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A rapid version of PEPI (p-echo planar imaging) velocimetry
has been implemented, enabling a velocity image, at microscopic
resolution, to be acquired in less than 1 s. The velocity map was
reconstructed using the phase information from the ratio of two
PEPI images, one obtained with a velocity-encoding filter applied
prior to the imaging sequence and the other image without. The
acquisition time for each image was about 80 ms and the two
complete image acquisitions were acquired in one shot in 500 ms.
This rapid velocimetry sequence gave a good representation of
laminar pipe flow. It has also been used to examine extensional
flow in a biaxial extension in which the transient extension takes
about 3 s. © 2001 Academic Press

INTRODUCTION

In order to observe transient phenomena with NMR im
ing, the use of rapid flow imaging techniques is neces
Under these circumstances it is essential to have an obser
time short relative to the time scale of the physical proper
be measured. Transient phenomena include, for example
bulent flow at high Reynolds number, flow and disper
through porous media, and extensional deformation.

The best known techniques for rapid imaging are FLASH1)
nd EPI (2, 3). Kose visualized turbulent motion in a circu
ipe by using EPI (4–6). In those experiments, images w
cquired in such a short time that the flow distribution did
hange noticeably during the measurement time and they
ble to produce a movie sequence of EPI images. He also
one-shot velocity mapping employing a modified EPI

uence and applied it to turbulent flow to visualize vortices7).
any groups have applied EPI techniques to observe tran
ynamic processes (8) in porous media by “freezing the m

ion” (9–11). In the present article we demonstrate an ap
ation of echo planar imaging at microscopic resolution u
ingle-shot phase encoding for flow via the pulsed gra
pin echo (PGSE) technique.
PGSE encoding has been previously used in such an

ation (12) but with multiple encoding steps and a resul
xperiment time of many minutes. By contrast, our goal wa
chieve a microscopic image, phase encoded for velocity

ime of less than 1 s. We were motivated by a wish to imag
elocity in a soft material under extension in a biaxial ex
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ion (i.e., uniaxial compression) cell. This device was
iscussed by Callaghan and Gil in 1999 (13) in the context o
pectroscopic investigation. However, the quantitative des
ion of the transient motion under extensional deformation
ot been yet reported. The deformation takes about 3 s a
lates squeeze the sample contained between them. In
uence the time resolution of the rapid imaging technique
e at least on the order of a few hundred milliseconds. We
articularly interested in measuring the flow image for velo
omponents transverse to the compression axis, in ord
nvestigate the uniformity of the rate of strain field. In orde
chieve a velocity image in such a short time we are unab
se either the “successive image frame movie” approac

he” full propoagator” approach, since there is insufficient t
o acquire more than one or two images at maximum. We
ought to develop a method in which a velocity image ca
cquired over a duration of less than 1 s.
We chosep-EPI in order to allow the investigation of s

matter including polymers possessing shortT*2. The repetitive
train of p RF-pulses also refocuses Zeeman dephasing d
diamagnetic susceptibility inhomogeneity in the compres
cell. Our “one-shot” experiment consists of two succes
p2EPI imaging sequences, one with and the other witho
bipolar velocity encoding gradient as a prior filter. The res
ing ratio ideally provides a phase shift in each pixel du
translational motion alone. Our experiment presents the a
challenge of requiring microscopic spatial resolution in
extension cell for which the amplitude of compressive mo
is around 3 mm. Our specific aim was to investigate whe
deformation of a gel sample can be sufficiently describe
pure extensional flow or whether additional shear effects
to be taken into account.

ONE SHOT q-ENCODED PEPI

The pulse sequence used in the present study is sho
Fig. 1 and is similar to the PEPI (p-EPI) sequence used
other groups (14, 15). Because of the incorporated Carr–P
cell train ofp RF-pulses, thek-space trajectory jumps betwe
the upper and the lower half ofk-space, which necessitate
subsequent data sorting before Fourier transformation.
1090-7807/01 $35.00
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350 HAN AND CALLAGHAN
basic raster is shown in Fig. 1b. The data are initially acqu
at the borders ofk-space, the lowk-data being acquired at t
middle of the echo train. The velocity encoding is realized
a spin-echo-based bipolar gradient pair as a filter precedin
PEPI imaging module.

