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Abstract

The understanding of fluid transport in miniaturized flow devices is an important component in the design of flow cells, micromixers,
and microreactors. In this manuscript, we employ NMR in the form of a voxel-selective multiple modulation multiple echo sequence
(MMMEYV) to monitor average velocities in individual microchannels inside a six-channel network. The technique produces average
velocities which are consistent with the imposed flow rates. In addition, we take advantage of the short acquisition time (32 ms per veloc-
ity component) of the technique to quantitatively track the time evolution of the fluid velocity in a pulsatile flow phantom.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

In the last decade, the technology in biomechanical and
electro-mechanical devices has become more and more
miniaturized, resulting in lab-on-a-chip concepts. At pres-
ent, the investigation of fluid transport in such miniatur-
ized devices is primarily performed using optical imaging
techniques, such as microscopic particle image velocimetry
(micro-PIV [1]). These methods require not only optically
accessible media (transparent flow cells, mixers or reac-
tors), but also microscopic particles to trace the flow paths.
The tracer particles can modify the hydrodynamic proper-
ties of the fluid, which can highly impact the flow charac-
teristics, especially at very small length scales.

Nuclear magnetic resonance (NMR) imaging techniques
constitute valid alternatives for flow studies given that
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NMR is non-invasive and compatible with both opaque
and transparent media. NMR velocimetry in the form of
flow-compensated phase contrast [2], spin tagging imaging
[3] or pulsed gradient spin echo (PGSE) [4,5], is an estab-
lished technique, especially at larger scales. In the micro-
scopic regime, NMR has been used in combination with
microfluidic devices for the investigation of reaction kinet-
ics [6,7] and protein conformation changes [8]. Some of the
above mentioned MR velocimetry methods, in particular
PGSE, have been used to generate flow maps inside micro-
structures such as flow cells [9] and micromixers [10]. While
PGSE results in accurate three-dimensional velocity pro-
files, it has the drawback of being time-consuming. This
method is thus not practical in cases where a fast, robust,
non-invasive method is needed to provide quality control
and testing of flow cell, reactor, or mixer designs under
varying conditions, such as flow rates, temperature, and
pressure. Moreover, for this type of testing only the aver-
age velocity in individual channels may be required, and
therefore, fast and quantitative methods which can provide
such information are desirable. Several groups have recent-
ly introduced fast methods for flow and diffusion measure-
ments, based on multiple modulation multiple echo


mailto:luisa.ciobanu@pfizer.com

338

(MMME) techniques [11-13]. In the current manuscript,
we present a voxel-resolved MMME pulse sequence for
velocimetry (MMMEYV), and demonstrate its utility by
measuring flow in the individual channels of a microchan-
nel network. In addition, we show that this fast method
constitutes an accurate technique to quantitatively track
unsteady flows by acquiring velocity measurements in a
pulsatile flow phantom that match with the imposed
flow-through.

2. Method
2.1. Theory

In the presence of a magnetic field gradient G, the trans-
verse magnetization accumulates a phase ¢ at time T given
by

o(T) = y/o qg()[G - (vt +19) + By dt

T
B(T)+ 6u(T) 4780 [ alas (1)
where By is the static, polarizing magnetic field, and ¢ is the
magnetization state (¢ =1 for My, ¢ =—1 for M_ and
g = 0 for M,). The initial position and the velocity vectors,
ro and v, contribute to the phase accumulation via the
terms ¢ and ¢, respectively. The times T'= T; for which
¢o =0 correspond to times at which the jth echo appears
(an echo forms when previously in-phase magnetization
refocuses [14]). Therefore the phase of each echo becomes
() = P10))-
We decompose ¢(j) as

W)=Y )= X 1 [ aGinar
= Z vicgi(j) (2)

In Eq. (2), v; and G; are the velocity and gradient compo-
nents along the i axis, and ¢y (j), defined as
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T;
o) =7 [ aloGora ()
denotes the sensitivity of the coherence pathway (Q) to the
velocity. The coherence pathway formalism Q has been
recently described in [15,16].
If the following condition is imposed:

coi(j) =0 fori=ux,y and all echoes j (4)
then Eq. (2) becomes
¢l(/) = UZCQ,ZU) (5)

It follows that each echo phase ¢(j) is proportional with the
z component of the velocity, v.: ¢(j) = v.co -(j). The veloc-
ity component of interest, v., is then experimentally deter-
mined as the slope of the measured phase at the jth echo,
¢1(j), as a function of cp.(j). More generally, all three
velocity components can be measured individually in three
steps, provided that for each velocity component measure-
ment the magnetic gradient G(¢) is tailored appropriately
to impose condition (4) on the other two axes.

