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Flow characteristics and exchange in complex biological systems
as observed by pulsed-field-gradient magnetic-resonance imaging
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Water flow through model porous media was studied in the presence of surface relaxation, internal magnetic
field inhomogeneities and exchange with stagnant water pools with different relaxation behavior, demonstrat-
ing how the apparent flow parameters average velocity, volume flow and flow conducting area in these
situations depend on the observation time. To investigate the water exchange process a two component bio-
logical model system consisting of water flowing through a biofilm reactor (column packed with methanogenic
granular sludge beads) was used, before and after a heat treatment to introduce exchange. We show that
correction of the stagnant fluid signal amplitude for relaxation at increasing observation time using the ob-
served relaxation times reveals exchange between the two fractions in the system. Further it is demonstrated

how this exchange can be quantified.
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I. INTRODUCTION

Fluid transport and processes of water exchange are of
great importance in many areas of science and technology,
e.g., flow in (woody) plants, perfusion in human and animal
tissues, transport in geological media, two-phase flow in oil
recovery, hydrodynamics in chromatographic columns for
molecular separation, and flow in bio-reactors and catalysis
systems. Nuclear magnetic resonance (NMR) has become an
important method for characterizing such porous (bio-
)systems. Pulsed field gradient (PFG) NMR is a powerful
tool for investigating transport processes in such systems be-
cause it allows the measurement of the displacement propa-
gator, the probability distribution of diffusive and advective
molecular displacements (for some recent reviews see [1,2]).
The combination of magnetic resonance imaging (MRI) and
PFG methods allows flow to be spatially resolved and flow
characteristics, like velocity, volume flow and flow conduct-
ing area, can be measured per pixel, even in pixels that con-
tain flowing and nonflowing fluid [3-5].

PFG NMR propagator measurements have been success-
fully applied to a direct and detailed experimental study of
the topological and dynamic aspects involved in the ex-
change of small, nonsorbed fluid molecules between the in-
traparticle pore network and the interparticle void space in
chromatographic columns packed with spherical shaped, po-
rous particles [6,7]. The approach provided quantitative data
of the diffusion-limited exchange kinetics for solute diffusion
into and out of spherical particles. Using a systematic varia-
tion of the observation time, the time between the position
encoding and decoding gradient pulses, the kinetics of mass
transfer between the stagnant and flowing fluids within the
packed bed could be recorded [7]. The system used in that
study was in some sense ideal: no difference in relaxation
between the flowing fluid in the voids and the fluid in the
porous particles was observed. In addition, no surface relax-
ation was present in that system. Under these conditions, the
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signal amplitude of the stagnant fluid phase as a function of
the observation time could be used directly to quantify the
exchange. In many realistic (bio-)systems we have to deal
with surface relaxation, internal field gradients due to sus-
ceptibility differences (e.g., between the fluid and matrix)
and differences in relaxation times between pools of ex-
changing flowing and stagnant water.

In realistic systems internal field gradients result in at-
tenuation of the NMR signal and shortening of the observed
relaxation times. In order to measure the NMR signal accu-
rately, suppression of the background gradients is crucial.
For example, the effect of spatially constant gradients can be
compensated for by a combination of bipolar gradients and
refocusing pulses [8-10]. However, for long observation
times (A) when the spin displacement becomes comparable
to the length scale of local structures (pore size or particle
length) the internal field gradients are not spatially constant.
The measured NMR signal in a heterogeneous field for long
A is therefore susceptible to a variation of background gra-
dients. In addition, surface relaxation and differences in re-
laxation time between the exchanging flowing and stagnant
fluid pools will affect the signals of the stagnant and flowing
fluid. For these reasons in realistic (bio-)systems the propa-
gator may be distorted and flow characteristics become de-
pendent on the observation time [11]. The effect of exchange
under these conditions has not yet been investigated system-
atically. In this respect, the use of realistic model systems
may help our understanding of the transport processes of
fluid in porous media.

In this paper, we focus on a range of A no longer than a
few hundreds of milliseconds. This time range is typical for
measurements where the asymptotic long-time limit for ex-
change cannot be reached because the relaxation times are
too short. The main goal of this paper is to describe quanti-
tatively how apparent parameters of flow (velocity, volume
flow, flow conducting area) measured in a thin slice of fluid
flowing in porous media depend upon the mechanisms caus-
ing the attenuation of the PFG MRI signal, including ex-
change. Based on this investigation we clearly show the limi-
tation of the pulsed-field gradient stimulated echo (PGF-
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STE) method as well as its potential applicability for flow
measurements in the porous media. We also investigate ex-
change between the flowing and stagnant fluid phases in a
complex biological system with susceptibility and local gra-
dient effects, surface relaxation and differences in relaxation
between exchanging fluid pools and present a method to
quantify this exchange.

