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Chapter 1

Basics of MRI

1.1 Nuclear Magnetic Resonance

The phenomenon of Nuclear Magnetic Resonance (NMR) was first described by Bloch [1]
and Purcell [2] in 1946. Simultaneously, but idependently they investigated the interaction
between the non-zero magnetic moment of atomic nuclei and an external magnetic field. They
found that whenever a nucleus with non-zero spin angular momentum is placed in a magnetic
field, the energy level is forced to split into multiple levels. For spin 1/2- systems, such as
1H, 13C or 19F the spin will seek to align itself either parallel or anti-parallel to the external
field in accordance with the quantization of angular momentum, thereby creating two distinct
energy levels. Spins precess around the main field with the so called Larmor frequency, which
is given by:

ω0 = γB0 (1.1)

B0 is the field strength of the magnetic field, which in accordance to convention is applied
in the z-direction, and the parameter γ is known as the gyromagnetic ratio, which has a
characteristic value for each atomic nucleus. For protons the gyromagnetic ratio has value
γ/2π = 42.57MHz/T which corresponds to a resonance frequency of ν = ω0/2π = 63.86MHz

at 1.5T . Because the spins parallel to the magnetic field have a slightly lower energy than
those anti-parallel to the field, there will be slightly more parallel spins than anti-parallel.
This difference in energy population leads to a net macroscopic magnetization. In order to
achieve a detectable signal, the magnetization vector must be tipped from the static magnetic
field direction, resulting in a changing flux in a nearby receiver coil. This can be accomplished
by rotating the magnetization away from its alignment by applying an oscillating magnetic
field B1 perpendicular to the static magnetic field for a short time τ . This radio frequency
(rf) pulse is produced by a transmit coil tuned to the Larmor frequency in order to match
the resonance condition. The angle by which the magnetization is rotated away from the
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z-direction by the rf-pulse is referred to as excitation angle or flip angle.

α = γ

∫ τ

0
|B1(t)| dt (1.2)

1.2 Relaxation

After the rf excitation pulse has been applied, part of the magnetization has been moved from
the longitudinal axis to the transversal plane and therefore is no longer in thermal equilibrium.
The time needed for the longitudinal magnetization to return to equilibrium is characterized
by the relxation time constant T1. This phenomenon is known as spin-lattice relaxation,
because energy is transferred between the spin and the lattice to achieve equilibrium. Simul-
taneously, a second relaxation mechanism occurs. The transversal part of the magnetization
decreases in time to zero, characterized by the relaxation time constant T2. The reason for
this phenomenon is that spins transfer energy among each other. Due to these interactions
the phase coherence between the spins decreases in time resulting in a steady reduction of the
net transversal magnetization. This relaxation process is known as transversal or spin-spin
relaxation. In addition to the spin-spin interactions, further dephasing may occur due mag-
netic field inhomogeneties in the sample (T ∗

2 relaxation). The relaxation times T1 and T2 are
characteristic for different tissues. Thus, signal from different tissues relax differently after rf
excitation and in between subsequent rf excitations allowing one to influence image contrast.

1.3 Spatial Encoding

The precession frequency given in Eq. 1.1 can be modified by applying additional magnetic
field gradients, thereby forcing the Larmor frequency to be spatially dependent. An addition-
ally applied magnetic field gradient �G = ∇ �B ≈ ∇Bz

1 yields the following spatially dependent
precession frequency ω:

ω(�r, t) = γ
(
B0 + �G(t) · �r

)
(1.3)

Thus, by exploiting magnetic field gradients in all three spatial dimensions, one is able to
fully spatially encode the object under investigation. This procedure is known as Magnetic
Resonance Imaging (MRI) and is described in more detail below.

1.3.1 Selective Excitation

At the beginning of every conventional 2D MRI experiment the slice to be imaged must be
selected, normally in the z-direction. To this end, a selective rf excitation pulse is required,

1Bx and By can be neglected because | �B0| � | �B(�r)|
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which excites only spins in a well defined frequency range. Such rf pulses have a well defined
shape such as Gaussian or sinc with a finite frequency bandwidth Δωrf around the center
frequency ωrf . For small flip angles, the actual excitation profile of such pulses can roughly be
approximated by a simple Fourier transformation of the temporal modulation function of the rf
pulse (small tip angle approximation [3]). In this case, a sinc-type excitation pulse corresponds
to a box-car-shaped excitation profile, a Gaussian rf pulse to a Gaussian excitation profile. By
applying a frequency-selective rf pulse with frequency bandwidth Δωrf in combination with
a constant magnetic field gradient Bz = ∂Bz

∂z only spins within a distinct slice with thickness
Δz are excited.

Δz =
Δωrf

γ · Gz
(1.4)

The slice position z0 is adjusted by the carrier frequency ωrf of the pulse, which can be chosen
slightly off-resonant from the Larmor frequency given in Eq. 1.1. Exploiting again Eq. 1.3,
the frequency offset corresponds to an offset in the slice position.

z0 =
ωrf − ω0

γ · Gz
(1.5)

To compensate for spin dephasing caused by the slice gradient, an inverted gradient must be
applied after slice-selection.

1.3.2 k-Space Formalism

According to Eq. 1.3 magnetic field gradients �G(t) result in a spatially dependent Larmor
frequency. In the presence of such a gradient, the signal S(t) picked up by the receiver is
composed of the sum of all spins in the object under investigation with spin density ρ(�r)
(neglecting relaxation effects) at position �r:

S(t) ∝
∫

ρ(�r) · ei
R t
0

ω(�r,t′)dt′d3�r

∝ eiω0t

∫
ρ(�r) · eiγ

R t
0

�G(t′)dt′�rd3�r (1.6)

By substituting �k = γ
∫ t
0

�G(t′)dt′, where t denotes the time the magnetic field gradient is
applied, and omitting the exponential term with spatially independent modulation frequency
ω0, the relation in Eq. 1.6 yields:

S(�k) ∝
∫

ρ(�r) · ei�k�rd3�r (1.7)

In this form, the received signal S can be recognized as the Fourier transformation of the spin
density ρ(�r) at position �r. Therefore, the spin density (or the image) can be determined by
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simply applying the inverse Fourier transformation to the received signal.

ρ(�r) ∝
∫

S(�k) · e−i�k�rd3�k (1.8)

By introducing the reciprocal space vector �k, the so-called k-space can be defined, which is
spanned by three orthogonal k-vectors allowing a simple description of the spatial encoding
used in MRI [4]. This concept, and how it is carried out in practice is described in the following
sections and can be gleaned up in more detail for example in reference [5].

1.3.3 Frequency Encoding

After slice selection, one spatial dimension is encoded by a spatial frequency modulation, the
so-called frequency encoding. Here, frequency encoding is carried out in the x-direction by
applying a constant magnetic field gradient Gx = ∂Bz

∂x , during data acquisition. The longer
and stronger the gradient Gx is applied, the higher is the spatial frequency content in the
received one-dimensional signal:

S(kx) =
∫

ρ(x) · eikxxdx with kx = γGx · tx (1.9)

In practice, the signal is sampled at Nx discrete points in intervals of Δtx while a constant
gradient Gx is on. Thus, the discrete steps traversed in the kx direction in k-space are Δkx =
γGxΔtx. In most cases, frequency encoding is performed by starting at a maximum negative
spatial frequency −kmax

x and ending at a maximum positive spatial frequency +kmax
x . To

obtain the echo maximum at kx = 0, before the actual frequency encoding is carried out, the
spins are dephased by applying a negative gradient in the x-direction (see Fig. 1.1).

1.3.4 Phase Encoding

The phase of the NMR signal can be used to encode a second spatial dimension, here the
y-direction, within the excited slice. The so-called phase encoding is carried out between the
slice excitation and the signal acquisition. To this end, a magnetic field gradient, the phase
encoding gradient Gy = ∂Bz

∂y , is applied in the y-direction (perpendicular to the x-direction)
for a duration ty, thereby generating sinusoidal modulations of the spin phases in the sample.
Thereafter, all spins precess with the same frequency, but now with a spatially dependent
phase:

Φ(y) = γGytyy (1.10)

This modulation persists throughout the following read-out procedure. In contrast to fre-
quency encoding, the phase encoding process has to be repeated several times by changing
either the gradient strength Gy or the phase encoding time ty in order to cover the entire
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Figure 1.1: Schematic description of spatial encoding in MRI. On the left, a typical spin-warp
gradient echo pulse sequence is displayed, and on the right, the corresponding k-space trajectory.
In step (1), the slice selection is carried out by an rf excitation applied during a normally constant
gradient in z-direction. In step (2), the rephase lobe of the slice select gradient is applied. Normally
at the same time, a negative gradient lobe in x is switched, moving the trajectory in k-space to
−kmax

x . Simultaneously, a phase encoding gradient applied in the y-direction moves the trajectory
to a specific ky-value. The actual read-out procedure (3) follows, which corresponds to travelling
in the kx-direction in k-space from left to right.

two dimensional k-space. With ky = γGyty, the two-dimensional signal originating from the
excited slice can be written as

S(kx, ky) =
∫

ρ(x, y) · ei(kxx+kyy)dxdy (1.11)

In Fig. 1.1 (left), the sequence of rf and gradient pulses are shown for a simple gradient
echo experiment using a conventional spin-warp trajectory for phase encoding [6]. After slice
selection (1) the starting point for the read-out procedure is set by applying a negative gradient
in the x-direction and (normally at the same time) a phase encoding gradient in the y-direction
(2), followed by the actual read-out procedure (3). This corresponds to moving at a certain
ky position in k-space in the kx-direction from left (−kmax

x ) to right (+kmax
x ). This procedure

must be repeated with multiple phase encoding gradients running from −Gmax
y to +Gmax

y in
Ny equidistant steps to cover the entire k-space in the ky-direction.

Δkx = γ
Gxtx
Nx

= γGxΔtx Δky = γ
2Gmax

y ty

Ny
= γΔGyty (1.12)

The concept of phase encoding can be extended to the remaining third dimension instead of
using slice selection. By applying an additional phase encoding gradient Gz in the z-direction,
the signal originating from the excited slab can be spatially encoded in the slice direction. To
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this end, a relatively thick slab is excited and encoded in multiple thin partitions.

S(kx, ky, kz) =
∫

ρ(x, y, z) · ei(kxx+kyy+kzz)dxdydz

ρ(x, y, z) =
∫

S(kx, ky, kz) · e−i(kxx+kyy+kzz)dkxdkydkz (1.13)

1.4 Sampling k-Space

Although there are alternative strategies which cover k-space in non-uniform steps such as spi-
ral [7] or radial [8] trajectories, the focus in this work is aimed at trajectories with equidistant
k-space steps as already depicted in Fig. 1.1. In these cases, the continuous Fourier transform
given in Eq. 1.7 and Eq. 1.8 must be replaced by the discrete Fourier transform. Although it
is not possible to collect an infinite amount of data points, it is instructive to first discuss the
effect of infinite discrete sampling before, in a subsequent action, the impact of finite sampling
is addressed.

1.4.1 Infinite Sampling

The MRI spectrometer collects the signal in descrete steps and not contineously. Instead, a
finite number of data points are collected to cover the k-space. Such sampling is achieved by
taking data at equidistant k- intervals Δk. Considering for the time being only one dimension,
the measured signal is S(mΔk) at the m’th step in discrete k-space. The discrete, but infinite,
sampled signal S∞(k) can be expressed mathematically by a multiplication of the continuous
signal S(k) with the infinite sampling function f∞(k) = Δk

∑+∞
m=−∞ δ(k−mΔk), representing

an infinite series of evenly spaced Dirac delta functions.

S∞(k) = S(k) · f∞(k) = Δk
+∞∑

m=−∞
S(k) · δ(k − mΔk) (1.14)

The inverse Fourier transformation of the infinitely sampled signal S∞(k) gives only an ap-
proximation of the physical spin density ρ(r), where r denotes an arbitrary spatial dimension.

ρ̂∞(r) =
∫ +∞

−∞
S∞(k) · eikrdk = Δk

+∞∑
m=−∞

S(mΔk) · eimΔkr (1.15)

An examination of equation Eq. 1.15 leads to the conclusion that ρ̂∞(r) = ρ̂∞(x−l 2π
Δk ) for any

negative and positive integer l, because the exponential term exp(imΔkr) remains unchanged
if r → r − l 2π

Δk . This property of discrete sampling can also be achieved by exploiting the
well-known convolution theorem. The reconstructed image ρ̂∞(r) can be expressed as the
convolution of the spin density ρ(r) with a function F∞(r), which is the inverse Fourier
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transformation of the infinite sampling function f∞(k)

S∞(k) = S(k) · f∞(k) ρ̂∞(r) = ρ(r) ⊗ F∞(r) (1.16)

The Fourier transformation of an infinite series of Dirac delta functions evenly spaced by Δk

results likewise in an infinite series of delta functions, but evenly spaced at intervals of 2π
Δk .

F∞(r) =
+∞∑

l=−∞
δ(r − l

2π
Δk

) (1.17)

Thus, the approximated spin density ρ̂∞ becomes

ρ̂∞ =
+∞∑

l=−∞
ρ(r − l

2π
Δk

). (1.18)

Accordingly, by sampling the data at discrete points, the approximated spin density is the
periodic repetition of the actual spin density, evenly spaced at intervals of the so-called Field
Of View FOV = 2π

Δk . As long as

FOV > A or Δk <
2π
A

(1.19)

where A denotes the object size in one dimension, the replicates of ρ do not overlap (see Fig.
1.2). However, if the value of Δk is chosen to be too large, in other words, the FOV too
small, the replications overlap to some extent, resulting in an image which differs significantly
from the physical spin density. Eq. 1.19 is referred to as the Nyquist sampling criterion. Data
sampled at a rate that lies below the Nyquist criterion result in folding or aliasing artifacts in
the image domain.

1.4.2 Finite Sampling

Since the MRI signal must be acquired in a finite amount of time, the data set must be
truncated in addition to being discrete. Thus, the actual sampling function f(k) can be seen
mathematically as a multiplication of the infinite sampling function f∞(k) with a rectangular
window function w(k), which maintains only a total number of N = 2n data points.

Ŝ(k) = S(k) · f∞(k) · w(k) = Δk

n−1∑
m=−n

S(mΔk)δ(k − mΔk) (1.20)
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Figure 1.2: The infinitely and discritely sampled signal S∞(k) can be expressed mathematically
by a multiplication of the continuous signal S(k) with the infinite sampling function f∞(k) (left
column). The reconstructed image ρ̂∞ can be directly calculated by applying the inverse Fourier
transformation to the infinite sampled signal S∞(k) (c). Similarily, exploiting the convolution
theorem, the image ρ̂∞ can be found by a convolution of the physical spin density ρ(r) with F∞(r)
(right column). F∞(r) is connected with the sampling function f∞(k) by the inverse Fourier
transformation (a). Both functions are infinite series of dirac delta functions, but provided with
different spacing (f∞(k) → Δk, F∞(r) → FOV = 2π

Δk ). Thus, discrete sampling results in
uniformly-spaced replications of the physical spin density separated by FOV . As long as the
Nyquist sampling criterion (see Eq. 1.19) is fulfilled, the physical spin density can be extracted by
cropping out one replication from the reconstructed image series.
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The approximated spin density ρ̂(r) for finite sampling can be calculated by the inverse Fourier
transformation of the measured signal Ŝ(k).

ρ̂(r) =
∫ +∞

−∞
Ŝ(k) · eikxdk = Δk

n−1∑
m=−n

S(mΔk) · eimΔkx (1.21)

It is obvious that in the case of finite sampling, as in infinite sampling, the periodicity ρ̂(r) =
ρ̂(r−l 2π

Δk ) is preserved for all positive and negative integers l. Exploiting again the convolution
theorem, the reconstructed image ρ̂ can be found by convolving the reconstructed image
ρ̂∞ obtained by infinitely sampling signal with a sinc-function, which is the inverse Fourier
transformation of the rectangular window function. Thus, even in the case of finite sampling,
the Nyquist criterion from Eq. 1.19 holds and has to be considered to avoid aliasing artifacts.
Truncation of the data results in an additional blurring artifact due to the convolution with the
sinc-function. A wide rectangular window function produces a narrowly peaked sinc-function,
approaching a delta function in the limit of infinite sampling. Since the measurement of
image-space is likewise discretized in steps of Δr and truncated to the finite FOV = NΔr,
S(mΔk) and ρ̂(qΔr) form a discrete Fourier transformation pair and are related by

S(mΔk) = Δx

n−1∑
q=−n

ρ̂(qΔr) · e−imΔk·qΔr

ρ̂(qΔr) = Δk

n−1∑
m=−n

S(mΔk) · eimΔk·qΔr (1.22)

Thus, the image can be obtained directly from the discretely and finitely sampled signal
simply by a discrete inverse Fourier transformation.

1.4.3 The Fourier Shift Theorem

An important property of Fourier theory is the Fourier Shift Theorem, which states that a shift
of the sampling positions in k-space by αΔk results in a phase modulation of the repliccates in
the image space. This property can easily be proven by applying the inverse Fourier transform
to the shifted sampling function.

f∞(k) = Δk

+∞∑
m=−∞

δ (k − (m + α)Δk)

F∞(r) =
+∞∑

l=−∞
δ

(
r − l

2π
Δk

)
· ei2πlα



14 1.4. SAMPLING K-SPACE

Figure 1.3: In addition to discrete sampling (see Fig. 1.2), the data are truncated to a finite num-
ber of data points. This can be expressed mathematically by a multiplication of the infinite sampled
signal S∞(k) with a rectangular window function w(k) with width W (left column). Exploiting
the convolution theorem, the final image can be calculated by an additional convolution of the
reconstructed image after infinite sampling ρ̂∞(r) with a continuous sinc function W · sinc(πWr),
which is the inverse Fourier transformation of the truncation function w(k) (right column). Thus,
finite sampling results in so-called Gibbs-ringing and an additional blurring artifact; the Nyquist
criterion, however, holds even when the data are truncated.



CHAPTER 1. BASICS OF MRI 15

On the other hand, in order to shift the replicated images by β · FOV = β 2π
Δk in the image

space, the sampled signal has to be provided with a linearly decreasing phase.

F∞(r) =
+∞∑

l=−∞
δ

(
r − (l + β)

2π
Δk

)

f∞(k) =
+∞∑

m=−∞
δ (k − mΔk) · e−i2πmβ

These properties have essentially no impact on images sampled at the Nyquist rate. In the
first case the center image (l = 0), which usally is cropped out, is not affected by the phase
modulation and in the latter case the image is only shifted in the FOV and can be shifted
back easily in a post processing step. However, it will be shown later in this work, that these
properties have impact as soon as the Nyquist criterion is violated.

1.4.4 Aliasing

As mentioned above, aliasing occurs whenever the k-space is sampled at a rate which lies
below the Nyquist criterion (Eq. 1.19) and is independent from the idea of finite sampling.
Thus, it is sufficient to investigate the effect of aliasing on infinitely sampled data. In Fig.
1.4, the immediate consequence of sampling at a rate which lies below the Nyquist criterion is
displayed (FOV < A). The infinite replicates overlap to a certain extent, thereby tempering
the object information significantly. The greater the distance of sampling points in k-space
is chosen, the smaller is the FOV and the more replicates are forced to merge together. For
example, if the data are sampled at a rate which lies 4 times below the Nyquist criterion, 4
shifted replicates are overlapped on top of each other in the FOV.

In the frequency encoding direction, this type of aliasing artifact can be avoided by sam-
pling k-space at a rate which lies beyond the Nyquist criterion (oversampling), followed by a
low-pass filtering procedure to crop out the desired FOV, which can be chosen to be smaller
than the object size. However, in the phase encoding direction, this strategy is not applicable
because oversampling in the phase encoding direction requires increased number of phase en-
coding steps, demanding additional scan-time. Thus, to avoid aliasing in the phase encoding
direction, the distance of subsequent phase encoding steps Δk is exactly determined by the
Nyquist criterion.

1.5 Imaging Speed and SNR

MRI is generally considered to be limited by the signal-to-noise-ratio (SNR). Therefore, in
the following, a brief overview of the most prominent limitations in MRI with regard to
SNR and imaging speed are given. The SNR is defined as the signal level divided by the
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Figure 1.4: Schematic description of the formation of aliasing artifacts in MRI. Sampling at a
rate which lies below the Nyquist criterion Δk > 2π/A results in a FOV smaller than the object
size A causing the replicates to overlap.
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standard deviation of the background noise. The signal intensity received in the receiver coil
is proportional to the desired voxel size ΔV = ΔxΔyΔz and increases linearly with the number
of acquired data points N = NxNyNz (Nz = 1 for 2D imaging). Besides noise mechanisms
which cannot be influenced by the MRI experiment, such as noise contributions originating
from the sample or the receiver coil, or further losses in the receiver chain, the received
noise contribution is basically proportional to the square root of the aquisition bandwidth√

BW = 1/
√

Δtx at which the signal has been sampled. The noise distribution received has
a gaussian shape and therefore noise increases only with the square root of the number of
acquired data points

√
N . Thus, the SNR as a function of the basic imaging parameters is

given by
SNR ∝ ΔxΔyΔz ·√NyNz ·

√
ACQ (1.23)

where ACQ = Nx · Δtx. This is neglecting relaxation due to increased echo times. Because
the SNR can always be increased by averaging the signal Nrep times at the cost of Nrep-fold
increased imaging time, a metric is needed to determine how effectively an MRI experiment
utilizes the available magnetization in a given amount of time. Since the SNR improves linearly
with

√
Nrep, the SNR must be given per square root of the total imaging time Ttot. This value

is known as the SNR efficiency or sensitivity Ψ. The total imaging time needed to form an
image in MRI is given by the number of required rf excitations (number of phase encoding
steps and number of repetitions) times the repetition time TR.

Ttot = NyNzNrep · TR (1.24)

The repetition time TR is defined as time interval between subsequent rf excitations and is a
fundamental limiting factor in terms of sensitivity and imaging speed in MRI. In most cases,
the TR must be chosen to be significantly longer than the acquisition time ACQ, thereby
inevitably implicating undesired dead-times during TR. Besides the finite gradient switching
times, the reason for long repetition times are predominantly the effects of relaxation and the
desired image contrast. Long repetition times significantly decrease SNR efficiency.

