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A single-scan method for measuring flow along an arbitrary direction
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Abstract

In this article, we demonstrate a single-scan method to measure an average flow velocity vector along an arbitrary direction. This
method is based on the MMME sequence and utilizes static and pulsed magnetic field gradients along multiple directions for the optimal
determination of flow velocity components in three-dimensional space. Experimentally measured average flow velocities from the flow
induced phase shift with a single-scan MMME sequence show excellent agreements with the known flow rate, and the signal decay of
each echo due to a velocity distribution is also quantitatively verified with known laminar flow patterns.
� 2007 Elsevier Inc. All rights reserved.

Keywords: MMME; Flow; Multiple echoes; Single-scan
1. Introduction

Flow velocities of various processes are often measured
by NMR experiments with static or pulsed field gradients.
The motion of spins induces a phase shift to the spatially
modulated spin magnetization in the presence of a magnet-
ic field gradient. This phase shift can be measured by con-
ventional NMR methods such as gradient echo (GE),
pulsed gradient spin echo (PGSE) or pulsed gradient stim-
ulated echo (PGSTE) sequences [1–3]. There have been a
growing number of applications where the phase encoding
of a velocity is followed by fast imaging sequences to
obtain a spatially resolved velocity map. EPI, FLASH
and RARE imaging modules have been successfully
applied to a velocity mapping to study various flow pat-
terns [4–8]. Fast gas flow (>10 m/s) also has been measured
with purely phase encoded MRI with flow sensitization [9].

On the other hand, for time-sensitive processes such as
blood flow in medical applications or fluid characterization
in well logging applications, it can be important to measure
an average flow velocity vector as fast as possible without
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the need for a spatially resolved velocity map. The conven-
tional NMR methods of a velocity encoding require inde-
pendent scans for different gradient directions which may
hamper the monitoring of time-dependent processes.

The multiple modulation multiple echo (MMME)
sequence has recently been shown to be capable of measur-
ing the magnitude of mean flow velocity along the applied
gradient direction [10]. Here, we demonstrate that the
MMME sequence can be extended to measure both the
magnitude and the direction of the average flow in three-di-
mensional space in a single scan. Accordingly, this method
does not require the alignment of a flow direction within
the gradient coil geometry to obtain a flow velocity vector.
This extension, motivated by a successful diffusion tensor
measurement with the MMME sequence [11,12], is
achieved by using a static gradient along one direction
and pulsed field gradients along other directions.
2. Theory

In the presence of a magnetic field gradient ð~gÞ, the
precession frequency of a spin-1/2 nucleus linearly depends
on the position of spins. The spin magnetization becomes
spatially modulated due to this dependence, and this
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Fig. 1. The MMME pulse sequences optimized for a flow velocity
measurement along an arbitrary direction. Seq. A has an advantage of less
gradient switchings and Seq. B provides a lower condition number. Each
number in the RF section labels the corresponding gradient pulse during
each time interval.
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modulation is often described by a time dependent ~k (spa-
tial wave vector),

~kðT Þ ¼ c
Z T

0

qðtÞ~gdt; ð1Þ

where q is the coherence number of the magnetization
state.

For molecules moving at a mean velocity ~vav with a
velocity distribution Pð~vÞ, the shift of the spatial modula-
tion can induce a phase shift (/1) and the magnetization
(M) can be written as,

M ¼ M0ei~vav�~f Q

Z
eið~v�~vavÞ�~f Q Pð~vÞd~v; ð2Þ

/1 ¼~vav �~f Q ð3Þ

and

~f Q ¼ c
Z T

0

qðtÞ~gðtÞtdt: ð4Þ

The coefficient, ~f Q denotes the sensitivity of the phase shift
to the flow and M0 refers to the magnetization in the case
of no flow [10,13]. Q denotes the specific coherence
pathway.

