
Journal of Magnetic Resonance 194 (2008) 99–107
Contents lists available at ScienceDirect

Journal of Magnetic Resonance

journal homepage: www.elsevier .com/ locate/ jmr
Optimal k-space sampling for single point imaging of transient systems

Prodromos Parasoglou a, A.J. Sederman a, J. Rasburn b, H. Powell b, M.L. Johns a,*

a Department of Chemical Engineering, University of Cambridge, New Museums Site Pembroke Street, Cambridge CB2 3RA, UK
b Nestec York Ltd., Nestlé Product Technology Centre, Haxby Road, PO Box 204, York YO91 1XY, UK

a r t i c l e i n f o
Article history:
Received 28 April 2008
Revised 12 June 2008
Available online 20 June 2008

Keywords:
k-space
SPI
Selective sampling
Rapid imaging
1090-7807/$ - see front matter � 2008 Elsevier Inc. A
doi:10.1016/j.jmr.2008.06.005

* Corresponding author. Fax: +44 1223 334796.
E-mail address: mlj21@cheng.cam.ac.uk (M.L. John
a b s t r a c t

A novel approach for sampling k-space in a pure phase encoding imaging sequence is presented using the
Single Point Imaging (SPI) technique. The sequence is optimised with respect to the achievable Signal-to-
Noise ratio (SNR) for a given time interval via selective sparse k-space sampling, dictated by prior knowl-
edge of the overall object of interest’s shape. This allows dynamic processes featuring short T�2 NMR signal
to be more readily followed, in our case the absorption of moisture by a cereal-based wafer material. Fur-
ther improvements in image quality are also shown via the use of complete sampling of k-space at the
start or end of the series of imaging experiments; followed by subsequent use of this data for un-sampled
k-space points as opposed to zero filling.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Single point imaging (SPI) techniques [1,2], employing pure
phase encoding, have proved very effective for imaging materials
where the transverse relaxation times ðT�2Þ are very short, typically
50–300 ls [3]. By comparison, frequency encoded imaging tech-
niques require a minimum time (typically of the order of a ms)
for the formation of an echo, thus limiting their ability to image
very short T2 samples. SPI has been used successfully to image a
range of materials ranging from semi-crystalline polymers [4,5]
to cement [6]. A significant limitation of this technique is the long
acquisition times required, often dictated by hardware limitations
due to gradient switching. Balcom and co-workers have signifi-
cantly overcome this limitation via development of the SPRITE
pulse sequence [7], in which the required phase encoding gradients
are ramped up in discrete steps. Additional improvements (ulti-
mately in speed of image acquisition) implemented by Balcom
and co-workers include the acquisition of several points in the
FID (and hence several separate images), followed by rescaling of
spatial resolution using a chirp z-transform such that the images
could be co-added [8,9]. Another improvement to the basic SPI
technique has been proposed by Nauerth [10], in which pyramidal
instead of linear ramps are used, resulting in reduction of acquisi-
tion time by reducing the resting times between gradient ramps.

SPRITE imaging techniques have been successfully and quanti-
tatively applied to a wide range of samples including polymeric
materials with a T�2 as low as 40 ls [11], rocks [12–14], zeolite pel-
lets [15], gelatine phantoms with metal implants [16] and gases
ll rights reserved.

s).
[17,18]. SPI/SPRITE techniques have been applied to a variety of
food products, in particular to follow comparatively low concentra-
tion moisture migration which typically is characterised by short
T�2 values. In this context, confectionery [19], starch molding oper-
ations [20], rice seeds [21] and sandwiches [22] have all been stud-
ied. Spatial mapping of solid and liquid lipids in various
confectionery products has also been achieved [23].

