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Abstract

Transport of water and ions through cell membranes plays an important role in cell metabolism. We demonstrate a novel technique to
measure water transport dynamics using erythrocyte suspensions as an example. This technique takes advantage of inhomogenous inter-
nal magnetic field created by the magnetic susceptibility contrast between the erythrocytes and plasma. The decay of longitudinal mag-
netization due to diffusion in this internal field reveals multi-exponential behavior, with one component corresponding to the diffusive
exchange of water across erythrocyte membrane. The membrane permeability is obtained from the exchange time constant and is in good
agreement with the literature values. As compared to the other methods, this technique does not require strong gradients of magnetic

field or contrast agents and, potentially, can be applied in vivo.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Dynamical processes in tissues, such as diffusion and
relaxation, are of great interest and practical significance
for characterization of both structures and functions [1].
NMR has been useful to study the movement of water mol-
ecules in tissues, in particular, blood [2-12] including the
diffusive exchange of intra- and extra-cellular water.
Among the parameters used to describe this exchange is a
characteristic time 7 for molecules to diffuse across the cell
membrane, which is related to the membrane permeability.
Characterization of water exchange between erythrocytes
and plasma by NMR has generally been done on the basis
of either relaxation in the presence of contrast agents or
diffusion in the presence of applied magnetic field
gradients.
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The majority of relaxation studies [2-4,8-10,13,14]
determine transverse relaxation time (75) of water protons
using CPMG sequence [15,16] and relaxation-enhancing
contrast agents. This method relies on the fact that the
intra-cellular proton relaxation times (7.= 570 ms,
T>. = 10 ms) were found to be shorter than those in the
plasma (7, =1700ms, 75, =100ms without contrast
agents) in freshly drawn samples [2,10]. A paramagnetic
agent can be added to the erythrocyte suspension to
shorten T;,. When T, and T, are much longer then 7, a
water proton exchanges between two compartments several
times before it decays, giving rising to a single relaxation
time for all protons. In this regime, the exchange time can-
not be determined using this method. When the concentra-
tion of the contrast agent increases so that 7, <7, the
signal decay exhibits multi-exponential characteristics and
7 can be determined using Luz—Meiboom exchange theory
[17].

The pulsed gradient spin echo (PGSE) technique [18]
has also been used to study exchange in the erythrocyte
suspensions [6-8,19]. The apparent diffusion constant
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(ADC) for water inside erythrocytes is smaller than that in
plasma due to a higher intra-cellular protein concentration
as well as restriction by cellular membranes. When the dif-
fusion time is shorter than 7, the decay reveals a double-
exponential behavior. When the diffusion time becomes
comparable to 7, the exchange of water between the eryth-
rocytes and plasma diminishes the difference in ADCs
resulting in a single-exponential decay. PGSE-type experi-
ments have been useful in probing tissue microstructure,
cell sizes and membrane permeability [5-10,19-25].

Here, we discuss the use of internal magnetic field as a
novel physical mechanism to study water diffusion in tis-
sues. In a uniform applied magnetic field, a sample consist-
ing of multiple components often exhibits an
inhomogeneous field inside the sample due to the different
magnetic susceptibilities of the individual components. Sig-
nal decay due to diffusion in the internal field (DDIF) has
been used to measure pore sizes of rocks [26-28]. In biolog-
ical tissues, the internal field may arise as a result of suscep-
tibility variations among cells or cellular compartments
[29-35]. In blood, the susceptibility difference between
erythrocytes and plasma is a major source of the internal
field that causes the proton Larmor frequency inside and
outside the erythrocytes to be significantly different. In
addition, there is a chemical shift difference between water
protons inside and outside the erythrocytes [12]. The DDIF
technique utilizes these factors to create an imbalance of
spin magnetization between inside and outside of erythro-
cytes and then monitors water exchange across the
membrane.

