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Spiral imaging has been assessed as a tool for the measurement of spatially and temporally resolved
velocity information for unsteady flow systems. Using experiments and simulated acquisitions, we have
quantified the flow artefacts associated with spiral imaging. In particular, we found that despite the
adverse effect of in-plane flow on the point spread function, for many physical systems the extent of blur-
ring associated with spiral imaging is marginal because flows represented by high spatial Fourier coeffi-
cients, which would be those most affected by the distortion of the point spread function, exist at the
physical boundaries of the flow and are therefore associated with much smaller velocities than are char-
acteristic of the bulk flow. The necessity for a flow imaging technique which is robust to the accrual of
velocity proportionate phase during imaging was demonstrated in an experimental comparison of spiral
imaging and echo-planar imaging (EPI) applied to turbulent flow in a pipe. While the measurements
acquired using EPI accrued substantial velocity proportionate phase, those acquired using spiral imaging
were not significantly affected. High temporal velocity measurements using spiral imaging were demon-
strated on turbulent flow in a pipe (image acquisition time 5.4 ms; 91 frames per second), which enabled
the transient behaviour of wall instabilities to be captured. Additionally, the technique was applied to a
multiphase flow system, where the wakes behind single rising bubbles were characterised. Spiral imag-
ing thus seems an auspicious basis for the measurement of velocity fields for unsteady flow systems.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Any flowing system which includes some source of instability
will demonstrate transient deviations from the time-averaged flow
field. These unsteady flow characteristics occur for systems as di-
verse as turbulent flow in a pipe and multiphase flow. To better
understand such transient features it is highly desirable to obtain
quantitative, temporally and spatially resolved velocity informa-
tion. Magnetic Resonance Imaging (MRI) holds several unique
advantages over other techniques for the measurement of this type
of information, such as particle imaging velocimetry [1] or laser
Doppler anemometry [2], including being completely non-invasive
(tracers or particles are not required) and being non-optically
based (which permits measurements in opaque systems and at
any orientation). The principal disadvantage of MRI is that the
measurements are slow to acquire relative to the time-scales of
the transient flow features under observation. Only the fastest
MRI techniques are capable of producing ‘snap-shots’ of these
ephemeral fluid phenomena. In general, this limits acquisitions
to single-shot, echo-planar type sequences [3,4]. Even if sufficient
time resolution can be achieved, imaging these systems holds addi-
tional challenges. In addition to the position dependent (‘zeroth
ll rights reserved.
moment’) phase used for image encoding, some velocity depen-
dent (‘first moment’) phase may be accrued during imaging, as dis-
tinct from velocity proportionate phase which may be purposely
applied prior to imaging for velocity encoding. The principal prob-
lem for velocity imaging of unsteady systems is that first moment
imaging phase cannot be removed by subtraction of an image ac-
quired using an increment in velocity encoding gradient (the con-
ventional approach) because these two images will have been
exposed to different velocity fields. For application to fast flows,
this can introduce significant image artefacts, and undermines
the quantitative nature of phase-contrast velocimetry.

Blipped echo-planar imaging (EPI) [3] is the most commonly
used MRI protocol that possesses the temporal resolution sufficient
to characterise highly transient flow features. Most commonly, EPI
acquires the entire k-space raster in a rectilinear fashion following
a single excitation, while using a spin-echo to ensure that off-res-
onance effects are refocused when the centre of k-space is ac-
quired. EPI, however, traverses the phase direction in a
unidirectional manner, which leads to significant first moment
weighting by the time the centre of k-space is reached. Tayler
et al. [5] proposed an EPI based sequence which somewhat over-
came this problem by acquiring both velocity encoded and phase
reference data from a single excitation (which were therefore ex-
posed to similar velocities). However this technique does not
explicitly compensate for the accrual of first moment imaging

http://dx.doi.org/10.1016/j.jmr.2011.03.017
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phase, and may still be susceptible to flow artefacts. Additionally, it
is highly dependent upon favourable relaxation times, and the
need to acquire multiple sequential images increases the acquisi-
tion time beyond that potentially useful for observation of rapidly
changing flow fields. The flow compensation of each individual
increment in phase gradient has also been demonstrated [6], how-
ever this alteration leads to a significant increase in acquisition
time, which undermines the usefulness of the technique for appli-
cation to highly unsteady systems. Thus, it seems sensible to ex-
plore the use of alternative k-space sampling schemes that
minimise the accrual of first moment imaging phase. A single-shot
technique which traverses k-space in a spiral trajectory [4], which
we shall herein refer to as spiral imaging, may hold several advan-
tages in this respect. In particular, the high-power centre of k-
space is sampled at the start of the sequence when the transverse
plane magnetisation is entirely in phase. Additionally, spiral imag-
ing samples all four quadrants of k-space in an interleaved fashion,
which acts to compensate for the accumulation of first moment
imaging phase [7].

