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Abstract Pulsed field-gradient spin echo nuclear mag-
netic resonance spectroscopy of water diffusing in eryth-
rocytes leads to diffusion interference and diffraction
effects, which are visualised in g-space plots of signal
intensity versus the magnitude of the spatial wave-number
vector q. Interpretation of the features of these g-space plots
has been aided by Monte Carlo random walk simulations of
diffusion in lattices of virtual erythrocytes. Here, the effect
of varying the orientation of the cells with respect to the
direction in which diffusion is measured, on the appearance
of g-space plots, was investigated, together with the effect
of changing the cell volume. We show that these changes
are reflected in the appearance of the plots in a way that is
diagnostic of the microscopic geometry of the sample.
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Introduction

The aim of this work was to investigate the effect of
orientation on the g-space plots produced from nuclear
magnetic resonance (NMR) pulsed field-gradient spin echo
(PGSE) diffusion measurements on a cellular system.
Avram et al. (2004, 2008) have shown both experimentally
and theoretically for diffusion of water in cylinders that
have a large length to diameter ratio the appearance of
resulting g-space plots is highly dependent on the cylinder
orientation, with even small deviations resulting in a
Gaussian decay of the signal. This is in contrast to simu-
lated results in oriented cylinders of finite length where
diffraction minima are seen for all orientations (Soderman
and Jonsson 1995).

The cellular system chosen for our study was the human
red blood cell (RBC) due to the well-defined g-space plots
that can be obtained as a result of the alignment of the cells
within the uniform magnetic field of an NMR magnet
(Kuchel et al. 1997, 2000). However, this alignment may
be expected to be incomplete, especially for suspensions
with a low packing density (haematocrit, Ht), or a very
high one. The effect of cell orientation on the form of g¢-
space plots from suspensions of RBCs has been considered
previously (Jiang et al. 2001), but using a flat cylinder as
the model of an RBC. However, here, we investigated these
effects using RBCs modelled more realistically as bicon-
cave discs, or discocytes.

In addition, previous simulations of water diffusion in
RBCs had been based on a lattice of cells with uniform
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volume (Regan and Kuchel 2000, 2002, 2003a, b); but real
RBCs from a single donor have a distribution of volumes
and hence a distribution of mean cell diameters (Price-Jones
1929). The effect of variation of cell volume on the
appearance of g-space plots from samples of RBCs was also
investigated using random walk simulations of diffusion.

Translational displacement is measured in PGSE-NMR
spectroscopy by encoding spatial information in the phase
of nuclear spins by the application of magnetic field-gra-
dient pulses. This enables the calculation of diffusion
coefficients (Stejskal and Tanner 1965). When diffusion is
impeded by a confining geometry, it can give rise to
interference and diffraction-like effects due to spatial
coherences of the magnetisation phases in the sample.
These diffraction-like effects have been observed in solids
(Mansfield and Grannell 1973). On the other hand, the
Fourier transform of a g-space plot derived from a sus-
pension of yeast cells yields a Gaussian average propagator
that reflects the wide size distribution of the yeast cells
(Cory and Garroway 1990); the size dispersion is so large
that actual diffraction-like patterns are not seen in the
resulting g-space plots. However, if a porous system has a
certain level of regularity of size, g-space plots can show
interference-like features that when appropriately analysed
provide information on the structure and pore size of the
network (Callaghan et al. 1991).

Diffusion-coherence effects are readily observed from
suspensions of human RBCs using plots of the normalised
signal intensity versus the spatial wave-number vector q
(units, m~1):

q=(2m) 'yog (1)

where 7 is the magnetogyric ratio, ¢ is the duration of the
magnetic field-gradient pulses applied during the PGSE
experiment, and g is the magnetic field-gradient vector.

PGSE experiments on the diffusion of water in sus-
pensions of RBCs produce g-space plots with a number of
well-defined features. The first of these is a “pore-hopping
shoulder’, a diffusion interference effect due to water
moving in the extracellular medium, followed by several
diffraction minima arising from the restricted diffusion of
water inside the cells (Torres et al. 1999). An under-
standing of the factors that influence the appearance of the
g-space plots derived from suspensions of RBCs has been
aided by the use of extensive computer simulations of
diffusion in lattices of virtual cells (Regan and Kuchel
2002). This previous work has investigated the effect of
membrane permeability (Regan and Kuchel 2003b), and
the effect of various lattice arrangements of the cells
(Regan and Kuchel 2003a).