For the conventional flow sensitive gradient experiments
(GE, PGSE, and PGSTE), only one~f Q value can be imple-
mented in a scan so that at least three separate experiments
with orthogonal gradient directions are needed to deter-
mine a flow velocity vector ð~vÞ in three-dimensional space.

It has been shown that multiple echoes with different
flow induced phase shift coefficients ð~f QÞ can be produced
with a few RF pulses in the presence of a constant field gra-
dient [10]. The MMME sequence is also appealing for a
fast flow velocity vector measurement because of the
well-separated multiple echoes (n = (3N�1 � 1)/2, where n

and N is the number of echoes and RF pulses, respectively).
Detailed descriptions and various applications of the
MMME sequence for diffusion measurements or imaging
applications can be found elsewhere [14,11,15,12]. In this
work, we concentrate on the flow induced phase shift.

In the case of flow with a distribution of velocity, Eq. (2)
can be generally expanded to get,

M ¼M0ei~vav �~f Q 1þ i

Z
ð~v�~vavÞ �~f QPð~vÞd~v�

Z ðð~v�~vavÞ �~f QÞ2

2 !
Pð~vÞd~vþ���

" #
:

ð5Þ
When a distribution of velocity is symmetric about the

mean velocity, the imaginary part in [� � �] in Eq. (5) vanish-
es, the flow induced phase shift (/1) is proportional to
~f Q, and the flow distribution causes a reduction in each
echo’s amplitude. An average flow velocity can be
measured for a symmetric distribution of velocities. For
non-symmetric velocity distributions [16,17], the imaginary
part in [� � �] in Eq. (5) becomes non-zero and /1 is not
exactly linear in ~f Q. Then the phase dependence on ~f Q

can be used to extract higher order moments of the velocity
distribution [16].
3. Pulse sequence and optimization

Now, we describe the MMME sequence for measuring a
flow velocity vector along an arbitrary direction. Consider
a sequence given in Fig. 1. Thirteen well-separated echoes
are formed following four RF pulses in the presence of a
constant Gz gradient in a single scan. Each echo is the result
of one specific coherence pathway. Appropriate pulsed field
gradients along the x and the y directions are added to
optimally determine flow velocity components in three-di-
mensional space, both in pulse sequence A (Seq. A) and
pulse sequence B (Seq. B). Both sequences generate 13 dis-
tinct fully refocused ð~k ¼ 0Þ echoes. The gradient pulse
sequence determines the 13 · 3 flow induced phase shift
coefficient matrix of F ij(j = x,y,z, i = 1–13). We rewrite
Eq. (3) in a matrix form to account for the flow induced
phase shift of each echo in the MMME sequence in the
presence of a flow velocity vector,

U1 ¼ F � V ; ð6Þ

where F ij ¼ ½c
R T

0
gjt dt�i, Vj = vj and Ui

1 ¼ /i
1ðj ¼ x; y; z;

i ¼ echo numberÞ.
An unique determination of V requires at least three lin-

ear equations or measurements. For over-determined sys-
tems (when there are more linear equations or
measurements than unknowns), the least square solution
that minimizes the residual error for V is given by [18],

V ¼ ðF T � F Þ�1 � F T � U1: ð7Þ
The crosses indicate matrix multiplications. To obtain an
optimized gradient sequence to get a reliable solution for
V, we consider a well-known measure of the intrinsic error
in linear equations. This value, referred to as the condition
number [18,19], relates the relative error in the input data
(U1) to that in the output parameters (V ),
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dV
V
¼ condðF Þ dU1

U1

; ð8Þ

where cond(F) = iF�1i Æ iFi and i Æ i denotes norm. F�1 rep-
resents the pseudo-inverse when F is non-square matrix.
Clearly, it is favorable to have a lower condition number
if possible since it improves the accuracy of V with a given
measurement error in U1. On the other hand, we also want
to reduce the number gradient switchings and prefer to use
lower gradient values to minimize the effect of eddy cur-
rents. These are important issues, since the MMME se-
quence requires many refocusing gradient pulses to
acquire the full train of echoes.