Spiral imaging has not yet been employed for velocity measure-
ments outside of the medical community. Velocity encoded, single-
shot spiral imaging was first implemented by Gatehouse et al. [8],
almost simultaneously with Pike et al. [9] who investigated multi-
shot interleaved spiral velocimetry. Both sets of researchers veri-
fied the measured average flow rate to be quantitative, prior to
applying their respective techniques to the in vivo measurement
of arterial blood flow. Subsequent to these early works, phase con-
trast spiral imaging has been employed in several medical studies,
primarily centred upon applications in cardiology [10–16]. Previ-
ous analyses of spiral imaging have noted that the early sampling
of the centre of k-space, and the periodic return of all moments of
the imaging gradients to zero, rendered the technique highly ro-
bust to flow artefacts [7]. Subsequently, however, Butts and Rieder-
er [17] and Gatehouse and Firmin [18] noted that fast (>50 cm s�1)
in-plane flows have an adverse effect upon the point spread func-
tion (PSF). The PSF is seen to shift in the direction of flow, split into
multiple peaks and broaden over several pixels. This behaviour is
congruent with the experiments and simulations of Gatehouse
et al. [8], who noted that their images fringe and blur respectively
in the direction of flow where their flow phantom entered and left
the imaging plane, which they identified as being due to the mo-
tion of spin isochromats between the start of the sequence, when
all low spatial frequencies are sampled, and at its end, when
high-resolution information is obtained. Nishimura et al. [19] also
simulated acquisitions of spiral imaging in the presence of flow,
however they reported that spiral imaging demonstrates minimal
flow artefacts even for in-plane velocities in excess of 2 m s�1. This
disparity with other studies appears to be due to their simulation
of a unidirectional flow phantom of infinite length.

In the present contribution we seek to explore the applicability
of spiral imaging towards the quantification of velocity fields for
unsteady flow systems. The impact of in-plane flow on the phase
image has not been explored to date, and is investigated in the
present study using both simulated acquisitions and experiments.
With the flow artefacts associated with spiral imaging thereby
quantified, we demonstrate the use of spiral imaging for the mea-
surement of velocity fields on some example unsteady flow
systems.
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Fig. 1. (a) Spiral gradient waveforms and (b) corresponding k-space trajectory used
for simulations and experiments.
2. Simulations

For application to unsteady flow systems, it is important that
the accrual of first moment phase during imaging is minimal. It
is difficult to demonstrate theoretically that this is the case for
spiral imaging because the spiral trajectories used in practice are
complex functions of the maximum gradient amplitude and slew
rate available [20]. In this section we quantify the extent of flow
artefacts for a two dimensional image acquired using a realistic
spiral trajectory by simulating the acquisition of spiral images with
additional phase accrual originating from the first moment of the
imaging gradients. This is possible as the phase accrued while tra-
versing a given gradient waveform is given by:

/ðr; tÞ ¼ cr
Z t

0
gðtÞdt þ cv

Z t

0
tgðtÞdt þ Oðt3Þ ð1Þ

where c is the gyromagnetic ratio, r is position in real space and v is
the velocity component in the direction of the applied magnetic
field gradient. The first term in Eq. (1) represents the zeroth mo-
ment phase, which is used for spatial encoding. The second term
is the first moment phase, which, if accrued during imaging, gives
rise to phase artefacts due to flow. Phase due to higher order terms
(e.g. acceleration) may also be accrued, however this is generally
small in proportion to the first moment phase. For example, Seder-
man et al. [21] noted that for single phase flows at a Reynolds num-
ber of 5000 (a liquid velocity of 15.1 cm s�1 in their system), the
maximum fluid acceleration associated with vortex formation was
on the order of 40 cm s�2. For an image acquired over 10 ms, the
phase accrued due to acceleration is therefore 2.6% of that accrued
due to velocity. In the present analysis, phase accrual due to higher
moments is considered negligible. The gradient waveform used for
all simulations and experiments in this paper was produced by the
algorithm of Glover [22] and is shown in Fig. 1. All simulations as-
sumed a spectral width of 357 kHz for a 64 pixel � 64 pixel image
with a 5 cm � 5 cm field of view yielding a resolution of
0.78 mm � 0.78 mm. For a given image geometry and velocity field,
Eq. (1) was used to generate a first moment phase map for every
sampling increment. A set of k-space signals was then generated
by application of an inverse non-uniform fast Fourier transform
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[23] to these phase maps and the original modulus image. A simu-
lated signal, complete with flow artefacts, was then constructed by
concatenation of the complex data point for each time increment.