The analysis of data from g-space plots of water dif-
fusing in RBCs has been aided by the development of a
data-processing method based on the Fourier transform of
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the second derivative following application of a Blackman-
Harris digital filter (Kuchel et al. 2004). This method
enhances the features of the g-space plot and yields
information about the compartment sizes where the
restricted diffusion occurs, through the Fourier relationship
between the attenuation of the NMR signal in PGSE
experiments and the average propagator. The method has
recently been applied to follow systematic, predictable
shape changes in RBCs (Pages et al. 2008).

Theory of methods
Monte Carlo random walk

The method used for the random walk simulations has been
described previously (Regan and Kuchel 2000, 2002,
2003a, b) and for completeness is briefly described here: it
involves diffusion on a cubic lattice where for each time
step a particle moves one jump length in the £x-, &y- and
+z-directions as determined using a random binary digit.
The jump length is derived from the Einstein formula:

s = V2Dt (2)

where D is the diffusion coefficient of the particle and ¢ is
the time for a single jump. While a Monte Carlo random
walk was chosen for our investigations, a second method
for simulating diffusion using a matrix formalism is
available (Callaghan 1997); however, it requires an ana-
lytical solution to the boundary-value diffusion problem,
making it more suited to modelling diffusion in compart-
ments that can be represented by simple geometries such as
parallel planes, cylinders and spheres.

Erythrocyte model

RBCs were modelled using a degree-4 surface that
approximates the shape of a human RBC (Fig. 1a). The
surface for an RBC aligned with the magnetic field is
described by the equation (Kuchel and Fackerell 1999):

(P 4+ +2) 4P +7) + () + R (3)

where P, Q and R are constants related to the dimensions of
the biconcave disk:

2 b2 1/2
P=——+—|—=—-1 1——
5 2)
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— 4
Q—ﬁP—l—Z(ﬁ—l) (4)
4> d*
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Here, a is the maximum thickness, b is the minimum
thickness, and d is the main diameter (Fig. 1a). Equation 3



Eur Biophys J (2009) 39:139-148

141

a b

e

P

al®

Fig. 1 a Schematic of a cross-section through the model RBC used
for the simulations: a is the maximum thickness of the erythrocyte,
b is the minimum thickness, and d is the main diameter of the cell.
b Represents the unit cell used in the simulations, consisting of an
RBC inside a hexagonal prism. The dimensions of the prism are
shown with w being the width, and / the depth of the prism. ¢ Shows
how the orientation of the RBC (0) with respect to the external
magnetic field By was defined

was modified to make the surface rotatable about both the y-
and z-axes by the angles 6 and , respectively, to become:

[(25in 0+ cos O(xcos y — ysiny)*+(ycos  + xsin )’
+(zcos 0 — sin O(xcos i — ysin ¢))2]2
+ P{(ycosx// + xsiny)?
+(zcos 0 — sin O(x cos ¥ — ysin lp))z}
+ Q(zsin 0 + cos O(xcos Y — ysiny))*+R (5)

The purpose of the rotation about the y-axis was to
change the orientation of the model cell with respect to the
external magnetic field, which is, by definition, along the

z-axis. The rotation of the cell about the z-axis was done to
average the signal when gradients were applied along the
x- and y-axes; this accounts for the random orientation of
RBCs that occurs about the z-axis in a real sample.

The model RBC was placed inside a regular hexagonal
prism (Fig. 1b) to generate the unit cell that was then used in
the simulations. The unit cell allowed ready description of
the transmembrane exchange of water and used periodic
boundary conditions at the prism surfaces. The hexagonal
prism was also rotated about the y- and z-axes. The dimen-
sions of the prism were determined by fixing its volume
(Vprism) With respect to the volume of the cell (V) using:

Vprism = Vcell/Ht (6)
where Viism is given by
Vorism = w?hsin(m/3) (7)

Membrane transition probability

The red cell membrane is semi-permeable to water, and to
account for this in the simulations it is necessary to define
the probability of a particle actually transiting the mem-
brane (z,) if a jump takes it across the cell boundary. This
probability is calculated using the relationship (Regan and
Kuchel 2000):

tp = Pdsin/out/Din/oul (8)

where P, is the membrane permeability, s;,/0u 1S the jump
length of the particle inside or outside the RBC and D;,/ou
is the diffusion coefficient of the particle inside or outside
the RBC, which ever is relevant.