II. THEORY

In order to apply a wide range of A values, PFG-STE-
turbo spin echo (TSE) or -multispin echo (MSE) sequence
was used, the latter being used for correlated displacement-
transverse (T,) relaxation measurements [3,12,13]. In the
PFG-STE method the gradient pulses are separated by a stor-
age interval. During the time the magnetization is in the x,y
plane (the periods between the first and second and between
the third 90° and first 180° pulses), the magnetization vector
is sensitive to T, relaxation decay, the applied field gradient
and the (local) background fields produced by susceptibility
differences between fluid and matrix. During the storage in-
terval (between the second and the third 90° pulses) the mag-
netization is stored in the direction parallel to the main mag-
netic field, and the magnetization is only attenuated by
longitudinal (T,) relaxation.

For the ideal PFG-STE propagator experiment the echo
amplitude can be written as

S(q,A)=5(0,A) J dRP(R,A)e?™R, (1)
R

S(0,A) is the amplitude of the total proton magnetization
in the measured volume. The displacement probability distri-
bution (propagator) P(R,A) gives the probability that a mol-
ecule will travel a displacement R in time A in the direction
of the applied magnetic field gradient pulse, that has an am-
plitude g and duration &. g is defined by

1
q=5"708. (2)
21

Thus, P(R,A) can be reconstructed from the amplitude of
the first echo as a function of g by Fourier transformation.
Any molecule in a flowing fluid participates simultaneously
in the coordinated mass flow and diffusional motion. The
echo attenuation that occurs due to the diffusional motion,
characterized by the diffusion coefficient D, over time A,
including the 7'} and T, relaxation of magnetization, is writ-

ten as [14]

(r,—7) _@]
T, T, |

3)

7, and 7, denote the time of the second and third 90° radio
frequency (r.f.) pulses in the PFG-STE experiment. In the
experiments with differing observation time A 7, was varied,
but 7; was fixed. Thus, the contribution of 7, in echo signal
attenuation at different observation times was constant and
the difference in echo amplitude at different A is due to T
relaxation only.

S(g.A) = S(O,A)eXp{— 471'2q2D<A - g) _
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The flow conducting area (A) and the volume flow (Q)
and the average flow velocity (v), can be calculated from the
propagator [15]

Rmax
A= E Pc(RsA)Aref’ (4)
R=0
Rmax A
0= PC(R,A)Rff, (5)
R=0
Rmax
> P(R,A)R
O R=0
U T R 6)
> P(R,A)A
R=0

Here P, is the propagator of flowing water Py divided by the
average pixel integral I, of a propagator of the pixels in a
reference tube that is filled with pure water

Pgr(R,A)

P(R,A) = ()

ref
In the real situation of flow through porous media the mea-
sured propagator can be distorted due for the following rea-
sons [11]:

(1) First, the diffusion of molecules across the streamlines
and between the stagnant and flowing fluid. Diffusion does
not result in a net displacement of the ensemble of mol-
ecules, but shifts the spectral weight from the undisplaced
and the most displaced parts of the displacement spectrum
toward its mean. However, diffusion does not result in a
change in the calculated A,p,, Qupp OF Vypp-

(ii) Second, surface relaxation changes the shape of a
propagator. Because of surface relaxation, the signal from
spins located in small pores or next to the walls disappears.
This results in an undercount of spins from the stagnant
zones and the slowest flowing fluid located next to the walls
and a corresponding over count of the fast flowing spins. The
net result is a shift of the spectral weight of the propagator
toward longer displacements which, as a consequence, leads
to an increase in vy, and Q.

(iii) Third, susceptibility differences between fluid and
matrix produces internal offset fields. The signal from mov-
ing spins can be lost from the measurement if during A they
displace into a position with a significantly different internal
magnetic field [11,16,17]. The internal offset fields affect the
faster flowing spins and lead to a shift of the spectral weight
toward shorter displacement and a decrease in vy, and Q.

The effects of the susceptibility and relaxation mecha-
nisms is a function of observation time [18-20]. For very
short A the displacement of fluid due to both diffusion and
flow is small compared to the length scale of local structure.
At such distances the magnetic field can be considered to be
constant, the signal loss due to diffusion and flow motion is
negligible, and the surface relaxation during short A is neg-
ligible. For an intermediate A the local magnetic field will
change on the length scale of the diffusion and flow displace-

026310-2



FLOW CHARACTERISTICS AND EXCHANGE IN COMPLEX...