Ψ =
SNR√

Ttot
∝ ΔxΔyΔz ·

√
ACQ√
TR

(1.25)

A further limitation in terms of imaging speed is the number of phase encoding steps required
to form an image. This is especially true in cases where high resolution images are required
and the repetition times are long because of the specific image contrast needed. In the past, a
multitude of different strategies has been developed to reduce the dead-times significantly. For
example rapid spin-warp imaging sequences such as FLASH [9] allow for very short repetition
times by employing low flip angle excitation pulses. Single-shot or multi-shot sequences, such
as echo planar imaging (EPI) [10] or turbo spin echo imaging (TSE) [11], minimize dead-times
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by performing all or multiple phase encoding steps after one excitation during one TR. These
rapid imaging sequences are distinguished by a high SNR efficiency. In some cases, however,
these techniques operate at the SNR limit.

The advent of phased arrays [12] and the availability of multiple independent receiver
channels has led to a further improvement in acquisition efficiency. These arrays of surface
coils, if non-interacting, allow one to look at different or overlapping regions in the same slice.
In phased arrays, the signals from all coil elements are detected simultaneously with seperate
receivers, resulting in multiple independent single coil images. These images can be combined
in order to form one image with improved SNR compared to single surface coil or volume coil
images. The most prominent combination procedures are the sum-of-squares algorithm [12],
providing maximum SNR or adaptive reconstruction [13] providing a homogenous sensitivity
distribution in the final image.



Chapter 2

Basics of Parallel Imaging

2.1 Introduction

Besides the image contrast, imaging speed is probably the most important consideration in
clinical magnetic resonance imaging (MRI). Unfortunately, current MRI scanners already op-
erate at the limits of potential imaging speed, due to the technical and physiological limitations
associated with rapidly switched magnetic field gradients. With the appearance of parallel
MRI, a decrease in acquisition time can be achieved without the need to further increase
gradient performance.

Parallel imaging works by taking advantage of spatial sensitivity information inherent in
an array of multiple receiver surface coils positioned around the object under investigation (see
Fig. 2.1) to partially replace time consuming spatial encoding, which normally is performed by
switching magnetic field gradients. In this way, only a fraction of the phase encoding steps have
to be acquired, directly resulting in an accelerated image acquisition while maintaining full
spatial resolution and image contrast. Besides increased temporal resolution at a given spatial
resolution, the time savings due to parallel MRI can also be utilized to improve the spatial
resolution in a given imaging time. Furthermore, parallel MRI can diminish susceptibility-
related artifacts by reducing the echo train length of single and multi-shot pulse sequences
[14, 15].

Currently, the latest generation of MRI scanners provide up to 32 independent receiver
channels, which theoretically allow a 32-fold increased image acquisition speed compared to
traditional MR systems without a parallel MRI environment. At the moment, however, rou-
tine clinical experiments can only be accelerated by a factor of 2-4 and still maintain good
image quality [16, 17]. Higher scan time reductions can be achieved in 3D experiments (accel-
eration factors 5-8) where the number of phase encoding steps can be reduced in two spatial
dimensions. Even further scan time reductions have been obtained at research sites using
specialized hardware (acceleration factors 9-12). These new generation MRI scanners with
parallel MRI have provided the greatest incremental gain in imaging speed since the develop-
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Figure 2.1: Fully encoded single coil images
acquired with an eight channel head array.
For a successful parallel imaging reconstruc-
tion multiple receiver coils are required, each
provided with its own receiver pathway (indi-
cated by the arrows). The coils are positioned
in such a way that the entire object is covered.
To partially accomplish spatial encoding the
parallel image reconstruction procedure uti-
lizes the fact that the coils are provided with
different spatial sensitivity information.

ment of fast MRI methods in the 1980s.

2.2 Historical Overview

The idea of using rf receiver coils to encode an image, thereby dramatically increasing imaging
speed, was introduced in the late 80ies. It is clear that many rf coils would be required to
encode an image entirely by this method. At that time, however, neither the huge number
of required independent receiver channels nor the huge number of decoupled rf coils were
available, and still are not today. Around this time, Kelton et al. [18] proposed a combina-
tion of both encoding with magnetic field gradients and rf receiver coils. The reconstruction
algorithm operates in image space using a matrix inversion to unfold the undersampled ac-
celerated image. Although their implementation did not result in acceptable image quality
and no in vivo results were presented, the concept of partially parallel acquisitions (PPA)
was born. Only a few years later, Ra and Rim [19] presented a similar proposal with good
results, but again no in vivo data were presented. A completely different approach was made
in 1993 by Carlson and Minemura [20] who presented a k-space method capable of generating
missing k-space lines from a series expansion of reduced k-space raw data in two distinct coils.
Although this technique never worked robustly, it pioneered a new method in 1997, namely
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SMASH (Simultaneous Acquisition of Spatial Harmonics), proposed by Sodickson et al. [21],
which uses linear combinations of coil sensitivity profiles to generate spatial harmonics acting
like additional phase encoding gradients. Sodickson and Griswold then presented a success-
ful in vivo implementation of PPA using the SMASH technique, thereby starting the rapidly
growing field of parallel imaging [22]. Only one year later, Pruessmann and Weiger proposed
the concept of sensitivity encoding (SENSE) [23] which is strongly related to the early pro-
posals of Kelton and Ra and Rim. The difference between the two is that SENSE uses an
SNR optimized matrix inversion in combination with an initial coil sensitivity mapping. Since
then, great progress in the development and improvement of parallel imaging reconstruction
methods has taken place, thereby producing a multitude of different and somewhat related
techniques and strategies [21, 23, 24, 25, 26, 27, 28]. Currently, the best-known are SMASH
[21], SENSE [23] and GRAPPA [27]. However, various other techniques, such as AUTO-
SMASH [25], VD-AUTO-SMASH [26], GENERALIZED SMASH [24], mSENSE [29], PILS
[30] and SPACERIP [28] have also been proposed.

2.3 Basic Concepts

In parallel MRI, image acceleration is performed by skipping some phase encoding lines nor-
mally required to fully encode an image. This is usually done by increasing the distance of
subsequent phase encoding steps, thereby sampling the k-space at a rate which is below the
Nyquist criterion. As described earlier, this type of undersampled k-space yields aliasing ar-
tifacts in the image after inverse Fourier transformation. Parallel imaging methods make use
of spatial sensitivity information provided by a receiver array in order to remove the aliasing
artifacts in the image space, or to directly reconstruct the missing phase encoding lines in k-
space. Therefore, current parallel MRI reconstruction methods can roughly be classified into
two groups: those where reconstruction takes place in image space (e.g. SENSE [23], PILS
[30]), consisting of an unfolding or inverse procedure (Fig. 2.2 right), and those, where the
reconstruction procedure is performed in k-space (e.g. SMASH [21], GRAPPA [27]), consist-
ing in a calculation of missing k-space data (Fig. 2.2 left). However, hybrid techniques, like
SPACERIP, are also used. All PPA techniques require additional coil sensitivity information
to eliminate the effect of undersampling in k-space. This sensitivity information can either be
derived once during the patient setup by means of a pre-scan or by means of a few addition-
ally acquired k-space lines for every subsequent parallel imaging experiment (auto-calibration)
[25], or some combination of the two.
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Figure 2.2: Description of the basic parallel imaging reconstruction concepts. The
k-space is sampled at a rate which lies below the Nyquist criterion thereby reducing
the number of required phase encoding steps. In this example, a two-times reduced
acquisition is displayed, where solid lines represent acquired lines and dotted lines
not acquired lines (upper left). Inverse Fourier transformation of this undersampled
k-space results in aliasing artifacts in the image space (upper right). The parallel
imaging reconstruction procedure can be performed either in k-space by directly solv-
ing for the missing k-space lines (lower left) or in image space by solving for the
un-aliased full FOV image (lower right). The most prominent PPA techniques are
GRAPPA, operating in k-space and SENSE, operating in the image domain.

The most important property, and limitation, of the parallel imaging approach is, that the
signal to noise ratio (SNR) of an R-fold accelerated acquisition is reduced by a factor

√
R.

The reason for this reduction is that the number of acquired phase encoding steps is reduced
by a factor of R (see Eq. 1.23). This property limits the PPA concept to applications which
do not already operate at the SNR limit. The most important requirements and properties of
parallel MRI are recapitulated below:

• Multiple receiver coils with different coil sensitivities over the FOV are required.

• Each coil must be provided with its own receiver pathway.

• For parallel imaging reconstruction, an accurate knowledge of the coil sensitivity infor-
mation is required.
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• The SNR of the accelerated image is reduced at least by a factor
√

R (see Eq. 1.23).

2.4 Technical Overview

In this section, a brief technical overview of today’s most important parallel MRI recon-
struction methods, namely SENSE (Sensitivity Encoding) [23] and GRAPPA (GeneRalized
Autocalibrating Partially Parallel Acquisitions) [27], is given. While SENSE can be seen as an
unfolding procedure in image space, GRAPPA operates in k-space and directly reconstructs
the missing data in k-space for each coil. In the latter case, the component coil images are
combined to form the final image after Fourier transformation.

Starting with a detailed description of the SENSE method, the basic SMASH [21] theory is
discussed. Thereafter, the SMASH-related auto-calibrating methods AUTO-SMASH [25] and
VD-AUTO-SMASH [26] are introduced, followed by a description of the most basic GRAPPA
implementation. Finally, a more generalized implementation of GRAPPA is derived, which
is, like SENSE, given in matrix notation.

In the last years, the GRAPPA method has been subject of continuous development,
thereby steadily improving reconstruction speed and quality. Therefore, the GRAPPA algo-
rithm presented here represents an up-to-date implementation and is based on the recently
released open-source implementation by Mark Griswold, which differs significantly from the
implementation described in the original GRAPPA [27] paper. To simplify matters, only
Cartesian-type undersampled k-space is discussed. However, as mentioned earlier, there are
other, non-Cartesian sampling strategies available where k-space is sampled using for example
multiple spiral or radial trajectories. In the Cartesian case, however, the number of phase
encoding steps is reduced by the reduction factor R by increasing the distance of equidistantly
sampled k-space lines. To maintain resolution, the maximum k-values are left unchanged.
In image space this type of undersampling of k-space yields in a reduced FOV in the phase
encoding direction, which is associated with fold-over artifacts in the coil images as depicted
in Fig. 2.2.

2.4.1 SENSE

The SENSE (SENSitivity Encoding) [23] parallel MRI reconstruction method can be briefly
characterized as an image domain unfolding algorithm. In the Cartesian-type sampled k-space,
the location of and distance between periodic repetitions in the image domain is well-known
(see previous chapter). An accelerated acquisition (reduction factor R) results in a reduced
FOV in every component coil image. Each pixel in the individual reduced FOV coil image
will contain information from multiple (R), equidistantly distributed pixels in the desired
full FOV image ρ. Additionally, these pixels are weighted with their sensitivities C at the
corresponding locations l in the full FOV . Thus, the signal in one pixel at a certain location
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received in the k-th component coil image Ik can be written as

Ik =
R∑

l=1

Ckl · ρl (2.1)

where the index k counts from 1 to Nc and the index l counts from 1 to R, specifying the
locations of the pixels involved. By including all Nc coils, a set of Nc linear equations with R

unknowns can be established and written in matrix notation:

�I = Ĉ �·ρ (2.2)

As shown in Fig. 2.3, the vector �I represents the complex coil image values at the chosen
pixel and has length Nc. The matrix Ĉ denotes the sensitivities for each coil at the R super-
imposed positions and therefore has dimensions Nc × R. The vector �ρ lists the R pixels in
the full FOV image. Using proper knowledge of the complex sensitivities at the correspond-
ing positions, �ρ can be calculated using a generalized inverse of the sensitivity matrix Ĉ, the
so-called pseudo inverse pinv(Ĉ)

pinv(Ĉ) = (ĈH · Ĉ)−1 · ĈH

where the superscript H denotes the complex conjugate transposed of a matrix. Thus, the
desired image pixels �ρ can be derived by

�ρ = pinv(Ĉ) · �I (2.3)

To simplify matters, the issue of noise correlation is not addressed in Eq. 2.3. However,
to account for levels and correlations of stochastic noise in the receiver channels, this issue
may be included, which is important especially when the receiver coils are not completely
decoupled. A detailed description is given in reference [23].

The unfolding process in Eq. 2.3 is possible as long the matrix inversion can be performed.
Therefore, the number of pixels to be separated (R) must not exceed the number of coils (Nc)
in the receiver array. The SENSE algorithm (Eq. 2.3) must be repeated for every pixel location
in the reduced FOV image to finally reconstruct the full FOV image. SENSE provides parallel
MRI with arbitrary coil configurations, however, at the expense of some additional SNR loss
which depends on the underlying geometry of the coil array. The encoding efficiency at any
position in the FOV with a given coil configuration can be analytically described by the
geometry factor (g-factor), which is a measure of how easily the matrix inversion in Eq. 2.3
can be performed. The geometry factor gl can be calculated according to

gl =
√

[(CHC)−1]l,l · [CHC]l,l ≥ 1 (2.4)
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Figure 2.3: Illustration of the basic SENSE relation using an accelerated (R = 4) parallel MRI
acquisition with Nc = 4 receiver coils. �I contains the aliased pixels at a certain position in the
reduced FOV coil images. The Nc×R sensitivity matrix Ĉ assembles the corresponding sensitivity
values of the component coils at the locations of the involved (R = 4) pixels in the full FOV image
�ρ.

and describes analytically the local noise enhancement at the positions of the R involved pixel
locations l = 1, ...R and can take values greater than one. The term [...]l,l represents the
diagonal matrix elements. Thus, the SNR in the final SENSE image is additionally reduced
by the g-factor.

SNRSENSE
l =

SNRfull
l

g · √R
(2.5)

A more detailed description of the g-factor calculation accounting for potential noise correla-
tions is given in the original SENSE paper [23].

2.4.2 SMASH

Like SENSE, pure SMASH (SiMultaneous Acquisition of Spatial Harmonics) at its basic level
requires a prior estimation of the individual coil sensitivities of the receiver array. The basic
concept of SMASH is that a linear combination of these estimated coil sensitivities can directly
generate missing phase-encoding steps, which would normally be performed by using phase
encoding magnetic field gradients. In this case, the sensitivity values Ck(x, y) are linearly
combined with appropriate weighting factors in such a way that composite sensitivity profiles
Ccmp

m with sinusoidal spatial sensitivity variations of the order m are generated, which are
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intended to replace the modulations normally generated by phase encoding gradients:

Ccmp
m (x, y) =

Nc∑
k=1

w
(m)
k Ck(x, y) ≈ eimΔkyy (2.6)

Here, ky = 2π
FOV and the index k counts from 1 to Nc for an Nc-element array coil, while

m is an integer specifying the order of the generated spatial harmonic. Within this linear
equation, the only unknowns are the weighting factors or coil weights w

(m)
k , which can be

estimated by fitting (eg, least squares fit [31]) the coil sensitivity profiles Ck(y) to the spatial
harmonic eimΔkyy of order m. The component coil signal Sk(ky) in one dimension (phase
encoding direction) which is received in coil k is the Fourier transformation of the spin density
ρ(y) weighted with the corresponding coil sensitivity profile Ck(y):

Sk(ky) =
∫

Ck(y)ρ(y) · eikyydy (2.7)

Using Eq. 2.6 and 2.7, an expression may be derived to generate shifted k-space lines
Scmp(ky + mΔk) from weighted combinations of measured component coil signals Sk(ky).

Nc∑
k

w
(m)
k Sk(ky) =

∫ Nc∑
k

w
(m)
k Ck(y)ρ(y) · eikyydy

≈
∫

ρ(y) · eikyy · eimΔkyydy = Scmp(ky + mΔky) (2.8)

Eq. 2.8 represents the basic SMASH relation and indicates that linear combinations of
component coils can actually be used to generate k-space shifts in almost the same manner
as magnetic field gradients in conventional phase-encoding. In general, SMASH is strongly
restricted to coil configurations that are able to generate the desired spatial harmonics in
phase encoding direction with adequate accuracy.

2.4.3 AUTO-SMASH and VD-AUTO-SMASH

Unlike SMASH, which uses a prior estimation of component coil sensitivities, AUTO-SMASH
uses R − 1 additionally acquired auto-calibration signal (ACS) lines in the center of k-space
during the actual scan to estimate the sensitivities. In contrast to normal SMASH, these
additionally acquired ACS lines Sacs

k are used to automatically derive the set of linear weights
w

(m)
k . In the absence of noise, the linear combination of adequately weighted signals Sk(ky)

received in the individual component coils can generate a composite Signal Scmp which is
shifted in k-space by mΔky. In other words, if auto-calibration signals are acquired at positions
ky +mΔky in k-space and linearly combined to form the composite signal Scmp at ky +mΔky

the SMASH equation yields the AUTO-SMASH equation:
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Scmp(ky + mΔky) =
Nc∑
k=1

Sacs
k (ky + mΔky) ≈

Nc∑
k=1

w
(m)
k Sk(ky) (2.9)

By fitting the component coil signals to the composite signal Scmp, which is composed of
ACSs Sacs

k (ky +mΔky), a set of coil weights w
(m)
k can be derived which shift measured lines by

mΔky in k-space. In this way, missing k-space data can be calculated from measured k-space
data to form a complete, fully-encoded k-space, resulting in a full FOV image after inverse
Fourier transformation.

In order to further improve the reconstruction procedure of the AUTO-SMASH approach,
the concept of variable-density (VD)-AUTO-SMASH was introduced. In this method, a fully
encoded low resolution data block of ACS lines is acquired in the center of k-space. It has been
shown that the number of available fitting procedures with which one can derive the weights
for the desired k-space shifts (m) is significantly increased just by adding a few extra ACS
lines to the acquisition [26]. Furthermore, these reference lines can be integrated into the k-
space in a final reconstruction step to further improve image quality. The VD-AUTO-SMASH
approach provides the best suppression of residual artifact power at a given total acceleration
factor R, using the maximum possible undersampling in the outer k-space in combination with
the highest possible number of ACS lines in the center of k-space. This strategy results in a
more accurate determination of the reconstruction coefficients, especially in the presence of
noise and a more robust image reconstruction in the presence of imperfect coil performance.

2.4.4 GRAPPA

GRAPPA (GeneRalized Autocalibrating Partially Parallel Acquisitions) [27] represents a more
generalized implementation of the VD-AUTO-SMASH approach. Although both techniques
share the same acquisition scheme, they differ significantly in the way the reconstruction of
missing k-space lines is performed. One basic difference is that the component coil signals
Sk(ky) are fit to just a single component coil ACS signal Sacs

l (ky + mΔky), thereby deriving
a set of weights w

(m)
lk to reconstruct missing k-space lines in each component coil:

Sacs
l (ky + mΔky) ≈

Nc∑
k=1

w
(m)
lk Sk(ky) (2.10)

The GRAPPA reconstruction algorithm described here in this work differs in part from the
implementation proposed by Mark Griswold et al. in the original GRAPPA paper four years
ago [27]. The early GRAPPA uses a block of multiple k-space lines acquired in each coil to
fit an ACS k-space line in one single coil in order to derive the reconstruction weights for the
missing k-space line in that coil. This procedure is then repeated for each coil. The up-to-date
GRAPPA implementation presented here is more general and more intuitive and has shown
to provide a better and more robust parallel image reconstruction. A detailed description of
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Figure 2.4: Schematic description of the GRAPPA reconstruction procedure. On the left (a),
schematically, the k-space of a R = 4-fold undersampled PPA acquisition for all (Nc = 4) coils
is depicted, including the fully-encoded low-resolution ACS block in the center of k-space. In
order to calculate the weights, a small reconstruction kernel is chosen in which source and target
points are selected (b) for each coil (coil dimension is omitted for simplicity). In this case, a
2 × 5 source kernel was used matching the R = 4-fold undersampled data pattern. The target
points are selected to the R − 1 = 3 missing data points in the center of the reconstruction
kernel. The source points from all coils may then be assembled in a vector �Ssrc, the target
points in a different vector �Strg. Using a sliding block implementation, multiple repetitions
of the reconstruction kernel can be found in the ACS data and accumulated in a source Ŝsrc

and target matrix Ŝtrg. By fitting Ŝsrc to Ŝtrg, the appropriate weights w can be derived.
When applied to the undersampled data (c), the weights generate the missing data points at
the corresponding k-space position in all component coils simultaneously.

the novel GRAPPA procedure is given below.

The GRAPPA reconstruction formalism given in Eq. 2.10 can also be written in matrix
form. The vector �S represents the collected signal in each element coil at some position ky

and therefore has length Nc. Using GRAPPA in its simplest form, a set of weights ŵ(m) may
be derived by fitting the signal �S to the ACS �S

(m)
acs at the position (ky + mΔky) in each coil.

Therefore, the coil-weighting matrix ŵ(m) has dimension Nc × Nc and shifts the k-space data
in each coil by mΔky.

�S(m)
acs ≈ ŵ(m) �S (2.11)

In a more generalized implementation, multiple source data points (according to the ac-
quired points) can be collected in �Ssrc and fitted directly to multiple target data points (ac-
cording to the missing points) assembled in �Strg to derive the appropriate coil weights ŵ from
the ACS data.

