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Abstract
Objective Density weighted phase-encoding has proven
to be a highly efficient method for k-space sampling as
it improves the localization properties and increases the
signal-to-noise ratio for extended samples at the same
time. But either density weighted imaging lengthens the
minimum scan time or, if the Nyquist criterion is violated
in parts of the sampled k-space, undersampling arte-
facts occur. Purpose of this work was to combine den-
sity weighted imaging and parallel imaging techniques to
improve the spatial response function and consequently
the signal-to-noise ratio without spoiling image quality
by undersampling artefacts.
Materials and Methods Images were acquired with par-
allel acquisition for effective density weighted imaging
(PLANED imaging) and compared to results sampled
with conventional Cartesian phase-encoding with the
same spatial resolution and the same number of excita-
tions.
Results Both in vivo and phantom measurements rec-
orded with the PLANED method revealed a consid-
erable enhancement of the signal-to-noise ratio and a
remarkable reduction of Gibbs artefacts compared to
standard Cartesian imaging.
Conclusion It has been demonstrated that PLANED
improves image quality by suppressing truncation arte-
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facts and increasing the SNR without lengthening the
measurement time.

Keywords Density weighted imaging · Parallel
imaging · Non-Cartesian imaging · Truncation
artefacts · Signal-to-noise ratio

Introduction

The finite sampling in k-space leads to severe contamina-
tion between different pixels in standard Cartesian MRI.
This signal contamination from neighbouring regions
can be described by the shape of the spatial response
function (SRF). The SRF reflects the spatial origin of
signals contributing to a distinct pixel [1]. Often the
effect of a finite sampling in k-space can be observed
as the so-called “Gibbs ringing” artefact. A common
method to improve the shape of the SRF is to employ
k-space filters, i.e., to attenuate phase encoding steps
in the outer parts of sampled k-space. This reduces the
side lobes of the SRF and consequently the contami-
nation from neighbouring regions. While the broaden-
ing of the main lobe of the SRF can be compensated
by choosing a larger kmax, the application of retrospec-
tive k-space filters always results in a loss of signal-to-
noise ratio. To avoid this drawback the k-space filtering
may be applied during data acquisition [2–7], i.e., the
data are sampled in an acquisition or density weighted
manner. In acquisition weighted imaging k-space points
in the centre of k-space are sampled more often then
those in the outer parts. A continuous distribution of
the sampling density may be achieved by varying the dis-
tance between adjacent k-space points as proposed by
Greiser et al. [2,3]. The key idea of acquisition or density
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weighted imaging is to apply no density correction in
the reconstruction in contrast to other non-Cartesian
imaging techniques which perform density correction
explicitly [8–10] or implicitly [11,12]. Acquisition and
density weighted imaging have been successfully applied
to spectroscopic imaging [2,4,5] and non-proton imag-
ing [3]. In these studies not only improved localization
properties of acquisition and density weighted imag-
ing were found but also the SNR for extended objects
could be increased by the suppression of the negative
contamination from neighbouring regions. The extent
of this effect depends on the morphological geometry
[5]. For typical clinical proton imaging these methods
have not become accepted as they either lengthen the
minimum scan time [13], or if the Nyquist criterion in
the outer parts of k-space is violated, suffer from un-
dersampling artefacts [2]. The aim of this work is to
present a new technique that combines efficiently den-
sity weighted sampling for optimal SNR and minimal
contamination from neighbouring regions with parallel
imaging to eliminate undersampling artefacts and limit
the scan time.

Principle of PLANED imaging

PLANED imaging combines density weighted imaging
with parallel imaging techniques. In contrast to con-
ventional Cartesian imaging (see Fig. 1a) in PLANED
imaging, the k-space sampling is performed in a density
weighted manner (see Fig. 1b). In order to achieve the
same resolution as for an image acquired with a Carte-
sian sampling, i.e., the SRF at 64% of maximum inten-
sity has the same width, ky,max has to be chosen larger
in PLANED imaging [2]. The basic idea of PLANED
imaging is to fill the gaps of the undersampled parts of
k-space by parallel imaging techniques, such as
GRAPPA [14] or SENSE [11] to avoid undersampling
artefacts while maintaining the distribution of the sam-
pling density defined by the weighting function.

If an oversampled part of k-space exists, it can be
used for inherent self-calibration for the parallel imaging
reconstruction [15,16] and no additional data have to be
recorded.