Reference tubes
‘L with stationary

water _N

Column packed
‘with beads

F = | Tube with

= ) flowing water
N N

FIG. 1. Schematic representation of the phantom consisting of a
column packed with porous beads, two references and a tube con-
taining flowing water.

ment and echo loss will be observed. The elongation of A
will also result in the progressive increase of wall relaxation
effects. For a long A, when the diffusion shift and flow dis-
placement are larger than the local gradient length scale, all
spins in the system will then sample all possible gradient
amplitudes. Under this condition the loss of magnetization
will become almost constant with increasing A.

Susceptibility and wall relaxation effects lead to system-
atic uncorrected loss of magnetization, resulting in an under-
estimation of A,,,. The direction of shift in v,,, and Q,,,
from the actual values depends on which of the two mecha-
nisms, which have opposite effects, dominates in the system
at given A [21].

In systems with exchange between stagnant and flowing
fluid (e.g., fluid inside and outside porous particles/matrix, or
flowing water in vessels and stationary water in parenchyma
cells for water transport in plants) the situation becomes
more complicated. If differences in relaxation can be ne-
glected, exchange between the stagnant and flowing compo-
nents results in a reduction or total disappearance of the stag-
nant fraction and an increase of flowing fluid in the
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propagator as A increases [7,21,22]. That will result in an
increase of A,,, with increasing A if no susceptibility effects
and differences in relaxation are present. In a system with
surface relaxation the stagnant fraction disappears faster than
in a system without significant surface relaxation. This effect
becomes more noticeable when the measurement time scale
is longer than the relaxation time of the stagnant fraction
[11], and results in an additional decrease of the amplitude of
the stagnant fraction. The 7 and 7, value for stagnant and
flowing components usually varies quite significantly in dif-
ferent (bio-)systems. The relaxation time of fluid inside a
porous matrix is in general shorter than the relaxation time of
fluid outside the matrix [23], so in tree stems the stationary
water in parenchyma cells has shorter 7, than the flowing
water of the xylem vessels [12,13]. Simulations of diffusion
and relaxation behavior in multicompartment systems with
significantly different 7, values for the different compart-
ments has shown that exchange between compartments re-
sults in an increase of the fraction with the longest 7, and a
decrease of the observed T, values [24]. From these results
we expect that exchange between components with different
relaxation times will cause an increase of the fraction with
the longest T, value (the flowing fraction) and can, therefore,
lead to an increase of A,

The choice of spatial resolution and slice thickness can
also affect the propagator in each pixel. The dispersion in
orthogonal direction (transversal dispersion) of fluid in struc-
tured media depends on the characteristic length (particles
size and geometry) and the flow velocity. The mean-squared
displacement perpendicular to the flow direction (X?) corre-
lates to the mean displacement in the flow direction (Z) ac-
cording to (X?)=(Z)”. From measured and simulated data it
follows [25,26] that at the shortest A, when {(Z) is consider-
ably smaller than the particles size, the transversal dispersion
displacement is about the same value as the mean displace-
ment in the flow direction and y=2. For longer A and for
larger flow rates the displacement in the flow direction pre-
vails over the transversal dispersion and 7y decreases. In the
sequence we used, the first read out gradient was applied
after first 90° pulse. Therefore, in plane dispersion during the
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FIG. 2. The propagators in dependence of the observation time A for water flowing through a column packed with porous aluminum
oxide beads of 3.5 mm diameter (a) and water flowing in the tube of 5 mm diameter (b). Experimental parameters: PFG-STE-TSE;
resolution, 312 by 312 by 3000 wm; spectral width 50 kHz; TE1, 6.1 ms; TE, 6 ms; TR, 1000 ms; turbo factor 8; number of averages 2; 32
PFG steps; 6=1.25 ms; A=48, 63, 83, 110, 140, 190, 240, and 320 ms, and PFG,,=0.8, 0.61, 0.46, 0.35, 0.28, 0.2, 0.16, and 0.12 T/m,
respectively. Inset shows the velocity-encoded image for water flow through a packing of porous beads measured at A=48 ms.
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FIG. 3. Average flow velocity (a, d), flow conducting area (b, €) and volume flow (c,f) as a function of observation time A measured in
the column packed with porous beads (a, b, ¢) and in the tube (d,e,f). Results extracted from the propagators presented in Fig. 2.

time between first and second read out gradients will result
in attenuation of the signal and the effect will depend on A.
This signal loss due to dispersion can be hardly compensated
for by calculations. Since the local value of transversal dis-
persion for the given media structure and fixed A depends on
the local velocity, the dispersion attenuation is stronger for
faster flowing spins. Thus, dispersion in porous media affects
the measured propagator the same way as the susceptibility
mechanism.