In Fig. 2.4, a schematic description of the GRAPPA reconstruction procedure is given. On
the left (a) the sampling scheme of an R = 4 accelerated acquisition for each component coil
is shown. Additionally, the fully encoded low resolution ACS data in the center of k-space is
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displayed. A small reconstruction kernel is chosen (b) in which source data points and target
data points are selected. The source points must be picked so that they match the reduced
sampling pattern, while the target points are chosen according to the (R − 1) missing data
points. A N src

y ×N src
x source-kernel is fitted to the (R−1) target points simultaneously for all

coils, resulting in a total number of source points of Nsrc = Nc ·N src
y ·N src

x and a total number
of target points Ntrg = Nc · (R − 1). The reconstruction can be greatly improved by sliding
the reconstruction kernel through the ACS data in the read (kx) and the phase (ky) encoding
direction. The sliding block implementation results in a further increased accuracy of the fit
procedure (ie, over determined system) and therefore in better artifact suppression. Using a
Nacs

y ×Nacs
x ACS data block for coil calibration, the kernel can be found several (Nrep) times

within the ACS data. All the source data can then be assembled in an Nsrc × Nrep -source
matrix Ŝsrc and an Ntrg ×Nrep -target matrix Ŝtrg. Similar to Eq. 2.11 a weighting matrix ŵ

is needed which ensures the following condition:

Ŝtrg ≈ ŵ · Ŝsrc (2.12)

The Ntrg ×Nsrc weighting matrix ŵ can then easily be calculated by multiplying Ŝtrgwith the
generalized inversion matrix of Ŝsrc.

ŵ ≈ Ŝtrg · pinv(Ŝsrc) (2.13)

Finally, in the actual reconstruction step (Fig. 2.4 (c), the missing data can be calculated
by applying the weights ŵ to a vector �Sacq containing a set of acquired data points according
to the source data kernel. The resulting vector �Sclc = ŵ · �Sacq contains the calculated R − 1
missing points for each coil according to the position of the target points. Using a sliding
block reconstruction for each kx and ky position in the undersampled data set, all the missing
points at position (kx, ky +mΔky) can be calculated for all coils simultaneously, where m runs
from m = 1, ..., (R − 1).

In contrast to a SMASH or (VD)-AUTO-SMASH complex sum image reconstruction, the
GRAPPA algorithm results in uncombined single coil images, which can be combined using
a magnitude reconstruction procedure (eg, sum of squares). This provides a significantly
improved SNR performance, especially at low reduction factors. Furthermore, signal losses due
to phase cancellations are essentially eliminated using a magnitude reconstruction procedure.
Thus, previous drawbacks of k-space-based techniques, namely phase cancellation problems,
low SNR, and poor reconstruction quality due to a suboptimal fit procedure, are essentially
eliminated. Furthermore, similar to SENSE, the GRAPPA algorithm works with essentially
arbitrary coil configurations. Finally, as an additional benefit, the ACS lines used to derive the
reconstruction coefficients can in many cases be integrated into the final image reconstruction,
in the same manner as in VD-AUTO-SMASH.
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2.5 Sensitivity Assessment

A successful SENSE reconstruction is strongly dependent on an accurate knowledge of the coil
sensitivities. Since the sensitivity varies with coil loading, the sensitivities must be assessed
by an additional reference acquisition integrated into the actual imaging setup. This can
be performed, for example, by acquiring a low-resolution fully Fourier-encoded 3D data set
received in each component coil, which allows arbitrary slice positioning and slice angulations.
Thus, sensitivity maps can be derived by any of these methods described in literature:

• dividing each component coil image by an additional body coil image [23].

• dividing each component coil image by a sum of square image including phase modulation
[32].

• dividing each component coil image by one component coil image (relative sensitivity
maps) [33].

• an adaptive sensitivity assessment based on the correlation between the component coil
images [13].

In an additional numerical process, these raw-sensitivity maps must be refined using smooth-
ing (ie, minimizing the propagation of additional noise from the calibration scan into the
reconstructed image) and extrapolation algorithms (ie, to provide coils sensitivity information
from regions where MR signal is hard to obtain). In this work, coil sensitivity maps were
derived using the adaptive sensitivity assessment proposed by Walsh et al. [13].

2.6 Auto-Calibration

The concept of auto-calibration was first presented by Jakob et al. in 1998 [25], who proposed
the AUTO-SMASH technique. The philosophy of auto-calibration differs significantly from
other approaches in which the sensitivity information is derived only once during the patient
setup (eg, pre-scan). Auto-calibration may imply acquisition of reference signals directly in
front of, during, or after the actual accelerated MRI experiment. This is beneficial because
the accurate knowledge of the spatial sensitivity information of the underlying coil array is
a crucial element in PPAs and it is difficult to ensure that the patient and coil positions
remain unchanged during the entire clinical protocol, especially when using flexible array coils
or when patient motion is inevitable (eg, respiratory motion, uncooperative patients). In
general, an inaccurate estimation of coil sensitivity information results in bad image quality.
Therefore, the auto-calibration concept can in many cases provide a more robust parallel MRI
reconstruction. In addition, the ACS lines can often be integrated into the final image, thereby
additionally improving image quality by reducing residual artifact power and increasing SNR.
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However, it is important to note that generally any fully-encoded low-resolution scan with
arbitrary image contrast can be used for coil calibration [34], which is beneficial in many
cases. It is clear that, when following this strategy, the reference data must not be included in
the final image. However, the concept of auto-calibration is not restricted to k-space-related
parallel MRI reconstruction methods. In principle, one can use the ACS lines required for
a GRAPPA reconstruction as well to derive low-resolution coil sensitivity maps for SENSE
reconstructions within every subsequent parallel MRI experiment. This is done, for example,
in the mSENSE [29] method.

2.7 Coil Arrangement Considerations

In principle, both commercially available techniques, SENSE and GRAPPA, allow an arbi-
trary coil configuration around the object. This means that these techniques are not restricted
to linear coil configurations or localized sensitivities, such as in SMASH or in PILS. However,
sufficient coil sensitivity variations in the phase-encoding direction in which the reduction is
performed must be ensured. The geometry factor (g-factor) describes the local noise enhance-
ment in the final SENSE image when using a given coil configuration. Therefore, the g-factor
represents an easy and elegant way to estimate the encoding efficiency of a receiver array.
In general, to optimize a coil configuration for a specific application, one should simulate g-
factors for several coil configurations. Although the g-factor actually represents a quantitative
estimation of noise enhancement for SENSE reconstructions, it has been shown that g-factor
estimation works qualitatively for GRAPPA as well, since GRAPPA is subject to the same
requirements in terms of coil configuration. Recently, quantitative representation of noise
enhancement after GRAPPA reconstruction has also been derived, which can be calculated
directly from the GRAPPA coil weights [35, 36].

2.8 Open Issues

Four years ago only the image domain based SENSE method proposed by Pruessman et al. and
the k-space based GRAPPA reconstruction method introduced by Griswold et al. provided a
robust parallel image reconstruction. However, both techniques allowed only moderate image
accelerations (R = 2−3) with acceptable image quality. The main reason was that at this time
the number of available coils in state-of-the-art receiver arrays were limited to a maximum of
4-6 elements. Only the rapid development of coil arrays providing more elements and the idea
to apply the parallel imaging concept in two phase encoding directions in volumetric imaging
(2D SENSE) allowed for higher image accelerations. However, this had been only possible
for SENSE reconstructions, while at this time GRAPPA was not yet ready for volumetric
parallel MRI. Thus, GRAPPA agorithms were needed for a robust reconstruction of accelerated
3D data sets. Additionally, as the sensitivity variation provided by the receiver array is
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the crucial point for a successful parallel image reconstruction, strategies were needed for
the efficient utilization of the available sensitivities to further gain imaging speed. While
the autocalibrating approach had been shown to provide robust image reconstructions even
when the coil sensitivities changed during the accelerated experiment, it suffers from a non-
optimized image acceleration because some extra data is required for the coil calibration. This
is a problem particularily in dynamic imaging experiments, because this acquisition scheme
significantly decreases temporal resolution. In the following chapters, strategies and concepts
are provided which address these limitations.



Chapter 3

Dynamic autocalibrated parallel
imaging using temporal GRAPPA
(TGRAPPA)

3.1 Introduction

In dynamic imaging, a series of images with identical imaging parameters is acquired in order
to track motion of, for example, the beating human heart. For diagnostic purposes, a certain
spatial and temporal resolution is required. ECG gated, segmented CINE imaging [37] of the
human heart provides this resolution by distributing the acquisition over multiple heart cycles,
typically within one breath-hold. However, this technique is restricted to periodic motion, such
as the beating heart, and is extremely vulnerable to arrhythmia or any patient motion which
may occur during the examination, for example, respiratory motion. For applications showing
non-periodic dynamics, such as swallowing or movements of the limbs, a real-time acquisition
is required. Another important application is real-time catheter tracking [38]. With today’s
fastest imaging sequences, frame rates of about 5 to 10 frames per second (fps) are feasible
with adequate spatial resolution. However, at such moderate frame rates spatial resolution is
degraded due to motion faster than the frame rate. By applying the parallel imaging concept
the frame rate can potentially be increased by a factor of 3 to 4 without changing spatial
resolution or contrast behaviour, thereby providing frame rates in the order of 20 to 40 fps.
For most applications, higher frame rates are not required, because the human eye is not
capable of resolving motion at higher rates. Therefore, further reductions in scan time can
be utilized to increase spatial resolution. The gain in imaging speed could potentially also be
used to make real-time 3D imaging feasable.

In the previous chapter, the parallel imaging reconstruction techniques SENSE [23] and
GRAPPA [27] were introduced. Both techniques require an additional fully-encoded reference
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dataset to estimate the spatial coil sensitivity information which is needed for the paral-
lel imaging reconstruction procedure. This calibration scan takes some additional time and
therefore slightly degrades image acceleration. As already mentioned, this information can be
acquired only once during the patient setup and can then be used for every subsequent accel-
erated experiment in the study. This strategy is time-efficient but suffers as soon as the coil
sensitivity information changes in time for example due to patient motion, directly resulting in
severe residual reconstruction artifacts. In contrast, the auto-calibration approach [25] collects
the calibration data directly before, during or directly after the actual undersampled experi-
ment. Following this strategy, possible changes in coil sensitivity information can be tracked
efficiently at the expense of longer overall experiment times. The k-t SENSE [39] method
uses both spatial and temporal correlations provided by the dynamic image series for highly
accelerated dynamic imaging. However, this method uses prior knowledge of the dynamic and
therefore requires some additional training data for image reconstruction. It is clear, that in
case of a mismatch between the real acquisition and the training data this method provides
errorneous reconstruction results. This misregistration can easily occur when significant pa-
tient motion or non-periodic dynamics are present. The k-t GRAPPA [40] approach does not
require additional training data and exploits correlations in k-space and in time to interpolate
the missing data in k-space, however, at the expense of decreased temporal resolution.

In dynamic parallel imaging, a time-interleaved acquisition scheme similar to UNFOLD
[41], TSENSE [42], kt-SENSE [39] and kt-GRAPPA [40] may be exploited in order to obtain
this sensitivity information directly from the actual accelerated dynamic imaging experiment,
thereby realizing the full image acceleration. To this end, directly adjacent time frames can
be merged in k-space to build a fully encoded, full-resolution reference data set which can be
used as the auto-calibration signal (ACS) for an improved GRAPPA reconstruction. With
every acquired time frame in the series, a new set of ACS lines can be generated. This
allows one to update the coil weighting coefficients for the GRAPPA algorithm dynamically,
thereby automatically tracking changes in relative coil sensitivities over time efficiently. In
particular, this method is beneficial whenever coil sensitivity maps, as required for the SENSE
algorithm, are difficult to obtain. This is the case in inhomogeneous regions with low SNR
(e.g. the lung) [15]. In this work, temporal GRAPPA (TGRAPPA) [43] reconstructions
of accelerated (reduction factor two to four) real-time (non-gated), free breathing cardiac
studies are presented. Additionally it is shown that further imaging speed can be achieved by
combining TGRAPPA with the concept of partial Fourier acquisition [44].

3.2 Methods

Several in vivo experiments were performed on a Sonata 1.5T clinical whole body scanner
(Siemens Medical Solutions, Erlangen, Germany) equipped with eight independent receiver
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channels. For signal reception, an 8-element receiver coil array (Nova Medical, Wilmington,
MA, USA) was used. A trueFISP sequence was chosen for real-time non-breath-hold cardiac
imaging. The imaging parameters were as follows: echo time TE = 1.11ms, repetition time
TR = 2.22ms, FOV = 36.0 cm × 29.2 cm, matrixsize = 128 × 60, slice thickness = 8mm,
flip angle = 50◦. The final image resolution was 2.8mm × 4.8mm. The phase encoding
direction was chosen to be in the anterior-posterior (AP) direction in all experiments. Four
volunteers were examined and informed consent was obtained before the study. Non-gated dy-
namic cardiac imaging experiments during different breathing scenarios were performed using
the UNFOLD acquisition scheme at frame rates accelerated from approximately 7.5 frames
per second (fps) (R = 1) to 30 fps (R = 4). The experiments were performed during nor-
mal breathing, fast breathing and deep breathing conditions. As described in the previous
section, the proposed TGRAPPA [43] scheme derives the auto-calibration signals over time
directly from the undersampled data itself. The final PPA image reconstructions were per-
formed off-line with the GRAPPA algorithm using the MATLAB programming environment
(The Mathworks, Natick, MA.). The GRAPPA coil weighting coefficients were determined
by solving a set of linear equations using the ACS lines acquired according to the proposed
TGRAPPA scheme. The Matlab reconstruction times, which were not optimized for real time
applications, were approximately 2 − 3 s per frame. Optimized software-based reconstruction
should be feasible at frame rates of 15 − 30 fps.

Fig. 3.1 shows a schematic depiction of the time-interleaved acquisition scheme for an
acceleration factor of R = 4. In this example, the undersampled k-space data from at least
four adjacent time frames must be merged to build a complete set of k-space data for the
GRAPPA reconstruction of one time-frame. In general, more neighboring frames can be
averaged to increase the signal to noise ratio (SNR) of the ACS data, resulting in a potentially
improved GRAPPA reconstruction. With every acquired time-frame in the series, a new set
of ACS data may be used to reconstruct the next frame in the time series, thereby tracking
changes in relative coil sensitivities over time.

The TGRAPPA reconstruction procedure was set up as follows: By performing a sliding
block implementaion, the GRAPPA reconstruction coefficients were dynamically updated by
merging 6 (R = 2), 9 (R = 3), 12 (R = 4) neighboring undersampled time frames at a time,
as depicted in Fig. 3.1. For the first 4 (R = 2), 5 (R = 3), and 7 (R = 4) time frames of
the series the GRAPPA reconstruction coefficients were derived from the first 6 (R = 2), 9
(R = 3), and 12 (R = 4) time frames. The same strategy was used for the last time frames.

In order to demonstrate the feasability of combining TGRAPPA with the partial Fourier
concept, the accelerated R = 2, R = 3 and R = 4 data series were additionally reduced by
25% (partial fourier factor pf = 0.75) as depicted in Fig. 3.2. This corresponds to increased
virtual frame rates of 20 fps (R = 2), 30 fps (R = 3) and 40fps (R = 4).

In the first reconstruction step the GRAPPA algorithm is applied to the reduced (including
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Figure 3.1: Schematic description of the time interleaved acquisition scheme for a reduction factor
of R = 4. Solid lines represent acquired and dotted lines not acquired k-space lines. At least R
adjacent time-frames in k-space must be merged to build a fully-encoded full-resolution reference
ACS data set for a GRAPPA reconstruction of frame N . With every acquired time frame in the
series, a new set of ACS lines can be derived to reconstruct the next frame in the time series. This
figure is reprinted from reference [43].

partial Fourier reduction) k-space. In the second step the POCS (Projection Onto Convex
Sets) algorithm is carried out yielding the final fully-encoded full-resolution k-space [45]. In
this case, the GRAPPA reconstruction parameters were derived from partial Fourier (pf =
0.75) ACS-data achieved by merging neighbouring time-frames as already described in Fig. 3.1.
Therefore, the number of ACS-lines available for the GRAPPA reconstruction were reduced
from 60 to 45.

3.3 Results

In Fig. 3.3, representative images for acceleration rates of (a) R = 1 (unaccelerated) (7.5 fps),
(b) R = 2 (15 fps), (c) R = 3 (22.5 fps) and (d) R = 4 (30 fps) under normal breathing
conditions are shown. The coil weighting coefficients for the GRAPPA reconstructions were
derived from 6 (R = 2), 9 (R = 3), and 12 (R = 4) neighboring time frames, forming a high
SNR, fully-encoded, full-resolution set of ACS data, corresponding to a temporal window of
0.4 s. This results in a GRAPPA reconstruction with good artifact suppression up to frame
rates of 30fps.

Fig. 3.4 illustrates the influence of inaccurate sensitivity information, which may arise
due to significant respiratory motion during deep breathing. As an example, two time frames
(Frame 5, Frame 151) are shown from an accelerated (R=4) non-gated, non-breath-held dy-
namic cardiac imaging experiment with a temporal resolution of approximately 30 fps. The im-
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Figure 3.2: Schematic description of the partial Fourier parallel imaging
reconstruction procedure. Starting from conventional accelerated (parallel re-
duction factor: R = 3) acquisition (top left) the k-space is additionally reduced
by the partial Fourier factor (pf = 0.75) yielding an asymmetric undersampled
k-space (top right). In the first reconstruction step GRAPPA is performed
yielding a fully sampled asymmetric partial Fourier k-space. In the final it-
erative reconstruction step the missing data can be calculated by exploiting
inherent k-space symmetry and low resolution phase information (POCS) [45].
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Figure 3.3: Example images after GRAPPA reconstruction for acceleration
rates of (a) R = 1 (unaccelerated) (7.5 fps), (b) R = 2 (15 fps), (c) R = 3
(22.5 fps) and (d) R = 4 (30 fps) under normal breathing conditions are shown.
The coil weighting coefficients for the GRAPPA reconstructions were derived
from 6 (R = 2), 9 (R = 3), and 12 (R = 4) neighboring time frames. This
figure is reprinted from reference [43].
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Figure 3.4: Illustration of the influence of inaccurate sensitivity information
on a successful PPA reconstruction. For demonstration purposes, two time
frames (Frame 5, Frame 151) are shown from an accelerated (R = 4) real-
time TrueFISP non breath-held dynamic cardiac imaging experiment with a
temporal resolution of 30 frames per second. The image reconstructions were
performed using the GRAPPA algorithm with reconstruction weights calcu-
lated (a) only once at the beginning of the series, (b) only once by integrating
all the data acquired during the whole series and (c) dynamically updated
during the series. This figure is reprinted from reference [43].
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age reconstructions were performed using the GRAPPA algorithm with reconstruction weights
calculated (a) only once at the beginning of the series (first 12 frames) (b) only once by in-
tegrating all the data acquired during the whole series and (c) dynamically updated during
the time series (12 neighboring frames). This example shows that respiratory motion can
significantly change the position of the flexible coil array, resulting in residual artifacts in time
frames where the reference data for coil calibration do not match the actual coil position.
These artifacts disappear if the reconstruction parameters are updated dynamically for each
time frame. The benefit of having full-resolution reference data for the normal GRAPPA
reconstruction is demonstrated in Fig. 3.5. R = 4 undersampled images after a standard
GRAPPA reconstruction using different number of ACS lines for coil calibration are shown.
The image quality suffers significantly with decreased number of ACS lines. In this case, a
block of at least 32 ACS lines is necessary to provide acceptable image quality. Since nor-
mal auto-calibrated GRAPPA requires additional ACS lines to be acquired for each frame
during an exam where the reconstruction weights must be dynamically updated, the effec-
tive acceleration rate for this example would be reduced from rate R = 4 to approximately
R = 1.6. In contrast, the TGRAPPA approach does not require additional reference data,
thereby providing full image acceleration.

Fig. 3.6 demonstrates that an additional partial Fourier reduction of 25% (ie partial
Fourier factor pf = 0.75) can be used to further increase imaging speed from 21 fps → 30fps

at a parallel imaging reduction factor R = 3 (a)→(b) and from 30 fps → 40 fps at R = 4
(c)→(d) without visible degradation of image quality. Comparing reconstruction quality from
images (b) and (c) acquired at the same frame rate (30 fps) one can see that it is advantageous
to apply the partial Fourier concept, especially when already operating at the limit of parallel
imaging reduction.

3.4 Discussion

Temporal GRAPPA (TGRAPPA) is easy to implement and has been presented as an efficient
method for improving reconstruction quality in dynamic parallel imaging. TGRAPPA was
successfully applied to real-time, non-gated, free-breathing dynamic cardiac imaging. It has
been shown that TGRAPPA reconstructions result in excellent image quality without any
residual artifacts up to frame rates of 30fps, even when the coil positions change significantly
during the acquisition. PPA reconstruction with GRAPPA is particularly beneficial in appli-
cations where accurate coil sensitivity maps may be difficult to obtain [15]. For example, a
precise estimation of spatial coil sensitivities may be difficult in inhomogeneous regions with
low spin density such as the lung and the abdomen. TGRAPPA provides a means of elim-
inating the overhead required for acquiring additional ACS lines. In this example with 60
phase encode lines and R = 4 undersampling, if 32 ACS lines were required, the effective
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Figure 3.5: R = 4 undersampled example images after GRAPPA reconstruc-
tion using (a) 60 ACS lines (full spatial resolution), (b) 40 ACS lines (c) 32
ACS lines and (d) 24 ACS lines as reference data. The image quality improves
significantly with an increased number of ACS lines. Residual aliasing artifacts
are visible even with 40 ACS lines as reference data. This figure is reprinted
from reference [43].
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Figure 3.6: TGRAPPA reconstructions without partial Fourier reduction (a)
R = 3 (21 fps) and (c) R = 4 (30 fps) and with additional pf = 0.75 partial
Fourier reduction (b) R = 3 (30 fps) and (d) R = 4 (40 fps). These reconstruc-
tion results demonstrate that the concept of partial Fourier acquisition can be
additionally exploited without visible degradation of image quality.
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acceleration rate would be reduced from rate R = 4 to approximately rate R = 1.6. Further-
more, the TGRAPPA approach benefits from having the coil sensitivity maps with full spatial
resolution, which offers improved artifact suppression.