To demonstrate the effect of flow upon the modulus of the PSF
for spiral imaging, the distortion of a single pixel was simulated for
a range of flow rates. In examining these data it is convenient to
adopt a dimensionless velocity, defined as:

v� ¼ vtiNp

Dz
; ð2Þ

where v is velocity, ti is the sampling increment, Np is the number of
pixels in one spatial dimension and Dz is the image resolution. It is
important to note that, even for a unidirectional flow, the effect
upon the PSF for spiral imaging will be two dimensional. This is
shown in Fig. 2a for a velocity of 50 cm s�1 in the x direction (equiv-
alent to a dimensionless velocity of 1.15 � 10�1). The PSF is seen to
spread in the direction of flow, while also splitting and spreading
symmetrically in the perpendicular direction. This splitting is likely
responsible for the ringing and fringing of spiral modulus images
observed by previous researchers [8]. To quantify the extent of
these flow artefacts, the two-dimensional PSF was simulated for a
range of velocities, and was then integrated in one direction. These
results are shown for the x and y directions in Fig. 2b and c, respec-
tively. The asymmetrical blurring in the flow direction is seen to al-
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Fig. 2. (a) The effect of flow upon the modulus PSF for spiral imaging for a system
with uniform dimensionless velocity, v⁄ , of 0.115 (spectral width of 357 kHz,
64 � 64 pixel image with a 5 cm � 5 cm field of view, flow velocity of 50 cm s�1).
(b) The blurring of the PSF as a function of flow velocity, integrated in the
x- direction. (c) The blurring of the PSF as a function of flow velocity, integrated in
the y- direction.
ways be in excess of that in the direction perpendicular to flow, and
thus can be solely considered for a conservative estimate of the ex-
tent of blurring for spiral imaging of flow. A linear fit to the blurred
edge of Fig. 2b yields the relationship:

xb ¼ 2:17vN2
pti ð3Þ

where xb is the length over which blurring will take place in the im-
age. Clearly the extent of acceptable blurring depends upon the pix-
el resolution of an image. This implies that, for images such as those
simulated herein (0.78 mm resolution), velocities greater than
3 cm s�1 cannot be exceeded without interpixel blurring. For stud-
ies in a medical context, however, where resolutions on the order of
5 mm are common, in plane flows of up to 20 cm s�1 may be exam-
ined with all blurring contained within a single pixel.

To demonstrate the effect of flow artefacts in a system of more
general interest, we simulate a more complex geometry and flow
field. In particular, a sphere surrounded by a box of fluid is consid-
ered as a simulation phantom. In the fluid filled region the velocity
is defined as Stokes flow around a sphere, which is given by [24]:

ur ¼ u1 cos h 1� 3
2

a
r
þ 1

2
a3

r3

� �
ð4Þ

uh ¼ �u1 sin h 1� 3
4

a
r
� 1

4
a3

r3

� �
ð5Þ

where ur and uh are the radial and tangential velocities, respectively.
The radius of the sphere is given by a, and u1 is the unidirectional
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Fig. 3. (a) Input geometry and velocity field for Stokes flow around a 0.8 cm radius
sphere in a 3.5 cm � 3.5 cm box of fluid with a far-field dimensionless velocity of
0.115. (b) Modulus and (c) phase images for a simulated acquisition with flow
artefacts. (d) Phase map for an image with simulated velocity encoding in the y-
direction and (e) difference image for pre- and post-acquisition phase maps. Note
that the net shift of images (b), (c) and (e) is caused by the presence of high in-plane
velocity in that direction.
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Fig. 4. (a) 50% undersampled spiral image trajectory and (b) modulus of image
reconstructed using compressed sensing. Note the flow artefacts are greatly
decreased compared to those acquired using a full spiral.
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velocity of the fluid an infinite distance away from the sphere.
Fig. 3a shows the input geometry and velocity field, while (b) and
(c) show the resultant modulus and phase images. Data are shown
for a 50 cm s�1 flow around a 0.8 cm radius sphere with image res-
olution of 780 lm � 780 lm.

