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Abstract

A fast method for quantitative imaging of 7> and displacement (flow and diffusion) is presented. The pulse sequence combines
multi-PGSE NMR with multi-echo acquisition and compensates for flow effects in the read gradient and diffusion during multi-echo
trains. The impact of the gradient pulses in a multi-echo train on the signal phase and amplitude is discussed. It is shown that
separate 7> and displacement images with microscopic resolution can be obtained within minutes. The capability for 3D flow
imaging is demonstrated. The sequence is then used to investigate forced detachment of a biofilm in a tube.

© 2004 Elsevier Inc. All rights reserved.

Keywords: Flow; Diffusion; 7> relaxation; Fast imaging; Biofilm

1. Introduction

Compared to other non-invasive imaging methods,
one of the most distinguishing features of MRI is the
possibility to measure parameter-weighted or parameter
images [1-3]. Such parameters include longitudinal and
transverse relaxation, diffusion, chemical shift, and
molecular order, just to name a few. A parameter image
can reveal structures in the sample, which may not be
apparent in a normal proton density image. A standard
procedure to measure a parameter image is to acquire a
series of parameter-weighted images and apply a fitting
function to each image voxel in order to extract the
parameter of interest. Due to this, the acquisition of
such parameter images is time consuming, and not
suitable for dynamic systems or three-dimensional im-
aging.

Fast imaging techniques based on low-angle excita-
tion, like FLASH [4] or SSFP [5], enable a fast image
acquisition, but suffer from relatively poor signal-to-
noise ratio as well as 7, signal attenuation, which is a
serious problem for microimaging applications.

" Fax: +49-6894-980400.
E-mail address: bertram.manz@ibmt.fraunhofer.de.

1090-7807/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jmr.2004.04.003

Other fast imaging techniques such as RARE [6] or
EPI [7], and their hybrids [8-18], are extremely useful for
proton density and velocity imaging, even with micro-
scopic resolution. The idea is to sample multiple lines in
k-space with a single excitation by signal refocusing
using spin-echoes or gradient echoes and incrementing
the phase encoding gradient between successive echoes.
However, because the echoes are all acquired with dif-
ferent echo times, the resulting images suffer from 75 or
TS contrast, which makes these methods less suitable for
the measurement of 75 maps.

A different approach for the fast acquisition of 73
maps has been introduced by Edzes et al. [19]. Like the
RARE technique, it is based on a multi-echo train, but
here subsequent echoes are used for 7Tg-weighting, and a
normal spin-warp is employed for phase encoding. The
authors point out that due to diffusive signal loss in the
applied read gradient an apparent relaxation time 77,
which is shorter than 7>, is measured using such a multi-
echo sequence. For voxel sizes larger than 100 um, the
difference between 73 and 75 is negligible, but becomes
more important as the pixel size decreases. Ultimately,
as the resolution and therefore the read gradient in-
creases, the diffusive signal attenuation dictates the value
of Ty, and any information about the intrinsic value of
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T is lost [2,19,20]. By introducing two separate delays in
the echo cycle, it is possible to compensate for diffusion
effects in a 7> imaging experiment [21], or to compensate
for T»-effects in a diffusion imaging experiment [22].

The imaging sequence reported in this paper describes
how a new variant of the multi-echo sequence avoids
this drawback and can be applied to yield a high reso-
lution map of both intrinsic 7> and displacement. We
have termed this sequence COMbined Relaxation and
Displacement Experiment (COMRADE). This sequence
is particularly useful for studying systems where both 7,
and displacement images are required. Examples of such
systems are brain lesions [23-26], plant material [16,27—
30], and biofilms [31-36], just to name a few.

In this study, the COMRADE sequence will be
demonstrated on three systems: (i) a static phantom
sample containing liquids with different 75 and self-dif-
fusion coefficients, (ii) water flowing through a step
contraction, and (iii) a study on forced detachment of
biofilm in a tube reactor.