A frame-to-frame update of the reconstruction coefficients can require a long total recon-
struction time. However, the high frame rate may allow one to update the reconstruction
coefficients much less frequently, since coil motion caused by respiration occurs more slowly
than the actual frame rate of 30 fps. Once the reconstruction coefficients are calculated for
one frame, they can be used to reconstruct multiple subsequent frames in the series in a short
time. During this time, new coil coefficients can be calculated to reconstruct later frames in the
series. This adapted concept results in a significantly improved over-all reconstruction time,
without visible degradation of image quality [46]. This concept, in combination with a highly
optimized GRAPPA algorithm, would be a promising technique for true real-time on-the-fly
image reconstructions. Additionally, as it has been shown, a combination of TGRAPPA and
partial Fourier acquisition can further increase imaging speed without significantly degrading
image quality or be used to improve image quality at a constant frame rate.

3.5 Summary

TGRAPPA is an efficient method for dynamic parallel imaging. The technique combines a
time-interleaved acquisition scheme with auto-calibrated GRAPPA. No additional reference
data must be acquired, since the signal from directly adjacent time frames can be merged to
form a set of fully-encoded full-resolution reference data for coil calibration, thereby realizing
full image acceleration. The coil coefficients for the GRAPPA algorithm can be easily updated
dynamically, thereby tracking changes in relative coil sensitivities during the data acquisition
which may occur due to respiratory motion. TGRAPPA reconstructions of accelerated (R = 2
to R = 4) real-time (non-gated), free-breathing cardiac studies were presented with excellent
image quality and without any visually apparent residual artifacts up to frame rates of 30fps.
This method compensates efficiently for significant changes in coil position due to respiratory
motion.





Chapter 4

Controlled Aliasing in Simultaneous
Multislice Parallel Imaging (MS
CAIPIRINHA)

4.1 Introduction

Introduction to CAIPIRINHA

In Chapter 2, today’s most important partially parallel acquisition (PPA) strategies have been
introduced. All of them utilize the spatial information inherent in an array of multiple radio
frequency (rf) receiver coils positioned around the object of investigation to partially replace
time consuming spatial encoding with magnetic field gradients. To speed up acquisition,
the number of phase encoding steps is reduced by uniformly increasing the distance between
adjacent acquired lines in k-space. As already described, this undersampling of Cartesian k-
space leads to distinct aliasing artifacts which can later be removed by the PPA reconstruction
process. Since parallel imaging is generally limited to applications with an adequate signal
to noise ratio (SNR), it is preferable to combine the parallel imaging concept with imaging
techniques which have intrinsically high SNR, such as volumetric imaging methods. Recently,
the parallel imaging concept has been successfully extended to such methods [47, 48]. Besides
the gain in SNR due to volume excitation, these methods have been shown to further improve
image quality because they exploit sensitivity variations in multiple directions, thereby yielding
improved geometry factors. However, both parallel imaging approaches are limited by the fact
that the performance of these techniques is strongly dependent on the geometry of the coil
array. In this chapter, a new concept, Controlled Aliasing In Parallel Imaging Results IN
Higher Acceleration (CAIPIRINHA) [49, 50], is presented which modifies the appearance of
aliasing artifacts during the data acquisition in order to reduce the dependence of the parallel
imaging technique on the underlying array geometry. These modifications are achieved by
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exploiting properties of sampling theory as described earlier in Chapter 1. These modifications
result in an improved parallel imaging reconstruction procedure because sensitivity variations
provided by the underlying coil array are more efficiently exploited. During the last years of
my thesis, the concept of CAIPIRINHA has been successfully applied to volumetric imaging
methods, such as simultaneous multi-slice imaging [51] and 3D imaging [52]. These techniques
are introduced and discussed in the following chapters. In an additional chapter, it will be
shown that the concept of CAIPIRINHA can also be applied to the remaining third spatial
dimension.

Introduction to MS CAIPIRINHA

In the past, several techniques using simultaneously excited multiple slices which do not use
PPA have been shown to improve the SNR per slice by a factor

√
NS, where NS denotes

the number of simultaneously excited slices. In general, all of these techniques either require
NS-fold more phase encoding steps (e.g. Phase Offset Multi Planar (POMP)) [53] or multiple
subsequent excitations [54, 55, 56] to fully differentiate all slices. The previously reported con-
ventional simultaneous multi-slice parallel imaging approach [48] is limited by the fact that it
suffers from reduced SNR whenever the coil array sensitivities are substantially similar in the
excited slices, which is usally the case for closely spaced slices. In this chapter, MS CAIPIR-
INHA is described and how it is more efficient compared to other multi-slice parallel imaging
concepts. Multiple slices of arbitrary thickness and distance are excited simultaneously using
alternating multi-band RF pulses similar to Hadamard pulses. Simultaneous excitation of
multiple slices leads to superimposed slices. However, these slices can be shifted with respect
to each other. These shifts are controlled by modulating the phase of the individual slices in
the multi-band excitation pulse from echo to echo. Using this shift, coil sensitivity variations
in multiple dimensions may be exploited more efficiently compared to conventional multi-slice
techniques, resulting in better image quality. This can potentially allow one to use higher
acceleration factors compared to techniques that do not employ this excitation scheme. Even
superimposed slices which have essentially the same coil sensitivities can be separated with
this technique. Image reconstructions are performed with the SENSE [23] algorithm using
adapted sensitivity information to account for the shifted slices. However, the flexibility of
this approach allows one to use other parallel imaging techniques such as GRAPPA [27] as
well.

4.2 Theory

Conventional multi-slice imaging

In order to fully understand the basics of the MS CAIPIRINHA [51] approach and how it is
different from previous methods, this chapter starts with a review of the basic parallel imaging
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procedures and how they can be applied to multi-slice acquisitions. In principle, the parallel
imaging concept provides a way to separate multiple image signals which are aliased into
one image pixel by means of the sensitivity information inherent in the receiver array. The
SENSE approach uses the knowledge of the spatial sensitivity information of each coil in the
receiver array to perform this separation in the image domain using a pixel by pixel matrix
inversion (see section 2.4). If one assumes a two-fold scan time reduction (R = 2) for a normal
single slice acquisition with a two-coil receiver array, each pixel in the component coil images
will then be composed of a superposition of two spin densities weighted with their spatial
sensitivity information at the corresponding positions. As demonstrated in Chapter 2, these
relations can easily be seen in matrix form and can be solved by a simple matrix inversion of
the so-called sensitivity matrix Ĉ (Eq. 2.2 and Eq. 2.3).

In simultaneous multi-slice imaging, a scan-time reduction can also be performed in the
slice direction while exploiting the parallel imaging concept ([47]). However, when the scan
time is reduced simultaneously in two dimensions, the SENSE algorithm (Eq. 2.2 ) must be
rewritten so that it matches the 2D problem. If an accelerated (R = 2) simultaneous two-
slice experiment (NS = 2) is assumed (where two slices are acquired in the time normally
needed to acquire one slice), the normal SENSE equation is extended to the multi-slice SENSE
equation by substituting the appropriate component coil pixels (I1 & I2), which are now a
superposition of spin densities originating from two different slices (ρ1 & ρ2) weighted with
their spatial sensitivity information (C11 & C12, C21 & C22). The sensitivity matrix is then
composed of the spatial sensitivity information from each coil (first index) and slice (second
index) at the in-plane spatial location (x,y).

(
I1(x, y)
I2(x, y)

)
=

(
C11(x, y) C12(x, y)
C21(x, y) C22(x, y)

)
·
(

ρ1(x, y)
ρ2(x, y)

)
(4.1)

Again, this set of linear equations can be solved using a simple matrix inversion. In general, all
parallel imaging methods are limited by the fact that aliased pixels must have sufficient sensi-
tivity variations to perform this inversion. This is a crucial point for simultaneous multi-slice
imaging in combination with PPA. In multi-slice imaging, insufficient sensitivity variations in
slice direction can easily occur due to the inherent coil geometry or because the slices are close
together. Mathematically expressed, if the coil sensitivity values of aliased pixels are nearly
identical (C11 ≈ C12 and C21 ≈ C22), the linear equation system of Eq. 4.1 cannot be solved
even when the individual coils have different sensitivity information in the phase encoding
direction.

Controlled aliasing in multi-slice imaging

The central concept of MS CAIPIRINHA is that the situations described above can be avoided
by shifting the aliasing patterns of the multiple slices with respect to each other, thereby
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Figure 4.1: Acquisition scheme (left) with (a) no phase modulation in phase
encoding direction and the corresponding phantom image after inverse Fourier
transformation (IFT) (right). In comparison, the acquisition scheme (b) with
phase modulation in phase encoding direction (0, π, 0, π, 0, π) is shown. After
IFT (right), the image is shifted (indicated by the arrow) by FOV/2 in phase
encoding direction according to the phase cycle.

providing a more readily invertible system of equations. The key element of this approach
is the modification of aliasing patterns in a controllable way. This can easily be realized by,
for example, exploiting the basic Fourier shift theorem (see subsection 1.4.3). A shift in the
image domain by Δy can mathematically be realized by multiplying the k-space signal by a
Δy-dependent linear phase factor with phase

Φm = −mΔkΔy with m = −n,−n + 1, ..., n − 1 (4.2)

For example, to shift the image by one single pixel (Δy = FOV/N), a linearly decreasing phase
running from (+π) to (−π) is required (Φm = −2π m

N ), where N = 2n denotes the number of
phase encoding steps. Similarly, a shift of exactly Δy = FOV/2 requires an alternating phase
(0, π, 0, π, 0, π) as a result of the periodicity of the harmonic (Φm = −πm). In practice, these
phase modulations can be realized by an RF excitation with varying pulse phases according to
the required phase modulations. Fig. 4.1 depicts a simple example where a shift in the phase
encoding direction by FOV/2 is performed using RF pulses with alternating pulse phases.
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To influence the aliasing conditions in simultaneous multi-slice imaging, this basic idea to
shift the individual slices with respect to each other is exploited. This can be accomplished
during the excitation using special phase modulated multi-slice RF pulses. For example, a
conventional simultaneous two-slice excitation without phase modulation will result in an
image composed of two superimposed slices and as a result of the Fourier transformation of
the simultaneously received signals (S1 & S2) originating from the individual slices.

ρ(y) =
n−1∑

m=−n

(S1(mΔk) + S2(mΔk)) · eimΔky = ρ1(y) + ρ2(y) (4.3)

In comparison, a simultaneous two-slice excitation with an additional phase modulation ap-
plied only to Slice 2 will also result in an image composed of two superimposed slices, but
shifted with respect to each other by Δy:

ρ(y) =
n−1∑

m=−n

(S1(mΔk) + S2(mΔk) · e−imΔkΔy) · eimΔky = ρ1(y) + ρ2(y − Δy) (4.4)

In Fig. 4.2, a simple simultaneous two-slice experiment is shown (a) without phase modulation
(identical phase cycles for the individual slices), resulting in a total overlap of both slices and
(b) with phase modulation (different phase cycles for individual slices), resulting in slices
shifted with respect to each other. In general, this two-slice example can be extended to more
slices, where each slice can be shifted independently by an arbitrary amount in the FOV by
applying different phase cycles to the individual slices according to the Fourier shift theorem.
To shift individual slices in such a way as to distribute them equidistantly in the FOV , the
composite signal S at position mΔk must be composed of the sum of the signals Sl originating
from the individual slices, simultaneously excited. Additionally, each band of the pulse at the
phase encoding step m must be excited with a specific phase factor according to the number
of simultaneously excited slices NS. This can be performed using, for example, POMP-type
phase cycles [53].

S(mΔk) =
NS∑
l=1

Sl(mΔk) · ei(m−1)(l−1) 2π
NS

Δk (4.5)

After Fourier transformation, the centers of the simultaneously excited slices are shifted
equidistantly in the phase encoding direction with respect to each other by a slice-dependent
amount Δy(l) for a given FOV :

Δy(l) = (l − 1) · FOV

NS
l = 1, ..., NS (4.6)

This relationship is illustrated in Fig. 4.3 for a two-slice experiment, depicting the resulting
shifts for different FOV s. To fully differentiate all simultaneously excited NS slices using a
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Figure 4.2: Schematic description of a simultaneous two-slice phantom ex-
periment (a) without phase cycling (left) and the corresponding image with
totally overlapping slices (right). (b) Simultaneous two-slice experiment with
different phase cycles in the phase encoding direction applied to the individual
slices (Slice 1: (0, 0, 0, 0, 0, 0) , Slice 2: (0, π, 0, π, 0, π) ). This is performed by
means of RF excitation with special alternating dual-band pulses. Odd k-space
lines are the result of a dual-band excitation pulse with the same phase for both
slices (0, 0). Even k-space lines are the result of a dual-band excitation with
different phases for both slices (0, π). After inverse Fourier transformation, the
individual slices are still superimposed but shifted by FOV/2 with respect to
each other.
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Figure 4.3: Images after simultaneous excitation of two slices employing alternating dual-band
pulses as described in Fig.4.2 with (a) FOV = 2 · FOVobj (reduction factor R = 1) (POMP), (b)
FOV = 4

3 · FOVobj (R = 1.5), (c) FOV = FOVobj (R = 2), (d) FOV = 1
2 · FOVobj (R = 4). In

all cases Slice 1 appears in the center of the resulting image (FOV-independent), while Slice 2 is
shifted by FOV/2 with respect to Slice 1. A FOV which is smaller than the object results in an
additional in-plane aliasing artifact (d). This figure is reprinted from reference [51].

POMP-type phase cycle without parallel imaging, the FOV in the phase encoding direction
must be at least FOV ≥ NS · FOVobj . This can be seen in Fig. 4.3a. Here, FOVobj specifies
the size of the object in the phase encoding direction. A uniformly undersampled k-space with
a reduced number of phase encoding steps will result in a reduced FOVR, which is given by:

FOVR = NS · FOVobj

R
(4.7)

With an increased reduction factor R, the resulting FOVR decreases, thereby resulting in a
larger overlap of the individual slices.

Considering the effect of the induced shift of FOV/2 on the second slice in the two-slice
example given above, the SENSE equation can be rewritten for MS CAIPIRINHA reconstruc-
tions. The aliased images, and therefore the coil sensitivity map and matrix for the second
slice in Eq.4.1, now include a spatial shift in the y-direction due to the phase-modulated RF
pulses:

(
I1(x, y)
I2(x, y)

)
=

(
C11(x, y) C12(x, y + FOV

2 )
C21(x, y) C22(x, y + FOV

2 )

)
·
(

ρ1(x, y)
ρ2(x, y + FOV

2 )

)
(4.8)

In general, the coil sensitivities will tend to be more different in this situation, since now the
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Figure 4.4: Sensitivity maps of two slices provided with identical coil sensitivity profiles. Aliased
sensitivity information of an accelerated (R = 2) (a) normal two-slice SENSE experiment with
C11 = C12, C21 = C22 at every position (x,y) and (b) a two-slice CAIPIRINHA experiment with
C11 	= C12, C21 	= C22 at every position (x, y). This figure is reprinted from reference [51].

parallel imaging reconstruction can exploit sensitivity variations in both the phase and slice
encoding direction. Thus, in most cases, the inverse of the modified matrix will exist, even in
those cases where the coil sensitivities would have been the same at the two slice locations.
This extreme case is schematically shown in Fig. 4.4. A normal simultaneous two-slice SENSE
acquisition (Fig. 4.4a) will result in this case for aliased pixels which have exactly the same
coil sensitivities, while a two-slice CAIPIRINHA-type acquisition (Fig. 4.4b) will guarantee
different sensitivities for aliased pixels. As shown below, this can result in improved SNR and
better PPA reconstructions as compared to non-CAIPIRINHA acquisitions.

Signal to noise considerations

A measure of how easily the matrix inversion in SENSE can be performed is the geometry
factor g, which has been described in Eq. 2.4. As already mentioned, the g-factor describes
how well aliased pixels can be separated with a given receiver coil configuration. It has been
shown that the g-factor allows one to estimate the local noise enhancement and therefore
the final SNR distribution in the SENSE reconstructed image. Using a CAIPIRINHA-type
acquisition a potential SNR benefit may be achieved by means of two independent mechanisms:

• The SNR increases with the square-root of the number of simultaneously excited slices
as compared to sequential multi-slice imaging.
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• The SNR increases due to a decreased geometry related noise enhancement (improved
g-factor) compared to MS SENSE.

After taking these mechanisms into account, the final SNR using multi-slice CAIPIRINHA
can be expressed as

SNR
CAIPIRINHA

=
√

NS · SNRfull

g
CAIPIRINHA

· √R
(4.9)

Eq. 4.9 outlines the key role of the geometry factor in the multi-slice CAIPIRINHA approach.
In contrast to conventional multi-slice SENSE, where the g-factor is mainly determined by
the arrangement of the element coils, the g-factor may additionally be affected by the phase
modulations in CAIPIRINHA.

4.3 Material and Methods

The MS CAIPIRINHA technique was implemented on a 1.5T whole body MR scanner (Vision,
Siemens Medical Solutions, Erlangen, Germany), equipped with a standard four coil body
array for signal reception with two anterior elements positioned in the head-foot direction
and two posterior elements also positioned in the head-foot direction. Several volunteers were
examined and informed consent was obtained before each study. For imaging, a modified
FLASH sequence was used with the following parameters: TR = 10ms, TE = 4ms, α = 30◦,
FOV = 37.5 cm × 50 cm, matrix = 192 × 256, slice thickness = 10mm, gap = 5mm. As
described above, the conventional excitation pulse was replaced by alternating multi-band RF
pulses with varying phase modulations in each phase encoding step in order to provide the
individual slices with different phase cycles according to Eq. 4.5. These phase modulated
multi-slice RF-pulses were generated based on the Shinnar-Le Roux transformation, involving
a phase correction that provided control over the phase of the individual slices, as described by
Cunningham et al [57]. In this implementation, two to four slices were excited simultaneously.
Acquisitions were performed with reduction factors from R = 2 to R = 4. Image reconstruction
was performed off-line using the Matlab programming environment (The Mathworks, Natick,
MA, USA). For comparison, PPA-reconstructions were performed with the SENSE algorithm,
using adapted coil sensitivity maps which were derived with an additional, full FOV reference
scan.

Additionally, computer simulations were performed to further investigate the properties
of MS CAIPIRINHA. To this end, a standard 16-channel receiver head coil which provided
sensitivity variations in slice direction was simulated. The array was made up of two cylindrical
8 coil-rings in head-foot direction with 2 cm overlap as shown in Fig. 4.5. The total coil
dimensions were 28 cm length and 28 cm diameter. Coil sensitivity maps were calculated at
equidistant 1 cm intervals in the slice direction starting in the middle of one ring and ending
in the middle of the second ring. The calculations were done in Matlab exploiting analytical
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Biot Savart integrations to simulate coil sensitivities.

Figure 4.5: Simulated standard 16 channel re-
ceiver head coil with sensitivity variations in the
slice direction. The array is composed of two
cylindrical 8 coil-rings in the head-foot direction
with a 2 cm overlap. The total coil dimension was
chosen to be 28 cm length and 28 cm diameter.
This figure is reprinted from reference [51].

4.4 Results

As a reference, Fig. 4.6a shows the unaccelerated POMP (R = 1) images of two simultaneously
excited directly adjacent (gap 5mm) slices in the abdomen of a volunteer. Fig. 4.6b shows
a conventional (without phase modulation (Fig. 4.2a)) accelerated (R = 2) simultaneous
two-slice acquisition after inverse Fourier transformation. The result is a total overlap of the
two individual slices. In contrast, using an accelerated (R = 2) two-slice CAIPIRINHA-type
acquisition scheme (with phase modulation (Fig. 4.2b)) the superimposed slices are shifted
by FOV/2 with respect to each other (Fig. 4.6c). Fig. 4.7a shows the final images after
a SENSE reconstruction applied to the conventional reduced data without phase modula-
tion (Fig. 4.6b). As can be seen, the geometry factor approaches infinity, because the coil
sensitivities are essentially identical in the two slices, as the gap between the slices is only
5mm. In contrast, Fig. 4.7b depicts the separated images after a two-slice CAIPIRINHA
acquisition with phase modulation (Fig. 4.6c) in combination with the SENSE reconstruction
using adapted reordered coil sensitivities according to the FOV/2 shift of the second slice. In
this case, the slices can be more easily resolved due to the additional shift provided by the
CAIPIRINHA acquisition scheme. The geometry factor in this case was close to one for all
pixels in the image, therefore providing essentially the same SNR twice as fast compared to a
normal sequential acquisition without parallel imaging. It is clear that the normal multi-slice
SENSE images of Fig. 4.7a represent a worst-case scenario for image reconstruction. In this
case, one would have obtained substantially better images using only in-plane acceleration.
However, these normal in-plane SENSE images would have at least a factor of

√
2 lower SNR

compared to the multi-slice CAIPIRINHA approach.
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Figure 4.6: (a) Unaccelerated (R = 1) POMP reference image of two simulta-
neously excited directly adjacent (gap 5 mm) slices in the abdomen of a volun-
teer. (b) Conventional two-slice SENSE experiment without phase cycling after
inverse Fourier transformation. Two slices are aliased directly on top of each
other. (c) Two-slice CAIPIRINHA experiment (R = 2) using different phase
cycles for the individual slices (Slice 1: 0, 0, 0, 0, 0 Slice 2: 0, π, 0, π, 0, π) after
inverse Fourier transformation. The individual slices are still superimposed
but shifted by FOV/2 with respect to each other. This figure is reprinted from
reference [51].
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Figure 4.7: Separated images (Slice 1, Slice 2) after SENSE reconstruction
of an accelerated (R = 2) (a) conventional two-slice experiment without phase
cycling and a (b) two-slice CAIPIRINHA experiment (R = 2) using different
phase cycles for the individual slices (Slice 1: 0, 0, 0, 0, 0 Slice 2: 0, π, 0, π, 0, π).
This figure is reprinted from reference [51].
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Figure 4.8: SNR performance of accelerated (R = 4) normal in-plane SENSE,
two-slice SENSE and two-slice CAIPIRINHA as a function of increased distance
between the superimposed slices. The SNR is calculated according to Eq. 4.9,
which takes the reduction factor R, the number of simultaneously excited slices
NS, and the mean geometry-factor g into account. The SNR is given relative
to an unaccelerated experiment which would take 4 times longer to acquire.
This figure is reprinted from reference [51].