Conventionally MRI techniques use a line by line rectilinear tra-
jectory in order to sample the entire k-space. Many alternative
ways of sampling k-space have been proposed in the past, espe-
cially for medical MRI [24]. Echo Planar images (EPI) are often typ-
ically in a trajectory that begins in one corner of k-space and ends
in the diagonally opposite corner. In some cases more complicated
trajectories are used such as sinusoidal [25] or trapezoidal [26].
Spiral [27,28] and radial [29] scans have been proposed for medical
imaging to reduce motion artefacts and accelerate image acquisi-
tion. In most of the methods mentioned above, k-space points do
not fall naturally on Cartesian coordinates and hence need to be
re-gridded prior to image reconstruction [30]. In the case of pure
phase encoding imaging techniques similar trajectories have been
used mostly for the improvement of the SNR. Mastikhin et al. [31]
reported the first centric trajectory with the use of SPRITE. An addi-
tional advantage of a centric scan is the ease with which one can
introduce contrast in an image (T1 or T2) with the right magnetiza-
tion preparation [32]. Several other elegant k-space trajectories for
pure phase encoding imaging techniques have been proposed in
literature in either one [33] or more dimensions [34,35]; all of
them ultimately aimed at improving the SNR of the final image
in a given total acquisition time. All of the above mentioned trajec-
tories make use of geometrical functions (spirals, square spirals) or
slightly modified geometrical functions (such as truncated spirals
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Fig. 1. SPI sequence in two dimensions, x and y. A broadband rf pulse excites
transverse magnetization which is phase encoded for time tp. A single complex
point [�] is acquired at every gradient step, Gx and Gy. The repetition time, defined
by the time between two successive rf pulses is TR.
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at the extremes of k-space). The speed of acquisition is often in-
creased in these sampling strategies by not acquiring all of k-
space; un-acquired points are zero-filled before the required Fou-
rier transform.

The concept of an arbitrary trajectory for k-space sampling has
been used for selective excitations of arbitrary shapes in a method
known as Completely Arbitrary Regional Volume Excitation
(CARVE) [36–38]. This method excites a predetermined shape in
real space by only exciting the required points in k-space. In the
present study a similar principle is used in order to define the sam-
pling trajectory.

In the work presented here, we ultimately consider moisture
absorption from humidified air by a thin cereal-based wafer mate-
rial. The wafer can be considered to be a starch-based foam. Such
moisture absorption (and subsequent migration within the foam)
occurs during a conditioning process. The conditioning process is
required in order to optimise the expansion properties of the wafer
for subsequent fabrication steps during confectionery production.
Hence, this aspect has a significant role to play in the quality of
the product.

Temporally resolved Magnetic Resonance Imaging of this mois-
ture absorption process by the foam is extremely challenging as
the porosity of the foam is typically 80–90 vol% and the absorbed
moisture is typically only 2–7 wt% of the solid content. In addition,
the low moisture content means that the ‘bound’ water has re-
stricted mobility and the highly porous nature of the foam struc-
ture results in significant magnetic susceptibility variations.
These collectively result in a short T�2 for water, typically of the or-
der of 50 ls. Imaging of this system with conventional frequency
encode methods is not possible, hence the use of single point tech-
niques is necessitated. The moisture signal is also, however, char-
acterised by a relatively long longitudinal relaxation time, T1

(�1s). The implications of this combination of a short T�2 and a long
T1 will become apparent below.

To ultimately produce 3D images of the moisture absorption
process, we required improvements in the sensitivity of the meth-
od in order to reduce total acquisition times. This was achieved
here using a novel truncated k-space sampling trajectory, based
on the known shape of the sample that maximised use of the avail-
able magnetisation and thus the Signal-to-Noise ratio (SNR). The
error associated with the extent of truncation was quantified and
shown to improve on alternative sampling trajectories. In addition,
in such dynamic processes, full sampling of k-space is typically
possible at the start and end of the process; use of this data instead
of zero-filling un-sampled k-space was also explored.
2. Background

Magnetic resonance imaging is typically performed by suitable
exploitation of the following Fourier relationship between the ac-
quired signal, S(k), and the signal density, q(r):

qðrÞ ¼
ZZZ

SðkÞ expð�i2pkrÞdk; ð1Þ

where k ¼ cGt
2p � G is the strength of the applied gradient, c is the rel-

evant gyro-magnetic ratio and t is the effective temporal duration of
gradient application.