In this study, we apply the DDIF method to explore
water diffusion in erythrocyte suspensions. We show that
the DDIF signal decay reveals a multi-exponential behav-
ior and the different decay components directly probe the
diffusion dynamics, i.e. diffusion within the erythrocytes
and exchange between the erythrocytes and plasma. The
exchange time constant obtained by DDIF is in good
agreement with the literature values [4,6,9,36]. This method
might be useful to study more complicated tissues such as
muscle and brain.

2. Theory and background

When an inhomogeneous material is subject to a uni-
form external field By, the magnetic field inside the pore
space is not uniform, B(r) = By + Bi(r), and the internal
field B'(r) is spatially dependent [37]. The key characteris-
tics of the internal field are that its range is finite, and the
length scale of its variation is a signature of the underlying
structure [38,39]. This is in contrast to the PGSE method
where the length scale is dictated by the applied gradient.
DDIF often uses the stimulated echo sequence [40]:

g ~te— g —t4— g -detection (1)
where 7. is the encoding time and ¢4 the diffusion time. The
internal field is present throughout the experiment and no

external field gradient is applied. The first two n/2 pulses
encode the internal field by the precession phase (® = yB't,)
and store it as either sin(®) or cos(®) [28]. For the experi-
ments reported here, we selected the sine modulation using
phase cycling [27]. After the second pulse, the diffusion of
water molecules across regions with different B' reduces
the amplitude of the spatial magnetization profile. A stim-
ulated echo is detected after the third pulse and the signal
decay is measured as a function of #4. This technique has
been applied to many porous materials [39,41].

The essence of DDIF is to induce a spatial pattern of the
magnetization to mimic the spatial pattern of the internal
field. The measured decay time constant will reflect the dif-
fusion dynamics of the underlying system. For example,
suppose two regimes are separated by a membrane and
the magnetic field in the two regimes are different. DDIF
will produce an initial magnetization difference between
the two regimes. Then, during the ¢4 period, the diffusion
through the membrane between the two regimes will reduce
the magnetization difference and contribute to the signal
decay. The time constant of such decay can be a direct
measure of the diffusion dynamics and membrane
permeability.

Erythrocytes are the major component of blood and
they are disk-shaped cells with a diameter of about 8 um,
a width of 2 um and a thickness of 0.5 um. The membranes
of erythrocytes are permeable for water. In a static erythro-
cyte suspension, the presence of cell packing structure in
combination with the high concentration of hemoglobin
in cells gives rise to a susceptibility difference that domi-
nates the magnetic field distribution. The internal field in
such a sample exhibits three major characteristics: a spa-
tially non-uniform field inside the erythrocytes, non-uni-
form field in the plasma, and the field difference between
inside and outside the erythrocytes. From comparison with
the case of inorganic porous media, we expect that the
DDIF experiment is able to determine both the size of
the erythrocytes and the length scale of the plasma region
(the distance between the erythrocytes). Furthermore, due
to the field difference between inside and outside erythro-
cytes, the DDIF experiment creates a magnetization imbal-
ance across the membrane. This magnetization imbalance
is equilibrated by water exchange, the exchange time con-
stant being directly related to the membrane permeability.

In a rotating sample of erythrocyte suspension, the sus-
ceptibility broadening can be removed [11,35] and a water
chemical shift difference (0.05 ppm) is found between eryth-
rocytes and plasma [12]. In fact, this type of chemical shift
difference has been used to directly measure the membrane
permeability [42]. The DDIF experiment does not distin-
guish between the different contributions to proton fre-
quency and utilizes the total phase acquired in the
encoding period. In the following discussion, we will use
the term “internal field” to include all sources of frequency
modulation mentioned above. In addition, it has been
found that the erythrocytes tend to align in a uniform mag-
netic field with the long axis parallel to the field [7,43-45].
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As a consequence of this alignment, the “diffusion—diffrac-
tion” phenomenon [46] is observed in blood [7,47,48]. Such
alignment might affect the detailed field distribution in the
erythrocyte suspension. However, the qualitative charac-
teristics of the internal field important for DDIF are likely
to remain.

