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a b s t r a c t

Magnetic resonance imaging with pure phase encoding (sometimes known as single point or constant
time imaging) has many desirable advantages, but is usually time consuming in comparison to frequency
encoding methods. In single point imaging the maximum signal bandwidth is proportional to both the
phase-encoding gradient amplitude and the object size. It is usual practice to set the acquisition filter
bandwidth to the maximum value expected during a measurement. Hence the filtering employed in this
kind of measurement is not optimal for the low frequency k-space points. An optimal way to set the filter
bandwidth is presented in this study. By reducing the filter bandwidth to match the point sampled in
k-space, the inherent SNR is improved and this, in turn, may be used to reduce the number of signal aver-
ages required for acceptable SNR. The variable bandwidth filter offers a theoretical SNR increase of 41%.
This paper shows the results of its application and comparison with fixed low-pass filtering. Practical
measurements show a gain of 20% in SNR, which would translate into a 31% reduction in averaging time
required for a single image without any detrimental effects on the image quality.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Magnetic resonance with pure phase encoding has been
employed for approximately twenty years in different applications,
mainly related to the study of solid-like samples and porous media
[1–7]. Because of the fixed encoding time tp, the magnetization
time evolution is not measured. Instead spatial information is
encoded by changing the amplitude of the applied gradient and a
different k-space point is sampled for each RF pulse. Single point
methods are largely immune to artifacts caused by magnetic field
inhomogeneities, chemical shift, and dipolar and quadrupolar
distortions [2].

Nevertheless, pure phase encode measurements are inherently
less sensitive than frequency encoding due to the fact each excita-
tion results in acquisition of only a single k-space point. Balcom
et al. introduced the SPRITE measurement which demonstrated a
dramatic reduction in the time of experiment [3]. However, SPRITE
is still inefficient compared to frequency encoding and additional
strategies to improve the inherent SNR are desirable. Eliminating
or reducing the necessity of signal averaging is critical to speeding
up the technique.
ll rights reserved.
Romanenko et al. [4] have introduced a variable flip angle exci-
tation scheme for increased sensitivity in SPRITE MRI with very
good results. A second complementary approach is presented in
this paper, focused on the filtering process in the SPRITE
measurements.

Conventional filtering, employed in pure phase MRI experi-
ments, is inefficient. The central k-space points, with narrow signal
bandwidth, are filtered using a fixed low-pass filter set according
to the bandwidth of peripheral k-space points. This study intro-
duces a new way of filtering for pure phase encoding sequences
using a variable bandwidth filter (VBF). Practical measurements
show a gain of 20% in SNR in comparison with conventional fixed
low-pass filtering, which would translate into a 31% reduction in
the duration of the experiment (if limited by SNR), without other
effects on the original image.
2. Theory

2.1. Pure phase encoding experiment

In pure phase encoding measurements, as in SPRITE (see Fig. 1),
magnetization evolution for a fixed time with different gradient
strengths is employed to acquire data points in k-space. The nth
sampled k-space point (commencing at the origin) is given by,
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Fig. 1. SPRITE pulse sequence. A one dimensional phase-encoding gradient (Gz) is
employed to obtain a sample profile. A single FID point is sampled at a time tp after
each RF pulse (a).

Fig. 2. Power spectral density of ideal white noise Un(k) resulting from the filtering
process using an ideal low-pass filter. The shaded area represents the power
spectral density when the VBF is applied. Ideally one half of the noise power from
the k-space data should be removed, which means an increase of
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p

in SNR for the
profile.
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kn ¼
cnDGtp

2p
; ð1Þ

where DG is the fixed gradient increment between RF pulses. For
each k-space point a new gradient value and RF excitation pulse
is applied and, after a fixed encoding time tp, a single data point is
acquired. In the proposed scheme the signal bandwidth will in-
crease proportional to kn in progressing from the centre to the ex-
treme of k-space. The low-pass filter width FW should normally
be set according to the maximum applied gradient amplitude,

FW P
jGmaxj
2tpDG

; ð2Þ

as given by Gravina and Cory [2]. The signal from the central points
of k-space, which have narrow bandwidth BW given by,

BW ¼ n
2tp

; ð3Þ

will incorporate noise and be filtered inefficiently. An optimal solu-
tion will involve the use of a filter with variable bandwidth linked to
the k-space sample index. This means that for each gradient step a
new filter width should be applied.