As expected, the substantial in-plane flow present in this simu-
lation has an adverse effect upon the modulus image (b). The
whole image is seen to shift in the direction of flow, concurrent
with the behaviour of the PSF. A ringing artefact, caused by the
oscillations of the PSF, is most clearly visible at the inflowing edge
of the simulated phantom where the dispersed signal from the
edge adds constructively with the non-displaced signal in the cen-
tre. The outflowing edge of the simulated phantom appears
blurred, with high-resolution signal from that region displaced
off the edge of the simulated region. These artefacts occur over a
distance of approximately one quarter of the field of view of the
image, in accordance with Eq. (3). The same artefacts are not visi-
ble on the fore and aft sides of the sphere because the flow field is
derived with a no-slip condition on this boundary. This point has
important implications for real systems, where velocities near a
boundary are generally significantly decreased from those in the
bulk (even for liquid–liquid or gas–liquid interfaces where some
slip condition exists). Because the distortion of the PSF is largely
limited to signals sampled in the high spatial frequency edges of
k-space (i.e. those pixels next to an edge in image space), for sys-
tems in which fast flows are limited to regions in the bulk fluid
(and are therefore represented by low spatial frequency Fourier
coefficients), substantially less distortion of the image should be
expected. Additionally, the flow artefacts present on the inflowing
and outflowing edges of a sample may be minimised by B1 hetero-
geneity in that region, which will result in a gradually attenuated
edge to the image. Thus, the practical implementation of spiral
imaging (particularly to those systems which lack high resolution
flow features) is likely to be more robust to flow than suggested
by the PSF.

The effect of flow upon the phase image is demonstrated in
Fig. 3c. It is clear that no significant first moment phase accrued
during imaging is transmitted through to the phase image. In sim-
ulations extending the range of flow rates examined, no significant
error or artefact was visible in the phase image for velocities in ex-
cess of 2 m s�1. A velocity encoded acquisition was also simulated.
This was done by providing an initial phase map in proportion to
the y-velocity component, shown in Fig. 3d, prior to performing
the simulated acquisition. A difference map between the initial
and final phase maps is shown in Fig. 3e. It is clear that the ringing
and blurring artefacts visible in the modulus image are not present
in the phase image. The lack of sharp structures in the flow is rep-
resentative of many real physical systems, for which velocity
images will be very robust to flow artefacts. If high spatial resolu-
tion velocity features are to be imaged, the PSF must be considered
and blurring will be described by Eq. (3). Within these consider-
ations it is thus evident that spiral imaging is capable of producing
quantitative velocity-proportionate phase even in the presence of
high in-plane velocities. This is verified experimentally in Section 4.
The robustness of the phase image to error suggests that, as long as
other sources of phase error are small, spiral imaging does not
intrinsically require the subtraction of a reference image. For the
removal of phase accrued due to off resonance effects, eddy cur-
rents and reconstruction error it has been previously suggested
that phase reference data may be generated from stationary fluid
included in the imaging region [5,25].

As a final note, if flow artefacts are judged too severe they can
be further reduced by the implementation of a variable density
spiral sampling trajectory. This is not implemented experimentally
in the present paper as we are principally interested in the more
robust phase image, however it remains an important consider-
ation as, by adopting an undersampled spiral trajectory, the acqui-
sition time and hence the accrual of first moment imaging phase is
greatly decreased. To demonstrate this, Fig. 4 shows a simulation of
a 50% undersampled spiral, otherwise identical to the simulations
shown in Fig. 3, with the image reconstructed using an iterative
compressed sensing procedure [26]. The flow artefacts at the im-
age boundaries in the modulus image shown in Fig. 4b are greatly
decreased from those exhibited by the fully sampled spiral given in
Fig. 3b. Note that the application of a compressed sensing recon-
struction for velocity encoded images has been previously demon-
strated by Holland et al. [27].
3. Experimental

The pulse sequence for phase contrast spiral imaging is shown
in Fig. 5. The slice selection gradient was flow compensated [28],
and the velocity encoding lobes (where employed) were applied
simultaneously to the slice gradient flow compensation. The image
readout gradients followed the maximum gradient limited spiral
trajectory, determined as described by Glover [22]. The total acqui-
sition time, , was 12.5 ms obtained at a rate of 55 frames per
second (fps) for 64 � 64 pixel images and 5.4 ms at a rate of
91 fps for 32 � 32 pixel images. The liquid phase used in all exper-
iments was distilled water doped with a paramagnetic salt to ren-
der the solution magnetic susceptibility matched to air (as
described below), and to shorten the relaxation times of the solu-
tion (in the present experiments T1 = 61 ms, T2 = 50 ms). All images
were acquired using a low tip-angle 512 ls Gaussian excitation
pulse (5.6� for 32 � 32 pixel images and 11.25� for 64 � 64 pixel
images). This low tip-angle permitted rapid repeat acquisitions
with minimal relaxation weighting. To verify that no coherent first
moment phase was being accrued during imaging, x–z plane spiral
images (where the z-coordinate is aligned with the direction of
flow) were acquired of laminar flow in a 3 mm tube for comparison
with fluid mechanics theory. In a pipe of this diameter laminar



Fig. 5. Pulse sequence for low-angle, snap-shot spiral imaging; a = 5.6� for a
32 � 32 pixel image, and a = 11.25� for a 64 � 64 pixel image.
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flow is achievable for centreline velocities up to 133 cm s�1

(Re = 2000), although to maintain fully developed laminar flow
we only examined centreline velocities up to 60 cm s�1

(Re = 900). This flow was gravity driven, and controlled using a
rotameter and needle valve. In order to quantify the signal attenu-
ation associated with turbulence, spiral images without velocity
weighting were acquired of flow in a pipe of diameter 16 mm for
the range Re = 500–12,000 (equivalent to cross-sectionally aver-
aged, or superficial, velocities in the range 3.1 cm s�1 to
75.0 cm s�1). Non-velocity encoded EPI images were also acquired.