NMR signal

During the gradient pulses of the PGSE diffusion experi-
ment, a spin acquires an additional phase angle (¢) that
depends on its spatial position and the strength of the
magnetic field-gradient pulse. In a Monte Carlo random
walk simulation, the value of ¢ is updated after each jump
using the equation:

p(g) = yet|r| 9)

where 7 is the duration of a jump, and |r| is the magnitude
of the position vector of the particle with respect to the
applied magnetic field gradient. During the first gradient
pulse, phase is accumulated or lost, while during the
second gradient pulse the acquired phase has the opposite
sign. The accumulated phase angle at the end of the second
gradient pulse is then converted into signal intensity (E) by
taking the projection of the magnetisation vector onto the
—y-axis, using the expression:

E(g) = cos(¢)g (10)
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Methods
Experimental

To determine the volume distribution of a sample of RBCs,
fresh blood was obtained from the cubital fossa of a healthy
donor (T.J. Larkin). The mean cell volume (MCV) and red
cell distribution width (RDW) for this sample were mea-
sured in triplicate using a Sysmex KH-21 (Sysmex, Kobe,
Japan) haematology analyser.

Simulation programs

The Monte Carlo random walk simulation programs were
written in a combination of Mathematica 6.0 (Wolfram,
Champaign, IL, USA) and C. Mathematica has a library of
C functions that enable communication between it and an
external C program. The Monte Carlo method involves the
generation of large numbers of random binary and float-
ing-point numbers. Mathematica generated these numbers
(using a cellular automaton-based generator) that were
then passed to the C program that performed the actual
simulation. The intersection of a particle with the surface
describing the RBC involved the solution of a quartic
equation: expressions for the coefficients of the quartic
were generated using Mathematica. (They are not given
here due to their length and complexity but are available
on request from the authors.) The solution to the boundary
problem was achieved by calculating the coefficients of
the quartic in the C program and passing these to a cus-
tom-made function in Mathematica that used the built in
function Solve. The real, calculated roots of the quartic
were then passed back to the C program. Starting positions
of the point molecules were assigned randomly either
inside or outside the RBC in the unit cell, weighted
according to the relative intra- and extracellular volumes,
i.e., the Ht of the RBC suspension. The output of the C
program was a list of gradient strengths and correspond-
ing signal intensities that were returned to the main
Mathematica program for subsequent signal analysis and
graphing.

Simulation parameters

The experimental PGSE-NMR parameters used in the
simulations were chosen to be consistent with those used
previously (Regan and Kuchel 2000, 2002, 2003a, b), being
a diffusion time (A4) of 20 ms, gradient pulse duration (J) of
2 ms, giving a total simulated time of 22 ms. The gradient
magnitude (g) was varied between 0 and 10 Tm~! in 96
equally spaced steps, and the proton magnetogyric ratio (y)
of 2.62752 x 10® rad T™' was used. The permeability of
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the RBC membrane, Py, was set to 6.1 x 10 ms™!