Methods

Acquisition protocol

Written informed consent was obtained before each
study. All measurements were performed on a 1.5 T
scanner (Magnetom Symphony, Siemens) using a
12-channel array coil (6-channel body coil anterior and
6-channel posterior) and 8 receiver channels. Both
phantom and in vivo measurements were carried out
in transversal slice orientation and the array coils were
positioned above and below the object.

Images generated with the PLANED method were
compared to conventional Cartesian sampled images
with the same spatial resolution and identical param-
eters, including number of phase encoding steps except
for different phase encoding gradients ky. Images were
recorded with a standard spin echo sequence (TE =
15 ms, TR = 525 ms). The raw data matrix was set to
256×512 for the phantom measurement and to 256×256
for the in vivo measurement. The density distribution
of the phase encoding direction is presented in Fig. 2.
The sampling density followed a cosine square function
[Hanning function, H(k)] but was set to 1/3 in the outer
part to avoid excessive noise enhancement in the paral-
lel imaging reconstruction:

w(k) = H(k) or 1/3 whichever is larger (1)

For 256 phase encoding steps w(k) has to be set to 1/3
for ky for the range indicated in Fig. 2.

PLANED and Cartesian imaging achieve the same
spatial resolution, if the widths at 64% of the maxi-
mum intensity of their SRFs are equal [4]. Therefore
the phase encoding steps of the PLANED experiments

Fig. 1 Schematic
representation of the
sampling for non-weighted
Cartesian imaging (left) and
for PLANED imaging (right).
The red rectangle shows the
part of the k-space where the
Nyquist criterion is fulfilled
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Fig. 2 k-space weighting functions (top) and the corresponding
SRFs (bottom) for the sampling of the PLANED experiment
(green) and the final filtering (red) compared to a Cartesian exper-
iment (blue). The calculated SRFs (bottom) indicate that both
experiments have the same spatial resolution. For comparison
the original cosine square-function (black) and the corresponding
spatial response function (dashed line) are also displayed

were adjusted as described by Pohmann and von Kienlin
[4], i.e., the value for wmax and ky,max were chosen larger
for the PLANED sampling scheme. These parameters
have been calculated to ky,max = 1.61 and wmax =
1.23 for acquisition weighting in one dimension. This
assures that the integral over w(k) yields exactly the
same total number of accumulations NA and the same
spatial resolution as for the corresponding unweighted
Cartesian experiment. Figure 2b displays the SRF for
Cartesian, acquisition weighted and PLANED imaging,
as it was used in the presented experiments and shows
that the different used sampling schemes lead to the
same resolution.

To calculate the signal-to-noise ratio two images with
identical parameters were recorded for conventional

Cartesian imaging and PLANED imaging, respectively.
The signal-to-noise ratio within a region of interest was
calculated by the ratio of the average and the standard
deviation of the difference of both images.

The point spread function in phase encoding direc-
tion was determined as the derivative of the edge spread
function. The latter was taken from a row perpendicular
to the edge of the phantom as shown in Fig. 5.

Image reconstruction

Image reconstruction was carried out using custom-built
software written in Interactive Data Language (Research
Systems Inc., Boulder, CO, USA). To consider the coil
profiles in x direction the reconstruction process was
carried out in the ky-x space, i.e., before the PLANED
reconstruction the signal was Fourier transformed in the
direction of the frequency encoding. The reconstruc-
tion was performed independently for each position in
x-direction. In the oversampled part data were gridded
onto a dense Cartesian grid for every coil element using a
Kaiser–Bessel function as it is proposed in [9]. To recon-
struct points for every coil element on a Cartesian grid in
the undersampled part a PARS [15] like GRAPPA [14]
algorithm was applied. To calculate the signal for an aim-
ing point on the Cartesian grid the four closest measured
neighbour points were selected and the corresponding
distances were determined. Using these distances the
GRAPPA factors were determined in the oversampled
part of k-space as described in detail below. This allowed
the calculation of k-space points on a Cartesian grid ful-
filling the Nyquist criterion also in the outer part.

The complete Cartesian k-space, i.e., the gridded
inner part and the GRAPPA-reconstructed outer part,
was multiplied by a cosine square filter to restore basi-
cally the sampled density distribution. The filtered
ky-spaces for every coil element were subsequently
Fourier transformed and the final image was obtained
by taking the square root of the sum of squares of the
single coil images.