2. Theory

A schematic diagram of the COMRADE pulse se-
quence is shown in Fig. 1, where pulse, and delay times
are defined. The experiment is based on a multi-echo se-
quence similar to the RARE experiment. However, only
every second echo is used for data acquisition. This allows
easy flow encoding while retaining the overall symmetry
of the pulse sequence. Also, as will be shown in the next
paragraph, the read gradient of every second echo is
naturally flow compensated, which is of great advantage
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Fig. 1. A schematic diagram of the COMRADE pulse sequence. The
arrows mark the positions of spin echoes, and the dashed box indicates
the multiple echo acquisition loop. The phase encoding gradient, which
is incremented between scans like in single echo spin warp imaging, is
applied to even echoes and unwound again for odd echoes. The dis-
placement encoding ¢-gradient may be along any direction.

when dealing with fast flow velocities. For the same
reason, the slice gradient is flow compensated as well.

It should be noted that the gradient cycles considered
here are similar to the cycles applied by Callaghan and
Stepisnik [37]. However, these authors perform a fre-
quency-domain analysis of the echo signal by varying
the delay between gradient pulses and keeping the length
of the echo train constant. As a contrast, our suggested
experiment is a time-domain analysis with incrementing
evolution time.

We will now calculate the effect of flow, unrestricted,
diffusion and transverse relaxation on the signal inten-
sity during the nth echo (n = 1,2,...) in the multi-echo
train shown in Fig. 1.

2.1. Flow

To calculate the effects of the gradient pulses on the
signal phase, it is convenient to define the effective gra-
dient g*(¢), which takes account of the influence of RF
pulses on the spin phase [2]. These, along with the zeroth
moment of the magnetic field gradient My(¢) =
J tog*(t’)dt’, are shown in Fig. 2 for gradients along the
read, and displacement encoding (g) direction. For the
read gradient, a gradient echo, and therefore signal re-
focusing, occurs at echo times f. =nd(n=1,2,...)
where M, () = 0.

The phase shift ¢ of a spin moving with velocity
component vy along the gradient direction is given by
(38]

t
b0 = [ £ O0ar. 1)
0
The phase shift ¢,(n4) due to the read gradient can be
calculated at the echo point as:
¢,(nd4) =0 for n even, (2)
¢, (n4) = yvog,0,(4 — 9,) for n odd. (3)

This implies that even echoes experience no phase shift
due to constant flow along the read gradient direction.
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Fig. 2. The effective gradient g* and the zeroth moment M, of the read
(A) and displacement (B) encoding gradient for the pulse sequence
shown in Fig. 1.
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Similarly, Eq. (1) yields the phase shift due to the
displacement encoding gradient at even echoes:

$,(2n4) = nyvog,0,4. 4)

This relationship is similar to the phase shift of moving
spins in a PGSE experiment. The impact of Eq. (4) is
that the phase shift can be sampled through the acqui-
sition of a number of echoes in the same way as through
stepping the gradient strength in a conventional dy-
namic imaging experiment [39]. Because the acquisition
of all displacement encoding steps occurs within one
scan, the overall acquisition time can be greatly reduced.

2.2. Diffusion

In the case of isotropic unrestricted diffusion with
coefficient D, the echo attenuation function E is given by
[40]:

2

t !
E(t) = exp —Dy2/0 /Og*(t”)dt” dr|. (5)

The inner integral equals the zeroth moment M,(?),
which is shown in Fig. 2 for both read, and displacement
encoding gradients. Inserting these values in Eq. (5)
yields at the echo points ¢ = 2n4:

due to the read gradient, (6)

E(2nA) = exp ( —nDy*g5,(4 — 5q/3))
due to the displacement gradient. (7)

For n =1, Eq. (7) reduces to the well-known Stejskal—
Tanner equation [41] for a simple PGSE experiment.
The impact of Egs. (6) and (7) is that unrestricted dif-
fusive effects lead to a multiplication of the attenuation
factors so that a multi-echo PGSE sequence produces
exactly n times the attenuation of a single PGSE ex-
periment [19].