which is the experimentally determined value for human
RBCs (Benga et al. 1990). Diffusion coefficients of water
were 8.0 x 107 and 1.6 x 107" m? s~!, inside and
outside the RBC, respectively. The dimensions of the RBC
for simulations involving only changes in the orientation of
the cell were a = 2.12 x 107° m,b=1.0 x 107° m, and
d = 8.0 x 107® m. These values gave an RBC volume of
86 fl which is the mean value for human RBCs (Dacie and
Lewis 1975). To generate RBCs with volumes of 76 and
96 fl, d was set to 7.525 x 107 and 8.45 x 10™°m,
respectively, while using the same values of a and b. These
volumes were chosen as they represent the extreme values
expected for normal human RBCs (Price-Jones et al. 1935).
The surface area for cells with each of the volumes was
calculated by summing the areas of the triangles used to
plot the surface generated by Eqs. 3 and 4 in Mathematica.
The values obtained were 115.2 um? for 76 fl cells,
127.9 pm* for 86 fl cells and 140.7 pm* for 96 fl cells,
with the surface areas of the 76 and 96 fl cells differing by
10% from that of the 86 fl cells. All the simulations were
performed using an Ht of 0.5 and with 10° particles. The
rotation of the cell about the y-axis to average the signal
intensities obtained from gradients applied along the x- and
y-axes was implemented by performing the simulation in
packets of 1,000 particles. For each particle in a packet, the
value of ¢ was incremented by 0.18° to give a total rotation
of the cell of 180°.

For simulations where the orientation of the cell was
varied, the values of 6 used were, 0° (aligned with the
external field), 10°, 30°, 45°, 60° and 90°. A simulation
where the orientation 6 was randomly chosen to be an
integer value between 0° and 6° for each particle was also
carried out, with the values of 6 chosen with uniform
weighting.

To represent a real suspension of RBCs, a simulation
where the cells were given a random volume was con-
structed. For each particle, a random RBC volume was
sampled from a normal distribution of a mean of 86 fl
(Dacie and Lewis 1975), and standard deviation of 5 fl (for
explanation of this choice of standard deviation see
“Results”). A table of cell diameter d values and corre-
sponding prism dimensions w and h was constructed to
give volumes between 71 and 101 fl (mean £ 3SD) in
0.25 fl steps, and a set of values was chosen randomly
using a Gaussian distribution for each particle simulated.

Mean residence time
Mean residence times for a molecule inside an RBC for the

different volumes and orientations used were calculated
based on the time taken for 10,000 particles to exit the



Eur Biophys J (2009) 39:139-148

143

RBC, using the same simulation parameters as were used
for generating the g-space plots. The mean residence time
simulation was repeated 20 times for an RBC of 86 fl
aligned with By to obtain an estimate of the statistical
variance.

Data processing

The simulated g-space data were interpolated using a
shifting cubic spline in Mathematica, to increase the
number of data points to 1,000 prior to generating g-space
plots and application of the method involving the Fourier
transform of the second derivative (Kuchel et al. 2004).
The signal intensity was then plotted against the magnitude
of the spatial wave-number vector q in Mathematica to
generate a g-space plot, using a logarithmic scale on the
ordinate to improve the visualisation of the coherence
features. The g-space plots for gradients applied along the
x- and y-axes were generated from the average of the
simulated data for the two gradients.

The data from the simulations performed here contained
points with negative intensity (a numerical artefact, due to
the displacement distribution not extending to infinity since
only 10° particles were simulated), which has been noted
previously (Regan and Kuchel 2002), particularly at high ¢
values, therefore the g-space plots were truncated at a g
value of 3 x 10° or 5 x 10° m~"'. The mean displacement
obtained from the Fourier transform of the second deriva-
tive is dependent on the maximum value of ¢ in the data
set. Therefore, in order to obtain reliable estimates of the
mean displacement, the entire data series for each simu-
lation was used. To determine if negative signal intensities
interfered with the mean displacement calculated by the
Fourier transform of the second derivative, the method was
tested on data from a Monte Carlo simulation in a sphere
(data not shown) with a diameter of 8§ pm and perfectly
reflecting walls. The method of the Fourier transform of the
second derivative gave a mean displacement of 7.82 um
which was very close to the value (8 pum) used to describe
the sphere in the first place; so it was concluded that the
second derivative method was sufficiently robust to handle
data with relatively minute negative intensity (<107° of
maximum).

Mean length of a chord

The mean length of a chord in each of the x-, y- and z-
directions in an RBC of a range of volumes and orienta-
tions was obtained by choosing a random point inside the
model cell and calculating the length of the chord passing
through the point to the boundary in the x-, y- and z-
directions. A rotation about the z-axis was used to average
the profile of the cell in the x- and y-directions using the

method described for the diffusion simulations. This was
performed for one million points for each orientation and
volume, and mean values were calculated for the x/y- and
z-directions.