In addition, velocity encoded images were acquired of flows in
this range to demonstrate the usefulness of spiral imaging for char-
acterising the transient instabilities associated with turbulent flow.
In all flow encoded experiments, reference phase maps were ac-
quired of non-flowing liquid, for the removal of image reconstruc-
tion, eddy-current and B0 inhomogeneity phase errors.

The application of spiral imaging to multiphase flow systems
was also explored. In particular, we measured the velocity field
around single bubbles as they rose through a stagnant medium.
To overcome off-resonance effects associated with imaging two
phases of differing magnetic susceptibility, we have matched the
magnetic susceptibility of the solution to air. This was achieved
using a modified version of the spin-warp pulse sequence [29].
The main alteration to the sequence consists of the addition of a
low-bandwidth (150 Hz) plane selective 90� pulse, perpendicular
to the imaging slice, prior to each excitation of the imaging se-
quence. This additional pulse has the effect of saturating a line of
constant frequency through the sample. If B0 is rendered homoge-
neous for a single phase sample, upon the introduction of a phase
interface (i.e. removing half the water from a test-tube) the line of
saturated magnetisation will bend to reveal the frequency shift
generated by the differing magnetic susceptibility of the two
phases. Thus by varying the concentration of paramagnetic salt
(dysprosium chloride and gadolinium chloride were used in the
present experiments) within the solution until the saturated line
is undeflected across the interface, the amount of dopant required
for a magnetic susceptibility matched solution was recorded. Sur-
face tension measurements were performed on relatively concen-
trated (50 mM) solutions of dysprosium chloride and gadolinium
chloride using a Dataphysics OCA 15+ goniometer, with surface
tensions found to be 71.9 ± 0.3 mN m�1 for both solutions (as op-
posed to 71.4 ± 0.2 mN m�1 for undoped water). As the solutions
used in the present experiments are always less concentrated than
50 mM, this measurement suggests that the inclusion of such small
amounts of salt has a relatively small effect upon the interfacial
properties of the solution. While only the dysprosium solution
was used in the results reported here, magnetic susceptibility
matching data for the gadolinium solution are included for the
sake of completeness. Using a magnetic susceptibility matched
solution, velocity encoded spiral images were acquired of single
bubbles rising in a 20 mm diameter pipe. Bubbles were generated
by passing air through a glass capillary of diameter 4 mm using a
syringe pump (Harvard Apparatus 22). Phase reference images
were acquired of uniform, stationary liquid for the isolation of
phase imparted during velocity encoding. Note that this procedure
can only be applied to a magnetic susceptibility matched two-
phase system, as otherwise B0 inhomogeneity phase shifts will oc-
cur at the phase interface.

All measurements were performed on a Bruker AV-400 spec-
trometer, operating at a 1H resonance frequency of 400.25 MHz.
A three-axis, shielded gradient system with a maximum strength
of 146 G cm�1 was used for zeroth and first gradient moment
encoding, and a 25 mm diameter birdcage r.f. coil was used for
excitation and signal reception. For all experiments involving
velocity encoding, the flow encoding time (d) was 416 ls, and
the flow contrast time (D) 516 ls. The velocity was determined
from the image phase by the relation:

v ¼ argðqÞ
2pAcdD

ð6Þ

where q is the complex image, A is the velocity encoding gradient
strength, selected in order to maximise a velocity dependent phase
shift with a 2p window. The k-space trajectory followed during
acquisition was measured using a modified version of the technique
of Duyn et al. [30], which used a volume selective excitation to
overcome errors in the phase measurement associated with B0 het-
erogeneity (which was particularly problematic in the z-direction).
To correct for the disparity in the sampling density of k-space asso-
ciated with spiral imaging, all acquired data were weighted using a
Voronoi sampling-density compensation function [31] prior to im-
age reconstruction using a non-uniform fast Fourier transform [23].
4. Results

The simulations provided in the previous section predicted
minimal error in the phase image due to in-plane flow for spiral
imaging. We presently validate this hypothesis experimentally.
Additionally, we explore the degree to which spiral imaging is af-
flicted by signal attenuation caused by shear, which is another sig-
nificant flow artefact commonly associated with echo-planar type
sequences. The error in modulus and phase images acquired using
EPI and spiral imaging are then compared. Finally, we demonstrate
some examples of spiral imaging based velocity measurements on
high-shear, unsteady flow systems.