In order to apply long A’s in the system with short relax-
ation times, PFG-STE was used. To minimize the artifacts
that originate from the deviation of flip angles from 90° and
180°, three slice selective 90° pulses were applied with
thickness of several (3-5) millimeters. Due to flow in the
direction perpendicular to the slice, part of the fluid can leave
the slice during the displacement encoding time interval,
which will result in an outflow effect that affects the signal
intensity of fastest flowing spins. The loss of the signal from
the fastest moving spins causes a shift of the spectral weight
toward shorter displacements and a decrease in v,y Qupps
and A,,,,. In contrast to loss of magnetization due to suscep-
tibility, the magnitude of signal attenuation due to outflow is
a linear function of A and can be compensated by correcting
the propagator for the amount of fluid that has flown out of
the slice.

III. EXPERIMENTAL

We performed all experiments by passing distilled water
through a column comprising of randomly packed particles
(see Fig. 1). Three different types of particles were used: (i)

porous aluminum oxide beads of 3.5 mm diameter packed in
a column with 10 mm inside diameter and 420 mm length,
(ii) silicone cylinders with a diameter of about 5 mm and
length of 10 mm packed in a column with an inner diameter
of 14 mm and a length of 800 mm, and (iii) methanogenic
granular sludge particles with diameter about 2 mm packed
into a column with an inner diameter of 14 mm and a length
of 800 mm. The maximum local Reynolds numbers were 7
(i), 6.5 (ii) and 6 (iii). That corresponds to the intermediate
regime between creeping flow and viscous-inertial flow [27].
These systems represent three different situations. The sys-
tem (i) has strong surface relaxation effects (7, of water
inside the pores of the beads is around 1 ms) and is expected
to contain local gradients due to susceptibility effects be-
tween the fluid and the solid matrix. The system (ii) presents
a more ideal system without strong surface relaxation and
susceptibility artifacts. The system (iii) combines the effects
of wall relaxation and susceptibility, and observable stagnant
water in the granules and flowing water outside the granules,
with different relaxation time for the two water pools. In
addition, the system can be manipulated to induce exchange
between these two water pools by heating the complete
packed column to 70 °C for 30 min. This treatment caused
the bacterial cell membranes to become leaky allowing ex-
change between the intragranular and extragranular water
pools.

To prevent loss of the particles due to flow and to provide
an even distribution of fluid streamlines at the inlet, two
cotton plugs were placed at the inlet and the outlet of the
column. The column was connected to a reservoir by plastic
tubes of 5 mm diameter. Tubes filled with 2% solution of
agarose containing water doped with CuSO, served as refer-

026310-4



FLOW CHARACTERISTICS AND EXCHANGE IN COMPLEX...

12000
10000f o AT
2 N \O\Q\ —A— Column / T}, corr
S 8000 - A <>\<> —A— Column / fifted-outflow
a A\ \0 —O— Column / fitted-dispers.
s N T
§ 6000 A\ —e—Tube /T, cprr
% —O— Tube / fittegi-outflow
£ oo
— o N
2000

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
A (S)

FIG. 4. Amplitude of first echo [corrected for T, according to
Eq. (3)] in the column packed with beads (A) and the tube with
flowing water (@) as a function of observation time A. Actual am-
plitudes (extrapolated to A=0) in column and tube with flowing
water are shown as dashed lines. Actual amplitudes corrected for
out-flow effect in column (A) and tube with flowing water (O).
Actual amplitude corrected for dispersion attenuation by the read
out gradients in the column packed with beads (< ). The experimen-
tal parameters are the same as mentioned in Fig. 2.

ences. The volume flow during a single set of measurements
was constant.

A 3 T MRI system was used based on a superconducting
magnet with a 50 cm vertical free bore (Magnex, Oxford,
U.K.), in combination with an Avance console (Bruker,
Karlsruhe, Germany) [12]. An openable gradient coil was
used with a maximum gradient strength of 1 T/m. For T,
relaxation time measurements a MSE sequence was applied
(see details in [5]); a 32X 32 matrix was used, the field of
view was 28.5%28.5 mm?2, and the slice thickness was 5
mm. Measurements were performed with an echo time (TE)
of 4.8 ms and a repetition time (TR) of 6 s, and 256 echoes
were acquired per echo train. For each image two acquisi-
tions were averaged to improve the signal to noise ratio. For
T, relaxation measurements a inversion recovery (IR)-TSE
sequence was used, with TE=3.6 ms.