Results
Red cell volume distribution

The mean MCV and RDW for the sample of RBCs were
84.8 fl and 12.4%, respectively. Using these values, a
calculated standard deviation in the red cell volume for this
sample was 5.3 fl; this was consistent with known literature
values (Price-Jones 1929; Price-Jones et al. 1935). There-
fore, the choice of 5 fl as the standard deviation for the
simulation involving RBCs with random volume was
deemed to be justified.

Variation of cell orientation

The g-space plots for simulations where the orientation of
the cell with respect to By, was changed are shown in
Fig. 2. The plot for gradients applied along the x/y-axes
(Fig. 2a) showed a gradual progression from a curve
without any diffraction minima for cells aligned with B,
and at 0 = 10° to a curve with a broad minimum at
g =20 x 10°m™"' for § = 45°. This minimum shifted
progressively towards lower ¢ values for 0 = 60° and 90°.
The plot derived for the case where the gradients were
applied along the z-axis (Fig. 2b) showed the opposite
trend, with clearly a defined minimum at 6 = 0° and 10°
which shifted to higher ¢ values as 0 was increased, with
the minimum disappearing when 6 = 60°.

The g-space plots for the simulation with RBCs given a
random orientation angle 0 between 0° and 6° are shown in
Fig. 3. For gradients applied along the x/y-axes (Fig. 3a),
the g-space plot showed no significant features, in a way
that was similar to the g-space plot for cells aligned with
the magnetic field, or oriented at 10° to it. The g-space plot
for gradients applied along the z-axis (Fig. 3b) closely
followed that for aligned cells with the most significant
feature of the plot being the appearance of the first dif-
fraction minimum at a higher g value than that observed for
aligned cells. This diffraction minimum was broader in the
randomly oriented cells.

Variation of cell volume
Figure 4 shows the g-space plots generated by simulations
with cells of 76, 86 and 96 fl. When gradients were applied

along x/y-direction, the g-space plots were featureless and
showed little variation with the change in RBC volume.

@ Springer



144

Eur Biophys J (2009) 39:139-148

E(g.4)

0.5 1.0 15 2.0 25 3.0
q(1 0° m’1)

o
5

E(g.4)

0.5 1.0 1.5 2.0 2.5 3.0
q (105 m,,)

Fig. 2 g-Space plots from simulations of the diffusion of water in
RBCs with different orientation angle (0) with respect to By. a Shows
the plot for the average signal intensity when the magnetic field
gradients were applied along the x- and y-axes, while b shows the plot
for gradients applied along the z-axis. Key: black 0 = 0 (cells aligned
with By), blue 0 = 10°, red 0 = 30°, green 0 = 45°, orange 0 = 60°,
and grey 6 = 90°

The plot for z-axis gradients showed a shift of the first
diffraction minimum from ¢ = ~1.7 x 10° m~"' for 76 fl
cells to g = ~1.4 x 10° m~" for 96 fl cells.

Three separate simulations of RBCs with a random
volume were performed, and the g-space plots for each are
given in Fig. 5a. The most obvious difference between the
three curves was the position of the first diffraction mini-
mum, which appeared at a different g value for each set of
data. The minimum was also quite broad in two of the
curves. The data from the three simulations were averaged
to produce a single data set for comparison with data from
simulations using cells of 86 fl (Fig. 5b, c¢). The curves for
gradients applied along the x- and y-axes were also fea-
tureless and appeared similar, except for the slightly
greater attenuation in the simulation with random RBC
volume. For gradients applied along the z-axis, the curves
overlapped until the first diffraction minimum, which
occurred at the same g value for both the 86 fl and random-
volume cells. The minimum of the g-space plot from
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Fig. 3 g-Space plots from simulations of water diffusion in RBCs
when the orientation (0) of the cells was either fixed at 0° (black lines)
or randomly chosen to be between 0° and 6° (blue lines), for gradients
applied along, a the x- and y-axes, and b the z-axis

random-volume cells was significantly broadened, how-
ever, and had a tail extending towards higher g values.