2.2. Experiments

All experiments were conducted using a Varian Unity/
Inova 600 MHz NMR spectrometer equipped with gradi-
ents with a maximum strength of 90 G/cm and a 30 mm
diameter RF probe. Pulse programming was performed
on Varian VNMR software, and the data were processed
and analyzed with MATLAB 6.50 (The MathWorks, Inc.).

The pulse sequence used is shown in Fig. 1; pulse and
delay timings are defined in this schematic. The sequence
is based on the fact that multiple RF pulses in the presence
of a constant gradient generate independently evolving
coherence pathways giving rise to multiple echoes [17]. In
the present implementation, we use four rectangular RF
pulses, which generate 13 echoes. The RF pulse flip angles
are oy/on/as/ay = 51°/77°/77°/110°. This set of flip angles
was previously determined to result in echoes of similar
magnitudes [11]. The phases of the RF pulses are all zero.
Magnetic field gradients are applied between, during, and
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Fig. 1. MMMEY pulse sequence. The four RF pulses generate 13 echoes, each of them containing phase information. The G, gradient acts as flow-
encoding gradient, while G,, G,, and G select the voxel of interest. The negative gradient pulses are used to null the first order G, and G, gradient

moments.
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Table 1
Coherence pathways for each of the 13 echoes produced by the pulse
sequence shown in Fig. 2

Echo index j 90 q 9> 93 qa
1 0 1 0 0 -1
2 0 -1 1 0 -1
3 0 0 1 0 -1
4 0 1 1 0 -1
5 0 -1 -1 1 -1
6 0 0 -1 1 -1
7 0 1 -1 1 -1
8 0 -1 0 1 -1
9 0 0 0 1 -1
10 0 1 0 1 -1
11 0 -1 1 1 -1
12 0 0 1 1 -1
13 0 1 1 1 -1

after the pulses. Along the direction of the velocity compo-
nent of interest (e.g. along the z-direction), a constant field
gradient G, is applied between and after the RF pulses to
encode the velocity component.

Gradients along x, y, and z are applied during the RF
pulses in order to select only the voxel of interest. In addi-
tion, along both x and y directions, refocusing gradient
lobes equal in magnitude to G, and G, are applied, as
shown in Fig. 1. The durations of the refocusing gradients,
01, 02, 03, and Jy, are calculated such that the condition giv-
en by Eq. (4) is satisfied. To do so, each slice-selective gra-
dient is split into halves, since each half corresponds to a
different ¢. Then, for each half there corresponds a refocus-
ing gradient lobe. The duration ¢ is such that within the
segment with the same ¢ that comprises the refocusing gra-
dient lobe and one half of the slice-selective gradient, the
first moment of the composite gradient pulse is zero. Pulse
sequences to measure the other two velocity components
are written by permuting x, y, and z appropriately. For
all experiments, the delays between the RF pulses are
71 =900 ps, 1, =31, and t3 =97, respectively, and all
RF pulses are 200 pus long. The resulting durations for
the  refocusing  gradients are:  §; = 109.972 ps,
0> = 110.064 ps, 63 = 109.992 ps, and 64 = 110.02 ps. Data
points are collected over a period of 20 ms (np =400,
SW =20 kHz, nt = 1), resulting in a total acquisition time
per velocity component of 32 ms.

The coefficients ¢ used in Eq. (3) are shown for each
individual echo in Table 1 [11]. Each coherence pathway
is characterized by five coefficients, qo, g1, 42, 43, ¢4, Where
go =0 is the magnetization state before the first pulse,
g4 = —1 is the magnetization state during the detection
period, and intermediate ¢, values correspond to the
periods between the mth and (m + 1)th RF pulses.

2.3. Validation

The pulse sequence is first tested on a simple phantom: a
rigid tube (inner diameter 3.175 mm) connected to a syr-
inge pump. The velocity is measured along all three axes,
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Fig. 2. MMMEYV results for velocity measurements in a rigid tube along
all three directions. The arrow indicates the predicted v. velocity
corresponding to a flow rate of 20 ml/h. The bars indicate the standard
deviation over ten measurements.

for an imposed flow rate of 20 ml/h in a voxel located in
the middle of the tube with dimensions of 4 x 4 x 2 mm®.
The velocity-encoding gradient is G, = 10 G/cm. The re-
sults, obtained from ten measurements, are shown in
Fig. 2. The measured average velocity along the axis of
the tube is found to be 0.705 £ 0.045 mm/s, which is con-
sistent with the predicted velocity of 0.702 mm/s. Along
the other two axes, the mean velocity should be zero, which
agrees very well with the experimental results. We have
thus demonstrated our ability to measure the components
of a velocity vector independently by canceling the phase
contribution due to the voxel selective gradients along the
other two axes.