The diffusion dynamics in a coupled multi-compart-
ments system has been described in several theoretical
papers (e.g. [9,35,49]). Ref. [49] explicitly evaluates diffu-
sion eigenmodes and is used to interpret the DDIF result
because only a few eigenmodes are important in a DDIF
experiment. This formalism is compatible with others
[9,35] based on diffusion propagator. The spatial character
of the eigenfunctions is also very helpful in connecting
DDIF results with specific diffusion dynamics and cell
structure to gain insight into the underlying physical
processes.

3. Materials and methods
3.1. Samples

Fresh feline blood heparinized to avoid clotting is used
to make three samples: a packed erythrocyte sample, a
crushed cell sample, and a plasma sample. To avoid settling
of the erythrocytes during NMR measurements, the packed
erythrocyte sample is obtained by centrifugation of the
fresh blood sample (Beckman Coulter Avanti J-25) at
6000 rpm (10,000g) for 30 min, and then the plasma and
buffy coat are removed. The resulting suspension of eryth-
rocytes is washed twice with an isotonic phosphate-buf-
fered saline solution (pH 7.4), and centrifuged as above
to remove the surfactant. The preparation procedure is
adopted from Higashi et al. [44]. The final hematocrit is
approximately 60%.

The crushed cell sample is prepared by stirring erythro-
cyte suspension in a small vial filled with purified glass
beads of 1 mm diameter for 10 min. The vigorous agitation
of the beads broke up cell membranes in a similar fashion
as a homogenizer. The mixture is then centrifuged at
6000 rpm (10,000g) and the supernate is collected as the
sample. The resulting sample has a similar protein concen-
tration (uniformly distributed) as the erythrocyte sample
but does not have the cell packing structure. Plasma sample
is filtered before use. All samples are put into 5 mm NMR
tubes and kept in a water bath at 25 °C for 30 min for tem-
perature stabilization prior to NMR experiments.

3.2. NMR experiments

NMR experiments are performed at 25 °C on a Bruker
DMX console at a proton Larmor frequency of 400.1
MHz. A few drops of D,O are added to the samples to allow
the use of deuterium lock. In DDIF experiments the inten-
sity of the stimulated echo is measured as a function of
tg, the latter is varied from 100 ps to 8 s, logarithmically.
The encoding time ¢, is tested for the range of 0.3-25 ms.

Experiments with 7, =1, 2 and 3 ms are also performed
with a frequency-selective first pulse. Spin-lattice relaxa-
tion is measured separately with an inversion recovery
sequence. For all experiments, the recycle delay is 20 s.

In blood samples, there are usually two species of pro-
tons from water and macromolecules (e.g. hemoglobin).
The two species experience different amount of encoding
and contribute to different parts of the echo in time
domain. The signals from these two species can be sepa-
rated by using a frequency-selective first pulse in the
stimulated echo sequence. We perform water- and pro-
tein-selective DDIF experiments by adjusting the transmit-
ter frequency to that of the water or protein (1.5 kHz
(3.8 ppm) from water), respectively. We also perform
non-selective DDIF experiments with all three short pulses.
The durations of the selective and non-selective m/2 pulses
are 800 and 10 ps, respectively.

Since the DDIF signal decays as a sum of the exponen-
tial functions, Laplace inversion algorithm [50] is used to
analyze the data and extract the distribution of the decay
time constants. We call this distribution “DDIF spectrum”
throughout the paper. This spectrum represents the ampli-
tudes of the diffusion eigenmodes.