2.3. Transverse relaxation

In this treatment we assume that the time 4 between
subsequent 180° pulses is short enough that signal at-
tenuation due to internal magnetic field gradients can be
neglected. Then the echo attenuation function due to
transverse relaxation is given at time z, by [42]:

E(t.) =exp(—t./T). (8)

The total attenuation of the echo signal due to diffusion
and 7 relaxation is then a combination of Egs. (6)—(8):

E(2n4) = exp ( — 2nDy*g*5:((4 - 6,) — 5,/3))
X exp ( —nDy’g5, (4 — 5q/3)>
x exp (— 2nd/T7). 9)

From Eq. (9) it is evident that both D and 7, cannot be
measured with a single multi-echo experiment. We sug-
gest therefore to sample the signal in two scans with the
same pulse sequence and parameters. The first scan is
applied with g, = 0 and measures Ey = E(2n4,g, = 0).
For the second scan, which then measures
E, =E(2n4,g,), g, is chosen to supply sufficient atten-
uation according to Eq. (7). The signal ratio of both
scans is independent of g, and 75:

E
= ( — D253 (4 — @/3)), (10)

from which D can be easily calculated.

3. Experimental
3.1. Diffusion and relaxation time imaging

All experiments were performed on a Bruker Avance
400 NMR spectrometer with microimaging equipment.
The maximum achievable gradient is 1 Tm™!. To test
the COMRADE sequence, a phantom consisting of
different liquids was constructed. The liquids are chosen
to have different values of 77, 75, diffusion coefficient
and chemical shift. Such a phantom can be used to teach
students the basics of MR contrast. Example images of
the phantom with different parameter weightings have
been made available through the internet [43]. A sche-
matic of the phantom is shown in Fig. 3.

The COMRADE pulse sequence relies, like most
multi-echo sequences, on a complete refocusing of the
signal by the 180° pulses. Small deviations in the flip
angle can lead to additional signal attenuation, and a
mixture of the quadrature components [44]. The latter
effect is more serious, as it creates ghosting artefacts in
the images. To suppress these artefacts, several measures
were taken. First, a relatively large r.f. coil (25 mm i.d.)
was used so that the homogeneous region covers most of
the sample. Second, composite refocusing pulses were
applied, as described by Manz et al. [15]. Third, it was
found that a 2-step (x, y) phase cycling [44] of the re-
focusing pulses brought further improvement.

The phase encoding gradient, which was incremented
between scans like in single echo spin warp imaging, was
applied prior to reading each even echo. A reverse phase
encode step was then applied during the following odd
echo to remove the phase memory of the signal prior to
the next data collection. This phase encoding scheme is
similar to the method used by Mulkern et al. [45], where
the reverse phase encoding step is applied directly after
echo collection. However, it was found that the method
used here is less likely to produce image artefacts, es-
pecially for flowing systems.

A series of eight out of 16 images of the phantom
sample acquired with the COMRADE sequence is
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Fig. 3. A schematic of the phantom sample. The perspex structure is
placed inside a 15Smm NMR tube, the void space is filled with tap
water. One hole in the perspex structure is filled with a 5SmM CuSOg4/
water solution, while the other hole contains a water/glycerol mixture.
The fluids in this sample show contrast in 77, 7> chemical shift and self-
diffusion.

shown in Fig. 4 without (A) and with g¢-gradient (B).
Because of the complete signal refocusing all images are
artefact free. Experimental parameters were: 7, = 1.5s,
A=6ms, §,=03,=082ms, g =016Tm!, g,=0
(A) or 0.5Tm™! (B). The overall acquisition time for
each series was 6.5 min, which is around 10 times faster
than the acquisition of 16 separate images with different
diffusion or 7, weighting.

3.2. Flow imaging

The COMRADE sequence was then applied to
measure flow velocities. A simple geometry with an in-
teresting flow pattern is the step contraction, which has
been investigated in detail by Callaghan and Xia [46].
The exact details of the flow profile in such a cell shall
not be discussed here, because the purpose of this ex-
periment is not to verify previous results, but to dem-
onstrate the COMRADE sequence. The flow cell was
made out of a 8§ mm i.d. (10 mm o.d.) glass tube inside a
9mm i.d. plastic tube, as shown in Fig. 5. Tap water was
pumped through the cell at a constant flow rate of 0.31
per hour using a Pharmacia P-1 peristaltic pump. Pul-