Single point imaging (SPI), also known as constant time imag-
ing, was introduced by Emid and Creyghton [1,2] as an imaging
technique to overcome the line-width restriction of samples with
reduced mobility. A typical 2D SPI pulse sequence is shown in
Fig. 1. In SPI, k-space is sampled one point at a time using an
appropriate combination of phase-encoding gradients; conse-
quently the time period between signal excitation and single point
detection can be relatively short. Since the time evolution of the
signal is not measured, the only interaction that contributes to
the signal distribution is the applied gradient. This means that
chemical shift, magnetic susceptibility, and dipolar quadrupolar
distortions are reduced compared to frequency encoding methods
[3]. SPI is not slice selective as it makes exclusive use of hard r.f.
pulses; these are applied in the presence of the gradients and
hence need to be sufficiently short to excite all frequencies intro-
duced by the applied gradients. Assuming a rectangular r.f. pulse,
Gravina and Cory [3] have determined limits on the duration of
the pulse, tpul, as well as the filter width, FW, needed to excite
and receive all frequencies present when a sample has a spatial
physical extent, Dx. For n gradient steps, a maximum gradient
strength, G, and a phase encode time, tp the frequency bandwidth
of the r.f. pulse has to be:

Dv P
cGDx

2p
¼ n

2tp
: ð2Þ

Since the bandwidth of a rectangular pulse is approximately the
inverse of its duration:

tpul 6
2tp

n
; ð2Þ

and hence:

FW P
n

4tp
: ð3Þ

As mentioned previously, SPI generally makes use of small tip
angles (a). Depending on the repetition time (TR), the tip angle
and the value of T1, SPI is a transient magnetization imaging tech-
nique. This means that the magnetization from an initial M0 value
will reach an equilibrium value after a certain number of pulse-ac-
quire repetitions. Following the notation of Mastikhin et al. [31],
the magnetization available for imaging after each excitation pulse,
Mn, in the absence of magnetization preparation is:

Mn ¼ M0ð1�wÞCnEn þM0w ð4Þ

where E = exp(�TR/T1), C = cos (a) and w ¼ 1�E
1�CE. Consequently each

point in k-space is sampled with a different amount of magnetisa-
tion, which broadens the point spread function in real space of q(r)
[8]. The resultant extent of image blurring will worsen for a longer
T1, a shorter repetition time and a larger r.f. pulse tip angle.

Short T1 values (typically 10 s of ms) greatly facilitate the use of
SPRITE techniques which enable, and in fact in the context of gra-
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dient duty, require a short TR. However with respect to a long T1 (of
the order of seconds), excessive blurring would occur with a rela-
tively short TR, meaning that a combination of a small tip angle
and/or a relatively long TR is inevitable. Small tip angles are unde-
sirable in terms of SNR delivered. Thus a long TR is required for such
samples characterised by a long T1, which negates the effective use
of SPRITE and necessitates the use of SPI instead. This is the case for
the samples considered in the work presented here where T1 is
approximately a second.

3. Technique development

The SNR ratio for an image is predominantly determined by
points acquired at low k values (corresponding to lower spatial fre-
quencies [39]). Hence more optimal use of the available magnetisa-
tion, before it reaches its equilibrium value as dictated by Eq. (4) is
y
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Fig. 2. (a) Binary gated image of the starch wafer sample, the centre of the sample is very
to pixel number, (b) modulus of k-space produced from (a).
achieved via sampling trajectories that are initiated at the k-space
origin. This concept was exploited in the centric scans used for
SPRITE acquisitions by Mastikhin et al. [31]. As mentioned earlier
several centric trajectories have been proposed in literature [32–
35]. In the work presented here, an alternative way of sampling
k-space is proposed that is suitable when prior knowledge of the
system exists. Instead of a general geometric k-space trajectory, a
trajectory that maximises the SNR is implemented. The relatively
simple principle employed is that k-space points with the highest
probable modulus signal intensity are acquired with the highest
value of magnetisation.

The implementation of our sampling algorithm is as follows:
Prior knowledge of the general outline shape of the object is re-
quired. In our case we wish to monitor moisture absorption by
the starch foam. An image of the initial ‘dry’ sample is readily
achieved using conventional SPI, acquiring all of k-space, and sub-
x
0 40 50 60

porous and has a very low moisture signal compared to the perimeter, x and y refer



30 mm 3.2 mm 

17 mm 
x-direction

y-direction

z-direction

a b

102 P. Parasoglou et al. / Journal of Magnetic Resonance 194 (2008) 99–107
sequently binary gated in order to study the net effect of the geom-
etry of the system on the shape of k-space—a sample binary image
is presented in Fig. 2(a). This is subsequently inverse Fourier trans-
formed into the k-space domain (Fig. 2(b)). With reference to
Fig. 2(b), the centre of k-space is dominant, however there are also
significant peaks further away from the centre. A clear limitation is
the requirement that the shape of the object under study is known
and that it does not vary significantly. With respect to the wafer
systems studied here, structural collapse occurs at approximately
25 wt% water, which is significantly higher than the typical maxi-
mum value during industrial processing.

