference between MCPC-3D-S and ASPIRE results from the different
acquisition.

Figure 12 shows a slice in the lower region of the brain. This region is more difficult,
because of less SNR and stronger magnetic field inhomogeneity. Severe unwrapping
errors in the phase offset can be seen in the method MCPC-3D-I in the red circles.
They are caused by unwrapping of the low SNR phase data from the individual coil
elements and lead to a non-optimal phase combination in later steps. The method
UMPIRE_COMBINATION also suffers from unwrapping problems in lower slices,
however, these errors are caused by non-linear phase evolution with time. As the
unwrapping step is performed for combined phase data and not individually for each
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coil element in UMPIRE_COMBINATION, the combination step does not suffer
from unwrapping errors, but the combined phase data has still some phase offset left.
The other two methods, MCPC-3D-S and ASPIRE, show no errors inside the brain.
Figure 13 shows, for one slice, the quality of phase matching for each method in
the same slice as in Figure 12. The upper row of images is scaled between 0 and 1,
whereas the lower row is scaled between 0.9 and 1 for more detail. MCPC-3D-I has
a lower quality than the other three methods, which is caused by the unwrapping
errors in the calculated phase offsets. MCPC-3D-S, ASPIRE and
UMPIRE_COMBINATION show a very high combination quality. The high quality
𝑄 calculated for UMPIRE_COMBINATION is in contrast to the unwrapping error
for UMPIRE_COMBINATION in Figure 12 and suggests that the phase matching
quality should not be the only measure for comparison.

Figure 13: Comparison of the quality of combination for the same slice as in Figure 12. The upper row is scaled
between 0 and 1; the lower row is scaled between 0.9 and 1. MCPC-3D-S, ASPIRE and UMPIRE show equally
high phase matching quality.

A histogram for the combination quality is presented in Figure 14 in logarithmic
scale. The data is from both subjects and is taken only from in-brain voxels. The
same characteristics can be seen as in the comparison of one slice, that MCPC-3DS, ASPIRE and UMPIRE_COMBINATION achieve equally high quality values,
whereas MCPC-3D-I has lower quality scores. For MCPC-3D-I, the unwrapping
problems shown in Figure 12 cause these lower quality scores in phase combination.
For UMPIRE_COMBINATION the phase matching quality is shown with high
scores, although apparent unwrapping errors occur.
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Figure 14: Combination quality for different the different methods. On the left is the histogram of the quality
ratios in logarithmic scale. The histogram consists of about 1 × 107 entries per combination method from both
subjects, where only in-brain voxels were used for the quality ratio. On the right side is the same histogram
shown with a different scale. MCPC-3D-I has most values at high qualities, but still there are a lot of lower
qualities present inside the brain. All three other methods show very similar results with very few voxels with
low ratio and most in the range from 0.995 to 1.

The run time of the different methods is shown in Table 1. For comparison, the
methods are all performed in a single thread on one 3D image, instead of the parallel
slice-wise computation. The loading of the original separate channel phase data from
the disk and the saving of the results back to disk are both excluded from the time
measurement. The MCPC-3D-I method takes more than 17 hours due to the large
amount of difficult unwrapping steps involved. The other methods all finish in under
15 minutes, where the biggest part of the computation is smoothing of the phase
offsets. When comparing the times of ASPIRE and MCPC-3D-S, the unwrapping
step takes about 2 minutes, being the only difference between those methods. When
multiplied by 65, which is the number of unwrapping steps in MCPC-3D-I, it should
only amount to 2 hours and 10 minutes, however the unwrapping steps performed in
MCPC-3D-I are more difficult because of lower SNR and therefore require more
computation with the applied Cusack unwrapping method.
The run time of the parallel implementation in MATLAB could not be compared,
as in this case the reading from and writing to disk cannot be separated from the
algorithm time. However, as all of the steps for combination are performed in
parallel, the algorithmic time should scale indirect proportional with the number of
cores used for computation.
Table 1: Run time for the combination methods
Method
Run time