4.1. Error in the phase image

The simulations suggest that the accrual of first moment imag-
ing phase should not introduce substantial errors into the phase
image. We have validated this assertion experimentally by acquir-
ing longitudinal plane spiral images, with and without velocity
encoding, for laminar flow in a pipe. By using a small diameter pipe
(3 mm) we were able to maintain laminar flow up to a centreline
velocity of 60 cm s�1 (Re = 900). Fig. 6 shows both a phase profile
extracted from a non-velocity encoded image and a comparison
of a velocity profile at this flowrate with the theoretical result of
Hagen-Poiseuille. That no significant phase shift is present in the
former, while good agreement between experiment and theory is
evident in the latter, reinforces that no significant systematic error
due to the imaging gradients is present in the phase image. A small
phase offset of approximately 0.05 radians was noted in the
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non-velocity encoded profile, the origin of this is most likely to be
phase accrual due to off-resonance effects. The noise level in the
profile corresponds to a measurement error of approximately 2%.
4.2. Signal attenuation due to high-shear

It is well known that turbulent flow in the presence of a mag-
netic field gradient (either due to B0 inhomogeneity [32] or applied
gradients [33]) leads to localised signal attenuation. This occurs
due to the presence of substantially different velocities in close
proximity to each other, which when combined with some degree
of first moment phase accrual, leads to different phases mixing
within individual voxels. These phases add destructively to atten-
uate the net signal for a particular voxel. This is particularly prob-
lematic for highly unsteady systems, such as turbulent flow in a
pipe. In this section we seek to quantify the signal attenuation
due to turbulence. In doing this, non-velocity encoded cross-sec-
tional plane images were acquired of turbulent flow in a 16 mm
diameter pipe up to a Reynolds number of 12,000. By comparing
the modulus of these images with a reference image of stagnant li-
quid, a measurement of signal attenuation as a function of Rey-
nolds number was extracted. These data are shown in Fig. 7. The
mean error present at Re = 0 represents a measurement error due
to noise of 0.6%. It is evident that shear induced signal attenuation
is insubstantial for spiral imaging, with a mean error of approxi-
mately 3.5% for a Reynolds number of 12,000. The reason this error
is so small is likely due to the centre of k-space (and hence the bulk
of the signal intensity) being acquired at the start of the sequence,
when little or no first moment imaging phase exists. Thus spiral
imaging may prove useful for obtaining velocimetric information
in high shear systems (where comparable EPI based techniques
are heavily attenuated), and also for measurements which require
that the signal modulus remain quantitative in the presence of
shear (see for example Tayler et al. [34]).

4.3. Comparison of spiral imaging and EPI in application to unsteady
flow systems

Given the minor accrual of first moment imaging phase, spiral
imaging seems an auspicious basis for snap-shot velocity imaging
of unsteady flow. Spiral imaging is advantageous compared to
EPI in this application, as it removes the systematic error in the
phase image associated with the imaging gradients. This is demon-
strated in Fig. 8, which shows a comparison of non-velocity en-
coded blipped-EPI and spiral images of turbulent flow in a pipe
at a Reynolds number of 8800. Both modulus and phase images
are shown. It is clear that while significant shear attenuation is
present in the modulus EPI image (mean error of 24.8%), the spiral
image is much more robust (mean error of 2.8%; in accordance
with Fig. 7). Furthermore, significant coherent structures exist in
the EPI phase image, reflecting that flow encoding has occurred
in one direction due to the imaging gradients. Conversely, no phase
exists in the spiral image, which reflects the robustness of the tech-
nique to flow. The degree of error present in the EPI images is a
function of the imaging gradient strength used and transverse
plane velocity components. Of course, EPI may still be appropriate
for application to unsteady flow where the resolution or in-plane
velocities are lower than those examined herein.

4.4. Velocity imaging of unsteady flow systems using spiral imaging

The present implementation of spiral imaging acquires data di-
rectly from an FID, significantly decreasing the acquisition time
(relative to spin-echo based imaging sequences) and allowing
smaller tip angles to be used, and thus permitting rapid repeat
excitations without relaxation weighting. This allows some highly
transient flow features to be imaged for the first time. Consider, for
example, Fig. 9, which shows a number of time sequential velocity
images of unsteady flow in a pipe (Re = 4500). Attention is drawn
to the wall region, where an instability is visible extending from
the wall; snaking to and fro in the main body of the fluid. The
acquisition rate of these images (91 fps) is just sufficient to charac-
terise this highly transient fluid phenomenon.