Mean residence time

Mean residence time data for a water molecule diffusing
inside RBCs with different cell orientations are given in
Table 1; and also for cells of different volume in Table 2.
The standard deviation of the 20 repeated simulations was
0.1 ms, and the maximum and minimum estimates of mean
residence time were 12.1 and 11.7 ms, respectively.

Mean displacement

Mean chord length data, together with the average dis-
placement data obtained from the Fourier transform of the
second derivative, are given in Table 1 for RBCs of dif-
ferent orientations; and in Table 2 for RBCs of different
volumes. The mean chord length along the z-axis for cells
of 86 fl was consistent with that calculated previously
using the same RBC model (Kuchel et al. 2004).
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Fig. 4 g-Space plots from simulations of the diffusion of water in
RBCs with different volumes (V). a Shows plots obtained when
gradients were applied along the x- and y-axes, while b shows plots
for gradients applied along the z-axis. Key: black V .y = 76 fl, blue
Vcell = 86 ﬂ, red Vcell =96 fl

Discussion

g-Space plots derived from a sample of RBCs in which the
magnetic field gradients were applied in the x/y-directions
and the z-direction, as the orientation of the cells were
varied, are shown in Fig. 2. The shape of the g-space plots
for cells where 0 = 0°, 45° and 90° correlates well with
those shown by Jiang et al. (2001) who approximated the
RBC shape as a cylinder, with a shift in the position of the
first minimum towards higher g values for cells at 45°, and
the absence of a minimum at 90°. The data in Fig. 2
showed that the troughs containing the diffraction minima
were significantly broader when the gradients were applied
along the x/y-axes. The rotation of the RBC about the
z-axis generated a range of cell profiles along these axes, as
seen in the mean chord length data, and this was concluded
to be the cause of the broadening. The positions of the first
diffraction minima when the gradients were applied along

0.5 1.0 1.5 2.0 25 3.0
g1 0° m'1)

Fig. 5 ¢-Space plots from simulations of the diffusion of water in
RBCs when the volume (V) of the cells was either fixed at 86 fl or
randomly chosen from a normal distribution of mean 86 fl and
standard deviation 5 fl. a Shows g-space plots when gradients were
applied along the z-axis for three separate simulations with RBCs of
random volume. b Shows the plot obtained when gradients were
applied along the x- and y-axes for cells with a volume fixed at 86 fl
(black), and for the average of the three separate simulations with
random volume (blue). ¢ Shows g-space plots from the same
simulations as in b but for the situation when the gradient was
applied along the z-axis; again the black line is for 86 fl cells while
the blue line shows the results for cells with random volume
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Table 1 Mean chord length, mean displacement, and mean residence time data from simulations of water diffusion in RBCs with various cell

orientations

Cell orientation

Mean chord length,

Mean chord

Mean displacement,

Mean displacement,

Mean residence

0, °) x/y (um) length, z (um) x/y (um) Z (um) time (ms)
0 2.95 5.83 1.17 5.87 11.9 £ 0.1
10 2.97 5.14 1.17 5.87 11.7 £ 0.1
30 3.18 3.06 3.52 5.87 12.1 £ 0.1
45 3.53 2.38 4.70 4.70 12.0 £ 0.1
60 4.13 2.04 4.70 3.52 11.8 £ 0.1
90 5.83 1.82 7.04 1.17 11.7 £ 0.1
Random 2.95 5.71 1.17 5.87 11.9 £ 0.1

Mean chord lengths are given for x/y- and z-directions. Mean displacement values were determined using the method that involves the Fourier
transform of the second derivative of the g-space data. The mean residence time is given as the mean + SD, based on 20 repeated simulations for

RBCs at 0°

Table 2 Mean chord length, mean displacement, and mean residence time data from simulations of water diffusion in RBCs with various cell

volumes

Cell volume Mean chord length, Mean chord length,

Mean displacement, Mean displacement, Mean residence

() xly (pm) z (pm) xly (um) z (um) time (ms)
76 2.89 5.45 1.17 5.87 11.8 + 0.1
86 2.95 5.83 1.17 5.87 119 + 0.1
96 3.01 6.16 1.17 7.05 12.1 £ 0.1
Random 2.95 5.83 1.17 5.87 11.8 £ 0.1

Mean chord lengths are given for x/y- and z-directions. Mean displacement values were determined using the method that involves the Fourier
transform of the second derivative of the g-space data. The mean residence time is given as the mean + SD, based on 20 repeated simulations for

RBCs of 86 fl

the z-axis, for cells aligned with By, and for gradients
applied along the x/y-axes for cells perpendicular to By,
appeared at the same value of g. This reflects the almost
identical profile of the cell when it is projected along these
axes in both situations. The trend in the position of the first
diffraction minimum in the g-space plots is reflected in the
data describing the mean chord length (Table 1), with the
mean lengths decreasing along z, and increasing along x/y
as the orientation of the RBCs changed.