2.1. Variable bandwidth filter

The simplest way to examine the VBF is to consider noise in the
signal as white noise (as is the case for thermal sources), with an
ideal transfer function of the low-pass filter having jHðf Þj ¼ 1 in
the pass-band, jHðf Þj ¼ 0 in the stop-band [8,9]. In this case, be-
cause the noise power spectral density is constant over the whole
bandwidth, the reduction in noise power will be directly related to
the selected bandwidth. Therefore, changing the filter width
according to the signal bandwidth will result in a decrease in the
noise power from the extremities of k-space, where the bandwidth
is wide, to the centre where it is very narrow. This means that in
the filtered k-space the ideal power spectral density function (Un)
will follow a linear variation, directly proportional to the k-space
sample index (Fig. 2). Therefore, it should be possible to remove
one half of the noise power in the k-space data, which means an
increase of

ffiffiffi

2
p

in SNR of the profile.
In SPRITE the maximum encoding bandwidth increases with

each added dimension because of the linear superposition of the
gradients. For 2D the required filter width FW is,

FW ¼ c
2
ðFOVxjGx maxj þ FOVyjGy maxjÞ ð4Þ

The filter width for 2D is therefore twice that of 1D for a square
FOV. Similar analysis can be undertaken for 3D with similar results.
The conclusion is always the same, namely that the maximum
overall increase in SNR available is

ffiffiffi

2
p

.

One usually assumes that the SNR in an acquisition will be di-
rectly proportional to the square root of the number of averages
[10]. Therefore, the gain in SNR using VBF is the same as two signal
averages using classical low-pass filtering. In other words, VBF of-
fers a potential reduction of 50% in time for a SPRITE experiment
with fixed SNR.

In the practical implementation of VBF, a zero-phase filter (zero
delay) [8,9] is required in order to avoid problems with phase mod-
ulation of k-space. This type of (non-causal) filtering is physically
unrealizable [8] and is only possible with offline processing [11].
Even when this phase modulation can be corrected, because the
parameters of the VBF are known, this would introduce an addi-
tional and unnecessary complexity to the filtering algorithms.
Therefore, for real time applications it is very important to main-
tain the same delay for all frequency components. This means that
all the filters must have the same order and the sampling fre-
quency must be constant and independent of the bandwidth
[8,9]. Hence, even for VBF, the data must be acquired with a signif-
icantly higher bandwidth than would usually be the case.

We anticipate very efficient filtering at the k-space origin,
which should improve SNR. In reality the filter cannot be set to
zero and is subject to a minimum constraint dependent on tp and
system dead-time. In addition the VBF will be less efficient at the
k-space periphery, which controls fine details in the image.

Ideal behavior is of course not always observed for real elec-
tronic systems [12]. Hence, it is not possible to evaluate the true
VBF performance in advance. Therefore, this study presents the re-
sult of applying 28 VBF filter widths in a 64 point centre-out dou-
ble half k-space acquisition. This result is compared with a classical
fixed low-pass filtered image. Each filter width was applied in both
half k-spaces, resulting in 56 VBF filtered k-space points during the
whole acquisition process to obtain the filtered profile.
3. Results and discussion

Fig. 3 shows four filter widths of the VBF obtained with the
parameters and proposed algorithm; the pass-band attenuation
is 0 dB and, more than 60 dB in the stop-band. For the central k-
space point, where no gradient is applied, a very narrow filter
could be employed making very efficient the VBF in this area.