An interesting juxtaposition exists between these data and
those of Sederman et al. [21], who acquired multiple sequential
images of turbulent flow using EPI from the same excitation.
Whereas they noted the turbulent structures to be relatively con-
stant over an 80 ms period, from the present images it is clear that
the flow field changes substantially over the course of 10 ms. The
reason for this disparity is that the present images (which were
each acquired from a fresh excitation) show an Eulerian velocity
represented in an Eulerian frame of reference, whereas those ac-
quired by Sederman et al. depict an Eulerian velocity however
now in the Lagrangian frame. The difference between these two
measurements lies in the way they observe changes to the flow
field; while the sequence of velocity measurements acquired using
spiral imaging are acquired at a fixed spatial location, the measure-
ments of Sederman et al. were acquired from repeatedly refocused
magnetisation and therefore yield signal from a mobile packet of
fluid. To demonstrate this difference, consider Fig. 10, which shows
longitudinal plane velocity images of the turbulent flow system
examined above. It is clear from these images that the turbulent
features (that is the regions of fast and slow moving fluid
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Fig. 8. Comparison of non-velocity encoded spiral and EPI images of turbulent pipe flow at a Reynolds number of 8800 in a pipe of inside diameter 16 mm. Modulus images
are shown for (a) spiral imaging and (b) EPI. Phase images are shown for (c) spiral imaging and (d) EPI. The in-plane shear and velocity result in attenuation of the signal and
the accrual of significant phase shifts during EPI, but not spiral imaging. Note that the slice selection gradients were velocity compensated for both imaging techniques. The
spatial resolution is 313 lm � 313 lm for a field of view of 20 mm � 20 mm.
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immediately adjacent to each other) are transmitted along the pipe
as coherent and relatively slowly evolving structures. These struc-
tures are seen to move along the pipe at approximately the super-
ficial velocity of the fluid, and in this context are stable for
approximately 80 ms, consistent with the findings of Sederman
et al. [21]. Fig. 10 also demonstrates the successful application of
spiral imaging for velocity measurements on a system which con-
tains high in-plane flows. According to Eq. (3), blurring of the PSF
can be expected over 2.8 mm (approximately 3 pixels) in this im-
age in the direction of flow.

4.5. Application of spiral imaging to multiphase flow systems

One limitation of any long read-out, single-shot sequence is a
susceptibility to off-resonance effects. In this respect, spiral imag-
ing is perhaps even less robust than EPI. This is because while B0

inhomogeneities tend to distort EPI images in a coherent manner,
spiral imaging suffers from localised signal attenuation. Artefacts
due to B0 inhomogeneity are normally overcome in spiral imaging
by resorting to a multi-shot spiral (with the equivalently shortened
acquisition period [20]). Clearly for our present application it is
necessary to preserve the time resolution associated with a single
shot technique. Overcoming B0 inhomogeneities is a particular
challenge for the application of spiral imaging to multiphase flow
systems, which tend to be composed of materials of differing mag-
netic susceptibility, with effective shimming made difficult or
impossible by the complex geometries and the dynamic nature of
the phase interfaces.
Here we examine the application of spiral imaging to gas–liquid
flow systems, although the techniques described herein are equally
applicable to other forms of multiphase flow systems. To eliminate
off-resonant effects due to magnetic susceptibility differences we
have doped the aqueous phase with a paramagnetic salt such that
the magnetic susceptibility of the liquid is identical to that of the
gaseous phase. To this end, Fig. 11 was produced using the mag-
netic susceptibility matching procedure described in the experi-
mental section, as applied to both dysprosium chloride and
gadolinium chloride solutions. Dysprosium ions are seen to have
a stronger effect upon the magnetic susceptibility than gadolinium,
with a magnetic susceptibility matched solution being reached at a
concentration of 16.8 mM, compared with 27.7 mM for the gado-
linium. A magnetic susceptibility matched dysprosium solution
was chosen for the present experiments because of its favourable
relaxation properties for single-shot measurements (T1 = 61 ms,
T2 = 50 ms). Gadolinium has a much stronger influence upon the
relaxation rates, which may render gadolinium doped solutions
more appropriate for use with multi-shot, short readout sequences.