Simulations were performed in order to further demonstrate the advantages of MS CAIPIR-
INHA compared to conventional multi-slice SENSE. To this end, the sensitivity characteristics
of the simulated 16 channel two-ring head coil were exploited. Accelerated (R = 4) two-slice
CAIPIRINHA and two-slice SENSE acquisitions were simulated with increasing distance be-
tween the two superimposed slices. The position of one slice was held constant in the middle
of one ring, while the position of the second slice was moved toward the second ring in 1 cm

steps. Additionally, standard in-plane accelerated (R = 4) single-slice SENSE experiments
were simulated at the same slice positions. For all three scenarios the mean and maximum
geometry-factor was calculated at the positions of the second slice. This allows calculation
of the SNR performance of all three techniques as a function of increased slice distance (cor-
responding to increased sensitivity variation in slice direction) as displayed in Fig. 4.8. The
mean SNR of each slice was calculated according to Eq. 4.9 accounting for the reduction
factor R, the number of simultaneously excited slices NS, and the mean geometry factor g.
The SNR is given relative to a single-slice experiment without acceleration. Because there is
no substantial sensitivity variation in the slice direction when the distance between the two
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slices is small, the g-factor approaches infinity in two-slice SENSE. However, with increasing
slice distance (increasing sensitivity variations), the SNR performance improves and reaches
a maximum (g ≈ 1) at large slice separations. Normal in-plane SENSE provides a constant
performance for all slice positions, since this method does not exploit any available sensitivity
variations in the slice direction. However, the SNR of normal in-plane SENSE is reduced by
a factor of

√
NS, as this method is a single-slice excitation technique. In contrast, two-slice

CAIPIRINHA starts with a reasonable SNR-performance even when the two superimposed
slices are directly adjacent. In this extreme case of essentially no sensitivity variations in
slice direction, the g-factor performance of in-plane SENSE and CAIPIRINHA is identical.
However, due to the simultaneous two-slice acquisition, CAIPIRINHA provides a factor of√

NS better SNR. Similar to two-slice SENSE, the SNR-performance increases rapidly with
increasing distance and approaches the same optimal performance at large slice separations.

4.5 Discussion

CAIPIRINHA has been presented as a means of improving the encoding efficiency in multi-
slice parallel imaging. The properties of the novel technique were studied using simulations
as well as phantom and in vivo studies. In vivo imaging was successfully performed with a
two-fold scan time reduction of two simultaneously excited directly adjacent slices. It has been
found that in the existing setup, multi-slice CAIPIRINHA was clearly superior as compared to
standard sequential or simultaneous multi-slice parallel imaging techniques. In contrast to a
normal sequential multi-slice acquisition, CAIPIRINHA benefits from the SNR gain of multiple
simultaneously excited slices. Therefore, in principle, CAIPIRINHA provides a simultaneous
acquisition of multiple slices in the same scan time as required for one single slice with the
same basic SNR. However, the SNR is also affected by the geometry factor. In the worst
case of no sensitivity variation in the slice direction, the resulting geometry factor is equal to
the g-factor in normal single slice parallel imaging. However, any sensitivity variation in slice
direction will always reduce the resulting g-factor and further improve the SNR performance of
the CAIPIRINHA approach. In general, multi-slice CAIPIRINHA has the potential to exploit
sensitivity variations along multiple dimensions simultaneously in a more efficient way than
standard techniques. This leads to a more flexible and robust image reconstruction without a
priori knowledge of the encoding efficiency of the coil array along multiple dimensions.

The multi-slice CAIPIRINHA approach provides a broad range of applications. Dynamic
heart applications will directly benefit from the fast and simultaneous acquisition of multiple
directly adjacent slices which have an SNR-value comparable to a single-slice acquisition.
Multi-slice CAIPIRINHA has already been successfully applied to contrast enhanced heart
perfusion and cine imaging [58].

In general, the multi-slice CAIPIRINHA approach is easy to implement, as long as the
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specific absorption rate (SAR) and rf high voltage limits are not exceeded. This might limit
application, in particular for SSFP-type acquisitions. Furthermore, with an increasing number
of simultaneously excited slices, longer excitation times are required to minimize the disruption
of slice profiles.

It is noteworthy that the MS CAIPIRINHA concept can be applied to all common imaging
techniques (FLASH, RARE, EPI). Even sequences which already require special pulse phase
cycles, such as TrueFISP, can be combined with MS CAIPIRINHA [59].

Additionally, parallel imaging reconstruction in MS CAIPIRINHA can be performed with
any present PPA reconstruction algorithm (SENSE, SMASH, SPACE RIP, GRAPPA). All
these algorithms require a modification of the coil sensitivity information either in image-
space or in k-space according to the modified aliasing conditions. This adaptation can be
done by either acquiring the required sensitivity information directly or by modifying the
sensitivity information in a post-processing step. In a final reconstruction step, the result of
the parallel imaging reconstruction procedure must be reordered according to the modified
aliasing conditions and separated into the individual slices.

4.6 Summary

In all current parallel imaging techniques, aliasing artifacts resulting from an undersampled
acquisition are removed by a specialized image reconstruction algorithm. In this work, a new
concept, Controlled Aliasing In Parallel Imaging Results IN Higher Acceleration (CAIPIR-
INHA), has been presented which modifies the appearance of the aliasing artifacts during
the acquisition to improve the following parallel image reconstruction procedure. Specifically,
a new parallel multi-slice technique has been presented which is more efficient compared to
other multi-slice parallel imaging concepts which use only a pure post-processing approach. In
conclusion, CAIPIRINHA provides a new degree of freedom for parallel imaging by modifying
aliasing artifacts during data acquisition in a controlled manner.





Chapter 5

Controlled Aliasing in volumetric
parallel imaging (2D CAIPIRINHA)

5.1 Introduction

In conventional 2D imaging, parallel imaging is restricted to relatively small scan time reduc-
tions due to intrinsic limitations in the coil sensitivity variations along one phase encoding
direction (1D parallel imaging) [16, 17]. In volumetric (3D) and simultaneous multi-slice
imaging, parallel encoding can be carried out in two encoding directions (2D parallel imag-
ing), thereby exploiting the sensitivity variations in both directions, as in, for example, 2D
SENSE [47] and MS SENSE [48]. This concept has been shown to significantly improve the
reconstruction conditions at a given acceleration factor. This results in improved image qual-
ity and allows one to achieve higher image accelerations. However, both techniques require
sufficient sensitivity variations in two encoding directions for successful image reconstruction
and therefore strongly depend on the underlying coil array geometry. In the previous chapter,
it has been shown that these requirements in simultaneous multi-slice imaging can be partially
overcome by shifting the individual slices with respect to each other in a controlled manner
(MS CAIPIRINHA [51]). This is performed by excitation with alternating multi-band radio
frequency (RF) pulses, similar to Hadamard pulses. In this chapter, an encoding strategy for
2D parallel imaging is presented, where the concept of CAIPIRINHA is applied to volumetric
3D imaging [60].

Besides the standard 2D SENSE sampling patterns, where rectangular undersampling is
performed using simple integer reductions in each direction, many other patterns are conceiv-
able where the sampling positions are shifted from their original positions in the 2D phase
encoding scheme, as also proposed recently by others [61, 62, 63]. These shifts are attained
by applying additional gradient offsets to the phase encoding gradient tables. In this study,
2D CAIPIRINHA [52] is presented, which modifies the appearance of aliasing in 2D parallel
imaging by using these modified 2D phase encoding patterns. In the following it will be shown
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that by shifting sampling positions in a well-directed manner, aliasing can be shifted in such a
way that sensitivity variations provided by the underlying receiver array can be exploited more
efficiently. These modified aliasing conditions then result in a further improvement in parallel
imaging reconstruction conditions and therefore in better image quality. This is demonstrated
in head and abdomen in vivo studies and computer simulations. Image reconstructions are
performed using adapted SENSE and GRAPPA algorithms. However, other reconstruction
algorithms such as SMASH or SPACERIP could be used as well.

With todays trend towards large coil arrays, the problem of determining a maximum accel-
eration given a specific coil configuration is becoming increasingly relevant. This is especially
true in volumetric parallel imaging. For this reason, the concept of principal component anal-
ysis (PCA) is introduced, which applied to the coil array sensitivities (or reference data),
allows one to estimate the maximum reduction factor. In addition, it will be shown that by
applying the PCA in multiple dimensions separately, the maximum possible reduction factor
in each dimension can be estimated. This analysis could provide a way to find the optimal
CAIPIRINHA sampling pattern in volumetric parallel imaging.

5.2 Theory

A simple example

In order to clarify 2D parallel imaging and in particular to explain how aliasing can be con-
trolled in 2D parallel imaging (2D CAIPIRINHA), a brief review of conventional unaccelerated
3D volume imaging is useful. In Fig. 5.1a, one sagittal partition taken from a fully-encoded
3D volume experiment is shown. The normal phase encoding direction is chosen to be in the
anterior-posterior (AP) direction (y), the second phase encoding direction (partition encoding
direction) in the left-right (LR) direction (z) and the frequency encoding direction in the head-
foot (HF) direction (x). In order to better visualize how undersampling in two dimensions
affects the appearance of aliasing, it is useful to switch from the sagittal to the transversal view
(Fig. 5.1b). Now both phase encoding directions are displayed simultaneously in one plane.
In Fig. 5.1c, a schematic depiction of the corresponding fully-encoded 2D sampling pattern
is given, where each dot represents a phase-encoded read-out line. For illustration purposes,
it is useful to start with a simple example of a twice undersampled parallel acquisition. In
conventional 2D parallel imaging, given a reduction factor of R = 2, two different sampling
patterns are possible. The reduction can either be performed only in the normal phase encod-
ing direction (Ry = 2, Rz = 1), or only in the partition encoding direction (Ry = 1, Rz = 2).
The resulting aliasing artifacts naturally appear only in the undersampled dimension.

In Fig. 5.2, both scenarios are shown in more detail. Besides schematics of both under-
sampled 2D acquisition schemes (Fig. 5.2, left), the corresponding 2D aliasing patterns are
illustrated in the yz-plane showing a masked section of the head. Additionally, a single parti-
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Figure 5.1: (a) One partition of a fully-encoded 3D imaging experiment is displayed in the
sagittal view with normal phase encoding (phase) in the AP direction and frequency encoding
(read) in the HF direction. The second phase encoding direction (partition) is in-plane in the
LR direction. (b) In the transversal view, both phase encoding directions (phase and partition)
can be displayed simultaneously in one plane. (c) Additionally, the corresponding fully-encoded
2D sampling pattern is displayed. Each dot represents a phase-encoded read-out line in the HF
direction. This figure is reprinted from reference [52].

tion of each aliased data set, indicated by the vertical line, is shown in the sagittal view (Fig.
5.2, right). As can be seen, after a simple reduction by a factor of Ry = 2 in the normal phase
encoding direction (Fig. 5.2a), each partition is aliased twice in the y-direction. On the other
hand, using a simple reduction by Rz = 2 in the partition encoding direction (Fig. 5.2b), two
partitions are superimposed directly on top of each other. This scenario corresponds to the
two times accelerated (R = 2) simultaneous two-slice SENSE experiment (see Section 4.2),
where both slices are also aliased directly on top of each other. However, another R = 2
undersampled sampling pattern is possible. For example, starting from the Rz = 2 case given
in Fig. 5.2b, a pattern similar to the scheme given in Fig. 5.3 (left) can be generated by
applying gradient offsets to every second gradient table in the phase encoding direction in
order to shift the sampling positions exactly by Δkz. The corresponding 2D aliasing (Fig.
5.3, middle) is different from the two former scenarios. In the sagittal view, the difference is
obvious; the same partitions are superimposed directly on top of each other, but now they are
shifted in the y-direction with respect to each other. This scenario is identical to the two-times
accelerated (R = 2) simultaneous two-slice CAIPIRINHA experiment, where both slices are
superimposed, but shifted with respect to each other in the phase encoding direction.

CAIPIRINHA sampling patterns in volumetric parallel imaging

With higher reduction factors, the number of possible 2D sampling patterns (SP) increases.
In the following section, we restrict ourselves to sampling positions on a Cartesian grid. For
simplicity, in Fig. 5.4 only an R×R section of the entire sampling scheme is shown, where R

represents the total reduction factor. In order to achieve a periodic R-fold undersampled 2D
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Figure 5.2: Undersampling by a factor R=2 in 3D imaging can be performed either (a) in the
normal phase encoding direction or (b) in the partition encoding direction. On the left hand
side, the corresponding two-fold undersampled phase encoding schemes are shown. The resulting
aliasing conditions are demonstrated for each scenario by means of a masked section of the head in
the transversal plane (middle). In addition, one arbitrary section of the reduced data set, indicated
by the vertical bar, is displayed in the sagittal view (right). This figure is reprinted from reference
[52].
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Figure 5.3: 2D CAIPIRINHA-type experiment (R = 2). Starting at scenario 1 given in Fig.
5.2a, every second phase encoding value in the ky direction is shifted by Δkz in kz direction. This
modification of the sampling pattern directly results in modified aliasing conditions, which are
displayed in the transversal and in the sagittal view. This figure is reprinted from reference [52].

acquisition, R sampling points can be arbitrarily distributed in the elementary cell, yielding
R2!

(R2−R)!
possibilities. However, in order to minimize the number of image pixels aliased on

top of each other due to undersampling, only sampling positions on so-called sheared grids
are considered which form periodic lattices [64, 65]. Thus, as a result of the corresponding
two dimensional point spread functions (PSF), a maximum of R pixels are aliased together in
one single pixel. Additionally, without loss of generality, only patterns starting at sampling
position (1,1) in the binary sampling cell are taken into account. This arrangement leads to
a reduced number of acceptable undersampled 2D sampling patterns. In order to find the
complete set of patterns given a specific reduction factor R, one arbitrary dimension (e.g. y)
can be selected, in which certain degrees of undersampling (e.g. Ry) can be defined.

For example, using a given total reduction factor of R = 4, the undersampling rate Ry can
take values of Ry = 1, 2, 4. For each Ry a certain number of sampling patterns can be created
by shifting successive sampling positions in ky with respect to each other by an amount Δ
in the kz direction (see Fig. 5.4). If a sampling position exceeds R due to the shift, it is
wrapped around in the elementary cell. In the end, this strategy leads us to all acceptable
2D sampling patterns. The patterns at a certain undersampling rate Ry are limited to R/Ry,
with shifts Δ running from 0 to R/Ry −1. Shifts Δ greater then R/Ry −1 result in repetitive
patterns. In Tab. 5.1, all possibilities for Ry are listed for several total reduction factors
(R = 1 to 16). Furthermore, the corresponding total number of possible sampling patterns
given a specific total reduction factor R is shown (last row). The procedure for creating a
complete set of possible sampling patterns is illustrated in Fig. 5.4 for a reduction factor of
R = 4. The first row represents all cases in which Ry = 1, with shifts Δ = 0, 1, 2, 3. In the
second row, alternative patterns using Ry = 2 with shifts Δ = 0, 1 are listed. Finally, the
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Figure 5.4: Complete set of acceptable sampling patterns given a reduction factor
of R = 4. The sampling patterns can be represented by an R×R elementary cell with
R sampling positions to fill. For each undersampling rate in the ky direction (Ry)
multiple patterns can be created by shifting sampling positions at row ky in the kz

direction by a different amount Δ, where Δ runs from 0 to Rz − 1, and Rz = R/Ry.
Sampling patterns with no shift (Δ = 0) are 2D SENSE-type acquisitions, while all
the other patterns are represented by 2D CAIPIRINHA-type experiments. This figure
is reprinted from reference [52].
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Table 5.1: Possible undersampling rates (Ry) are listed for several total reduction
factors R. For each Ry, Rz = R/Ry different sampling patterns (SP) are possible,
resulting in the total number of acceptable sampling schemes (#SP) given in the last
row.

remaining Ry = 4 case with Δ = 0 is displayed. In general, rectangular reduced 2D SENSE-
type (RSENSE = Ry × Rz ) patterns are listed in the first column without a shift (Δ = 0),
while all other sampling schemes are characterized by 2D CAIPIRINHA-type acquisitions
including various shifts. For differentiation purposes, 2D CAIPIRINHA-type reduction factors
are specified as

RCAIPIRINHA = Ry × R(Δ)
z (5.1)

with Δ representing the applied shift in the kz direction from one sampling row ky to the
next, and Rz = R/Ry.

Reconstruction procedure

2D CAIPIRINHA using SENSE

The first step in 2D CAIPIRINHA reconstruction using SENSE is the creation of a binary ma-
trix, where sampling positions are set to 1 and skipped positions are set to 0. After 2D Fourier
transformation of such an R-fold undersampled elementary cell, the corresponding binary 2D
point-spread function (see Fig. 5.5) is obtained, which leads directly to the originating spatial
locations of the R signals aliased together in one pixel. By means of the R matrix indices
(ŷl, ẑl) with value 1 in the binary aliasing cell, the R spatial locations (yl, zl) in the 2D FOV ,
and therefore the involved sensitivity values can be determined directly :

(yl, zl) =
(

y + (ŷl − 1) · FOVy

R
, z + (ẑl − 1) · FOVz

R

)
, l = 1, ..., R (5.2)

If the spatial locations yl or zl exceed FOVy or FOVz, they are simply wrapped around, which
can be performed by applying the modulo function in both directions. Using this strategy,
an adapted sensitivity map is created, which can be directly provided to the normal SENSE
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Figure 5.5: Schematic description of a 2D CAIPIRINHA reconstruction procedure. A 2D Fourier
transformation of the binary sampling cell directly yields the corresponding 2D point spread func-
tion. The minimum distance of points in the aliasing cell dmin is a measure of the quality of the
point spread function (PSF). The R indices (ŷl,ẑl) with value 1 in the resulting elementary aliasing
cell allow one to determine the R pixels at the spatial locations (yl,zl) which are aliased in one pixel
(see Eq. 5.2) and the involved coil sensitivity values which are needed for the following SENSE
reconstruction procedure. This figure is reprinted from reference [52].

algorithm. Finally, the output of the SENSE algorithm must be reordered according to the
originating spatial locations.

2D CAIPIRINHA using 3D GRAPPA

In principle, the 3D GRAPPA implementation for volumetric PPA [66] is performed according
to the conventional 2D GRAPPA reconstruction for two dimensional single-slice PPA with scan
time reduction performed only in one phase encoding direction. This reconstruction process
has already been described in Section 2.4. Because volumetric parallel imaging involves data
reduction along two phase encoding directions, the reconstruction kernel used here is extended
to three dimensions (kx, ky, kz). Within such a small three dimensional data block in k-space
(see Fig. 5.6a), source points in the ky- and in the kz-direction must be chosen according to the
reduced sampling pattern for each coil. Similar to conventional 2D GRAPPA for single-slice
imaging, multiple source points in the read-direction (kx) may additionally be exploited to
improve the fit procedure. The target points must be selected according to the R− 1 missing
data points in each coil. The 3D reconstruction kernel is then slid through the ACS data along
all three dimensions in order to collect all kernel-replicates available in the ACS data. The
repetitions of the source and target data are finally assembled in a source and target matrix.
The reconstruction weights are then derived by fitting the source points Ŝsrc to the target
points Ŝtrg as described in Eq. 2.13. This approach is schematically displayed in Fig. 5.6 for
a 2D CAIPIRINHA-type reduction of R = 2 × 2(1). In the actual reconstruction step (Fig.
5.6b), these weights are applied to the acquired data, assembled in a vector �Sacq (right) and
used to directly solve for the missing data �Sclc (left). By sliding the 3D pattern through the
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Figure 5.6: Description of the 3D GRAPPA reconstruction procedure for volumetric parallel
imging. In the first step (a), the GRAPPA reconstruction weights are derived. A small three
dimensional reconstruction kernel (e.g. ky × kz × kx = 5 × 5 × 3) is chosen from the fully-encoded
ACS data (left), in which source points in each coil are selected according to the reduced 2D
sampling scheme (here CAIPIRINHA-type). For the sake of lucidity in these schematics the coil
dimension is omitted. Additionally, the R−1 target points must be selected for each coil according
to the missing data (right). By sliding the 3D kernel through the 3D ACS data, multiple repetitions
of the kernel can be found and assembled in a source Ŝsrc and target Ŝtrg matrix. By fitting the
source matrix to the target matrix via generalized matrix inversion (pinv), three dimensional
GRAPPA reconstruction weights ŵ are derived. In a second step (b) these weights are applied to
the acquired data, assembled in a vector �Sacq (right) and used to directly sove for the missing data
�Sclc (left). By sliding the 3D pattern through the undersampled three-dimensional data, all the
missing points are calculated. Following this procedure, the data must be reordered according to
the correct sampling positions in each coil, thereby arriving at the full 3D k-space in each coil.

undersampled three-dimensional data, all the missing points are calculated. After the data
points have been calculated, the data must be reordered according to the correct sampling
positions in each coil, thereby arriving at the full 3D k-space in each coil.

By exploiting the convolution theorem, the 3D GRAPPA weights can be transformed into
2D GRAPPA weights (ky, kz) for every x position. These 2D weights are then applied to the
undersampled 2D k-space for every x position. This implementation results in significantly
decreased image reconstruction times, because the matrices involved in the reconstruction
process are significantly smaller, which is known to be computationally more efficient.

Principal Component Analysis (PCA)

For choosing the optimal sampling pattern in 2D CAIPIRINHA the mathematical procedure
of Principal Component Analysis (PCA) might be useful. The PCA transforms a number
of correlated variables into a number of uncorrelated variables called principal components.
The PCA basically consists of an eigendecomposition of the covariance matrix X̂, which is
calculated from, for example, the reference data set for coil calibration. To this end, the data
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Figure 5.7: (a) Simulated coil sensitivity maps of an cylindrical eight-element coil array and (b)
the corresponding Principal Coil Components sorted by their eigenvalues in decreasing order.

are assambled in a NC × N matrix Ŝ where the rows contain the N data samples (in 1, 2 or
3 spatial dimensions) received in the NC coils.