4. Results and discussions

4.1. The presence of internal field in the erythrocyte
suspension sample

Figs. 1a and b show the proton frequency spectra of the
several samples. The main resonance at zero offset fre-
quency refers to water (Fig. 1a), while the lower-amplitude
features around 42 kHz are from macromolecules, such as
proteins [9,10]. The water linewidth in the packed erythro-
cyte sample is 70 Hz (Fig. 1b), contributed by the following
factors: (1) chemical shift difference (20 Hz at 400 MHz)
between water in erythrocytes and plasma [12]; (2) fre-
quency shift due to susceptibility difference between eryth-
rocytes and plasma [11,51,52]; (3) spectral broadening due
to field variation within individual erythrocyte and plasma
compartments. Fig. 1b shows the water resonance in the
crushed cell sample with a linewidth of 15 Hz, similar to
that of the plasma (10 Hz), and much narrower than that
of the erythrocyte suspension sample (70 Hz). This con-
firms that the linewidth of the static erythrocyte suspension
is dominated by the susceptibility contrast in the structure
of the cell pack.

4.2. Echo shapes in DDIF experiments

Fig. 2a shows the signals as a function of the detection
time ¢, for the packed erythrocytes sample for several
encoding times. In addition to the stimulated echo posi-
tioned at 7., the signal exhibits a characteristic post-echo
with a maximum at 4 ms. This post-echo develops when
the encoding time becomes of the order of milliseconds
and grows along ¢.. This behavior is expected, because



N.V. Lisitza et al. | Journal of Magnetic Resonance 187 (2007) 146—154 149

a 3 T T T T U T T |-
|
|

o r ‘ 4

S \

2

= [ Erythrocyte | ]

g suspension Il Plasma

|

=

.20

wn

O~ . —  — —
1 1 1

Eryth
L Crushed rythrocyte

suspension

Plasma

Signal Amplitude

Frequency, Hz

Fig. 1. (a) Frequency spectrum of the erythrocyte suspension sample
(solid line) and plasma (dashed line). The main resonance at zero
frequency offset is attributed to water, while the lower amplitude features
positioned at around —1.6 and 1.2 kHz are from protons of macromol-
ecules, e.g. proteins. (b) The central regions of the frequency spectra of
erythrocyte suspension (solid line), crushed cell sample (long dashed line),
and the plasma sample (short dashed line). The linewidth was found to be
70, 15, and 10 Hz for erythrocyte suspension, crushed erythrocytes and
plasma samples, respectively.

the phase accumulation for the water signal due to internal
field during ¢, is much less than 2n. Therefore, the maxi-
mum of water signal occurs at a fixed time after the third
pulse, ~m/yAB', where AB' is the range of the internal field
[27,28] (from Fig. la, yAB' ~ 70 Hz). On the other hand,
the protons from the proteins acquire larger phase during
t., so that the maximum of the proteins signal occurs at a
time ¢, after the third pulse.

Fig. 2b shows the echoes obtained for the erythrocyte
suspension sample in water- and protein-selective experi-
ments as compared to the non-selective excitation. In the
water-selective experiment, the DDIF signal consists of
the post-echo only, while in the protein-selective experi-
ment, only the stimulated echo appears. This behavior con-
firms that the echo at ¢, is due to proteins and the post-echo
is mostly due to water. Thus, we can separate the contribu-
tions of water and macromolecules to the DDIF signal and
observe the diffusion dynamics of water without disturbing
the macromolecules.
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Fig. 2. (a) DDIF signals obtained in the erythrocyte suspension as a
function of the detection period, f,, for three encoding times, ¢, as labeled.
(b) Signals obtained for the erythrocyte suspension in a non-selective
DDIF experiment (solid line), a water-selective (long dashed line) and a
protein-selective (dotted line) experiments as a function of the detection
time, f,. The encoding time, #., was 1 ms.

4.3. DDIF spectrum

Fig. 3a shows the DDIF spectrum of the post-echo data
for the erythrocyte suspension sample acquired at
to=1ms, together with the 7 relaxation spectrum
obtained by the inversion recovery experiment (IR) and
Laplace inversion. The DDIF spectrum consists of several
peaks, with the slowest decaying component corresponding
to spin-lattice relaxation, as can be seen from a compari-
son with the 7 spectrum. In addition to the relaxation
peak, there are two faster components in DDIF spectrum.