Fig. 3. Transfer function H(f) of four VBF filter widths. The filter width is very
narrow in the centre of the k-space (- -) and wider in the extremity (–). The
sampling frequency (fs) is 1 MHz and the filter order has been fixed to 30.

Fig. 5. 1D image obtained with classical low-pass filter (- -) and VBF (–). In this
case, the gain in signal to noise was 24%, which means a reduction of 35% in the
time of experiment. VBF does not affect the sharp edges in the profile.
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The only limitation for the filter width at this point is the signal
linewidth which is inversely related to T2

*. Therefore, the more
efficient filter will depend on a sample parameter, making the filter
setting sample specific which is not desirable. Instead, the mini-
mum filter width was set according to the first non-zero gradient
which is related to the image field of view and is therefore size spe-
cific. The VBF was not applied to the k-space extremity points
where classical low-pass filtering was employed.

In the first experiment, a noise only profile was acquired in the
absence of sample. The noise voltage with and without VBF was
calculated for 40 profiles to measure the noise reduction in each
of them. The mean value reduction in all these measurements
was 20% with a standard deviation of 8%. One of the noise profiles
with and without VBF is illustrated in Fig. 4.

In a second step, the same measurement was carried out over a
homogeneous region of one profile from the experimental sample,
obtained with the same acquisition and processing parameters of
our previous experiment. Fig. 5 shows a comparison between the
filtered profile using classical low-pass filtering and VBF. Because
of the shape of our sample, the ideal profile should be a boxcar
function and any uncertainty will be considered noise. In this case,
the gain in SNR is 24% in the homogeneous region (top centre) of
the profile, which agrees with the previous result and means a
Fig. 4. Image acquisition in the absence of sample using a classical low-pass filter
(- -) and VBF (–).
reduction of 35% in the time of experiment. As can be observed,
the VBF has no deleterious effects on the profile shape.

The filter width of the classical low-pass filter was set for
500 kHz, which is wider than the optimal value (81.6 kHz), to be
able to acquire 128 points for post processing. The filter widths
of the VBF have been designed according to the bandwidth of the
classical low-pass filter and the number of gradient steps. Wider
low-pass filter will imply wider VBF filter widths. Therefore, the
noise reduction, as a relative measurement, will be independent
of the bandwidth.

The observed difference between the ideal SNR gain (40%) and
the experimental realization (20%) can be explained from a critical
analysis of the experiment assumptions.

In the ideal case, zero filter width in the k-space origin was as-
sumed. Nevertheless, in practical implementations of VBF the min-
imum filter width was set according to the lowest gradient value
different from zero, which is wider than the signal linewidth. This
reduces the filtering effectiveness in the centre of the k-space,
shifting up the ideal noise distribution (Fig. 6), but makes the
VBF independent of the sample.

In general, the white noise condition is not achieved because of
the combination of different noise sources in electronic devices,
Fig. 6. Descriptive representation of the influence of real factors on the ideal VBF
performance of Fig. 2. Wider filter width in the centre of k-space and noise in
electronic systems (non-ideal) shift up the ideal line in the centre of k-space.
Unfiltered k-space extremity points shift it left. The non-ideal transition band of the
VBF filter widths contribute to both effects.



Fig. 7. Noise power spectral density in the receiver channel of MARAN-DRX
console. Higher energy concentration in the lower frequencies reduces the
effectiveness of the VBF.
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most of them in the low frequency band [10,12]. The combination
of all these sources will increase the noise energy in the low fre-
quency band and therefore increase the noise in the centre of k-
space (Fig. 6). The power spectral density of the noise in the recei-
ver system (Fig. 7) obtained from 40 noise acquisitions employing
Welch averaging modified periodograms [8] shows this behavior.