The propagators for all our measurements were obtained
by PFG-STE-TSE sequences [5]. The PFG-STE-MSE was
used for correlated displacement-7, measurements [13]. For
the flow measurements in the column packed with porous
aluminum oxide beads, the maximum g was achieved in 32
equidistant steps, 6 was 1.25 ms. Measurements were per-
formed with slice thickness of 3 mm, TR=1 s, turbo factor
8. For all other flow measurements g was achieved in 48
equidistant steps, =4 ms, slice thickness 5 mm, TR=2 s,
and turbo factor 8. In correlated flow-7, measurements 64
echoes were acquired per echo train, with TE=8 ms.

IV. RESULTS AND DISCUSSION

The propagators for flow in the column packed with po-
rous beads with strong relaxation sinks and in the tube [sys-
tem (i)] for different values of A are shown in Fig. 2. These
propagators of the column and tube flow were extracted from
the images by summing the propagators observed in all pix-
els in the column or tube, respectively. Since the signal from
water inside the beads is not detectable due to having too
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FIG. 5. The propagator at different A for water flow in a column
packed with silicon cylinders (diameter around 5 mm and length 10
mm). Experimental parameters: PFG-STE-MSE; resolution, 844 by
844 by 5000 um; spectral width 50 kHz; TEI1, 13.5 ms; TE, 4.8
ms; TR, 2000 ms; number of averages 2, 2, 2, 4, and 4; 48 PFG
steps; A=30, 50, 70, 100, and 150 ms; 6=4 ms; PFG,,
=0.36 T/m. Inset shows the velocity-encoded image for water flow
through a packing of silicon cylinders measured at A=30 ms.

short a T, (around 1 ms), the entire NMR signal in the col-
umn represents flowing fluid. The nonsymmetrical shape of
the propagators in Fig. 2(a) is typical for dispersive flow. The
shape of the propagator is typical for mean displacement
small enough in comparison to the bead diameter, so the
local displacement is proportional to the local velocity
[22,28-30]. The propagators of the water flux in the tube
[Fig. 2(b)] have an approximately rectangular shape typical
for laminar flow smoothed by diffusional motion. Some de-
viation from rectangular shape for the propagator measured
at the longest A may originate from the bend of the tube (see
Fig. 1).

The values of v, Aupp, and O, extracted from the
propagators shown in Fig. 2 decrease monotonically with
increasing A [Figs. 3(a)-3(c)]. The time dependence of these
parameters is typical for dispersion, susceptibility and sur-
face relaxation effects in the column. We do not expect sus-
ceptibility effects in the tube with water and v,y is nearly the
same for all A [Fig. 3(d)]. A, [Fig. 3(e)] and Q,,,, [Fig. 3(f)]
slightly decreases at the longest A.

The summed signal amplitude of the first echo of all pix-
els in the column and in the tube corrected for T [cf. Eq. (3)]
as a function of A are shown in Fig. 4 (solid symbols). The
total signal in the reference tubes after correction for 7 re-
laxation does not depend on A (data not shown). The total
signal amplitude in the tube measured at the longest A (320
ms) is slightly lower than the signal amplitude at the shortest
observation time of 48 ms. The signal amplitude in the col-
umn shows a significant decrease with increasing A. To es-
timate the actual magnetization in the tube and the column,
the two T, corrected curves were monoexponentially ex-
trapolated to zero observation time (Fig. 4, dashed lines).
The amplitudes S(0) obtained by extrapolation for both frac-
tions were corrected for outflow effect (Fig. 4, open sym-
bols). For this correction we used the measured v,,, of 1
mm/s in the tube [see Fig. 3(d)] and 0.63 mm/s in the column
[Fig. 3(a)] and the slice thickness of 3 mm.
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FIG. 6. Average flow velocity (a), flow conducting area (b) and volume flow (c) as a function of observation time A in a column packed
with silicon cylinders. Results extracted from the propagators presented in Fig. 5.