3. Results and discussion

3.1. Localized velocity measurements inside a microchannel
network

A six-microchannel network was built using stereoli-
thography (Fig. 3A). Each channel is 18 mm long with a
rectangular cross-section of about 0.615 mm?”. The inlet
and outlet of the microchannel network are connected to
Teflon tubing. The inlet tubing is attached to a syringe
pump (Harvard Apparatus, Holliston, MA). Water doped
with copper sulfate (77 =0.25s, T, =0.22 s) flows in one
direction inside three channels and returns through the
other three (Fig. 3B). By design, the flow rate in the three
left channels is equal to the flow rate in the three right
channels, resulting in a zero net flow rate in a cross-section,
which allows a quick assessment of the accuracy of the
velocity measurements. The flow in individual channels
may not be identical due to slight differences in cross-sec-
tional areas and inlet/outlet conditions, which lead to an
uneven flow distribution.

A two-dimensional spin echo image is acquired with a
nominal in-plane resolution of 50 pm and a slice thickness
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25 mm

of 1.5 mm in order to position the voxels containing the
individual microchannels in which the velocity is to be mea-
sured. The positions of the selected voxels are indicated in
Fig. 3B. The dimensions of the selected voxels are
4x1.5x1.5mm> Measurements for flow rates ranging
from 2 to 10 ml/h are then performed. The magnitude of
the flow-encoding gradient G, is varied between 6 and
12 G/cm depending on the flow rate (smaller gradients
are needed for higher flow rates to avoid phase wrapping).

MMMEV data sets are acquired for each of the six
microchannels, first with no flow, and then with flow.
The static data sets are used as phase references for the flow
measurements. In terms of numerical data processing, for
each flow rate we compute the phase differences
1= P1jflow — P1staticc Where j= {1, ... 13} is the echo
index. The coefficients ¢ .(j) are calculated for each echo
using Eq. (3). The times at which the echoes occur are
determined experimentally (these times can be calculated
theoretically using the formalism developed by Sodickson
and Cory [18]). As representative examples of the velocity
measurements, in Fig. 4 the phase shift ¢(j) is plotted as
a function of cy(j) for two voxels, corresponding to micro-
channels #1 and #6, for imposed flow rates of 4, 6, and
8 ml/h. The flow velocities are extracted from the data
points as the slope of zero-intercept linear fits. The refer-
ence scan is not necessary; however, if a reference scan is
not used the data points should be fitted using an uncon-
strained linear regression (not forced to pass through
origin). The intercept of the fit gives the constant phase ¢y.

A careful analysis of the pulse sequence shown in Fig. 1
reveals that echoes 1, 11, 12, and 13, which are generated
by the first, second, and fourth RF pulses are contaminated
by signals coming from spins located outside the voxel of
interest. These echo pathways are not affected by the third
slice-selective RF pulse (which selects the voxel dimension
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Fig. 3. Stereolithographic resin microchannel network. (A) Digital photograph. The channels have rectangular cross-sections of about 0.615 mm? and are
18 mm long. (B) Binarized MRI spin density image obtained using manual threshold showing the flow paths. The image was taken under static conditions;
all the channels were filled with water and the syringe pump was stopped. The positions of the voxels in which the velocities are measured are also shown.

in the x direction) and contain signals from spins located
in the entire zy plane. Therefore these echoes are not used
in our velocity analysis. In order to remedy this situation
and use all 13 echoes, the RF pulses would need to be re-
placed with multidimensional spatially selective RF pulses
[17,18]. Alternatively, the unwanted echoes can be removed
by adequate phase cycling, with the disadvantage that this
will require repetitive scans and thus increase the acquisi-
tion time.

The results for individual microchannels for all flow
rates are presented in Table 2, where the standard deviation
is calculated from ten measurements. The cross-sectional
area for each channel was measured via a high resolution
spin echo image (25 um in-plane resolution). This allows
the computation of the average inflow and outflow veloci-
ties, experimental and predicted, which are shown in Table
3. As illustrated by Tables 2 and 3, the average inflow and
outflow velocities obtained agree within 8% and match the
imposed flow rate within 8%.