The difference between IR and DDIF can be understood
as follows. The IR experiment was performed by first
inverting the spin magnetization and then monitor its
recovery. An important aspect to note is that the inverted
magnetization profile is spatially uniform. Using Eq. (5)
in the Appendix, it can be shown that only the lowest mode
(relaxation mode) is detected in such an experiment [53].
Spatial non-uniformity of the RF pulses exists only over
the sample size so that the spin magnetization can be
regarded as uniform over the cell scale.
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Fig. 3. (a) The DDIF spectrum (solid line) and relaxation spectrum
(dashed line) obtained by Laplace inversion for the erythrocyte suspension
sample. The encoding time, 7., was 1 ms for the DDIF experiment. (b) The
DDIF spectra obtained in the erythrocyte suspension sample for three
encoding times, z. = 0.5 ms (solid line), 7. = 1 ms (dashed line), 7. = 10 ms
(dotted line).

DDIF experiment is very different from IR, since the
magnetization is specifically modulated over the character-
istic length scale of erythrocytes. As a result, the amplitude
of the diffusion eigenmodes (a,) will be non-zero for many
modes. The slowest mode in the DDIF spectra (Fig. 3a)
coincides with the 7 measured in the IR experiment, indi-
cating that it is originated from relaxation. The other two
peaks at shorter times in the DDIF spectra are missing in
the T spectrum, indicating these modes are directly related
to the diffusion process.

Fig. 3b shows DDIF spectra obtained in the erythro-
cyte sample for several 7. values. The decay time of the
fastest component (approx. 1 ms) corresponds to a com-
partment size of about 3 pm, very close to the width of
erythrocytes (2 pm). For a disk-shape compartment such
as erythrocytes, there are more eigenmodes correspond-
ing to diffusion across the width (d) than those across
the diameter [27,28]. As a result, we expect the DDIF
spectrum to be dominated by a peak with the time con-
stant equal to dz/nzD, where D is the bulk diffusion con-
stant (see Appendix Al for expressions of eigenmode
time constants).

In addition, since the volume ratio of erythrocytes and
plasma is 60:40 in the packed erythrocyte sample, the aver-
age distance between the erythrocytes in our sample is
about 40/60 of the erythrocyte width, 2 * 4/6 ~ 1.3 pm,
assuming the erythrocyte disks are aligned in the magnetic
field. Since the magnetic field in the plasma region is non-
uniform, one would expect a contribution to the DDIF
spectrum from the plasma region with a time constant
about 0.2 ms. It is likely that the erythrocytes do not form
a packing with perfect long range order, so that the dis-
tance between the erythrocytes will vary from its average.
For the plasma compartments much smaller than 2 pm,
the decay during the encoding period (f. = 1 ms) will sup-
press the DDIF signal. However, the plasma compartments
with erythrocyte—erythrocyte distances close to 2 um are
still partially contribute to the peak in DDIF spectrum at
1 ms. The DDIF experiment alone cannot separate the con-
tributions from erythrocytes and plasma regions since the
sizes of these compartments are very similar. We assign
DDIF peak at 1 ms to the diffusion mode that corresponds
to the diffusion inside the erythrocytes and the plasma.