Determination of GRAPPA-factors

For every point on a Cartesian grid ky in the outer part
of the k-space, GRAPPA reconstruction factors were
determined independently. To calculate the signal for
every aiming point on the Cartesian grid the Nb = 4 clos-
est measured neighbour points (ky,n1, ky,n2, ky,n3, ky,n4)
were selected and the corresponding distances were
determined (�ky,n1 = ky,n1 − ky). In the oversampled
part the measured data were sinc-interpolated in ky

direction. The measured points in the oversampled part
of the k-space were used as auto calibration signals for
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four interpolated points at the calculated distances. The
signal for the coil j at a point ky is given by

SACS
j (ky) =

L∑

l=1

Nb−1∑

b=0

n(j, b, l)Sl
(
ky + �ky,nb

)
, (2)

where l is the index of all coils and b denotes the individ-
ual neighbour point (0 − Nb − 1). By setting up a system
of equations for all measured point in the oversampled
part of the k-space the different complex coil weights
n(j, b, l) were calculated by a singular value decompo-
sition. Using these coil weights the signals at Cartesian
positions in the undersampled k-space were calculated.

Comparison of PLANED to standard density
weighted imaging

To compare the PLANED method with standard density
weighting and to investigate the influence of the aliasing
artefacts due to the violation of the Nyquist criterion,
the density weighted raw data were also reconstructed
without parallel image reconstruction, i.e., using a
regridding algorithm for the whole k-space. For
this density weighted reconstruction the k-space was
weighted by the same function as for the PLANED
reconstruction.

Results

Figure 3 shows the results of measurements of a test
object recorded with the Cartesian, the PLANED and
the density weighted technique. For the PLANED and
the density weighted image the same raw data were used,
but different reconstruction algorithms were applied.
The Cartesian image has the lowest SNR and clearly
reveals truncation artefacts in phase encoding direc-
tion, which can be observed as a line pattern at the
edge of the phantom. The PLANED and the density
weighted image show no Gibbs ringing in phase encod-
ing direction. Both images exhibit the same SNR, but
the density weighted image suffers from undersampling
artefacts. These are visible as line patterns in the image
at a distance at least 1/3 of the FOV from the signal
producing structure. This corresponds to a maximum
undersampling of a factor of three. The best image qual-
ity is achieved by the PLANED imaging technique. The
improved SRF results not only in the elimination of
truncation and undersampling artefacts but also in the
increase of SNR, in this example by 34% compared to
the Cartesian sampled image.

To test whether the spatial resolution �y is identical
for both images, the magnitude of the spatial response

Fig. 3 Comparison of images recorded with standard Cartesian
sampling (a, b), standard density weighted imaging (c, d) and
the PLANED technique (e, f). The right column shows the same
images zoomed to a quarter of the original image size. Images a,
c, e and b, d, f are windowed equally, respectively

function was calculated from the edge spread function in
the row indicated by a red line in Fig. 5 for the Cartesian
and the PLANED imaging technique. The magnitudes
of the SRFs are presented in Fig. 4. The results confirm
experimentally that within the range of measurement
errors both images have the same spatial resolution.
Additionally the strong suppression of truncation arte-
facts for PLANED can be observed in the SRF, too. In
contrast to the SRF obtained from the Cartesian image
the SRF of the PLANED image shows much less pro-
nounced side lobes.
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Fig. 4 Comparison of the measured spatial response functions
resulting from the Cartesian image shown in Fig. 3a and the
PLANED image in Fig. 3e

Fig. 5 Position of the line where the SRFs shown in Fig. 4 were
determined and position of the ROIs for the determination of the
SNR

An in vivo measurement of a human brain is pre-
sented in Fig. 6. The Cartesian image again reveals Gibbs
ringing in the phase encoding direction. This is not
observable in the density weighted image and in the
PLANED image. While the density weighted image
is corrupted by undersampling artefacts, these are not
observable in the image, recorded with the PLANED
technique.

The SNR measurements yield an enhancement of
17% for the images obtained by the PLANED method.

The ROIs which were used for the calculation of the
SNR are indicated in Fig. 5.

Discussion

In this work a new technique, parallel acquisition for
effective density weighted imaging, is proposed and
tested on phantoms and on in vivo applications. The
proposed technique suppresses truncation artefacts and
enhances considerably the signal-to-noise ratio of MR
images of extended samples compared to conventional
methods.