The mean displacement data generated from the Fourier
transformation of the second derivative of the g-space data
were not consistent with the mean chord length data
obtained with most of the cell orientations. The notable
exception was the displacement along z, for cells aligned
with By, where there was good agreement between both
values of the mean displacement and mean chord length.
The method involving the Fourier transform of the second
derivative was able to distinguish between cells of different
orientations providing there was a difference in 0 of at least
15-30°, but it had poor discrimination power when the
angle was less than this.

The appearance of the first diffraction minimum at a
higher g value for RBCs with a random orientation was
reflected in the smaller mean chord length in the z-direction
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for randomly oriented cells, compared with aligned cells.
As with the other simulations involving changing the ori-
entation of the RBCs, the Fourier transform of the second
derivative could not discriminate between cells aligned
with the magnetic field and those with a random
orientation.

The mean residence times of a particle (water molecule)
inside the RBC calculated here were consistent with those
reported previously (Regan and Kuchel 2000), and with
literature values for RBCs obtained from manganese dop-
ing (Benga et al. 1990), and PGSE (Andrasko 1976)
experiments at 25°C. No dependence on the orientation of
the RBCs was seen, as all values fell between the maxi-
mum and minimum values obtained from 20 repeated
estimates of the mean residence time in an RBC of 86 fl
aligned with By

Changing the volume of the RBCs had no significant
effect on the shape of the g-space plots when gradients
were applied along the x/y-axes, with the lines of the graph
overlapping in the plot (Fig. 4a); this feature is reflected in
the small change in mean chord length reported in Table 2.
The lack of difference in the curves can be attributed to the
averaging effect of the rotation of the cells about the z-axis.
The g-space plot derived when the gradients were applied
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along the z-axis showed the first diffraction minimum at a
significantly different g value (Fig. 4b); this corresponded
well with the changes in mean cord length reported in
Table 2. As with the simulations where the orientation of
the cell was changed, the data-processing method that uses
the Fourier transform of the second derivative failed to
discriminate between cells of different volumes.

The three simulations performed with identical experi-
mental parameters, but with cells of randomly assigned
volumes, showed differences in the position of the first
diffraction minimum in the resulting g-space plots
(Fig. 5a); this reflected the randomness with which the
volumes were assigned. The differences between the
g-space plots give an indication of the variations expected
in real experiments. When the average signal intensities
from the three random-volume simulations were compared
with the data from cells with a volume of 86 fl, the first
minimum occurred at the same value of g (Fig. 5c); how-
ever, the diffraction minimum for RBCs of random volume
became broader and more closely resembled g-space plots
that have been acquired from real samples of RBCs
(Kuchel et al. 1997; Pages et al. 2008).

In conclusion, the present work has extended the model
used previously by us to simulate the diffusion of water in
RBCs (Regan and Kuchel 2000, 2002, 2003a, b), to include
the effects of variable orientation and volume of the cells.
The results of the simulations carried out here showed that
features of g-space plots from RBCs, particularly the
position of the first diffraction minimum, were dependent
both on the cell orientation and cell volume. However,
unlike the previous studies on diffusion in cylinders
(Avram et al. 2004, 2008), no strong angular dependence of
the signal attenuation was seen in the present work, with
diffraction minima seen for RBC orientations up to 45°.
The dependence of the g-space plots from RBCs on cellular
orientation seen in our simulations could be confirmed
using a triple axis gradient probe to apply gradients in any
direction across a suspension of RBCs. Sufficient magnetic
field-gradient strength would be needed to incur sufficient
signal attenuation to manifest diffusion-coherence features.
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