The difference between the outflow corrected S(0) and
the T, corrected amplitude arises from uncorrected signal
loss. Since the silicon tube surface is not a strong relaxation
sink, we do not expect a significant surface relaxation, and as
the magnetic field is homogenous in the tube filled with wa-
ter we do not expect any signal loss due to flow in offset
fields. Though diffusion of molecules across streamlines
does not shift the spectral weight of propagator, it can con-
tribute to signal loss due to the read out gradient pulses. We
assumed that diffusion coefficient of fluid in the tube is equal
to diffusion coefficient of bulk water 2.35X 10~ m?/s [31].
Since the first read out gradient was applied after first 90°
pulse in the sequence we used, the in-plane diffusion over
the longest A (320 ms) is 39 wum (in-plane resolution is
312X 312 um?) and this will result in uncompensated signal
loss. That results in progressive decrease of Qq,, and A,
with increasing A even when there are no significant wall
relaxation and local gradients. In addition, there will be same
saturation effect due to the short TR with respect to 7. The
outflow effect results in an underestimation of signal from
the fastest flowing spins, slightly shifting the spectral weight
of the propagator toward lower v,,,. The total signal loss due
to both outflow and diffusion leads to a greater decrease of
Aypp and Q) with increasing A in the tube with water. These
effects are much stronger in the column. Strong uncompen-
sated signal attenuation explains the decrease of A,,, with
increasing A and results from the susceptibility, wall relax-
ation and diffusion/dispersion mechanisms. The calculated
signal attenuation due to dispersion motion between first and
second read out gradient pulses is shown in Fig. 4 (diamond
symbols). Average dispersion displacement was estimated on
the basis of displacement in the flow direction for average
flow velocity 0.63 mm/s. The values of dispersion displace-
ment were taken from literature [32]. The decrease in v,,
with increasing A indicates that the outflow, dispersion and
susceptibility effects are stronger than the surface relaxation
effect. It has also been shown in a system without outflow
effects that for long A the loss of slow spins exceeds the
suppression of signal of fast flowing spins [21] and this re-
sults in an increase of apparent displacement at increasing A.
For measurements with slice selective r.f. pulses, the outflow
effect progressively removes the signal of the fastest flowing
spins, shifting the spectral weight of the propagator toward
smaller values.

To confirm that the observed systematic changes of the
flow parameters arise from the susceptibility in the system,
we investigated flow in a column filled with nonporous sili-

cone cylinders [system (ii)]. The latter have smooth walls,
and in comparison to the porous beads this system has lower
background gradients and hardly any surface relaxation. One
can then expect that the magnetization loss due to suscepti-
bility is significantly smaller. Since the silicone cylinders
have relatively big size (5 mm diameter and 10 mm length)
we do not expect significant attenuation of signal due to
dispersion. To minimize the outflow effect a lower velocity
was used and the slice thickness was increased to 5 mm. The
propagators of water flow through the column packed with
these cylinders are shown in Fig. 5 for A ranging from 30 ms
to 150 ms. They have a broad asymmetric shape indicating
the predominance of slow flowing water similar to the flow
through the column packed with porous beads. In Fig. 6 v,
Agpp> and Q,,, are presented for different A. The values of all
these parameters do not change systematically with increas-
ing A. The total signal corrected for 7T is nearly independent
of A in both the column and in the tube (Fig. 7). Since T
was the same (2 s) in the tube and in the column, the partial
saturation effect arising due to the relatively short TR (2 s)
was the same in both parts of the system. No outflow effect
was observed (Fig. 7). Because the signal amplitude in the
column does not depend on A we can conclude that there are
no susceptibility and dispersion effects. As a consequence,
Vapps Aapps @and Oy, are also independent of A.

In porous systems wall relaxation, dispersion and flow
motion in internal magnetic field gradients result in signifi-

80000
%7Ai‘ﬁ;_a "
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S 40000 —A— Column / outflow
§ —®—Tube /corr T,
s -1 Tube / fitted
IS 20000 - —O— Tube / outflow
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0.00 0.05 0.10 0.15
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FIG. 7. The T, corrected first echo amplitude measured at ob-
servation time 30, 50, 70, 100 and 150 ms in the column packed
with cylindrical particles (A), tube (@). The dashed lines show the
amplitude of the first echo obtained by fitting of the first echo am-
plitudes to zero observation time. Fitted amplitudes corrected for
out-flow effect in column (A) and tube with flowing water (O). The
experimental parameters are the same as mentioned in Fig. 5.
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FIG. 8. T, resolved propagators in dependence of A for the extra-granular (7,=695 ms) (a) and intragranular (7,=12 ms) (b) compo-
nents in a column packed with intact methanogenic biofilm granules. Experimental parameters: PFG-STE-MSE; resolution 891 by 891 by
5000 wm; spectral width 50 kHz; TEL, 13.5 ms; TE, 8 ms; TR, 2000 ms; 48 PFG steps; A=30, 50, 70, and 100 ms, and number of averages
2, 2, 2, and 4, respectively; 6=4 ms; PFG,,,=0.41 T/m. Inset shows the velocity-encoded image for water flow through a packing of

biofilm granules measured at A=30 ms.

cant uncorrected signal loss. To minimize the effect of sus-
ceptibility the background gradient suppression sequences
were used [8,10]. However, there is no way to compensate
these effects completely. The investigation of flow in porous
media shows that susceptibility and wall relaxation result in
systematic uncompensated signal loss and, as a consequence,
to underestimation of A, Qypp and to shift v,,, from its real
value. Since signal loss time dependent, the deviation of ap-
parent flow parameters from real ones increases with in-
creasing A.