0.3

0.03

Fig. 4. A series of COMRADE images of the phantom sample without
(A) and with (B) ¢-gradient applied. The images were acquired with
15 mm field of view, 1 mm slice thickness, and 128 x 128 points. Every
second out of 16 echoes is shown. (C) The images shown in (B) divided
by the images shown in (A). The images in this sequence are only
weighted by self-diffusion. (D) Images of the self-diffusion coefficient
(left, scale in 107" m?s~!') and 7> (right, logarithmic scale in s) obtained
from the images shown in (A-C). See text for details.

sations in the flow were dampened by pumping the fluid
between two reservoirs at different levels, as described
previously [34]. To demonstrate the capability for three-
dimensional imaging, a 9 mm thick horizontal slab was
excited, and a second 3D phase encoding gradient was
applied in the slice direction. A series of 16 echo images
was acquired with g, = 0.4Tm™! along the axial direc-
tion. Subsequent Fourier inversion in three spatial
and the ¢ dimension yielded a three-dimensional map
of propagators. The flow velocity in each voxel was
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Fig. 5. A schematic of the flow cell. Tap water was pumped through
the cell at a flow rate of 0.31h~".

obtained through the method described by Callaghan
and Xia [39]. Experimental parameters were: 7, = 1.5s,
A=10ms, 6, =0,=082ms, g =023Tm!, g, =
0.4 Tm™!, with an overall acquisition time of 4.6 hours
per image.

3.3. Flow and relaxation time imaging

Forced detachment was studied on a biofilm sample
which was cultivated at room temperature in a 7 mm i.d.
tube reactor at a Reynolds number of 3000. Once the
film reached a thickness of approximately 1 mm, the
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Fig. 6. Selected slices through the three-dimensional velocity image of the flow cell. (A) A vertical slice through the centre of the cell. The positions of
the horizontal slices (B-D) are marked. The velocity image was acquired with a 10 mm field of view, 128 x 128 points horizontally, and 64 points
along the axial direction. The colorbar represents the velocity scale and is in mms~!. (E) Velocity profiles through the centre of the images (B) ——, (C)
--,and (D) -

tube was transferred to the NMR spectrometer and
connected to a flow loop as described by Manz et al.
[34]. Tap water was pumped through the cell at a con-
stant flow rate of 0.31h~! using a Pharmacia P-1 peri-
staltic pump. A series of 16 echo images was acquired
with the COMRADE sequence without and with g¢-
gradient applied along the axial direction. Experimental
parameters were: T, = 25, 4 = 10ms, J, = 6, = 1.35ms,
g =023Tm™!, g, =0 or 0.15Tm"!. The overall ac-
quisition time for each series was 8.25 min.

Detachment was achieved by inserting a gear pump
into the flow loop and increasing the flow rate until the
desired Reynolds number was reached inside the tube.
This flow rate was maintained for 2 min, after which the
flow rate was controlled again by the peristaltic pump,
and the next experiment was carried out.

4. Results and discussion
4.1. Diffusion and relaxation time imaging

To obtain the local values of 7> and D, two series of
COMRADE images of the phantom sample were ac-
quired, one with g, =0 (image A) and another with
g, =0.5Tm"! (image B). Image A serves as a reference
scan in order to eliminate signal attenuation due to 73
relaxation and the read gradient g, according to Eq.
(10). Each echo of image B was divided by the corre-
sponding echo of image A yielding an image of attenu-
ation factors (image C). The series of echoes of images
A, B, and C are shown in Figs. 4 A-C. The value of D
was calculated in each voxel through a least squares fit
of Eq. (10) to image C. Finally, using this value of D,

=

y [mm s’

4 2 0 2 4
Position [mm]
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l mm
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Fig. 7. Images of the biofilm sample acquired with the COMRADE sequence after different detachment velocities. All images were acquired with a
8 mm field of view, 1 mm slice thickness and 128 x 128 points. Note that the greyscale varies for different velocity and shear rate images. See text for

details.

Eq. (9) was fitted to image A in order to compute an
image of 7, values. The spatially resolved maps of D and
T, obtained in this way are shown in Fig. 4 D. We note
that the values of D and 7> measured with COMRADE
agree very well with conventional experiments (error less
than 10%).