The spectral peak around 20 ms (Fig. 3b) is found to
grow with 7. as the amount of spatial encoding increases.
The average decay rate of this peak is estimated to be 1/
15ms~". The reduction of its amplitude growth rate at
to =10 ms is likely due to relaxation during the encoding
period [27]. A decay time constant of 15 ms corresponds
to a diffusion distance of 12 um (assuming the intra-cellular
bulk diffusion constant D ~ 107> cm?/s [27]), which does
not match any main structural dimensions of the erythro-
cyte suspension, such as diameter, width and thickness of
erythrocytes and spacing between them. The average value
of 15 ms for the decay time agrees relatively well with the
exchange time between erythrocytes and plasma (~10 ms)
reported in the literature [9,10,36]. We interpret this com-
ponent as the exchange mode, which corresponds to the
water diffusion across the membrane. Taking the volume-
to-surface of erythrocytes to be 0.78 um [54] we obtain a
value of 2.1+ 0.5x 10> cm s~! for the membrane perme-
ability. This calculation uses the hematocrit content of
60% in the packed erythrocyte sample, thus, assuming a
ratio of 2/3 for the compartment sizes. The value of
21x102cms™! is similar to the previous results for
human erythrocytes, such as by Stanisz et al. [9]
—2.8x10%cm s and Finkelstein [1] =3x 103 cm s~
It also falls well into the range of membrane permeability
measured for different mammals [21,22,25,55-60].

Although similar to literature values, the membrane per-
meability obtained from DDIF experiment has a significant
range because of the observed distribution of the exchange
times. The broadening of the exchange mode may reflect
the structural heterogeneity of the cell membrane and con-
sequently, the variations in membrane permeability, or
alternatively, it can be due to the heterogeneity of the cell
pack. DDIF alone cannot separate the contributions from
packing non-uniformity and membrane heterogeneity. This
ambiguity is not specific to DDIF technique and a similar
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problem exists for the relaxation and diffusion techniques.
However, the average membrane permeability can still be
obtained from the average exchange time measured by
DDIF.

The advantage of the DDIF vs. other techniques for
measuring cell membrane permeability and exchange is
that DDIF is a direct, non-invasive method and does not
require either contrast agents or application of field gradi-
ents. DDIF exploits the internal magnetic field, which
intrinsically exists in tissues due to structural inhomogene-
ities and may be used for the measurements both in vitro
and in vivo. The details of the DDIF spectrum can also pro-
vide the additional information about local structure of cell
membranes. In this regard, the experiments on erythrocytes
with altered permeability would be particularly interesting.
Also, a quantitative evaluation of the internal field in eryth-
rocyte suspension and detailed numerical simulation of the
diffusion dynamics will be useful for a full understanding of
DDIF in tissues.

5. Conclusion

A method with a new physical mechanism is presented
to probe the structure and dynamics of biological tissues
based on the diffusion in the internal magnetic field. We
show that the DDIF signal in blood reveals multiple com-
ponents and directly measures cell sizes and membrane per-
meability. A theoretical formalism is provided to describe
the multi-exponential decay in terms of the eigenmodes
of diffusion. Furthermore, the chemical shift difference
between species is the additional source of phase encoding
in DDIF experiment; in cell systems with significant varia-
tions of chemical shifts DDIF measurement of membrane
permeability is plausible even without susceptibility
contrast.
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Appendix A
A.1. Theory of diffusion in a coupled pore system

We model the suspension of erythrocytes by considering
water occupying two compartments in a one-dimensional
(1D) space for its simplicity. The erythrocyte occupies
region 1 between x =0 and x = L, and plasma occupies
region 2 between x = L and L + K. The two regions are
separated by a permeable membrane at x = L.

The dynamics of the longitudinal magnetization within
each compartment is governed by the diffusion equation
[61]

0
ot
where m(x,t) is the magnetization and D is the diffusion
coefficient. Here, we have neglected bulk and surface relax-
ation since it is much slower than the diffusion dynamics in
erythrocyte suspensions. The diffusion equation can be
solved as an expansion

mmnzfﬁmmwwl (3)

m(x,t) = DV*m(x, ) (2)

where the eigenmodes ¢,,(x) satisfy the eigenequation
1
DV, () = —,(x) )

The expansion coefficients can be determined by the ini-
tial magnetization profile, m(x,0)

%=A 6, (5)m(x, 0)dx (s)

The eigenmodes of the coupled system are subject to the
following boundary conditions