One problem faced by any pulse sequence based on a C
train is the cumulative effect of imperfections in the RF e
tation, imperfections which are only refocused in even ec
and not in the odd. This effect causes serious artifacts i
image. To minimize this problem, we used the idea of Manet
al. (11) of replacing the refocusingp-pulse by a composi
equence of three RF-pulses of (p/ 2)x–(p) y–(p/ 2)x, giving a

good spin-state inversion even for pulses with imperfect
angle. The slice selection was realized by a self-refocu
selective storage sequence (16). A combination of a soft (p/
2)x sinc pulse and a hard (p/ 2)2x pulse applied prior to th
actual q-encoding PEPI sequence stores the signal from
desired slice as a longitudinal magnetization, while lea
undesired magnetization in the transverse plane, where
subsequently dephased by crusher gradients applied in al
orthogonal directions. The advantage of this pre-slice-sele
technique was that it permitted an arbitrarily short echo tim
the subsequent EPI sequence, in our case, 2.4 ms. A co

FIG. 1. (a) PEPI (p-EPI) pulse sequence with velocity encoding and
radients. During acquisitions crusher gradients are used in the read an
f raster used to acquire data ink-space. On the left are shown the trajec
d
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tional slice selection in which one replaces one of the in
(p/ 2)x or (p) y hard pulses by a soft sinc pulse in the prese
of a gradient generally requires longer echo times. Th
because of practical limitations associated with the gra
and RF power switching times which enter the duration o
first, and hence succeeding, echoes.

An inherent difficulty of PEPI is the differing amplitude a
phase modulation and the relativek-space shift of even and o
numbered echoes. One reason is the RF imperfection
referred to above. Another is the discrepancy between
precise area magnitude under the positive and negativek-space
blips, resulting in a nonlineark-space rastering after sorting
k-space data. These effects result in a ghost image w
appears displaced along the phase encoding direction
shifted by one-half of the field of view. The problem can
minimized by using differentk-space trajectories, by manu
adjustment of gradient values to reduce this artifact, o
employing appropriate postprocessing techniques, for e
ple, phase and amplitude correction of either even or
numbered echoes. Any hardware solution is likely to be
cific to the instrument used, while postprocessing make
herent assumptions about the desired image phase, as
tions which can be dangerous when phase encoding is u

e-slice selection, as used in the present work. The dotted lines represe
he slice directions to avoid unwanted phase encoding effects. (b) Scheic diagram
es, while on the right we see the interleaving of odd and even echo da
pr
d t
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351ONE-SHOT VELOCIMETRY
obtain a velocity image. Given that, we handled with
problem in a simple manner by analyzing odd and even n
bered echoes independently. Images from both sets we
tained and that with the better quality subsequently was
sen. If the total number of echoes remains fixed, as it gene
must given echo time andT2 limitations, the price paid for th
approach will be a halving in the resolution along the ph
direction. We employed a total of 32 echoes and 32 r
direction sampling points. The 16 phase-encoded data p
for each of the odd and even echo sets were zero filled to
produce 323 32 pixel images, in which the intrinsic resoluti
was 0.1253 0.250mm. For the chosen echo time of 2.4 m
this resulted in a total acquisition time for one image of a
80 ms.

A second image, obtained under zero velocity-enco
gradient, is needed if one is to obtain the phase map nece
for velocimetry. The velocity map could be obtained by me
of the image ratio method. Given that our gel sample hadT1

relaxation time of around 300 ms, we were able to acquir
successive images in a single shot with a total acquisition
of about 500 ms.

ONE-SHOT PHASE-ENCODED VELOCIMETRY

The phase acquired by a spin isochromat arising from a
element with velocityn in the presence of a standard PG
encoding pair, as shown in Fig. 1, is given by

f 5 gdGnD. [1]

Each pixel of the image will acquire a local phase wh
ideally depends on the local fluid velocity component par
to the encoding gradient direction. However, these p
shifts will coexist with additional phase artifacts,f9, associate
with defects in the subsequent imaging sequence, art
which will be common to both the velocity-encoded and
erence images. Furthermore the velocity-encoded and
ence images may have differing amplitudes owing to inc
plete relaxation recovery or to the effect of diffus
attenuation in the case of the image encoded with the P
pair.