Seq. A has an advantage of less gradient switchings by
having no pulsed gradient field during the period ‘‘1’’ in
Fig. 1, and provides the condition number of 10. Omitting
the pulsed field gradient during the period ‘‘1’’ is useful
from a practical point of view because refocusing gradients
are only needed before every three echoes. This feature was
also utilized in the 2D diffusion measurement [11,12]. Seq.
B can reach closer to the condition number of 1 but
requires intensive gradient switchings before each echo.
These sequences are representative for both pulsed gradient
schemes with reasonable condition numbers but not neces-
sarily the best gradient configuration for each case, because
we limited the strength (614 G/cm) and the duration
(1 ms) of gradient pulses for both cases. We implement
and compare the results of both sequences.
4. Materials and methods

The sample used in the experiment was a 5-mm NMR
tube (inner diameter: 0.424 cm) connected to a continuous
flow system (syringe pump 1000D, Teledyne ISCO, Inc.,
USA). Experiments were performed at a 2T horizontal bore
magnet (Nalorac Cryogenics) operating at a proton fre-
quency of 85.1 MHz. A Bruker Biospec spectrometer and
a home-built 1 cm diameter saddle coil RF probe were used.

The 4-pulse MMME sequence in Fig. 1 was used with
s = 2 ms. The combination of flip angles was [54�–71�–
71�–110�], which are shown to provide the most uniform
echo amplitudes and shapes among different echoes
[14,15]. The p/2 pulse duration was 10 ls and the phases
of RF pulses were all zero. The gradient values used for
Seq. A and Seq. B in Fig. 1 are summarized in Table 1
Table 1
Gradient values used for the MMME sequences

Gradient pulse
number

1 2 3 4 5 6 7

Gz for Seq. A,B 2 2 2 2 2 2 2
Gx for Seq. A 0 �10 �14 0 �10 0 0
Gy for Seq. A 0 �2 �14 0 �2 0 0
Gx for Seq. B �5 �5 �1 �5 5 �5 �5
Gy for Seq. B �5 4 �5 �5 14 �5 �5

Top row refers to the gradient pulse number as indicated in Fig. 1.
Seq. A and Seq. B have condition numbers of 10 and 4, respectively. The durat
the strength of gradient pulses are given in the unit of G/cm.
and the duration of the gradient pulse along the x and
the y direction was 1 ms. Seq. A and Seq. B have condition
numbers of 10 and 4, respectively. Finally, a phase alternat-
ed 3 pulse MMME sequence with a constant gradient along
the flow direction (z) was used to evaluate the magnitude of
a fast flow velocity along the gradient direction.

As reference experiments, all sequences were initially
executed for a stationary sample. The phase of receiver
was adjusted until the imaginary signals were close to
zero. Euler rotations of Rz(p/4)Ry(p/4)Rz(p/4) and
Rz(0)Ry(0)Rz(p/4) were performed on the gradient sets’ ref-
erence axes to implement 3D and 2D flow conditions with-
in the existing gradient coil geometry, respectively. R/(a)
refers to a rotation about the / axis by an angle a and
any three dimensional rotation can be decomposed into
the triplet of Euler angles as Rz(c)Ry(b)Rz(a).

A phase change for each echo due to a flow (U1, 13 · 1
matrix from Eq. (5)) was estimated by minimizing the
imaginary part of each echo. A numerical phase, exp(�i/)

was applied to both the reference and the flow experiment
until the integral of imaginary signal was zero, and the flow
induced phase shift was obtained from /1 ¼ /flow

min � /ref
min.

We note that with a adjusted receiver phase, the value of
/ref

min for each echo is close to zero and no additional refer-
ence scan will be needed.