X̂ = Ŝ · ŜH (5.3)

The diagonal elements of the quadratic and symmetric NC × NC covariance matrix X̂ repre-
sent the variance, the off-diagonal elements the co-varaince between the measurements. High
co-variance values correspond to high redundancies. Thus, the smaller the co-variance between
measurements, the more uncorrelated is the information among them. Performing an eigen-
value decomposition of the covariance matrix X̂ is equivalent to diagonalizing the matrix,
which corresponds to reducing redundancy between the data. Thus, after PCA is applied,
the data is transformed into linearly independent uncorrelated measurements, the so-called
principal components ŜPCA.

ŜPCA = V̂ H · Ŝ (5.4)

The columns of the matrix V̂ contain the Nc linear independent eigenvectors derived by
eigenvaluedecomposition. The first principal component accounts for as much of the variability
in the data as possible, and each succeeding component accounts for as much of the remaining
variability as possible. Fig. 5.7 shows (a) simulated coil sensitivity data from an cylindrical
eight-element coil array and (b) the corresponding Principal Coil Components after PCA
sorted by their eigenvalues in decreasing order.
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Figure 5.8: Normalized eigenvalues of the Prin-
cipal Coil Components in decreasing order. Prin-
cipal Components with low rel. eigenvalues make
only little contribution to the over-all sensitivity
information.

A plot of the eigenvalue distribution in decreasing order is given in Fig. 5.8. The Principal
Coil Component with the highest eigenvalue contributes most to the coil sensitivity infor-
mation, while the ones with comparatively low eigenvalues have only little impact. Thus,
Principal Coil Components with very low relative eigenvalues can be neglected, because they
do not carry additional information. This fact allows one to estimate the maximum possi-
ble reduction factor for this coil array in this plane. In this case, only 5-6 Principal Coil
Components carry uncorrelated spatial sensitivity information. Thus the maximum possible
reduction factor in 2D using this coil configuration to R = 5−6. Additionally, PCA allows one
to reduce data size by removing components with negligible eigenvalues. Especially with to-
day’s trend to large coil arrays, PCA can help to significantly reduce the data size, associated
with significantly decreased parallel imaging reconstruction times.

5.3 Methods

In vivo experiments were performed on healthy volunteers using a 1.5T clinical whole body
scanner (Avanto, Siemens medical solutions, Erlangen, Germany) equipped with 12 indepen-
dent receiver channels. 2D rectangular and 2D CAIPIRINHA-type acquisitions were per-
formed using the 2D sampling patterns proposed in the theory section (see Fig. 5.4). Starting
with a fully-encoded 3D experiment, unwanted phase encoding steps were simply removed
from their sampling positions. Sensitivity information was derived from a fully-encoded low-
resolution data set for both SENSE and GRAPPA reconstructions.

In vivo head experiments: A 12 channel receiver head coil array composed of two
cylindrical 6 coil-rings positioned in the axial direction was used for signal reception. The
two phase encoding directions were chosen to be in the AP and the LR direction. Frequency
encoding was performed in the HF direction to avoid aliasing from the object outside the
FOV. The sequence parameters were as follows: TE = 4.56ms, TR = 12ms, α = 15◦,
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matrix = 184×192×112, FOV = 25.0×26.0×20.0 cm3 . Parallel image reconstructions were
performed in Matlab (The MathWorks, Natick, Ma.) using SENSE algorithms. The modified
aliasing conditions were taken into account as described in the theory section. Geometry
factor maps were also calculated as described in the original SENSE paper [23] taking noise
correlations into account.

In vivo abdomen experiments: In order to demonstrate the feasibility of GRAPPA
in combination with CAIPIRINHA-type acquisitions, volumetric interpolated breath-hold ex-
aminations (VIBE) [67, 68] for clinical liver imaging were carried out. A standard 12 channel
receiver coil array for abdomen imaging was used for signal reception, consisting of a 3x2
anterior element matrix and a 3x2 posterior element matrix. The matrix had 3 elements
running in the LR direction and two elements running in the HF direction. Normal phase
encoding was accomplished in the LR direction and partition encoding in the AP direction
with excitation slabs (FOVz) smaller than the actual object size, yielding pre-folding arti-
facts due to imperfect excitation profiles. In contrast to SENSE, the GRAPPA algorithm can
cope with such situations [69]. The frequency encoding was performed in the HF direction to
avoid aliasing from the object outside the FOV . The sequence parameters were as follows:
TE = 2.47ms, TR = 5.62ms, α = 10◦, matrix = 128 × 128 × 48 with 6/8 partial Fourier in
the partition direction. The experiment was performed with different fields of view, namely
FOV = 40.0× 40.0× 14.4 cm3 and FOV = 40.0× 40.0× 9.6 cm3, corresponding to partitions
of Δz = 3mm and Δz = 2mm thickness. Parallel image reconstructions were performed in
Matlab (The MathWorks, Natick, Ma.) using two dimensional GRAPPA algorithms for each
section in the x-direction as pictured in the theory section.

Computer simulations: In order to further investigate the properties of 2D CAIPIR-
INHA, computer simulations were performed. A standard 16-channel receiver head coil array,
providing not only sensitivity variations in the radial direction but also in the axial direction,
was simulated (see Fig. 4.5). The array was made up of two cylindrical 8 coil-rings posi-
tioned in axial direction with 2 cm overlap. The total coil dimensions were 28 cm length and
28 cm diameter. The coil sensitivity characteristics were calculated in Matlab using analytical
Biot-Savart integrations.

5.4 Results

In order to demonstrate the benefit of the CAIPIRINHA approach, all 15 feasible 2D ac-
quisition patterns (2D rectangular and 2D CAIPIRINHA-type) given a reduction factor of
R = 8 (see Tab. 5.1) were generated. Afterwards, image reconstructions were performed
using SENSE algorithms as described earlier. Additionally, g-factor maps were calculated in
order to compare the reconstruction performance. In Fig. 5.9, parallel image reconstruction
of a single transversal plane is shown after standard rectangular 2D SENSE-type accelerated
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Figure 5.9: In vivo results after accelerated (R = 8) (a) rectangular 2D SENSE (R = 2 × 4)
(b ) 2D SENSE (R = 4 × 2) and (c) 2D CAIPIRINHA (R = 1 × 8(3)) experiments of the human
head. As an example, image reconstructions of one transversal plane plane in the read-direction
are shown for each experiment. Histogram plots of the corresponding g-factor maps are included
to demonstrate the reconstruction performance. Additionally, the mean g-factor values and their
standard deviations are given for each 2D sampling scheme. This figure is reprinted from reference
[52].

in vivo head experiments (a) R = 4 × 2 and (b) R = 2 × 4. Additionally, the 2D CAIPIR-
INHA SENSE-type experiment with the lowest mean g-factor and lowest standard deviation
R = 8 × 1(3)(c) is displayed. As can be seen, the image quality of the 2D CAIPIRINHA
SENSE-type experiment is clearly superior to both rectangular 2D SENSE-type experiments
due to a significantly lower geometry-related noise enhancement. This fact is even more obvi-
ous when comparing the histogram plots of the corresponding geometry factor maps. Besides
a significant improvement in the mean g-factor, the histogram plots indicate a much more
homogeneous reconstruction performance, which is illustrated by the narrow distribution of
the histogram.

In Tab. 5.2, the mean g-factor with corresponding standard deviation is listed for all 15
possible sampling patterns at a reduction factor of R = 8. Additionally, the relative minimum
distance dmin is given, which is a measure of the quality of the corresponding point spread
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Table 5.2: Mean g-factors ḡ and corresponding
standard deviations for all 15 sampling schemes
at a total reduction factor of R = 8. Addi-
tionally, the relative minimum distances dmin of
aliased points in the elementary aliasing cell are
given, which is a measure for the quality of the
point spread function. The greater the distance
of aliased points the more sensitivity variations
are exploitable.

function (PSF). The value dmin is determined by calculating the minimum distance of aliased
points in the binary aliasing cell (see Fig. 5.5).

The GRAPPA method features some advantages compared to SENSE. One prominent ex-
ample are applications where sensitivity maps, as required for SENSE reconstruction, are hard
to obtain. This is the case in regions with low SNR, such as the lung [15]. Another example
are applications where pre-folding in the full FOV is required for time-efficient imaging [69].
Therefore, additional results are presented which demonstrate the feasibility of performing pa-
rallel imaging reconstruction with GRAPPA as well. In Fig. 5.10, GRAPPA reconstructions
of accelerated (R = 4) VIBE experiments in the abdomen with Δ = 3mm partition thickness
using rectangular R = 4 × 1(0), R = 2 × 2(0) and CAIPIRINHA-type R = 2 × 2(1) reductions
are displayed for three different partitions. Additionally, the corresponding unaccelerated im-
age is given as a reference. As demonstrated in Fig. 5.10 the CAIPIRINHA-type acquisition
performs significantly better than either of the conventional rectangular reduced acquisitions.
For quantification purposes the artifact energy AE was calculated for each partition according
to

AE =
∑ |IRef − IPPA|2∑ |IRef |2

(5.5)

IRef denotes the sum-of-squares combined reference image and IPPA the sum-of-squares com-
bined image after GRAPPA reconstruction. The sum in Eq. 5.5 is performed along all spatial
image pixels. The artifact energy AE is a measure for the reconstruction quality of the parallel
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Figure 5.10: Various R = 4 accelerated acquisitions after GRAPPA reconstruction are shown for
three out of 48 partitions. As a reference, the unaccelerated partitions are displayed (left column).
The conventional rectangular reduced experiments (R = 4 × 1(0) and R = 2 × 2(0)) are compared
with the CAIPIRINHA-type experiment (R = 2 × 2(1)). For each partition, the CAIPIRINHA-
type experiment provides comparable or even better image quality than either of the conventional
reduced acquisitions.
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Figure 5.11: Artifact energy AE after GRAPPA reconstruction calculated for various four-fold
accelerated sampling scenarios (R = 4 × 1(0), R = 2 × 2(0), R = 2 × 2(1)). The artifact energy is
plotted for each partition and is given for experments with partition thickness of (a) Δ = 3 mm
corresponding to an excitation slab of 14.4 cm and (b) Δ = 2 corresponding to a excitation slab
of 9.6 cm.

R = 4 × 1(0) R = 2 × 2(0) R = 2 × 2(1)

Δs = 3mm 0.0089 ± 0.0029 0.0093 ± 0.0046 0.0062 ± 0.0020
Δs = 2mm 0.0152 ± 0.0044 0.0337 ± 0.0183 0.0123 ± 0.0030

Table 5.3: Mean artifact energy AE and corresponding standard deviation
for various four-fold accelerated parallel acquisitions after GRAPPA recon-
struction (R = 4×1(0), R = 2×2(0), R = 2×2(1)). The 2D CAIPIRINHA-
type experiment provides lowest mean artifact energy and lowest standard
deviation for both experiments with Δz = 3 mm and Δz = 2 mm. It is
obvious that the R = 2 × 2(1) reconstruction performance for a very small
excitation slab approaches the R = 4 × 1(0)performance.

imaging reconstruction, where a low artifact energy value corresponds to good reconstruction
quality. The AE was calculated for each partition and for all three reduction scenarios. In
Fig. 5.11, the resulting artifact energies are plotted as a function of partition number for two
experiments with different FOVz (or excitation slab thickness), corresponding to partitions of
(a) Δz = 3mm and (b) Δz = 2mm thickness. It is obvious that 2D CAIPIRINHA provides
the best overall performance.

In addition, in Tbl. 5.3 the mean arifact energies AE and the corresponding standard
deviations are given for all three acquisition strategies after 3D GRAPPA reconstruction. As
can be seen, the 2D CAIPIRINHA-type experiment (R = 2 × 2(1)) provides lowest mean
overall artifact energy and lowest standard deviation for both experiments with Δz = 3mm

and Δz = 2mm compared to the conventional rectangular reduced acquisitions.

Simulation results are presented in Fig. 5.12 for various four-fold accelerated 2D parallel
imaging experiments. The simulations were based on the sensitivity characteristics calculated
from a cylindrical 16 channel head array, which has been described in the methods section.
For all simulated scenarios, the partition encoding was chosen to be in the axial direction
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Figure 5.12: Results of several four-fold accelerated 2D parallel imaging experiments, exploiting
the sensitivity distribution of a simulated cylindrical 16 channel two ring head array. The mean
geometry factor as a function of the axial partition position after rectangular 2D SENSE (R = 2×2
and R = 4 × 1) and 2D CAIPIRINHA (R = 2 × 2(1)) is plotted, given a 20 cm slab (a) carefully
positioned in the center of the coil and (b) positioned 5cm off-center. While the RSENSE = 4 × 1
experiment has a performance which is much more independent of the slab position, the RSENSE =
2×2 experiment performs significantly better when the slab is in the center position, as sensitivity
variations are exploited in both directions simultaneously. In the off-center position, however, this
acquisition strategy provides an inhomogeneous performance, with partitions showing very high
geometry factors. In contrast, the 2D CAIPIRINHA-type experiment RCAIPIRINHA = 2 × 2(1)

provides the best reconstruction performance with a more homogeneous characteristic for both
scenarios. This figure is reprinted from reference [52].

and an excitation slab 20cm thick was assumed. The resulting mean and maximum geometry
factors were calculated for every partition and plotted as a function of the axial partition
position after 2D SENSE (RSENSE = 2 × 2 and RSENSE = 4 × 1) and 2D CAIPIRINHA-
SENSE (RCAIPI = 2 × 2(1)) experiments. In one case (a), the excitation slab was carefully
positioned in the center of the coil, whereas in the other case (b), the slab was moved 5 cm off-
center. The RSENSE = 4× 1 experiment has a performance which is much more independent
of the slab position, as sensitivity variations in the axial direction are not exploited. In
contrast, the 2D SENSE (RSENSE = 2 × 2) experiment performs significantly better when
the slab is positioned in the center of the coil. In this case, sensitivity variations in the
partition direction which are provided by the two ring coil geometry can be used. In the off-
center position, this acquisition strategy results in an inhomogeneous performance with some
partitions showing extremely high geometry factors. However, the 2D CAIPIRINHA-type
experiment RCAIPI = 2 × 2(1) provides the best reconstruction performance and exhibits a
very homogeneous g-factor behavior for both scenarios.

The parallel encoding capability of the 12 channel head array in one axial plane was tested
by applying the PCA to the 2D reference data needed for coil calibration. In Fig. 5.13 (a)
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Figure 5.13: (a) Eigenvalues (normalized to one) after PCA applied to 12 channel head data
and (b) the cumulative sum of the eigenvalues. Only 6 of the 12 principal coil components are
uncorrelated and therefore give contribution to the parallel imaging encoding. This limits the
maximum possible reduction factor in two spatial dimensions to R=6 with this coil array.

the resulting eigenvalues (normalized to one) and (b) the cumulative sum of the eigenvalues
are plotted. It can be seen that only 6 of the 12 principal coil components are uncorrelated
and therefore give significant contribution to the parallel imaging encoding. This limits the
maximum possible reduction factor in two spatial dimensions to R=6 in this plane for this
coil configuration. In order to investigate the encoding efficiency in the individual spatial
directions the PCA was additionally applied separately in the LR and in the AP directions
using simple projections. In Fig. 5.14 the (a) normalized eigenvalues of the PCA and (b) the
cumulative sum of these eigenvalues are plotted for both projections. This illustration allows
one to compare qualitatively the encoding efficiency in these two directions. The position
where the curve reaches saturation gives an estimation of the maximum possible reduction
factor in this direction. Additionally, the saturation value itself (integral) contains information
which can be used to determine the more efficient encoding direction, which in this case is the
AP direction.

To emphasize this fact, Fig. 5.15 shows geometry-factor maps and SENSE reconstructions
with a reduction factor of R=3 applied (a) only in the AP and (b) only in the LR direction.
This analysis allows one to determine the maximum reduction factor in 2D and the adequate
reductions in the individual phase encoding directions in rectangular 2D parallel MRI. As
already mentioned, given a total reduction factor, a number of CAIPIRINHA-type patterns
provide an optimal PSF. PCA applied to projections could help to choose the pattern which
exploits the coil sensitivity variations most efficiently.
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Figure 5.14: (a) normalized eigenvalues of the Principal Coil Components and (b) the cumulative
sum of these eigenvalues are plotted for both projections. The Principal Coil Component at which
the curve reaches saturation gives an estimation of the maximum possible reduction factor in this
direction. Additionally, the saturation value itself (integral) contains information which can be
used to determine the more efficient encoding direction.

Figure 5.15: SENSE reconstructions (top)
and corresponding g-factor maps (bot) after
R = 3 -fold acceleration performed (a) only in
the AP and (b) only in the LR direction. The
g-factor analysis proves the prediction made
after PCA has been seperately applied to the
projections.
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5.5 Discussion

2D CAIPIRINHA has been presented as a means of exploiting sensitivity variations more effi-
ciently in 2D parallel imaging. The properties of this technique were studied using computer
simulations as well as in vivo studies. 2D CAIPIRINHA-type accelerated in vivo head exper-
iments were successfully performed up to reduction rates of R = 8 using SENSE algorithms,
which still provided an acceptable SNR and image quality compared to conventional parallel
imaging strategies. Additionally, the two dimensional GRAPPA method has been extended
to volumetric GRAPPA and has been shown to reconstruct 2D CAIPIRINHA-type reduced
VIBE abdomen data sets with good image quality. The in vivo and simulation results in-
dicate that 2D CAIPIRINHA-type acquisitions have the potential to provide a more robust
and homogeneous reconstruction than conventional accelerated rectangular 2D SENSE and
1D SENSE-type acquisitions, even in cases where the setup is not optimized with regard to
the sensitivity variations provided by the actual coil configuration.

However, at a specific reduction factor R, only one of the described 2D sampling patterns
will be best suited for a given coil array, slab orientation, and object shape. At a given
total reduction factor R, multiple patterns have optimal PSFs with maximum distance of
aliased points. In the case of a total reduction factor of R = 8, 3 of the 15 possible patterns
have optimal PSFs. Because sensitivity variations tend to increase with increasing distance,
patterns with optimal PSF are generally favourable, and therefore one of these patterns is
most likely to be best suited. However, it is clear that even the best PSF is ineffective when
aliased signals with insufficient sensitivity variations are present. Since the optimal patterns
are basically rotations of each other, one will quite surely exploit sensitivity variations most
efficiently. Additionally, as can be seen in Fig. 5.3, the area with signal overlap can potentially
be reduced using these optimal patterns by exploiting object-free regions inside the FOV
more efficiently. Therefore, the exact sampling pattern used should be optimized beforehand,
taking into account the coil array, the expected object, and FOV size. A potential strategy
for finding the optimal sampling pattern could be to run a low resolution geometry factor
analysis on the few patterns with optimal PSF, which gives the pattern with lowest mean
g-factor and standard deviation [70]. An other possible approach is Principal Component
Analysis (PCA) applied to the sensitivity information [71], which allows one to estimate
the maximum possible total reduction factor R and the maximum possible reduction for a
given coil configuration. Additionally, PCA applied to multiple directions separately by using
for example simple projections, allows one to determine the spatial direction with the most
variations in the array.

Generally, the 2D CAIPIRINHA approach provides a broad range of applications. Espe-
cially those applications using relatively thin excitation slabs will directly benefit from this
approach, such as Time-Of-Flight (TOF) angiography. Standard rectangular reduction in the
partition encoding direction only helps for large excitation slabs with sufficient sensitivity
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variations.
2D CAIPIRINHA is easy to implement, as no special demands are made on the hardware

or software. Additionally, no special RF pulses are needed to control aliasing artifacts as
are required for MS CAIPIRINHA. This eliminates the main limitation of CAIPIRINHA in
simultaneous multi-slice imaging, namely the increased specific absorption rate (SAR) when
exciting multiple slices simultaneously. Generally, 2D CAIPIRINHA is applicable to all com-
mon Cartesian sampled imaging techniques (FLASH, RARE, TrueFISP, EPI,... ), and image
reconstructions can be carried out using standard PPA reconstruction algorithms such as
SENSE or GRAPPA.

5.6 Conclusion

In conventional PPA accelerated 3D imaging, data reduction is performed in two spatial di-
mensions simultaneously by integer-valued undersampling in each phase encoding direction.
Though sensitivity variations can be exploited in two spatial dimensions, this sampling strat-
egy provides suboptimal encoding performance.

In this work, a 2D parallel imaging strategy has been presented which takes advantage
of the recently introduced concept of CAIPIRINHA (Controlled Aliasing In Parallel Imaging
Results IN Higher Acceleration). Aliasing artifacts in 2D parallel imaging are modified in a
controlled manner during the data acquisition by shifting sampling positions in the two dimen-
sional phase encoding scheme with respect to each other (2D CAIPIRINHA). In this way, at
certain image acceleration values, an optimal sampling pattern can be found which minimizes
signal overlap and at the same time allows one to efficiently exploit the sensitivity variations
provided by the coil array. This strategy provides optimal reconstruction performance given
a certain coil configuration and object shape, and therefore directly results in optimal image
reconstruction quality. This has been shown for both SENSE and GRAPPA reconstructions.





Chapter 6

3D CAIPIRINHA

6.1 Introduction

In the previous chapter, it has been demonstrated that, by modifying the undersampling
2D phase encoding pattern in volumetric parallel imaging, the sensitivity variations provided
by the receiver array can be exploited more efficiently (2D CAIPIRINHA). This approach
makes use of sensitivity variations in the undersampled phase encoding directions. The coil
array, however, might provide some further sensitivity variations in the third remaining spatial
dimension, which are generally not used in the parallel imaging reconstruction process. The
availability of more and more independent receiver channels allows one to cover the object
under investigation more densely with an increased number of small surface coils positioned
along all spatial dimensions. Most of the receiver coil arrays, which are supplied with the
latest scanner generation provide sensitivity variations in all three dimensions. Prominent
examples are the standard 12 channel head coil consisting of two cylindrical 6-coil rings in
axial direction, which is part of the Siemens Avanto system, as well as the standard 12 channel
body array with a 3x2 anterior element matrix and a 3x2 posterior element matrix.