To investigate the effect of exchange in a multicomponent
system one can measure the change in relative water content
(population) of the different fractions with increasing obser-
vation time [7]. This method requires very accurate determi-
nation of the signal amplitudes of the fractions present in the
system. As demonstrated above, susceptibility and surface
relaxation effects affect the observed signal amplitude of
flowing water and exchange processes further complicates
the measurements. To investigate this problem we performed
the following measurements. Tap water was flushed through
a glass column with inner diameter of 17 mm and packed
with a methanogenic granular sludge, originating from an
anaerobic waste water bioreactor. These biofilm granules
consist of rigid, well-settling microbial (spherical) aggre-
gates (diameter around 2 mm) that develop by the mutual
attachment of bacterial cells in the absence of a carrier ma-
terial. Since the relaxation times for the water flowing

through the column and the water in the granules are differ-
ent, flowing and stagnant water fractions can be discrimi-
nated on the bases of their 7,. Correlated displacement-T),
measurements [ 13] were performed to obtain the propagators
for both water fractions.

To avoid outflow effects a slice thickness of 5 mm, a low
velocity and relatively short A were used. As a result all the
flow parameters for flowing water in the tube, i.e., Uypp, Agpps
and Q,,,, were nearly independent on A (data not shown).
T, measurements by MSE imaging of water in the column
revealed two components with 7, of 12 and 695 ms, respec-
tively, corresponding to water in the granules and extra-
granular water and in agreement with previous measure-
ments [23]. 7, was found to be 40 and 1074 ms,
corresponding to the intragranular and extragranular water,
respectively. Figure 8 shows the T, resolved propagators of
each of these two fractions with increasing A. The propaga-
tors related to the shortest 7, [Fig. 8(b)] are symmetrical and
centered at zero, which is typical for nonflowing water. The
propagators related to the longest 7, [Fig. 8(a)] are not sym-
metrical around zero displacement, indicating fluid flow. The
broad peak distributed at short displacements is related to
slow moving fluid around periphery granules. The vy, Aqpps
and Q,,, for A increasing from 30 to 100 ms are shown in
Fig. 9; all three parameters decrease with increasing A. As
demonstrated above, parameter behavior of this kind indi-
cates strong susceptibility effects in the sample.

a b c
= 2 %/% . - <
; . NIk
2 E D B 3
L O'O%.OS'OZ ((;.)1 0.15

FIG. 9. Apparent average flow velocity (a), flow conducting area (b) and volume flow (c) for different observation time A measured for
the water flow through the column packed with nontreated granules. Results extracted from the propagators presented in Fig. 8(a).
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FIG. 10. T corrected first echo amplitudes of intragranular wa-
ter and extragranular water at observation time 30, 50, 70, and 100
ms measured in a column packed with non treated methanogenic
biofilm granules. The experimental parameters are the same like
mentioned in Fig. 8.

In a two-component system with no significant relaxation
or susceptibility and no exchange between the stagnant and
flowing water pools, the signal amplitude of both fractions
corrected for relaxation will not depend on A. Exchange be-
tween the pools will result in a decrease of the relaxation
times of both components [13,33], and an increase of the
amplitude of the flowing fluid, coupled with a corresponding
decrease in the amplitude of the stagnant water, with increas-
ing A [7,22]. Since the signal from flowing fluid is sensitive
to susceptibility effects, the amplitude of this component cor-
rected for T, attenuation decreases with increasing A (see
Fig. 10). Thus, the signal amplitude of flowing water cannot
be used for the determination of exchange. At the same time
the fluid inside the bacterial cells is hardly sensitive to the
susceptibility effects because the displacement of spins due
to diffusion inside the granules is much smaller than that due
to dispersive flow outside the granules. Therefore, signal at-
tenuation caused by the diffusive motion in magnetic field
gradients inside the granules is lower than the attenuation for
water flowing though the column. In Fig. 10, the first echo
amplitude of stagnant granular water and of flowing water,
both measured and T, corrected, are presented. Clearly, the
T, corrected amplitude of the stagnant water in the granules
is independent of A. This is typical for a system without
exchange between the components.