In addition, in real cases it is not possible to employ a VBF for
the extremity points of k-space because the bandwidth is close
to the sampling frequency and undesirable aliasing could take
place because of the transition band in the non-ideal filter transfer
function [9]. This reduces the number of VBF filter widths applied
from 32, which is the number of points of one half of the k-space, to
28. In these extremity points conventional low-pass filtering was
employed. The extremity k-space data points will contribute to fine
profile structure, but will also reduce the SNR gain by shifting left
the ideal noise distribution line in the extremity of k-space (Fig. 6).
Furthermore, the filter transition band will also increase the noise
contribution in comparison to the ideal case (Fig. 6). This charac-
teristic could be improved by increasing the filter order but it will
also increase the filter dead-time, which is not desirable for
samples with fast T2

* decay.
Fig. 8 shows the actual k-space power spectral density mea-

sured using classical low-pass filter and VBF. Similar behavior to
the model in Fig. 6 can be observed. Measurements of the area
Fig. 8. Bilateral k-space power spectral density measured using classical low-pass
filter (- -) and VBF (–). The area under the curve is 18% less for VBF.
under both curves show a reduction of 18% for VBF, which agrees
with the reported gain in SNR.

The previous analysis can be applied also for 2D or 3D imaging.
In SPRITE the maximum encoding bandwidth required increases
with each added dimension. Therefore, each dimension will con-
tribute noise that can be removed with VBF, hence the gain in
SNR should be equivalent to the 1D experiment for the same field
of view in each dimension.
4. Conclusions

A new way to filter pure phase encode MRI data has been pre-
sented. By applying a variable bandwidth filter, the SNR for 1D
images can be increased by about 20% in comparison to a fixed
bandwidth classical low-pass filter. This gain represents a reduc-
tion of up to 31% in time of an experiment limited by signal aver-
aging. The persistent sensitivity disadvantage of pure phase encode
MRI compared to frequency encode methods means that even a
31% improvement can be significant. Practical measurements also
demonstrate conservation of the structural features and resolution
in the VBF profile.
5. Experimental

The VBF was applied offline for a 1D MRI image data set. An
elastomeric sample of polyvinyl chloride, 2.2 cm in length, 2.2 cm
width, with a T2

* of 380 ls was the test sample during the data
acquisition.

The Parks–McClellan algorithm [9] was applied to calculate the
VBF coefficients with MATLAB. The filter has order 30 with linear
phase response [9]. A sampling frequency of 1 MHz was employed
for all the VBF filter widths to maintain the same delay (15 ls) for
all k-space points. The maximum absolute amplitude error [9] in
the band-pass was 0.002 and 0.1 in the stop-band.

MRI data acquisition was performed on a MARAN-DRX 7 T MRI
system (Oxford Instruments, UK) operating at a proton frequency
of 299.65 MHz, with a 160 mm horizontal bore actively screened
magnet. Magnetic field gradients of up to 40 G/cm were provided
by a self-shielded gradient set SGRAD 156/100/S (Magnex Scien-
tific, UK). A 6.2 cm diameter home built birdcage RF resonator
was used for both radiofrequency transmission and reception.
The RF pulse had a duration of 6.2 ls, corresponding to a flip angle
of 10�. The 1000 W NMR plus RF power amplifier was provided by
Communication Power (Brentwood, NY).

For comparison with VBF the MARAN-DRX console Ultrashape
classical low-pass filter was employed. This digital filter has order
13 and a filter width of 500 kHz. Because the VBF has been applied
offline, multiple points must be stored. Such data storage is clearly
inefficient and ultimately undesirable.

The sample profile was obtained using the SPRITE sequence
reproduced in Fig. 1 with an encoding time of 196 ls, a maximum
gradient value of 11.6 G/cm and 64 k-space points. In each FID, 128
points with a dwell time of 1 ls were collected for post processing.
To obtain the filtered profile, 28 VBF filter widths were applied on
each half of k-space, resulting in 56 VBF filtered points over the
whole k-space.
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