In the algorithm the resultant k-space points (as presented in
Fig. 2(b)) are sorted from the maximum to minimum value of their
modulus signal, creating a rank order. Consistent with the centric
scan practise [32], k-space points are sampled sequentially in
batches called interleafs. A time interval of 5 � T1 is allowed be-
tween each interleaf to allow the magnetisation to fully recover.
k-space point allocation to the interleafs is done based on the rank
order with higher magnetisation levels being used to acquire those
points with a higher rank order. This strategy is schematically
demonstrated in Fig. 3. The rank-order can then also be readily
used for sparse k-space sampling strategies in order to reduce total
acquisition times. This is only really a sensible approach when the
basic sample shape is known and the phenomenon taking place
does not significantly alter or rotate the overall object shape.
Although well defined rotation around the centre of k-space can
be compensated for [40] this is beyond the scope of, and not re-
quired by, the current study.

Whilst the above approach was implemented using SPI acquisi-
tion, in samples with shorter T1 it could be readily and successfully
incorporated into a SPRITE experiment. At present there are no
constraints on the order of sampling k-space with respect to SPI
acquisition. A potentially sensible constraint that could be imposed
on a SPRITE implementation would be to minimise the change in
gradient strength required between successive k-space point
acquisitions; this would bear striking similarities with the as yet
rigorously unsolved ‘travelling salesman’ problem [41].
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Sorting k-space points from maximum to minimum value

Reshape points for the case of
4 interleaves

Fig. 3. Sorting and reshaping k-space points. First all k-space points are sorted
according to their modulus value (top), then the global maxima will be sampled
first at each interleaf (bottom).
With using sparse k-space acquisition to increase acquisition
speed for a series of sequentially repeated images, a further improve-
ment in real image resolution/quality can be achieved via periodic
acquisition of the full k-space raster. For transient systems, such as
the starch foam system studied here, such ‘complete’ data are readily
acquired prior to or at the conclusion of the series of sequentially
repeated images. In intermediate sparsely sampled images, these
fully sampled data are used in preference to zero filling un-sampled
k-space points (hereafter referred to as a hybrid image).

4. Experimental

All experiments were conducted using a Bruker AV400 spec-
trometer equipped with a micro-imaging r.f. coil of 25 mm internal
diameter. The samples were placed in a 17 mm internal diameter
NMR tube featuring a glass sample holder and connected to a
humidified air flow ranging from 0 to 4 ml s�1. Samples were
pieces of wafer approximately 30 mm � 17 cm � 0.3 cm wide, a
photo of a sample is shown in Fig. 4 along with a schematic
cross-section. SPI images of the wafer were acquired whilst humid
air was blown over it. Humid air was produced by immersion of a
dry air stream into a humidifying column before entering the sam-
ple tube. The air flow rate was monitored with the use of a rotame-
ter, its temperature varied between 18.1 and 19.2 �C and the
relative humidity ranged from 95% to 100%.
17 mm 
x-direction

Fig. 4. (a) A Photo of the wafer sheet with dimensions shown. (b) Schematic
representation of the reeding pattern and the dimensions of a cross-section of the
foam sample. This is the orientation used for all image acquisition.
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repetition time (TR) for different tip angle (a) values. For our experiments the
combination of a TR of 10 ms and a tip angle of 5� correspond to an average mean
error of less than 5%.
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2D SPI projections of the foam were then acquired using a = 5�
corresponding to a pulse duration of 3 ls and a TR of 10 ms. The
phase encoding time was 100 ls. The orientation of the 2D images
of the foam were the same as the schematic in Fig. 4, perpendicular
to the long axis of the wafer foam and consisted of projected signal
along this axis. The images were acquired over a field of view of
2 � 1 cm2 and consisted of 64 � 32 pixels, the maximum gradient
strength used in both directions was 36.5 G cm�1. For a full acqui-
sition of k-space this corresponds to a total number of points of
2048 and a total acquisition time of approximately 20 min with
16 signal averages (using 8 overleafs of 256 points each, the sam-
pling scheme presented in Fig. 3 and 10 s between overleafs).
Images were acquired as a function of moisture absorption cover-
ing the range from �1% to 7.3% wt% moisture as determined gravi-
metrically (the sample was extracted at the beginning and end of
the experiment and its moisture content determined using a Sarto-
rius MA-45 moisture analyser). When sparse sampling is em-
ployed, the total acquisition time is broadly equal to the fraction
of points acquired multiplied by the total original acquisition time.