%—4):0 atx=0,L+K
xin X (6)
0¢" _ 94" _

atx =1L

~ _ o~ K(¢in—¢ex)

k = P/D is the exchange parameter, P is the membrane per-
meability using the definition of Herbst and Goldstein, [36].
The indexes “in”” and “‘ex” refer to the intra- and extra-cel-
lular space, respectively. The detailed solution for this
problem is described in Ref. [49] and we will discuss a sim-
ple case to illustrate the key feature of the relevant eigen-
modes. For K= L when the two compartments are equal,
the eigenvalues can be obtained through the two equations:

tan(wL) =0 (6a)
tan(wl) = 2x/w (6b)
Every eigenfunction splits into symmetric and anti-sym-

metric ones. For a small kL, the approximate solutions can
be obtained:

1 n?eD

in%—,n:QLLm (7a)
1 2P

A5 T (7b)
0

1  n?m®D 4P 4p?

S "t aerp "1 (7¢)

For larger x, Eq. (6) can be solved numerically, shown in
Fig. 4. It is worth noting that the symmetric eigenmodes
are analogous to the solutions of an isolated pore [53].

The lowest symmetric eigenmode, ¢;, is unique in that it
is spatially uniform, and o} = 0. In realistic systems with
finite relaxation, the decay rate of this mode would be
determined by the bulk and surface-induced relaxation
and the spatial uniformity of the eigenfunction remains
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Fig. 4. (a) The eigenvalue w,,/x as a function of L for several eignemodes.
The superscripts “s” and “a” refer to the symmetric (solid lines) and anti-
symmetric (dashed lines) eigenmodes. (b) The spatial profile of the
diffusion eigenmodes ¢,(x), n =0,1,2, as a function of x with kL =0.1,
which is similar to the case of the erythrocytes. The membrane is at x = L.

[49,62]. For this reason, the lowest mode is often called
relaxation mode.

The lowest anti-symmetric eigenmode, ¢, is also very
different from the other modes, e.g. ¢;. The most striking
feature is the sudden change of its amplitude at the mem-
brane (Fig. 4b). From Eq. (7b), the decay rate of this mode
depends on the membrane permeability alone. Thus, we
call this eigenmode the “exchange mode”, since its dynam-
ics is determined by the exchange between the two com-
partments, e.g. 75 changes continuously as a function of
k. In the case of a 3D suspension, the compartment size
L is to be replaced by the volume-to-surface ratio and
Eq. (7b) coincides with the expression for the mean resi-
dence time of water inside the erythrocyte given by Herbst
and Goldstein [36].

Other higher modes (n > 1) are different from the lowest
two modes. The decay rates of these modes are contributed
by both diffusion and membrane permeability. Eq. (7c) and
Fig. 4a show that diffusion within each compartment is the
dominant part of 1/7, and the relative change of w, as a
function of x is much less than that of ¢j. It is instructive,
therefore, to define these modes (n > 1) as diffusion modes.

A.2. Excitation of diffusion eigenmodes

The general strategy of DDIF is to create a spin magne-
tization that is not uniform over the length scale of eryth-
rocytes using the internal field. The non-uniform
magnetization m(x,0) effectively selects a few eigenmodes
including the exchange and diffusion modes. The decay of
the magnetization is then measured in order to obtain a
spectrum of the modes as a function of the decay time con-
stant. The amplitude of these eigenmodes is determined by
the overlap of the respective eigenfunctions and mi(x,0),

Eq. (9).

In a static erythrocyte suspension sample, the main sus-
ceptibility contrast is between the erythrocytes and plasma,
thus the field inside erythrocytes is different from that in
plasma. Such a field profile can have a significant overlap
with the exchange mode, thus, resulting in a finite ampli-
tude of this mode (Eq. (5)). The decay time constant of
exchange mode is then a direct measure of the membrane
permeability. In addition, since the field inside the erythro-
cytes or within the plasma region is also non-uniform, there
is a non-zero overlap with the eigenfunctions of the diffu-
sion modes.
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