In any given pixel, the ratio of the corresponding veloc
encoded and reference image amplitudes will be

SG

SR
5

uaGuexp~if!exp~if9!

uaRuexp~if9!
5

uaGu
uaRu @cosf 1 i sin f#. [2]

he value off may be obtained by taking a ratio of t
imaginary and real parts of the signal and calculating
arctangent. Care must be exercised in unwrapping the
wheref lies outside the range2p to p.
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APPLICATION OF EPI MICROSCOPY TO LAMINAR
PIPE FLOW

All experiments reported here were carried out usin
Bruker AMX300 NMR spectrometer equipped with a mic
imaging probehead and gradient system. The various flow
deformation cells used were homebuilt and fitted into
standard Bruker NMR probe within the widebore 7-T mag
This probe permits sample dimensions of up to 25-mm ra

The q-encoding PEPI sequence was tested using lam
pipe flow, for which a well-known parabolic velocity profi
should be found. Water was pumped through a PTFE-tube
mm inner diameter at a flow rate of 100 ml/h, giving
averaged velocity of 8.8 mm/s.

In order to clearly resolve the velocity profile of this p
flow, a “field of flow” was chosen in which the maximum va
of f exceeded the arctangent range and was on the orderp.
This led to a an observed wrapping of the parabolic p
dependence on radial positionr , as expected. The PGSE
locity-encoding gradient had a duration ofd 5 2 ms and
amplitude ofGn 5 0.1 T/m. An encoding time ofD 5 8 ms
between the bipolar gradient pair was chosen, resulting
maximum phase value off 5 8 rad, considering the maximu
elocity expected at 17.6 mm/s.
In Fig. 2a we show, for illustrative purposes, the cof

distribution. It nicely demonstrates the effect of the kno
velocity profile and its resulting phase distribution where p
angles in excess ofp are apparent. Figure 2c shows the ef
of the phase wrapping ambiguity in the arctangent calcul
in whichf lies outside the limits2p to p. Figure 2b represen
the two-dimensional velocity profile, calculated from the ph
shift after correction of the phase wrapping by adding 2p at the
phase jump. Note that a change of the sign of the vel
results in a phase shift ofp. In our data such an effect
apparent with the zero velocity point corresponding to a p
of 2p. We calculate the velocity amplitude by implementin
p phase shift. The velocity profile for Poiseuille flow in a p
is expected to be parabolic and given by

n~r ! 5 nmax S1 2 S r

r 0
D 2D , [3]

wherer 0 is the inner wall radius.
Figures 2b and 2d show the experimental velocity pr

(Eq. [3]) and the clear parabolic character demonstrate
quality of the PEPI velocimetry used in this work.

TRANSIENT FLOW IN A BIAXIAL EXTENSION CELL

The velocity-encodingp2EPI technique has also been
plied to measure transient flow behavior in a biaxial exten
cell in which a sample is squeezed between two approa
plates. The squeezing motion causes expansion in the
directions transverse to the squeeze axis and the vel
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352 HAN AND CALLAGHAN
encoding filter was set to encode for this transverse velo
The sample compressed was a gel of cylindrical geometry
3-mm height and 5-mm diameter. This gel was prepared
2% k-carrageenan (a polysaccharide extracted from seaw
n a 0.1% CuSO4 solution of distilled water. The biaxi
extension cell used in the present work is illustrated in Fi
The teflon plugs have a diameter of 16 mm and are init
separated by 3 mm before starting the squeezing proces
upper Teflon plug was attached by a shaft to a stepper m
and gearbox located at the top of the NMR magnet. The
rotates a screw which results in a downward movement
constant velocity. The rotation frequency was 0.11 Hz, with
upper Teflon plug moving downward with a velocity of 0
mm/s.

Figures 4a and 4c present EPI images before squeezin
during squeezing, respectively. As expected, these magn
images show a fairly even distribution of spin density, altho
we do note that the sample mean position does not re
perfectly central during the squeezing process. The c
sponding velocity maps derived from these images are
sented in Figs. 4b and 4d. The velocity map before sque
shows a reasonably homogeneous phase distribution, wh
equivalent ton 5 constant, whereas the image during squ
ng contains a velocity gradient in the transverse direc

FIG. 2. Velocity mapping of laminar pipe flow using theq-encoding P
velocity. (a) The real part of the data, in which a cosf distribution is appa
orrecting the phase wrapping. A paraboloid velocity distribution can be s
rapping aroundf 5 p. (d) The straight line shows an exemplary one-dim
parabola with a maximum close to 17.6 mm/s, as expected. A theore
EPI sequence. This results in a phase shift in each pixel proportional to th
rent. (b) Two-dimensional velocity profile obtained from the arctan analys
een. (c) An exemplary one-dimensional phase distribution obtained from (a) with phas
ensional velocity profile obtained from (b) after correcting the phase wrappi
tical parabola is fitted to this experimental velocity profile (dotted line).
y.
th
m
ed)

.
y
he

tor
aft
th
e

nd
de
h
in
e-
e-
ng

is
z-
n.