An amplitude reduction for each echo in the MMME
sequence due to a velocity distribution can be calculated
exactly with the known Pouiselle pipe flow distribution.
P(v) is 1/2vav(0 < v < 2vav) for laminar flow. For this distri-
bution, Eq. (2) becomes,

jM j ¼ jM0j
sinðvavfQÞ

vavfQ
: ð9Þ

This reduction in the signal amplitude for each echo is
verified by comparing echo signal intensities for both the
reference and the flow experiment for a 1D flow case.

Table 2 summarizes average flow velocities and the
experimental parameters used in the experiments. An aver-
age flow velocity is obtained from dividing the volumetric
flow rate by the cross sectional area of the NMR tube.
5. Experimental results and discussion

Fig. 2 compares the calculated phase shifts (derived
from F and V values in Table 2) and the experimentally
8 9 10 11 12 13 14 15 16

2 2 2 2 2 2 2 2 2
6 0 0 �10 0 0 �10 0 0

�10 0 0 �2 0 0 �2 0 0
19 �5 �5 5 �5 �5 5 �5 �5
�3 �5 �5 14 �5 �5 14 �5 �5

ion of each gradient pulse along the x and the y direction is set to 1 ms and



Table 2
Experimental sequence parameters used in various experiments

Flow 1 Flow 2

Experimental parameters vz, vx, vy (mm/s) vz, vx, vy (mm/s) s (ms) d (ms) Number of RF pulses (N)
Seq. A, Seq. B with 1D 0.24, 0, 0 0.47, 0, 0 2 1 4
Seq. A, Seq. B with 2D 0.17, �0.17, 0 0.33, �0.33, 0 2 1 4
Seq. A, Seq. B with 3D 0.17, �0.12, 0.12 0.32, �0.24, 0.24 2 1 4
Fast flow with 1D 47.2, 0, 0 23.6, 0, 0 0.1 3

Seq. A and Seq. B refer to the different gradient sequence as shown in Fig. 1 and Table 1. 2D and 3D flow conditions are implemented by suitable rotations
of the gradient sets’ reference axes in the presence of uniform flow ((1) 0.24 mm/s, (2) 0.47 mm/s) along the z direction. s and d refer to the time spacing
between echoes and gradient pulse length along the x and the y directions, respectively.
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Fig. 2. Experimental results showing agreements between the calculated and the experimentally measured flow induced phase shifts. The sequence
parameters of the corresponding experiments are listed in Table 2.
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measured phase shifts for each echo from both Seq. A and
Seq. B for various cases. Agreements between the theoret-
ical and the experimental flow induced phase shift are
excellent.

Fig. 3 verifies the echo signal decay due to a velocity
distribution. Initially, a reference experiment with no
flow condition was performed to obtain M0 in Eq. (9)
for each echo. In the top figure, expected signal reduc-
tions due to a velocity distribution are calculated from
Eq. (9) and the calculated echo intensities are compared
with the measured echo intensities from the flow experi-
ments. In the bottom figure, each echo intensity (M) in
the flow experiments is normalized to the corresponding
echo intensity (M0) from the reference experiment. This
normalization cancels the effects of RF pulse flip angle,
self-diffusion and relaxation from the echo amplitude
data. The normalized echo intensities are shown with
the theoretical calculations from Eq. (9). Their agreement
quantitatively confirms the decay of echo signal from a
velocity distribution.

Finally, Fig. 4 compares the flow velocity components in
Table 2 and the corresponding least-square solutions for V

from the measured flow induced phase shifts. Five separate
experiments were performed for each condition for Seq. A
and Seq. B to estimate the standard deviation of estimated
V and are shown to fall within �5% of mean velocities
measured. Agreements between the actual velocity compo-
nents and the measurements are outstanding. The velocities
measured with Seq. A show a slightly larger standard devi-
ation in the repeated measurements than those from Seq.
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B, consistent with the sequences’ different condition
numbers.

The benefit and accuracy of a single-scan flow velocity
vector measurement with the MMME sequence is clearly
demonstrated in Fig. 4. On the other hand, it is worthwhile
to consider the effective range of a flow velocity that can be
measured from a specific MMME sequence with a given s
and gradient values.