3.2. Pulsatile flow measurements

A phantom was constructed out of polyethylene rigid tub-
ing (inner diameter 3.175 mm) in order to preserve the pulsa-
tile flow waveform generated by a programmable Harvard
Apparatus pump (Harvard Apparatus, Holliston, MA).
The phantom is filled with an aqueous copper sulfate solu-
tion(7T; =0.25 s, T, = 0.22 s), and placed in the magnet with
the flow direction parallel to the direction of the magnetic
field. The flow rate is varied according to an imposed trian-
gular waveform with a peak flow rate of 60 ml/h. The veloc-
ity-encoding gradient is G, =4 G/cm. The velocity is
measured every 2s in a voxel with dimensions of
4 x 4 x 2 mm?>. The sampling rate is limited by the perfor-
mance of the pump and ultimately by 77 relaxation effects.
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Fig. 4. Flow-induced phase shift versus ¢, for three different flow rates in microchannels #1 (negative velocities) and #6 (positive velocities). The data
points for each flow rate were fitted with straight lines, the slopes giving the corresponding mean flow velocities. Symbols: O 8 ml/min, (J 6 ml/min,

<& 4 ml/min.
Table 2
The average velocities in each individual channel
Channel Velocity (mm/s)

10 ml/h 8 ml/h 6 ml/h 4 ml/h 2 ml/h
1 —1.08 +0.06 —0.88 +0.07 —0.60 +0.03 —0.39 +0.03 —0.18 +0.02
2 —1.41+0.08 —1.14+0.03 —0.90 + 0.04 —0.68 + 0.04 —0.35+0.02
3 —1.64 +£0.04 —1.354+0.08 —1.00 £ 0.03 —0.67 +0.02 —0.34 +0.02
4 1.46 +0.04 1.19 +0.06 0.95 4+ 0.04 0.68 +0.04 0.36 +0.03
5 1.57 +0.09 1.324+0.11 0.83 4+ 0.05 0.51 +0.03 0.27 +0.02
6 1.53 +£0.05 1.21 +£0.05 0.90 + 0.04 0.57 +0.04 0.28 +0.05

The values are obtained from ten measurements.

Table 3
Comparison of experimental and predicted average inflow and outflow
velocities

Q (ml/h) Average velocity (mm/s)
Experimental Predicted
Inflow Outflow Inflow Outflow
10 1.52 +0.04 —1.38 +0.04 1.520 —1.491
8 1.24 4+ 0.06 —1.12£0.03 1.216 —1.193
6 0.89 +0.03 —0.83 £0.03 0.912 —0.895
4 0.59 £0.02 —0.58 +0.03 0.608 —0.597
2 0.32+0.02 —0.29 £ 0.02 0.304 —0.298

For the pulsatile flow experiment, we chose the last
measurement as a reference, which corresponds to static
conditions. The comparison between the experimentally

measured velocities and the waveform imposed is shown
in Fig. 5. The experimentally derived velocities agree well
with the imposed flow rates in both magnitude and timing:
the overall root-mean-square (rms) of the difference
between the measured and analytical velocities is
0.168 mm/s, corresponding to 8% of the peak fluid velocity.

4. Conclusion

In this manuscript, we employ NMR in the form of a
voxel selective multiple modulation multiple echo sequence
(MMMEYV) to monitor average velocities in individual
microchannels inside a six channel network and inside a
pulsatile flow phantom. With acquisition times of several
tens of milliseconds, the technique produces average veloc-
ities that are consistent with the imposed flow rates and
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Fig. 5. Comparison of the velocity measured by MMMEYV with the imposed waveform in a pulsatile flow experiment. The solid line represents the
imposed waveform. Open circles are experimental data points and the error bars correspond to the statistical uncertainty in the slope measurement from

the linear fit of the echo phases versus cg ..

measured cross-sectional areas, both in steady and pulsatile
regimes. The size of the voxel in which the velocity can be
measured is limited by the maximum magnetic field gradi-
ent available and ultimately by adequate signal-to-noise
ratio.

This technique can be used to provide quality control
and testing of flow cells, microreactors, or micromixers un-
der varying conditions, such as flow rates, temperature,
and pressure fields. Thanks to the ability to provide local-
ized velocity information in nearly real time, the presented
flow measurement technique could be very useful in a vari-
ety of biomedical applications. For example, it can be used
for the assessment of different pathological conditions
(cerebrovascular abnormalities, coronary artery disease),
during intravascular procedures, or for studies of vascular
hemodynamics in vivo. The implementation of the tech-
nique is simple and requires standard MR imaging hard-
ware. The success of the method for velocity
measurements is limited by factors such as: proper setting
of the velocity sensitivity, proper alignment of the flow-en-
coding gradient with the axis of blood flow, and good selec-
tion of the voxel of interest (in cases where blood vessels
are close to each other, it may not be possible to select only
the vessel of interest, resulting in average velocity measure-
ments that may not be easily interpreted).
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