The temperature treatment of the system resulted in a de-
crease of the apparent values for T} (29 and 988 ms) and T,
(10 and 605 ms), revealing enhanced water exchange be-
tween the different water pools. The propagators of stagnant
and flowing fluids for increasing A are similar to the propa-
gators of the non-treated system (data not shown). The v,
Agppr and Q,,, monotonically decrease with increasing A
(data not shown), similar to those observed in the system
before the heat treatment. The first echo amplitudes of the
stagnant and flowing fractions as a function of A are shown
in Fig. 11. The values of 7| measured for the temperature
treated system were used to correct the signal attenuation
with increasing A. After this T correction, an uncorrected
amplitude loss is still observed for the flowing fraction due
to susceptibility effects and wall relaxation. Surprisingly, the
T, corrected amplitude of the first echo of the stagnant intra-
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FIG. 11. Measured and T corrected first echo amplitudes of
intragranular and extra-granular water for observation time 30, 50,
70, 100, and 150 ms, measured in the heat treated granular bed.
Experimental parameters: PFG-STE-MSE; resolution, 875 by 875
by 5000 wm; spectral width 50 kHz; TE1, 13.5 ms; TE, 4.8 ms;
TR, 2000 ms; 48 PFG steps; A=30, 50, 70, 100, 150 ms, and
number of averages 2, 2, 2, 4, and 4, respectively; =4 ms;
PFG,,.x=0.36 T/m.

granular water (strongly) increases with increasing A, and
this increase is significantly higher than the loss of amplitude
for the flowing fraction. The total amplitude of these two
fractions after 7, correction increases with increasing A,
which is physically impossible. If we correct the amplitude
of the stagnant fraction using the 7' of the granular water
measured for the untreated system the amplitude becomes
independent on A, as expected for a system without ex-
change. Clearly, the observed T, is shortened by the ex-
change process and using this 7 value to correct the ampli-
tude of the stagnant water pool results in an overcorrection.
If the observation times used in the measurements are of the
same order as the 7| of the stagnant fraction even a small
decrease of T| due to exchange in the system will have a
significant effect on the overcorrection of the amplitude of
the nonflowing fluid. The temperature treatment clearly re-
sulted in leakage of both the cell walls and the internal mem-
branes of the bacterial cells, resulting in exchange of water
inside the cells/granules with the flowing water pool and a
decrease in the apparent 7 of the stagnant water.

From this observation and our explanation a method can
be devised to quantify the exchange. Exchange of water from
the stagnant pool to the flowing pool will shorten the resi-
dence time in the stagnant pool. The observed T, is then
given by 1/T,p,=1/Treq+1/7. Here, 7 is the mean resi-
dence time of a water molecule in the stagnant water frac-
tion. Ty is the T} value without exchange, which results
in a corrected first echo amplitude of the stagnant water
pool that is independent of A. 7 can either be diffusion lim-
ited or defined by exchange over barriers, membranes, or
similar. In the heat-treated column we find with T,
=29 ms, Tjq=40 ms a mean residence time 7=125 ms.

V. CONCLUSIONS

We have shown that in porous media the outflow, the
surface relaxation and susceptibility effects induced by the
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internal magnetic field gradients can (strongly) affect flow
characteristics as measured by PFG-STE by removing the
fastest and slowest moving spins from the NMR signal. Only
the outflow effect can be corrected for by calculation. As a
result, the apparent average velocity, v,,, the flow conduct-
ing area, Aapp, and the volume flow, Qapp, as derived from the
propagators, differ from their real values and become depen-
dent on A. The noncorrected signal loss that remains after T
correction of the first echo amplitude always results in a
systematic underestimation of A,,,. Outflow and flow in lo-
cal magnetic field gradients progressively remove the fastest
flowing spins. When the total effect of these two mechanisms
exceeds the magnetization loss from the slowest spins due to
wall relaxation, the spectral weight of the propagator shifts
toward lower values. That results in a reduction of vy, In-
vestigation of the dependence of the apparent flow param-
eters on A is essential for the selection of optimal parameters
for flow measurement in porous biological media.

The sensitivity of the signal amplitude of the flowing fluid
in inhomogeneous media to susceptibility and wall relaxation

PHYSICAL REVIEW E 82, 026310 (2010)

makes it impossible to use it for the determination of ex-
change in the system. Since the signal amplitude of the stag-
nant water is hardly affected by uncompensated loss it can be
used to reveal exchange between the stagnant and flowing
water pools. If the T corrected amplitude of the stagnant
fraction is independent (or decreases) of A no exchange is
present on that time scale. Exchange between fluids with
different 7, is accompanied by a decrease in the apparent T}
values for both fractions. In these circumstances, the correc-
tion of the amplitude of stagnant water using the apparent 7
will result in an increase of the signal amplitude of this frac-
tion with increasing A. This overcorrection of the amplitude
of stagnant fluid is a clear indication of exchange between
the fractions. In a system with exchange it is necessary to use
the value of T for the system in the absence of any exchange
to correct the signal amplitude of the stagnant water so that it
becomes independent of A. From the difference between the
observed T and the 7', without exchange the mean residence
time of water in the stagnant pool can be obtained.
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