In conventional volumetric imaging, only two phase encoding directions are available in
which scan time reduction can be performed. Therefore, an alternative strategy is required
to take advantage of the sensitivity variations in the remaining third dimension. A potential
approach is switching rapidly oscillating phase encoding gradients during the actual read-out
process, thereby jumping between adjacent lines in the phase encoding direction. This type of
sampling modifies the appearance of aliasing in all three dimensions, thereby exploiting some
additional sensitivity variations in the read-out direction, which directly results in improved
parallel imaging reconstruction conditions [72]. Naturally, this strategy can also be used in
conventional single-slice parallel imaging, where image acceleration is limited by the fact that
sensitivity variations are only exploited in one dimension. In previous work, such zig-zag
sampling has already been implemented on modern scanners and shown to improve image
quality in GRASE experiments (vGRASE) [73]. Moriguchi et al. have recently proposed
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bunched phase encoding, a method which allows one to reduce the number of phase encoding
steps by a factor of two by using an oversampled zig-zag read-out trajectory [74]. As this
method has shown to allow a two-fold scan time reduction with one receiver coil, further
work from the same group has demonstrated that this concept can be combined with parallel
imaging to further gain imaging speed [75]. While in these works image reconstruction is
(partially) performed using properties of Popoulis’ generalized sampling expansion [76], in
this approach, image reconstruction is done entirely using the parallel imaging strategy.

Whereas in MRI one spatial dimension is frequency encoded, in spectroscopic Chemical
Shift Imaging (CSI) [77] all the spatial dimensions must be phase encoded, because the fre-
quency is used to obtain the spectral information. Thus, the concept of 2D CAIPIRINHA
for volumetric parallel MRI can be directly transferred to 2D CSI, because both methods
share the same two-dimensional phase encoding concept. However, in 3D CSI a third phase
encoding direction is acquired in which undersampling can be performed, which allows one
to extend the CAIPIRINHA concept to an additional spatial dimension. Thus, similar to 2D
CAIPIRINHA, sampling positions can be shifted with respect to each other in three spatial
dimensions, thereby creating 3D CAIPIRINHA-type sampling patterns. Again, one of such
sampling patterns will exploit sensitivity variations provided by the receiver array most ef-
ficiently. As a proof of principle, the benefit of this approach is demonstrated on phantom
experiments.

6.2 Zig-zag Sampling in Parallel MRI

In order to demonstrate the effect of zig-zag read-out trajectories on the aliasing appearance
in the image domain, a conventional four-fold accelerated acquisition is displayed in Fig.
6.1a. As can be seen, conventional undersampling results in a four times reduced FOV in the
phase encoding direction yielding the well-known undersampling aliasing artifacts in the phase
encoding direction. By performing the same experiment with rapidly switched oscillatory
phase encoding gradients during the actual read-out process (Fig. 6.1b left), sampling positions
can be shifted in the phase encoding direction in an alternating fashion (Fig. 6.1b middle).
After inverse Fourier transformation, the modified aliasing conditions can be seen (Fig. 6.1b
right). The sampling patterns created with such zig-zag type read-out trajectories differ in
part from the 2D CAIPIRINHA sampling patterns described in the previous chapter. The
reason is the oscillating trajectory itself, and the limited gradient switching times. In contrast
to sampling positions on sheared grids, which provide a minimized number of image pixels
which are aliased on top of each other, more image pixels which are differently weighted by
the non-uniformly distributed point spread function are aliased on top of each other in this
case. While this fact must be considered in SENSE reconstructions, GRAPPA can deal with
this situation by choosing the appropriate target points. In the implementation considered
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Figure 6.1: (a) On the left, the pulse program of a conventional four-fold accelerated parallel
imaging experiment is displayed, showing the reduced phase encoding table and the following
read-out process. Additionally, a schematic of the corresponding trajectory in k-space is shown
(middle), offering a straight read-out line. On the right, the resulting aliased image is displayed with
folding-over artifacts appearing only in the phase encoding direction. (b) In addition to the reduced
gradient table, an oscillating gradient is applied during acquisition, resulting in oscillating sampling
positions in the phase encoding direction (middle). In contrast to conventional undersampling,
blipped sampling results in significantly different aliasing artifacts which appear in both the phase
encoding and the frequency encoding direction.

here, the zig-zag trajectories are designed in such a way that the sampling positions lie on a
Cartesian grid, although this restriction is not necessary.

To further investigate the properties of zig-zag sampling in combination with parallel
imaging, various zig-zag read-out trajectories at a reduction factor of R = 4 were simulated. To
this end, starting from a fully encoded single-slice head experiment performed on a 1.5T clinical
scanner (Avanto, Siemens Medical Solutions, Erlangen, Germany), superflous data points were
removed from their sampling positions in k-space (Fig. 6.2 (top row)). While all sampling
positions simulated in this work were sampled on a Cartesian grid, other oscillating trajectories
using non-Cartesian sampling could be used as well. In such cases, however, advanced parallel
imaging reconstruction algorithms including regridding procedures are required.

In Fig. 6.2, the reconstruction performance of various R = 4 undersampled sampling
patterns showing different zig-zag trajectories are displayed.
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Figure 6.2: GRAPPA reconstructions after accelerated (R=4) experiments using (a) conventional
read-out trajectory and (b,c,d) various zig-zag trajectories. The trajectory in (b) is designed in
such a way that every second read-out sample is shifted by Δky within one dwell-time td. In (c)
the sampling positions are shifted by 2Δky in the same time requiring two-times higher gradient
strength and four-times shorter switching times. The trajectory given in (d) shares the same
gradient requirements as in (b) because 2Δky is travelled within two dwell-times 2tD. In order
to demonstrate reconstruction performance the difference to the fully-encoded reference image is
given at the right top corner for each case.

It is obvious that, when shifting sampling positions in the phase encoding direction from
their original positions, significantly improved image quality is achieved after parallel imaging
reconstruction is performed. All zig-zag trajectories simulated here result in significantly
improved image quality compared to the conventional undersampled data. The image in Fig.
6.2c shows the best image quality after specialized GRAPPA reconstructions, but requires
highest gradient performance to achieve this trajectory. While the trajectories in (b) and (d)
share the same gradient requirements, the latter performs better because the maximum shift
achieved is 2Δky, resulting in a better PSF, and thus exploiting sensitivity variations more
efficiently.

The concept of zig-zag sampling can also be applied to volumetric parallel imaging. To
this end, in addition to 2D CAIPIRINHA-type sampling patterns in the ky,kz-plane, a zig-zag
trajectory was performed in the read-out direction in order to shift the 2D CAIPIRINHA
phase encoding patterns with respect to each other for subsequent read-out positions (kx).
In this way, an improved PSF can be achieved, thereby allowing the utilization of potential
sensitivity variations in all three spatial dimensions. To demonstrate the benefit of this ap-
proach, zig-zag type sampled 3D CAIPIRINHA patterns were simulated from a fully-encoded
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3D head experiment performed on a 1.5T clinical scanner (Avanto, Siemens Medical Solu-
tions, Erlangen, Germany). For signal reception, the 12-channel head coil array was used (two
cylindrical 6 coil rings in the axial direction). The sequence parameters for the 3D FLASH
sequence were as follows: α = 15◦, TE/TR = 4.56ms/12ms, FOV = 260 × 260 × 216 mm3,
matrix size = 192 × 192 × 120. Similar to previous proceedings unwanted sampling points
were removed from the fully encoded 3D k-space. Starting from an adequate R = 8 2D
CAIPIRINHA-type reduced sampling scheme R = 2 × 4(2) a zig-zag read-out trajectory was
designed which shifted the 2D CAIPIRINHA sampling pattern by Δky in the ky-direction
and Δkz in the kz-direction in an alternating fashion for subsequent read-out samples. In
practice, such sampling can be realized by applying rapidly oscillating gradients in both phase
encoding directions during the read-out process. In Fig. 6.3, various R = 8 fold accelerated
sampling strategies (2D rectangular, 2D CAIPIRINHA and 3D CAIPIRINHA -type reduc-
tions) were compared after 3D GRAPPA reconstructions. Again, the results presented here
demonstrate that 2D CAIPIRINHA is clearly superior to conventional rectangular reduction
schemes. However, 3D CAIPIRINHA performs even better, because sensitivity variations in
the read-direction have been additionally exploited, resulting in significantly improved image
quality after parallel imaging reconstruction.

6.3 3D Chemical Shift Imaging

In spectroscopic imaging, or chemical shift imaging (CSI), a spectral dimension is acquired
in addition to the spatial dimensions. The spatial dimensions are all encoded using the con-
cept of phase encoding (switching phase encoding gradients in all spatial dimensions prior to
acquisition) while the spectral information is achieved by a frequency analysis of the plain
NMR signal (free induction decay (FID) or spin echo) acquired without employing a read
gradient. Spins in different chemical environments precess at different frequencies (chemical
shifts), thereby providing signals at different frequencies in the spectra. Thus, a CSI exper-
iment includes volume selective excitation, followed by phase encoding gradients in two (2D
CSI) or three (3D CSI) directions and finally acquisition of the FID or a spin echo in the
absence of gradients. Recently, the parallel imaging concept has also been applied to spectro-
scopic imaging using the SENSE method [78, 79] and the GRAPPA method [80, 81]. Because
both conventional 3D imaging and 2D CSI share the same two dimensional phase encoding
k-space, the considerations regarding 2D CAIPIRINHA which have been made in the previous
chapter can be directly transferred to 2D CSI. However, in 3D CSI, a third phase encoding
direction is available, in which reduction and / or modifications of the sampling patterns can
be performed. Thus, at a given reduction factor, similar to 2D CAIPIRINHA, a 3D CAIPIR-
INHA sampling pattern can be found which exploits potential sensitivity variations in all three
dimensions most efficiently. In order to investigate the properties of 3D CAIPIRINHA in 3D



88 6.3. 3D CHEMICAL SHIFT IMAGING

Figure 6.3: Sagittal (top row), transversal (middle row) and coronal (bottom row) view of various
R = 8-fold accelerated volumetric parallel imaging experiments after 3D GRAPPA reconstruction
using different sampling strategies. As a reference, the unaccelerated corresponding images are
shown (left column). The reconstruction results after optimal 2D rectangular undersampling (R =
4×2), optimal 2D CAIPIRINHA-type sampling (R = 1×8(3)), and as a proof of principle one (not
the optimal) 3D CAIPIRINHA-type sampling pattern

(
R = 2 × 4(2)

)∗
generated by a zig-zag read-

out trajectory are compared. The star indicates that in this case the 2D CAIPIRINHA pattern
R = 2 × 4(2) was additionally shifted by Δky in the y -direction and Δkz in the z-direction for
every second read-out sample. In order to demonstrate reconstruction performance, the difference
between the reconstructed and the reference image are shown in the left corner for each image.
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Figure 6.4: (a) Proton image of the phantom
(details see text). Unaccelerated reference CSI
images are shown for both (c) Na-Acetate and
(d) Li-Lactate. The CSI images were gener-
ated by calculating the integral over the SOS-
combined Li-Lactate and Na-Acetate peaks.
(b) Example spectra taken from a partial vol-
ume voxel containing both substances.

CSI, a phantom made up of three poly-ethylene bottles of 500ml volume each was built. The
bottles were filled with aqueous Na-acetate (C2H3O2Na) solution of 9.6 g/l concentration. A
small tube of 1 cm diameter, containing aqueous Li-Lactate (C3H5O3Li) solution of 8.2 g/l

concentration, was positioned in the center of each bottle. To avoid field inhomogeneities
caused by susceptibility-jumps at the bottle-air interface, the bottles were placed in a NaCl

solution.
A fully encoded 3D CSI experiment was performed using the phantom on a 1.5T clinical

whole body scanner (Avanto, Siemens Medical Solutions, Erlangen, Germany). For signal
reception, a 12 channel two-ring head coil was used. The sequence parameters of the 3D spin-
echo CSI experiment were as follows: TR = 1070ms, TE = 135ms, matrix = 16 × 16 × 12,
FOV = 200×175×120mm3. In the spectroscopic dimension, 1024 data points were acquired
at a dwelltime of 312μs corresponding to 3.2 kHz acquisition bandwidth. In Fig. 6.4 the middle
section of the anatomical 3D MRI phantom experiment is shown including the excitation
volume of the CSI experiment (indicated by the big box). In addition, the unaccelerated
reference CSI images are shown for both Li-Lactate and Na-Acetate. The CSI images were
generated by calculating the integral over the SOS-combined Li-Lactate and Na-Acetate peaks.
Besides, as a reference, one example spectra is shown, taken from a partial volume voxel
containing both substances (indicated by the small box).

Starting from this fully encoded data set, unwanted phase encoding steps were removed
from their sampling positions in order to create 2D rectangular, 2D CAIPIRINHA and 3D
CAIPIRINHA-type sampling schemes. Reconstruction weights required for the final GRAPPA
reconstruction were derived from an 8x8x8 ACS data block in the center of the 3D k-space.
However, an additionally acquired fully-encoded, low-resolution fast 3D FLASH pre-scan ex-
periment could have been used as well [34] as reference data.
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In order to demonstrate the benefit of the 3D CAIPIRINHA approach, GRAPPA recon-
structions after various accelerated (R = 6) 3D CSI experiments using different sampling
strategies were performed. In Fig. 6.5 the accelerated CSI images are shown in one partition
for both Li-Lactate and Na-Acetate after GRAPPA reconstruction of (b) a conventional rect-
angular R = 2×3 (c) 2D CAIPIRINHA R = 2×3(1)and (d) 3D CAIPIRINHA-type reduction.
Additionally, the corresponding unaccelerated (R = 1) CSI images are displayed as reference.

Figure 6.5: Na-Acetate (top row) and Li-Lactate (bottom row) CSI maps after (a) unaccelerated
acquisition, six-fold (b) optimal rectangular R = 2 × 3, (c) optimal 2D CAIPIRINHA-type R =
2× 3(1)and (d) 3D CAIPIRINHA -type reductions. The CSI images were generated by taking the
integral over the SOS-combined Li-Lactate and Na-Acetate spectra after GRAPPA reconstruction.

Furthermore, in Fig. 6.6 example spectra taken from a partial volume voxel, providing
peaks for both substances are displayed for each case. Although all three sampling strategies
result in reasonable reconstruction quality after GRAPPA, the 3D CAIPIRINHA experiment
provides both better spectral and image quality due to lower geometry related noise en-
hancement and less residual artifacts. Again the images in Fig. 6.5 demonstrate that 2D
CAIPIRINHA performs better than 2D rectangular type acquisitions.
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Figure 6.6: Na-Acetate and Li-Lactate spectra taken from a partial volume voxel
after (a) unaccelerated acquisition (R = 1), six-fold (b) rectangular R = 2×3, (c) 2D
CAIPIRINHA-type R = 2 × 3(1)and (d) 3D CAIPIRINHA -type reductions.
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6.4 Discussion and Conclusion

In this chapter, zig-zag sampling which enables a more efficient exploitation of the sensitivity
variations provided by the underlying receiver coil array in the imaging plane (volume) has
been described. Thus, sensitivity variations can be exploited in two (compared to one) spatial
dimensions in conventional single-slice imaging and in all three dimensions (compared to two)
in volumetric parallel imaging. A successful parallel imaging reconstruction process strongly
depends on accurate sensitivity variations, especially at high acceleration rates. Therefore,
this strategy results in significantly improved reconstruction performance, thereby allowing for
higher image acceleration. Unfortunately, no real zig-zag trajectories were acquired, because
even in modern scanners with adequate gradient performance it is difficult to generate such
sampling trajectories.

However, the simulation results presented here indicate the great benefit of this approach.
The zig-zag type sampled experiments shown here share the same number of excitations (phase
encoding steps) and read-out samples as the conventional imaging strategy using a straight
read-out trajectory and therefore would have the same SNR without parallel imaging. It is
clear that in practice, this type of zig-zag sampling requires fast gradient switching times even
for sequences with moderate acquisition bandwidths which limits application. However, in
previous work, such zig-zag read-out trajectories have already been implemented on modern
scanners equipped with accurate gradient systems.

Furthermore, a more straight-forward application of the 3D CAIPIRINHA approach has
been presented, namely 3D parallel spectroscopic chemical shift imaging (CSI), which is not
limited to low acquisition bandwidths. Because the frequency response without gradients is
used to obtain the spectral information in CSI, all spatial dimensions need to be phase en-
coded. Thus, in accelerated 3D CSI undersampling can be performed in three phase encoding
directions. In addition to 2D CAIPIRINHA-type patterns this allows one to modify sampling
positions in one further phase encoding direction in 3D k-space in such a way that an optimal
utilization of the available sensitivity variations is achieved. However, the intrinsic low SNR
in in vivo CSI limits the concept to moderate acceleration rates.
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Conclusions and Perspectives

In general, the parallel imaging concept can be applied whenever a receiver coil array is avail-
able whose spatial sensitivity distribution allows one to partially accomplish spatial encoding,
which normally is performed by applying magnetic field gradients. During the last three years,
the major manufacturers, namely Philips, Siemens, GE, and Toshiba, have implemented the
parallel imaging feature in their latest scanner generation. Thus, parallel imaging has now be-
come standard procedure and has grown to have a broad clinical impact. However, although
the basic parallel imaging framework is well-established, parallel imaging is still subject to
steady developments and is expected to have a bright future in MRI. Besides recently held
international workshops on parallel MRI [82, 83] a series of review articles has been published,
which demonstrate the increasing impact of parallel MRI and summarize the most prominent
fields of parallel MRI in clinical applications [84, 85, 86, 87, 88, 89, 90, 91, 92, 93].

In the course of this work, various strategies for efficient parallel imaging were intro-
duced. Based on existing parallel acquisition and reconstruction strategies, such as SENSE
and GRAPPA, new concepts have been developed and transferred to potential clinical appli-
cations.

Specifically, temporal GRAPPA (TGRAPPA) [43], an efficient method well-suited for dy-
namic real-time imaging, was presented. TGRAPPA exploits a time-interleaved acquisition
scheme which allows one to derive the sensitivity information needed for the parallel imaging
reconstruction process directly from the undersampled time series itself. Thus, no additional
data must be acquired as normally required for parallel imaging reconstructions, thereby pro-
viding optimal image acceleration. Additionally, TGRAPPA provides a frame-to-frame update
of the reconstruction parameters, thereby efficiently tracking relative changes of the coil po-
sition caused by patient motion. This is particularly relevant for applications with flexible
coil arrays, such as cardiac imaging. The TGRAPPA method has been successfully applied to
accelerated (reduction factor two to four) real-time (non-gated) free-breathing cardiac studies.
Using TGRAPPA, frame rates of up to 30 fps have been achieved providing acceptable spa-
tial resolution and image quality. It has also been shown that the concept of partial Fourier
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acquisition can be additionally applied in order to further increase the frame rate or spatial
resolution. This gain in imaging speed, and the intrinsically high SNR as well as higher ac-
celeration rates achievable in volumetric parallel imaging could potentially be used to make
3D real-time imaging feasible.

The main focus in this work was on CAIPIRINHA (Controlled Aliasing In Parallel Imaging
Results IN Higher Acceleration), a novel parallel imaging strategy. CAIPIRINHA can be seen
as a new acquisition concept which results in a more robust and improved parallel imaging
reconstruction procedure compared to previous proposed strategies. Generally, an accelerated
parallel acquisition is associated with aliasing artifacts in the image domain, which normally
can be removed by specialized parallel imaging reconstruction methods, such as SENSE or
GRAPPA. The basic idea of CAIPIRINHA is to modify the appearance of aliasing in a con-
trolled manner in order to exploit the sensitivity variations provided by the receiver coil array
most efficiently, which directly results in improved parallel imaging reconstruction conditions.
This leads to a more reliable and robust parallel image reconstruction and significantly reduces
the dependence on the coil geometry. In principle, the flexibility of CAIPIRINHA allows one
to use any existing parallel imaging reconstruction algorithm, such as SENSE or GRAPPA,
to arrive at the final image. However, both algorithms had been limited to rectangular reduc-
tions and therefore had to be extended to match the modified aliasing conditions (eg modified
acquisition schemes) in CAIPIRINHA. To this end, SENSE and GRAPPA reconstruction
algorithms have been developed for single-slice, multi-slice, 2D, and 3D CAIPIRINHA-type
experiments for both conventional and spectroscopic imaging (CSI).

During the last three years the CAIPIRINHA concept has been successfully applied to si-
multaneous multi-slice (MS CAIPIRINHA) [52] and volumetric parallel imaging (2D CAIPIR-
INHA) [51]. Both techniques have been shown to improve image quality in clinically relevant
applications. 2D CAIPIRINHA, in particular, does not demand additional hardware require-
ments and can therefore be directly employed in any existing application where volumetric
parallel imaging is already established. MS CAIPIRINHA, however, requires excitation with
special multi-band rf pulses and therefore is limited to applications which do not operate at
the SAR (specific absorption rate) limit. However, compared to sequential multi-slice exper-
iments, MS CAIPIRINHA benefits from the SNR gain due to simultaneous slice excitation
and therefore, in principle, provides a simultaneous acquisition of multiple slices in the same
scan time as required for one single slice with the same basic SNR. However, the SNR is also
affected by a coil-geometry-related noise enhancement. In the worst case of no coil sensitivity
variations in the slice direction, the geometry-related noise enhancement is equal to that in
sequential single-slice parallel imaging. Thus, MS CAIPIRINHA allows, for example, accel-
erated multi-slice cardiac CINE imaging without significant loss in SNR. Contrast-enhanced
heart perfusion will also benefit from this approach, because the contrast agent uptake can be
followed in multiple slices simultaneously. The properties of both MS and 2D CAIPIRINHA
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have been extensively investigated using computer simulations, phantom studies, and in vivo
experiments. Both methods are currently implemented in SIEMENS scanners and will prob-
ably be available in the next software release. For this reason, CAIPIRINHA is expected to
be employed in clinical practice in the near future.