Velocity encoded spiral images were acquired of single bubbles
rising through this solution in a 20 mm diameter pipe. Eight
sequential frames, acquired at a rate of 55 fps, of an example bub-
ble rising through the imaging region are shown in Fig. 12. The
approximate position and shape of the bubble (identified from
the modulus images) is represented by the filled ellipse in each im-
age. An air bubble of spherically equivalent diameter 2.5 mm can
be expected to rise at a rate of approximately 20 cm s�1 in surfac-
tant free water and have velocities of approximately double this



Fig. 9. Cross-sectional maps of the z-velocity of unsteady flow acquired using spiral imaging (Re = 4500). The transient behaviour of a wall instability is highlighted. The
acquisition rate of these images is 91 fps. The times shown on the images refer to the start of the acquisition. The spatial resolution is 625 lm � 625 lm for a field of view of
20 mm � 20 mm. A video displaying these data played back at a tenth of real time is available as Supplementary data online.
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value in the bubble’s wake [35]. From the modulus images, we
measured the rise rate of the bubble to be 21.1 ± 0.7 cm s�1, with
velocities in the range �39.4 cm s�1 to 39.4 cm s�1 in the bubble’s
wake, which is consistent with the theory. The structure of the
wake is clear in these images, as is the liquid displaced downward
Fig. 10. Longitudinal maps of the z-velocity of fully developed unsteady flow
acquired using spiral imaging (Re = 4500). A slowly evolving turbulent structure is
highlighted by the rounded white box. The acquisition rate of these images is 91 fps.
The times shown on the images refer to the start of the acquisition. The spatial
resolution is 625 lm � 984 lm for a field of view of 20 mm � 31.5 mm. A video
displaying these data played back at a tenth of real time is available as
Supplementary data online.
at the sides of the bubble (indicated by the negative velocities).
Also visible are periodic vortex shedding events, wherein the wake
of the bubble detaches and a region of liquid flows upward inde-
pendently until its momentum has been dispersed throughout
the fluid. It is known that these wake shedding events occur at a
frequency of 12 Hz independent of bubble size [36]. Each bubble
was present in the imaging region for 150 ms, which is long en-
ough for one complete cycle of wake shedding to occur. The fre-
quency of wake shedding was observed to be constant within the
temporal resolution of the technique (±1.1 Hz) for ten consecutive
bubbles, and occurs at a rate of 11.0 Hz, which is consistent with
the expected frequency. According to Eq. (3), the PSF for these
images may be distorted by a maximum of 9.8 mm, however as
the highest velocities in the system are limited to regions repre-
sented by low spatial frequency Fourier coefficients, and as the
velocity field does not contain high resolution features, the effect
of this blurring is largely mitigated. These velocity maps illustrate
the great potential of spiral imaging for the characterisation of
multiphase flow systems.
0 5 10 15 20 25 30
-100

0

100

200

300

400

500

paramagnetic concentration (mM)

fr
eq

ue
nc

y 
sh

if
t (

H
z)

Fig. 11. Frequency shift across a phase interface due to magnetic susceptibility
difference for (�) dysprosium chloride and (+) gadolinium chloride solutions with
air.



Fig. 12. Longitudinal maps of the z-velocity for a single bubble rising through a magnetic susceptibility matched solution of dysprosium chloride. The approximate locations
of the bubble are highlighted by the filled white ellipses. A vortex shedding event is highlighted by the rounded white box. The acquisition rate of these data is 55 fps. The
times shown on the images refer to the start of the acquisition. The spatial resolution is 390 lm � 586 lm for a field of view of 25 mm � 37.5 mm. A video displaying these
data played back at a fifth of real time is available as Supplementary data online.
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5. Conclusions

Spiral imaging has been assessed as a technique for the quanti-
fication of time-resolved velocity fields for unsteady flow systems.
Using simulated acquisitions we have quantified the extent of the
distortion to the PSF for spiral imaging due to flow, and noted that
the impact of this artefact is minimal for many physical systems.
This is because flows near an edge in image space (i.e. correspond-
ing to heavily first moment weighted high-frequency Fourier coef-
ficients) are boundary affected and thus are often significantly
decreased from the bulk fluid velocity. We have also quantified
the shear induced, localised attenuation in the modulus image,
and found errors to be less than 3.5% for flows up to a Reynolds
number of 12,000 for single phase flow in a pipe. These errors
are likely so small due to the early sampling of the centre of k-
space associated with spiral imaging. The acquisition of velocity
fields using spiral imaging was then demonstrated on some exam-
ple unsteady flow systems. Non-velocity encoded images acquired
using both EPI and spiral imaging of turbulent pipe flow were com-
pared, with significant errors in the modulus and velocity propor-
tionate phase present in the EPI images. Conversely the spiral
images were relatively robust in both the modulus and phase
images. This demonstrates the superiority of spiral imaging for
the measurement of quantitative velocity fields of unsteady sys-
tems. Turbulent flow in a pipe was imaged at a time resolution
of 91 fps, and the behaviour of highly transient wall instabilities
were captured by MRI for the first time. The sequence was also
demonstrated by imaging the wake around rising single bubbles,
and such flow features as vortex shedding were clearly visible.
Spiral imaging was thus shown to be a highly promising basis for
the acquisition of temporally and spatially resolved velocity infor-
mation for unsteady systems, and may prove particularly useful for
the characterisation of multiphase flows.
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