FIG. 3. Schematic representation of the biaxial extension cell. (a) Th
consists of a glass tube, where two Teflon plugs with 16-mm diameter are p
The upper Teflon plug is connected to a shaft, which is in turn connecte
stepper motor. The rotating motion of the shaft is translated to a downward m
of the upper Teflon plug at constant velocity. The left figure represents th
containing a sample before squeezing, while on the right the cell during squ
of the sample is shown. (b) Definition of the coordinatesx, z and the time
dependent radius,R(t), and height,d(t), of the sample, in which the local veloc
components of a sample voxel are illustrated.
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353ONE-SHOT VELOCIMETRY
Because the volume of the sample is constant before
during squeezing,

R~t! 2d~t! 5 constant. [4

hus

­R~t!

­t
5

R~t!

2d~t!
z

­d~t!

­t
. [5]

Replacing­R(t)/­t 5 n x and­d(t)/­t 5 n z, we find

nx 5
R~t!

2d~t!
z nz. [6]

The longitudinal velocity isn z 5 0.13 mm/s and the heig
and radius of the sample before squeezing ared(0) 5 3 mm
andR(0) 5 2.3 mm fort 5 0, respectively. From the ima
in Fig. 4c, the averaged radius of the squeezed sample
moment of image acquisition (t 5 1 s) during extension can
extracted, which isR(1) 5 3.5 mm. Using Eq. [4], the heig
of the sampled(1) during extension and acquisition can
derived and Eq. [6] predicts that the transverse velocity a
outer radius of the sample will ben x 5 0.18mm/s. (Note tha
the value ofd(1) which is measured is an average over
image acquisition time. Since it may be shown thatn x ;
d(t)23/ 2, the average value ofn x which results over this acqu-
sition time will be a little higher than predicted by a calcula
using the average value ofd(t).)

In Fig. 5 some exemplary 1D profiles derived from
two-dimensional velocity map in Fig. 4d are presented.

FIG. 4. Velocity mapping of extensional flow of gel sample in the bia
squeezing axis, i.e., along the direction of extension. (a) Magnitude (sp
sample during squeezing. The field of view for both images was chosen
vertical field of view is smaller than the sample extent and foldback effec
of the gel sample during squeezing. The scale units are in millimeters
nd

the

e

e

l-

though the data are somewhat noisy, they appear to sh
constant velocity gradient along the transverse direction.
average outer radial velocity,n x, is coincident with the calcu-
ated value of aboutn x 5 0.18 mm/s. Furthermore, the ima
shows clearly that no shear effects occur during squeezi
the gel sample and that the deformation is purely extensi

CONCLUSION

One-shot velocimetry using PEPI was for the first t
applied to the study of transient deformation of a soft mat
in a biaxial extension cell. The whole sequence, containing
PEPI acquisitions, one with a prior velocity filter and the o
as a reference, takes about 400 ms, allowing 80 ms per im
Given that the whole compression process takes about 3 s
rapid velocimetry provides the only means of imaging the
field in a sufficiently short observation time. The quality of

l extension cell. Motion encoding is for the (horizontal) direction transve
ensity) image of the gel sample before squeezing. (b) Magnitude imagthe ge
optimize vertical resolution in the squeezed sample. Consequently, in i) the
re apparent. (c) Velocity map of the gel sample before squeezing. (d) Vcity map
second.

FIG. 5. Some exemplary one-dimensional velocity profiles obtaine
selecting various cross-sections of Fig. 4d separated by 0.5 mm. The tran
velocity n x varies on average between20.2 and 0.2 mm/s, as expected
purely extensional flow.
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354 HAN AND CALLAGHAN
PEPI velocity imaging technique has been demonstrated
the well-known behavior of laminar pipe flow, resulting i
near-perfect parabolic velocity distribution. Furthermore,
have been able to obtain a two-dimensional velocity map o
transient extensional deformation using the one-shot PEP
quence described above. This map quantitatively agrees
the expected velocity value and shows that, for the gel sy
used here, shear effects do not perturb the extensiona
during deformation in a biaxial extension cell.
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