4.2. Flow imaging

Fig. 6 shows a vertical (A) and three selected hori-
zontal (B-D) slices through the three-dimensional ve-
locity image of water flowing through the step
contraction described in the previous section. The ve-
locity profiles through the centre of the flow cell are
shown in Fig. 6 (E). These images, as well as the profiles,
agree well with previously published results from two-
dimensional velocity images [46].

It has been shown that the signal phase shift in a
PGSE experiment is not only given by the local constant
velocity, but local acceleration and higher time deriva-
tives of velocity may contribute to the phase shift as well
[38,47]. Such additional phase shifts may lead to
increased signal attenuation in a multi-echo PGSE se-
quence and can be wrongly assigned to an increased self-
diffusion coefficient or a reduced 7> value. However, in

the systems investigated here, the transverse flow ve-
locity components are approximately one order of
magnitude smaller than the axial component [36,46].
The local accelerations, which are in stationary flowing
systems purely due to spatial velocity fluctuations, are
therefore relatively small. This was verified by sub-
sequent analysis of 7, values in the step contraction,
which showed no spatial variation of 75. Therefore, the
effect of time derivatives of the local velocity can be
neglected for the systems investigated in this study.

4.3. Flow and relaxation time imaging

Having demonstrated the capability of the COM-
RADE sequence to investigate displacement and trans-
verse relaxation in model systems, we apply this method
to study forced detachment in biofilm systems. The re-
sults presented here are part of a larger study which will
be published elsewhere.

The images of the biofilm sample are shown in Fig. 7.
At each stage a 75 (top row) and a velocity map (middle
row) was recorded. The 7> maps yield information about
the biofilm structure, while from the velocity maps the
local shear rates y = |grad(v)|, which are a measure for
the hydrodynamic forces acting on the biofilm surface,
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can be calculated (bottom row). The greyscale of T»
values ranges from 60 to 160ms. All velocity images
were recorded with the same flow rate of 0.31h~!. Be-
tween subsequent images a larger region becomes
available for the fixed flow to occur in due to detach-
ment. As a consequence, the average fluid flow velocity
decreases with increasing void space in the image se-
quence from left to right. To preserve a similar contrast
in all velocity and shear rate images, the greyscale is
different for all images. The velocity values shown in
Fig. 7 range from left to right between 0 and 20 mm s~!
(14,8,5), while the values for the shear rate range from 0
to 255! (20,10,4), respectively.

From the initial 75 image it can be seen that the
biofilm has grown in two layers on the right side and
is already detached from the left wall. A thin skin
splits the bulk fluid into two compartments. This be-
comes more evident from the initial flow image, which
shows that the water transport occurs mainly in the
compartment close to the centre of the reactor. The
image of the initial shear rate shows that the hydro-
dynamic forces are particularly high near this skin in
the centre of the cell. Therefore it is of no surprise that
this skin is washed away in the first detachment ex-
periment (Fig. 7, second column). Two finger-like
biofilm structures, which divide the flow image into
two areas of convective transport, reach towards the
centre of the reactor. The shear rate is now particu-
larly high near these “fingers.” Increasing the flow rate
for detachment further results in most of the biofilm
being washed away (Fig. 7 third column). Finally, after
flushing at the highest available flow rate, only an
approximately 100 pm thin biofilm layer remains at-
tached to the reactor wall. The flow is essentially un-
restricted, yielding the well-known parabolic velocity
profile in the tube. The results of such experiments can
be of great value in order to verify models for biofilm
detachment [48-53].

5. Conclusions

In this contribution a novel multi-echo technique for
the fast measurement of 75 and displacement images has
been presented. It has been shown that two-dimensional
parameter maps of fluctuating systems can be obtained
with microscopic resolution within minutes, which is
approximately one order of magnitude faster than using
the conventional method. Three-dimensional maps of
stationary systems can be measured within reasonable
times using the same method.

The COMRADE sequence has been applied to study
forced detachment in a biofilm system. It could be
shown that detachment occurs preferably at places on
the biofilm surface, where the hydrodynamic shear for-
ces are particularly high.

The data presented here suggest the robustness of the
technique and therefore make it a favourable tool for
applications where fast two- or three-dimensional con-
trast imaging methods are needed, for example in
chemical engineering, or biomedical research.
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