5. Results and discussion

5.1. Simulation of errors

Given an original sample image and subsequently generated k-
space data, as presented in Fig. 2, it is possible to predict the error
in a reconstructed image for a T1 of 1s as a function of repetition
time, TR, and flip angle, a. Error, E, in this study is defined as the
average error of the n signal-containing pixels, as follows:

E ¼
Pn

1jXref � Xj
n

: ð5Þ

X is the reconstructed image and Xref is the ideal image corre-
sponding to complete sampling of k-space and an effectively infi-
nite TR. Xref and X are both gated to remove noise pixels and
normalised to a 0–100% signal intensity range. Since in practise
repetition time will not be long enough to ensure a full relaxation
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x

y

10 20 30 40 50 60

10

20

30

40

50

60

(b) Image with higher overall signal

x

y

10 20 30 40 50 60

10

20

30

40

50

60

(c) Simulated moisture absorption

x

y

10 20 30 40 50 60

10

20

30

40

50

60
10

20

30

40

50

60

70

80

90

100

Signal

Intensity

(a.u)

Fig. 6. (a) Simulated image with lower and (b) higher (bottom) overall signal. (c) Simulated image with absorbed moisture preferentially on the surface.

Fig. 7. Average error, E, as a function of % of k-space acquired (a) scenario (i) (b)
scenario (ii).
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of the magnetization vector, this sampling method is essentially a
transient magnetisation imaging technique. The resultant modula-
tion of the magnetization will inevitably produce some blurring
which will introduce a difference between X and Xref. Calculation
of E as a function of TR, and a is presented in Fig. 5. As mentioned
previously, all experimental images of the wafer employed a = 5�,
corresponding to a pulse duration of 3 ls, and a TR of 10 ms; with
reference to Fig. 5 this corresponds to an E of less than 5%. Thus T1

modulation of our results was minimal.
Simulations are now presented of the average error, E (as de-

fined in Eq. (5)) as a function of the % of k-space actually acquired.
Xref is the fully sampled k-space image whilst X is the sparsely sam-
pled (using our algorithm) zero-filled or hybrid image. (Model
images, presented in Fig. 6 were used for this purpose.) This was
bench-marked against selective acquisition of k-space in an
expanding circle centred at k = {0,0}; thus proximity to the centre
of k-space dictated the rank order. This was done for two different
model image scenarios:

(i) The binary sample image of the wafer in Fig. 2(a) was
manipulated to reflect low and high even moisture distribu-
tion as shown in Fig. 6(a) and (b), respectively. Fig. 6(b) was
2.3 wt% moisture content full k
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Fig. 8. Images of the sample with a moisture content of 2.3 (wt%). The top image is with
25%, 12.5% and 6.25% of k-space sampled, respectively, with un-sampled k-space being fi
images with the same % of k-space sampled, with un-sampled points filled with zeros.
then inverse Fourier transformed and using our algorithm
the resultant error (Fig. 7) as a function of the % of k-space
determined.

(ii) The same procedure as (i), except that moisture absorption
was assumed to occur more readily on the surface of the
wafer. The resultant image is shown in Fig. 6(c).