For the 13-echo MMME sequence, the last echo
acquires the maximum phase shift of 4.5gvs2 radians for
a 1D flow. For a reasonable phase estimation without a
phase overlap, we may set the limit for the available param-
eters for the sequence such that 4.5gvs2 < p. For example,
the maximum flow velocity that can be measured by
g = 2 G/cm and s = 2 ms is 0.09 cm/s. For the 4 echo, 3
pulse MMME sequence, the maximum phase shift on the
4th echo is 0.43 gvs2 radians. For g = 10 G/cm and
s = 0.1 ms, the maximum velocity that can be measured
can be extended to 163 cm/s.

We also note that the flow induced phase shift depends
linearly on g and quadratically on s, which will make the
shorter MMME sequences more attractive for a fast flow
measurement. Furthermore, an RF phase alternation
scheme demonstrated in Fig. 5 improves the separation
of each echo by a factor of two, which enables a shorter
MMME sequence with given gradient values. Fig. 5 shows
the echo intensities for both channels for an experiment
where the RF pulse phases were alternated between 0 and
p/2 in successive pulses. The data quality demonstrates
the benefit of the increased echo separation.

Fig. 6 shows the 1D flow velocity measurements for fast
flow velocities using the phase alternation technique with
g = 10 G/cm and s = 0.1 ms with the 3-pulse MMME
sequence. The experimental results are in good agreement
with the expected flow velocities which are showed in the
legend of Fig. 6. The 3 pulse sequence, while not suitable
for a 3D flow determination, provides a competitive scan-
ning speed with the conventional single echo methods.

The extension of this work to more heterogeneous sys-
tems and/or to a spatially resolved flow measurement war-
rants some discussion. First, the stationary ‘‘reference’’
experiment may not be practical for in vivo flow imaging
or ex-situ logging measurements. Fortunately, the phase
measurement from which the flow is derived does not
require this reference scan. However, the flow-based signal
attenuation would be superposed on that from diffusion, so
the velocity distribution sensitivity of the MMME sequence
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may be more difficult to exploit in practice. Also, although
relaxation weighting does not affect the phase of the mag-
netization directly, sufficiently high relaxation rates in cer-
tain portions of the flow network may filter out those
portions’ phase contributions and skew the measured aver-
age flow. These effects will depend quantitatively on the
system under investigation and should be considered in
the use of MMME for flow applications.

6. Conclusion

We have shown that the MMME sequence can be
extended for a measurement of an average flow velocity
vector along an arbitrary direction in a single scan. The
theoretical framework to understand the phase and the
magnitude sensitivity of each echo of the MMME sequence
was presented in the presence of a flow. We found an excel-
lent agreement between the theory and the experiment for
each of 1D, 2D, and 3D average flow velocity measure-
ment, and quantitatively verified the origin of echo signal
decay due to a velocity distribution for the case of a sym-
metric Pouiselle flow. For a non-symmetric flow, higher
order moments of a velocity distribution can be inferred
from the phase of each echo signal, and the MMME
sequence with sufficiently many echoes may be used as a
rapid method to obtain the information of a velocity distri-
bution for a non-symmetric flow case.

In addition, the effective range of a flow velocity that can
be measured from the specific MMME sequence is estimat-
ed. An echo separation technique from the RF phase alter-
nation scheme is demonstrated and applied to a fast flow
measurement with a short MMME sequence.
It was also shown that the normalization of each echo
intensity to the corresponding echo intensity from the ref-
erence experiment without flow effectively eliminates the
echo amplitude variations due to diffusion and relaxation
effects.

This method will be applicable to mean flow velocity
measurements for time-sensitive processes such as blood
flow in medical MRI and fluid characterization in fast
processes.

This work is supported in part by the National Institutes
of Biomedical Imaging and Bioengineering (EB003869-01).
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