In addition, as a proof of principle, a further strategy has been introduced which extends
the concept of CAIPIRINHA to an additional spatial dimension. In conventional parallel MRI,
potential sensitivity variations available in the read-direction have not been employed in the
parallel imaging reconstruction process. In this work, it has been shown that by replacing the
straight read-out line in conventional imaging with a zig-zag sampled trajectory, sensitivity
variations in the read-direction can be exploited, thereby achieving significantly improved
parallel image reconstruction performance in both single-slice and volumetric parallel imaging
(3D CAIPIRINHA).

Although the main focus in this work was parallel MRI, it has been shown that the concept
of CAIPIRINHA is also applicable to spectroscopic parallel imaging (CSI). 2D CAIPIRINHA
for volumetric parallel MRI can directly be transferred to 2D CSI, because both methods share
the same number of phase encoding directions to which 2D CAIPIRINHA sampling patterns
can be employed. The additional phase encoding direction in 3D CSI provides a further degree
of freedom for distributing the sampling positions in three phase encoding directions in such
a way that optimized reconstruction performance is obtained at a given reduction factor.

In connection with the modified acquisition schemes in CAIPIRINHA, adapted GRAPPA
algorithms have been developed. The novel GRAPPA algorithms presented here directly solve
for the missing points in 2D, 3D, or even 4D (CSI) k-space and therefore work for both rectan-
gular and CAIPIRINHA-type acquisitions. So far, GRAPPA has been limited to reductions
performed only in one phase encoding direction. For volumetric parallel imaging either a
GRAPPA-SENSE hybrid [94] was required or GRAPPA had to be applied in two subsequent
reconstruction steps in each phase encoding direction seperately [95, 96]. However, both re-
construction strategies have been shown to provide suboptimal reconstruction performance
compared to the algorithms presented in this work.

Perspectives

The latest scanners provide up to 32 independent receiver channels and coil arrays with 16
elements are already in clinical use. Currently, 32 element coils for head and abdomen ap-
plications are in clinical test stage. Further advances have been made at various research
sites. For example, Wiggins et al. presented a prototype volume head-array with 90 elements
which allows for high acceleration factors [97]. McDougall et al. introduced a linear array
with 64 elements which has been used to spatially encode an entire image with only one echo
[98]. Although hampered by significant problems in hardware development due to coil-to-coil
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coupling through magnetic and electrical fields, further advances in the development of arrays
with even more coils are expected. In general, it is anticipated that all PPA methods will
benefit from arrays with a large number of element coils.

This trend towards large coil arrays has led to a new field in parallel imaging, namely
massive parallel MRI. In massive parallel MRI, the receiver coil array should perform, in the
extreme case, all the spatial encoding normally achieved by employing time-consuming phase
encoding gradients. However, it is clear that parallel imaging is not without its limitations.
Even in the case of large multi-coil arrays, the maximum achievable acceleration in many
clinical applications is restricted to R = 4 in 2D and R = 8 in 3D MRI, because of the SNR
loss associated with the PPA concept.

Besides the development of dedicated large coil arrays, a major topic at many research
sites is the combination of the parallel imaging concept with non-Cartesian sampling strate-
gies, such as radial or spiral imaging. In many cases a radial or spiral sampling of k-space
is beneficial compared to conventional Cartesian sampling. Additionally, non-Cartesian sam-
pling strategies intrinsically exploit sensitivity variations in multiple dimensions and therefore
have the potential to allow for higher reduction factors. Recently, iterative SENSE recon-
struction algorithms [99] and advanced GRAPPA algorithms [100, 101, 102, 103, 104, 105] for
non-Cartesian trajectories have been introduced. However, these methods require advanced
regridding algorithms and suffer from sub-optimal reconstruction performance and/or long
reconstruction times, and therefore are not yet established in clinical practice.

In general, further improvements in the existing reconstruction algorithms in terms of
reconstruction times and image quality are expected. Additionally, combinations of various
parallel imaging strategies with each other or with other efficient non-parallel imaging strate-
gies will be a driving force in the growing field of parallel MRI.
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Summary

Virtually all existing MRI applications require both a high spatial and high temporal resolution
for optimum detection and classification of the state of disease. The main strategy to meet the
increasing demands of advanced diagnostic imaging applications has been the steady improve-
ment of gradient systems, which provide increased gradient strengths and faster switching
times. Rapid imaging techniques and the advances in gradient performance have significantly
reduced acquisition times from about an hour to several minutes or seconds. In order to fur-
ther increase imaging speed, much higher gradient strengths and much faster switching times
are required which are technically challenging to provide. In addition to significant hardware
costs, peripheral neuro-stimulations and the surpassing of admissable acoustic noise levels may
occur. Today’s whole body gradient systems already operate just below the allowed safety
levels. For these reasons, alternative strategies are needed to bypass these limitations. The
greatest progress in further increasing imaging speed has been the development of multi-coil
arrays and the advent of partially parallel acquisition (PPA) techniques in the late 1990’s.

Within the last years, parallel imaging methods have become commercially available, and
are therefore ready for broad clinical use. The basic feature of parallel imaging is a scan time
reduction, applicable to nearly any available MRI method, while maintaining the contrast
behavior without requiring higher gradient system performance. PPA operates by allowing an
array of receiver surface coils, positioned around the object under investigation, to partially
replace time-consuming spatial encoding which normally is performed by switching magnetic
field gradients. Using this strategy, spatial resolution can be improved given a specific imaging
time, or scan times can be reduced at a given spatial resolution. Furthermore, in some cases,
PPA can even be used to reduce image artifacts. Unfortunately, parallel imaging is associated
with a loss in signal-to-noise ratio (SNR) and therefore is limited to applications which do not
already operate at the SNR limit. An additional limitation is the fact that the coil array must
provide sufficient sensitivity variations throughout the object under investigation in order to
offer enough spatial encoding capacity.

This doctoral thesis exhibits an overview of my research on the topic of efficient parallel
imaging strategies. Based on existing parallel acquisition and reconstruction strategies, such
as SENSE and GRAPPA, new concepts have been developed and transferred to potential
clinical applications.



Specifically, temporal GRAPPA (TGRAPPA), an efficient method well-suited for dynamic
real-time imaging, has been presented. TGRAPPA exploits a time-interleaved acquisition
scheme which allows one to derive the sensitivity information needed for the parallel imaging
reconstruction process directly from the undersampled time series itself. Thus, no additional
data must be acquired as normally required for parallel imaging reconstructions, thereby
providing optimal image acceleration. Additionally, TGRAPPA provides a frame-to-frame
update of the reconstruction parameters, thereby efficiently tracking relative changes of the coil
position caused by patient motion. This is particularly relevant for applications with flexible
coil arrays, such as cardiac imaging. The TGRAPPA method has been successfully applied to
accelerated (reduction factor two to four) real-time (non-gated) free-breathing cardiac studies.
Using TGRAPPA, frame rates of up to 30 fps have been achieved providing acceptable spatial
resolution and image quality. It has also been shown that the concept of partial Fourier
acquisition can be additionally applied in order to further increase the frame rate or spatial
resolution. This gain in imaging speed, and the intrinsically high SNR as well as higher
acceleration rates achievable in volumetric parallel imaging could potentially be used to make
3D real-time imaging feasible.

The main focus in this work was on CAIPIRINHA (Controlled Aliasing In Parallel Imaging
Results IN Higher Acceleration), a novel parallel imaging strategy. CAIPIRINHA can be seen
as a new acquisition concept which results in a more robust and improved parallel imaging
reconstruction procedure compared to previous proposed strategies. Generally, an accelerated
parallel acquisition is associated with aliasing artifacts in the image domain, which normally
can be removed by specialized parallel imaging reconstruction methods, such as SENSE or
GRAPPA. The basic idea of CAIPIRINHA is to modify the appearance of aliasing in a con-
trolled manner in order to exploit the sensitivity variations provided by the receiver coil array
most efficiently, which directly results in improved parallel imaging reconstruction conditions.
This leads to a more reliable and robust parallel image reconstruction and significantly reduces
the dependence on the coil geometry. In principle, the flexibility of CAIPIRINHA allows one
to use any existing parallel imaging reconstruction algorithm, such as SENSE or GRAPPA,
to arrive at the final image. However, both algorithms had been limited to rectangular reduc-
tions and therefore had to be extended to match the modified aliasing conditions (eg modified
acquisition schemes) in CAIPIRINHA. To this end, SENSE and GRAPPA reconstruction
algorithms have been developed for single-slice, multi-slice, 2D, and 3D CAIPIRINHA-type
experiments for both conventional and spectroscopic imaging (CSI).

During the last three years the CAIPIRINHA concept has been successfully applied to
simultaneous multi-slice (MS CAIPIRINHA) and volumetric parallel imaging (2D CAIPIR-
INHA). Both techniques have been shown to improve image quality in clinically relevant
applications. 2D CAIPIRINHA, in particular, does not demand additional hardware require-
ments and can therefore be directly employed in any existing application where volumetric



parallel imaging is already established. MS CAIPIRINHA, however, requires excitation with
special multi-band rf pulses and therefore is limited to applications which do not operate at
the SAR (specific absorption rate) limit. However, compared to sequential multi-slice exper-
iments, MS CAIPIRINHA benefits from the SNR gain due to simultaneous slice excitation
and therefore, in principle, provides a simultaneous acquisition of multiple slices in the same
scan time as required for one single slice with the same basic SNR. However, the SNR is also
affected by a coil-geometry-related noise enhancement. In the worst case of no coil sensitivity
variations in the slice direction, the geometry-related noise enhancement is equal to that in
sequential single-slice parallel imaging. The properties of both MS and 2D CAIPIRINHA
have been extensively investigated using computer simulations, phantom studies, and in vivo
experiments. Both methods are currently implemented in SIEMENS scanners and will prob-
ably be available in the next software release. For this reason, CAIPIRINHA is expected to
be employed in clinical practice in the near future.

In addition, as a proof of principle, a further strategy has been introduced which extends
the concept of CAIPIRINHA to an additional spatial dimension. All previously proposed
parallel imaging strategies could not employ sensitivity variations potentially available in the
read-direction in the reconstruction process. In this work, a novel approach has been presented,
which for the first time allows for exploitation of sensitivity variations in the read direction,
thereby providing significantly improved parallel image reconstruction performance in both
single-slice and volumetric parallel imaging (3D CAIPIRINHA). This is done by replacing the
straight read-out line in conventional imaging with a zig-zag sampled trajectory.

Although the main focus in this work was parallel MRI, it has been shown that the concept
of CAIPIRINHA is also applicable to spectroscopic parallel imaging (CSI). 2D CAIPIRINHA
for volumetric parallel MRI can directly be transferred to 2D CSI, because both methods share
the same number of phase encoding directions to which 2D CAIPIRINHA sampling patterns
can be employed. The additional phase encoding direction in 3D CSI provides a further degree
of freedom for distributing the sampling positions in three phase encoding directions in such
a way that optimized reconstruction performance is obtained at a given reduction factor.





Zusammenfassung

In den späten 80er Jahren entwickelte sich die Magnetresonanz-Tomographie (MRT), die
bis dato lediglich in Forschungseinrichtungen etabliert war, zu einem der wichtigsten Ver-
fahren in der klinischen Diagnostik. Allerdings erfordern nahezu alle bestehenden klinischen
Anwendungsgebiete sowohl eine hohe räumliche als auch eine hohe zeitliche Auflösung für eine
optimale Detektion und Klassifizierung von Krankheitsbildern. Der bisherige Ansatz, diesen
zunehmenden Anforderungen an die klinische MRT gerecht zu werden, bestand vor allem in
der stetigen Verbesserung von Gradientensystemen die mit immer höheren Gradientenstärken
und schnelleren Schaltzeiten aufwarteten. Die technischen Fortschritte, sowie schnelle Bildge-
bungsmethoden erlaubten es, Messzeiten von etwa einer Stunde auf nur wenige Minuten oder
sogar Sekunden zu reduzieren. Eine weitere Verkürzung der Experimentdauer mittels noch
leistungsfähigeren Gradientensystemen ist jedoch technisch schwierig zu realisieren. Ausser-
dem gehen enorm hohe Entwicklungs und Materialkosten mit den erhöhten Anforderungen
einher. Es kommt hinzu, dass noch stärkere Gradienten und noch schnellere Schaltzeiten zu
peripheren Neurostimulationen und zur Überschreitung von zulässigen akustischen Grenzwer-
ten führen können. Heutige Gradientensysteme arbeiten schon sehr nahe an den Grenzen der
zulässigen Sicherheitsbestimmungen. Deshalb werden alternative Strategien benötigt, um wei-
tere Messzeitverkürzungen realisieren zu können. Der bisher erfolgreichste Ansatz bestand in
der Entwicklung von Mehr-Kanal-Spulen-Anordnungen und damit verknüpft der darauffol-
genden Einführung der parallellen Bildgebung in den späten 90er Jahren.

In den letzten 5 Jahren haben sich parallele Bildgebungsmethoden an den klinischen To-
mographen etabliert und nahezu alle Herstellerfirmen stellen diese Technik kommerziell zur
Verfügung. Die parallele Bildgebung ermöglicht eine Messzeitverkürzung, die prinzipiell auf
jede bestehende Bildgebungsmethode angewendet werden kann, ohne dabei das Kontrastver-
halten zu verändern und ohne höhere Gradientenleistung zu beanspruchen. In der parallellen
Bildgebung übernimmt die Mehr-Kanal-Spulen-Anordnung teilwiese die Ortskodierung, die
normalerweise durch zeitaufwendiges Schalten von Magnetfelgradienten erzeugt wird. Mit die-
ser Strategie kann bei gleicher Messzeit die örtliche Auflösung verbessert, oder bei gleicher
Auflösung die Messzeit verkürzt werden. Ausserdem können mit hilfe der parallelen MRT in
manchen Fällen Bildartefakte signifikant reduziert werden. Allerdings ist mit der parallelen
Bildgebung immer ein Signal zu Rausch (SNR) Verlust verbunden, der diese Methode auf kli-



nische Anwendungen begrenzt, die nicht bereits am SNR-Limit betrieben werden. Ausserdem
muß die Spulenanordnung genug Sensitivitätsvariationen über das zu untersuchende Objekt
bereitstellen, um ausreichende Kodierfunktion zu gewährleisten.

Diese Dissertationsarbeit liefert einen Überblick über meine Forschungsarbeit zum Thema
“Entwicklung und Anwendung von effizienten Strategien in der parallelen MRT”. Basierend auf
bestehenden parallelen Akquisitions und Rekonstruktionstechniken, wie beispielsweise SENSE
und GRAPPA, wurden neue Konzepte entwickelt und auf mögliche klinische Fragestellungen
angewandt.

Im speziellen wurde temporal GRAPPA (TGRAPPA) vorgestellt, eine Technik, die sich
hervorragend für effiziente dynamische Echtzeit-Bildgebung eignet. TGRAPPA verwendet ein
zeitlich versetztes Akquisitionsschema, welches es ermöglicht die Spulensensitivitätsinforma-
tion, die für die parallele Bildrekonstruktion benötigt wird, direkt aus einer Zeitserie von re-
duzierten Datensätzen zu gewinnen. Hierdurch wird eine optimale Bildbeschleunigung erzielt,
da keine zusätzlichen Referenzdaten zur Sensitivitätsbestimmung akquiriert werden müssen.
Ausserdem ermöglicht TGRAPPA eine kontinuierliche Aktualisierung der Spuleninformation,
was dazu führt, dass Änderungen der Sensitivitätsinformationen, beispielseise durch Bewe-
gung, sehr effizient abgefangen werden können. Dies ist besonders relevant für Anwendungen,
bei denen flexible Spulenanordnungen verwendet werden, wie es beispielsweise bei der dynami-
schen Herzbildgebung der Fall ist. TGRAPPA wurde erfolgreich am schlagenden menschlichen
Herzen bei freier Atmung eingesetzt, wobei bis zu vierfache Bildbeschleunigung erzielt werden
konnte. Mit dieser Technik wurden, bei akzeptabler räumlicher Auflösung und Bildqualität,
Bildraten von bis zu 30 Bildern pro Sekunde erreicht. Es wurde ausserdem gezeigt, dass ein
weiterer Messzeitgewinn möglich ist, wenn TGRAPPA mit der sogenanten partial-Fourier
Technik kombiniert wird. Diese zusätzliche Beschleunigung, sowie das intrinsisch hohe SNR
und die verbesserten Kodiereigenschaften in der parallelen Volumenbildgebung, könnten dazu
beitragen, dynamische 3D Echtzeit-Bildgebung am menschlichen Herzen zu realisieren.

Der Fokus dieser Arbeit lag darin, das Konzept der kontrollierten Einfaltungen, CAIPI-
RINHA (engl. Controlled Aliasing In Parallel Imaging Results IN Higher Acceleration) in der
parallelen MRT zu untersuchen und zu etablieren. CAIPIRINHA kann als neue Akquisiti-
onsstrategie betrachtet werden, die, verglichen mit bestehenden Konzepten, eine robustere
und bessere parallele Bildrekonstruktion ermöglicht. Eine beschleunigte parallele Datenauf-
nahme ist generell mit Einfaltungsartefakten im Bild verbunden, die durch spezielle parallelle
Bildgebungs-Rekonstruktionsverfahren wie SENSE oder GRAPPA beseitigt werden können.
Die grundlegende Idee von CAIPIRINHA besteht darin, diese Einfaltungsartefakte gezielt zu
verändern, so dass Sensitivitätsvariationen, die die verwendete Spulenanordung bereit stellt,
möglichst effizient genutzt werden, was direkt eine robustere und verbesserte parallele Bildre-
konstruktion zur Folge hat, wobei die Abhängigkeit der Rekonstruktion von den Gegebenheiten
der geometrischen Spulenanordnung signifikant reduziert wird. Zusätzlich erlaubt es die Fle-



xibilität von CAIPIRINHA, jegliche bestehende parallele Bildgebungstechnik, wie zB. SENSE
oder GRAPPA zur Bildrekonstruktion heranzuziehen. Beide Techniken waren bisher jedoch
auf konventionell reduzierte Datensätze beschränkt und mussten deshalb an die CAIPIRIN-
HA typischen, veränderten Einfaltungsbedingungen (veränderte Datenakquisition) angepasst
werden.

In den letzten drei Jahren konnte das CAIPIRINHA-Konzept erfolgreich in der parallelen
simultanen Mehrschicht- (MS CAIPIRINHA) und Volumenbildgebung (2D CAIPIRINHA)
eingesetzt werden. Es konnte mit beiden Techniken die Bildqualität in klinisch relevanten
Fragestellungen verbessert werden. 2D CAIPIRINHA hat den Vorzug, dass keine speziellen
zusätzlichen Anforderungen an das System gestellt werden und kann deshalb direkt in den
klinischen Gebieten eingesetzt werden, in denen die parallele Volumenbildgebung bereits eta-
bliert ist. MS CAIPIRINHA allerdings benötigt spezielle Multischicht-Anregungspulse und ist
deshalb auf Anwendungen beschränkt, die nicht bereits an der Grenze der zulässigen spezi-
fischen Absorbtionsrate (SAR) betrieben werden. Verglichen mit sequentiellen Mehrschicht-
experimenten profitiert MS CAIPIRINHA vom SNR-Gewinn mehrerer gleichzeitig angeregter
Schichten und erlaubt deshalb prinzipiell, mehrere Schichten in der gleichen Zeit und mit glei-
chem SNR aufzunehmen, wie normalerweise für eine Schicht benötigt wird. Allerdings wird
durch die parallele Bildrekonstruktion eine zusätzliche, von der Spulengeometrie abhängige
Rauscherhöhung erzeugt. Im Extremfall von nur äusserst wenig Sensitivitätsvariationen in
Schichtrichtung sind die geometrieabhängigen Rauscherhöhungen identisch mit denen in be-
schleunigten sequentiellen Akquisitionen. Die Eigenschaften von MS und 2D CAIPIRINHA
wurden mittels Simulationen, Phantom und in vivo Experimenten ausgiebig untersucht. Beide
Methoden werden momentan in den neuen SIEMENS Tomographen implementiert und werden
deshalb vorraussichtlich schon bald in vielen klinischen Fragestellungen eingesetzt werden.

Weiterhin wurde erstmals eine Strategie beschrieben, die das CAIPIRINHA Konzept auf
eine weitere räumliche Dimension erweitert. In der konventionellen parallelen Bildgebung konn-
ten mögliche Sensitivitätsvariationen in der Lese-Richtung bisher nicht zur Bildrekonstruktion
genutzt werden. In dieser Arbeit wurde gezeigt, dass durch Ersetzen der üblichen geraden Lese-
trajektorie mit einer Zick-Zack-Trajektorie Sensitivitätsvariationen in Leserichtung zusätzlich
im parallelen Rekonstruktionsprozess verwendet werden können, was zur deutlich verbesserten
Bildqualität in Einzelschicht und auch in Volumenexperimenten (3D CAIPIRINHA) führte.
Die Verbesserten Rekonstruktionsbedingungen können auch dazu genutzt werden noch höhere
Bildbeschleunugung zu erzielen.

Obgleich der Hauptaugenmerk dieser Arbeit auf der konventionellen parallelen Bildgebung
lag, wurde in Auszügen gezeigt, dass sich das CAIPIRINHA-Konzept entsprechend auf die
spektroskopische Bildgebung (CSI) anwenden lässt. So konnte beispielsweise 2D CAIPIRIN-
HA für die parallele Volumenbildgebung “eins zu eins” auf beschleunigte 2D CSI Experimente
übertragen werden, da beide Methoden die gleiche Anzahl von Phasenkodierrichtungen auf-



weisen auf welche 2D CAIPIRINHA - Akquisitionsmuster angewendet werden können. Die
zusätzliche Phasenkodierrichtung in 3D CSI ermöglicht es, CAIPIRINHA -typische Akqui-
sitionsmuster in eine dritte Dimension zu erweitern, so dass optimale Bedingungen für die
parallele Datenrekonstruktion bei einem vorgegebenen Reduktionsfaktor gewährleistet sind.
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