The resultant average error, E, for scenario (i) for the high mois-
ture content is shown in Fig. 7(a) as a function of the % of k-space
acquired. In addition, we have also included the hybrid image
when the un-sampled k-space points are not merely zero-filled
but substituted for with the corresponding data for the original
low intensity image (Fig. 6(a)). This is based on the idea that while
the lower frequencies are responsible for the overall SNR of the im-
age, the higher spatial frequencies contain information on the
shape of the object and will not change significantly during the dy-
namic phenomenon since the geometrical shape of the object is not
changing. What is evident in Fig. 7(a) is that E is significantly smal-
ler for our algorithm compared to the expanding circle. A similar
plot of the error is shown in Fig. 7(b) for scenario (ii) of the simu-
lated moisture absorption. Fig. 7(a) and (b) shows similar trends.
The error in both cases remains reasonably small for significant
-space acquisition
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full k-space acquisition, the left column (a) shows images acquired with 75%, 50%,
lled with the values of the initial dry sample image (hybrid images). On the right (b)
The pixel resolution is 312 � 312 lm2 in all cases.
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reductions in k-space sampled. Sampling of 50% of k-space will
introduce a 5% average error in the value of the pixels. What is
an acceptable error will depend almost exclusively on what is re-
quired from the acquired image. A modest improvement is ob-
served for the hybrid image which becomes more significant as
the extent of under-sampling increases.

Of course the absolute numbers presented in Fig. 7(a) and (b)
will be, to some extent, sample dependant. However the trends
should be consistent and the significant improvement over an im-
posed geometric sampling strategy retained.

5.2. Experimental results

Fig. 8 shows the images produced for a relatively dry sample
(2.3 wt% moisture content) as a function of the % of k-space ac-
quired. The series of images acquired on the left (a) represents
the hybrid images that result from using k-space points of the ini-
tially dry sample for the un-sampled k-space points of the compar-
75% k-space acquisition

50% k-space acquisition

25% k-space acquisition

12.5% k-space acquisition

6.25% k-space acquisition

5.8 wt% moisture content full k-spa

a b

Fig. 9. Images of the sample with a moisture content of 5.8 (wt%). The top image is with
25%, 12.5% and 6.25% of k-space sampled, respectively, with un-sampled k-space being fi
images with the same % of k-space sampled, with un-sampled points filled with zeros.
atively wetter sample, whist the series of images on the right (b)
are zero-filled. Similar data are presented in Fig. 9 for a relatively
moist structure (5.8%), in this case hybridisation of the left hand
side images (a) has been performed by using k-space points of
the final fully wet sample. Reasonable reproductions of the fully
sampled image are reproduced even when only 6.25% of the k-
space points are acquired. The effect of hybridisation is marginal
when a large portion of k-space is acquired, however becomes sig-
nificant when only a small fraction is sampled. A close inspection
shows that fine structure in the original image is retained and
not blurred as in the zero-filled cases.

Fig. 10 shows a series of images of the foam during moisture
absorption from humidified air with fully acquired k-space and
the respective hybrid images when 50% of k-space was acquired.
Agreement between the images is good. The average error, E, was
calculated as a function of moisture content and % of k-space sam-
pled and is presented in Fig. 11 for both zero-filled and hybrid
images. A lower limit on E is created by the prevailing SNR of the
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full k-space acquisition, the left column (a) shows images acquired with 75%, 50%,
lled with the values of the initial dry sample image (hybrid images). On the right (b)
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Fig. 10. Evolution of images for different moisture contents, the dry (top) fully acquired image and the wet (bottom) have been used to create the hybrid images at different
moisture contents.
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Fig. 11. Average error, E, for the sparse k-space acquired images. The lower limit is dictated by the prevailing SNR.
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respective image. This experimental data is also consequently nois-
ier than the simulated data presented in Fig. 7. Nevertheless the
trend of a modest increase in E as the % of k-space sampled is de-
creased is retained as is a slightly better performance by the hybrid
images.

6. Conclusion

We have demonstrated that with prior knowledge of a general
sample of interest’s shape, a sparse k-space sampling strategy in
an SPI experiment can be optimised with respect to SNR for a given
acquisition time interval. The sampling strategy employs a rank or-
der dictated by a Fourier transform of the known general shape.
Further improvement is possible for a series of sequential images
by full acquisition of k-space for selected images followed by sub-
stitution of these k-space points, as opposed to zero-filling of un-
sampled points. The technique was successfully applied to 2D
imaging of moisture absorption by a starch-foam sample from
humidified air. In future work we will extend the strategy to 3D
imaging and also account for T�2 relaxation via the acquisition
(and suitable subsequent manipulation) of multiple points follow-
ing each excitation. A significant requirement of the method is
knowledge of the object of interest’s shape; in future we will also
explore the use of Bayesian analysis to determine the required k-
space rank order when this is not the case.
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