Acquisition and density weighted imaging methods
have proven their capability to reduce the cross-talk
between different pixels. At the same time these meth-
ods improve the SNR to an extent depending on the
morphological geometry. The SNR gain originates from
the suppression of the negative side lobes in the SRF
compared to Cartesian imaging. Up to now the use
of acquisition and density weighted imaging in clinical
routine imaging was hampered by the increased mini-
mum scan time or, if the Nyquist criterion is violated, by
aliasing artefacts.

One of the most important technical advances in the
last decade was the introduction of parallel imaging
techniques. Parallel imaging reconstruction allows one
to remove aliasing from undersampled data sets at the
prize of a SNR amplification of a factor of g [14].

In this study the first results of a combination of den-
sity weighted and parallel imaging are presented. In
the proposed implementation of PLANED imaging the
sampling density was chosen according to a slightly mod-
ified cosine-square function. A cosine-square function is
a common k-space filter function that offers a favour-
able spatial response function [17]. The sampling density
in our experiments was restricted to values larger 1/3 to
keep the noise amplification factor (g-factor) by paral-
lel image reconstruction low, even for our not optimized
hardware. It could be shown that the effect of small devi-
ations from the cosine-square filter function on image
SNR and SRF is minimal. The filling of the gaps in the
sparse k-space was performed by a GRAPPA [14], or
PARS [15] algorithm. But of course, PLANED imag-
ing is not restricted to the use of the modified cosine-
square filter or a GRAPPA reconstruction. Other filter
functions like Kaiser–Bessel functions or numerically
optimized functions [8] for a desired SRF may also be
used. This also includes particular applications like edge
enhancement filters for certain applications. Likewise
the parallel imaging method included in our reconstruc-
tion can be substituted by any other parallel imaging
technique and calibration method. In the implemented
GRAPPA-reconstruction only four neighbouring points
contributed to the reconstructed k-space points. Accord-
ing to the findings in [14] the usage of four neighbour-
ing points results in the same reconstruction quality
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Fig. 6 In vivo images of the human brain recorded with stan-
dard Cartesian sampling (left), standard density weighted imaging
(middle) and with the PLANED technique (right). The stripes

visible in Fig. 6e can be attributed to undersampling artefacts,
whereas in 6d Gibbs ringing is visible

as a reconstruction with more points. But PLANED
reconstruction is not limited to this particular choice.
PLANED imaging may certainly profit from modified
GRAPPA algorithms where regularization is performed
after the singular-value decomposition for large coil
arrays [18,19]. But also other parallel techniques work-
ing either in the k-space [20–23], image space [10,11] or
hybrid techniques [12] can be used in the reconstruction
of PLANED imaging. In this study coil sensitivity infor-
mation was extracted from the densely sampled centre
of the k-space. This self calibration can be applied to all
cases were at least a part of k-space fulfils the Nyquist
criterion. But coil profile information may also be deter-
mined in a separate prescan [11] or by completely filling
a dense k-space in dynamic imaging [24–28].

In the examples presented in this study the spatial
resolution and the number of phase encoding steps were
kept constant to compare Cartesian and PLANED
imaging. But it is also possible to design a PLANED
sequence that shows the same spatial resolution and the
same SNR as the Cartesian technique. The presented
results would correspond to a reduction of the acquisi-
tion time by a factor of about 1.4–1.8.

PLANED imaging is not restricted to a certain type
of pulse sequence, as spin echo imaging. First results
using gradient echo PLANED imaging (not shown in
this work) indicate that the PLANED principle can be
applied to all phase encoded pulse sequence.

The highest impact of PLANED imaging is expected
in applications which are limited by the signal-to-noise

ratio. Among these are fMRI studies, where the low
SNR results in long acquisition times. But clinical images
that SNR limited because they are recorded during
breath hold or in real time should profit from the SNR
gain in PLANED imaging. A special importance is
expected for the application of the PLANED technique
for 3D imaging. As in 3D imaging typically two dimen-
sions are phase encoded the SNR gain in PLANED
imaging should be squared compared to 2D MR imag-
ing. PLANED imaging may substitute averaging and the
need for higher field strength in some applications but
it may also be combined with these techniques to allow
new applications of MR imaging.

Conclusion

The new proposed technique, PLANED imaging, was
applied to phantom and in vivo studies. The results
showed that PLANED improves the image quality by
suppressing truncation artefacts and increasing consid-
erably the signal-to-noise ratio. Thus PLANED opens
the way for higher SNR and shorter scan times in most
MR imaging applications.
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