MCPC-3D-I

MCPC-3D-S

ASPIRE

UMPIRE_COMBINATION

17h 31m 5s

14m 9s

12m 13s

12m 50s
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6 Discussion and Conclusions
The aim of this project was to develop the new phase combination method MCPC3D-S that improves the robustness in image regions of low SNR and reduces the
number of unwrapping steps to lower the computational expense. An additional aim
was to prototype the combination together with UMPIRE unwrapping in MATLAB
and test the applicability with data acquired from subjects at a 7T scanner.
The better runtime of MCPC-3D-S is achieved by reducing the number of
unwrapping steps from 2𝑛 + 1 in MCPC-3D-I to only 1, and the robustness is
increased, because the unwrapping is performed for the combined phase difference
image which has increased SNR compared to the separate channel images. MCPC3D-S was implemented together with the unwrapping algorithm UMPIRE in
MATLAB and was successfully tested on 7T MRI data. During the course of the
project two additional phase combination methods were developed: ASPIRE (A
Simple Phase Image Reconstruction for multi-Echo acquisitions) and
UMPIRE_COMBINATION. They both utilize certain echo time relations and
therefore produce excellent results and also feature a very low computational
expense. The combination methods ASPIRE and UMPIRE_COMBINATION as
well as the unwrapping algorithm UMPIRE were implemented in the Siemens ICE
framework and run on the reconstruction computer of the MR scanner.
The newly developed method MCPC-3D-S has an improved performance and a
shorter runtime compared to MCPC-3D-I. The better performance can be seen in the
phase matching quality and in the qualitative analysis no errors or artifacts could be
identified for MCPC-3D-S, but evident unwrapping errors occurred for MCPC-3DI (Figure 12). The runtime for combining the phase images for a 32-channel head
coil has been dramatically reduced by the factor of 75 to about 14 minutes in
MATLAB.
The method ASPIRE, which is derived as a special case from MCPC-3D-S for
the echo time relation 𝑚 ⋅ 𝑇𝐸,2 = (𝑚 + 1) ⋅ 𝑇𝐸,1, performs the combination with an
equal accuracy to MCPC-3D-S for the data compared in this thesis. ASPIRE does
not depend on unwrapping and therefore avoids the risk of unwrapping errors and
further shortens the computation time. In situations where a multi echo acquisition
is possible but different echo times are required, the UMPIRE_COMBINATION
method can be an alternative as the echo time restrictions are less stringent.
UMPIRE_COMBINATION can be seen as another special case of MCPC-3D-S,
where temporal unwrapping is performed instead of spatial unwrapping. The
temporal unwrapping, however, produces unwrapping errors in regions of non-linear
phase development or when there are signal dropouts at the third echo time. When
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offline processing is an option, the method MCPC-3D-S can be applied, which has
no restrictions other than the requirement of two echoes. However, the upper limit
for the accuracy of the MCPC-3D-S combination is given by the ASPIRE method,
as it is the case for perfect unwrapping.
In addition to dramatically reduced computational complexity, all three methods
outperform MCPC-3D-I in the quality of phase matching achieved, and hence they
increase the SNR of further calculated SWI and QSM images. The produced phase
images only contain the true phase evolution proportional to Δ𝐵0 as output, in
contrast to methods which leave an arbitrary phase offset remaining, like VRC, AC
or Roemer/SENSE. The methods MCPC-3D-II and COMPOSER calculate the true
phase evolution, however, both need an additional reference scan. The methods
MCPC-3D-I and MAGPI directly use the multi-echo data, similar to the new
methods presented here, but the computational complexity of the new methods is
much lower, especially that of ASPIRE.
ASPIRE features the most robust combination process, as there are is no critical
step like unwrapping involved. It is also robust against non-linear phase
development or other acquisition artifacts. It should work as well in more difficult
regions like the knee as long as the ASPIRE echo relation can be fulfilled and no
total signal dropout occurs. Because of the robustness and the low computational
demand, ASPIRE phase combination can be applied for clinical use and it is
expected to contribute to the clinical adoption of SWI and QSM.
One difficulty in comparing the combination process from the different methods
is that the MCPC-3D methods are reconstructed from data with different echo times
than ASPIRE and UMPIRE_COMBINATION. Therefore, two acquisitions with the
only different parameter being the echo times were measured, however, a difference
in the data can result from a slightly different position of the subject during the
second measurement which makes a comparison on the voxel level impossible. The
quantitative analysis with the quality 𝑄 shows improvements of the new methods
compared to MCPC-3D-I, but a ground truth would be required for a more thorough
investigation. One way would be to use the HiP as gold standard for the phase
evolution, which would allow the quantification of phase offset errors e.g. in
UMPIRE_COMBINATION in the lower slice (Figure 12). However, the HiP has
lowered SNR and increased artifacts due to the difference operation. A rigorous
analysis with comparison to the ground truth would require simulation studies that
also include the simulation of the common measurement artifacts present in MRI.
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7 Outlook
The newly developed method ASPIRE is a subject of a joint patent application and
will also be published in a scientific Journal. The implementation in ICE has already
been tested and will be used by Maastricht University, The University of Brisbane,
and University College London in the near future in large patient studies.
At the moment, the reconstruction time of ASPIRE running on the reconstruction
computer of the scanner is slightly longer than the time required for the
corresponding measurement. This can result in a delay when acquiring a whole
measurement protocol. A planned improvement is the implementation of a
parallelized computation version of ASPIRE and UMPIRE_COMBINATION in the
ICE framework.
An elaboration of ASPIRE would be to implement a low resolution, dual-echo
scan meeting the echo spacing requirements as a prescan, which would be applied
to a high resolution target similar to the way a low resolution, dual-echo reference
scan was used in MCPC-3D-II [34]. This would avoid the echo time restrictions of
ASPIRE in the high resolution scan and, as in MCPC-3D-II, only one echo would
be required in the high resolution scan. This reduces the additional measurement
time required for the second echo in the ASPIRE combination to only one low
resolution scan, which can be acquired in 5-10 s. As additional step the phase offsets
can be determined for each readout direction, allowing bipolar high resolution
acquisitions.
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