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Water mobility in heterogeneous emulsions determined by a new
combination of confocal laser scanning microscopy, image analysis, nuclear
magnetic resonance diffusometry, and finite element method simulation
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Nuclear magnetic resonance~NMR! diffusometry and confocal laser scanning microscopy~CLSM!
were combined in a quantitative way in finite element calculations of water propagation in CLSM
images obtained from a very heterogeneous emulsion. The propagators calculated on the basis of
microstructure were Fourier transformed and subsequently compared with the echo decays obtained
by the NMR diffusometry method. The results showed very good agreement between microstructure
based calculations and experiments, indicating that the short gradient pulse approximation in the
NMR diffusometry experiment holds for a certainq range. Furthermore, the CLSM was able to
achieve a relevant two-dimensional microstructure although some discrepancy at lowq values was
noted. This effect is attributed to the inherent three-dimensional connectivity between the water
domains in this type of structures, making the calculations slightly underestimate the water diffusion
at longer distances. ©2005 American Institute of Physics.@DOI: 10.1063/1.1830432#

I. INTRODUCTION

The transport of molecules through porous heteroge-
neous supramolecular materials is of great importance for
properties such as release of active compounds, barrier prop-
erties, texture, microbial activity, and water binding. Impor-
tant applications can be found in pharmaceuticals, foods, hy-
giene, biomaterials, and biotechnology.

The rate of transport on a supramolecular level depends
strongly on the microstructure that forms a surrounding ma-
trix in which the molecules diffuse. Such microstructural
properties as connectivity, dimensionality, heterogeneity,
shape, and pore size are thus important in this context. Fur-
thermore, interaction between the diffusing molecules and
the surrounding matrix, either attractive or repulsive, will
also influence the diffusion behavior.

Microscopy provides information about the microstruc-
ture and nuclear magnetic resonance~NMR! diffusometry
measures the mass transport rate of molecules. However, mi-
croscopy and NMR have seldom been used in a more elabo-
rate context. Bringing these two techniques together thus
gives synergistic effects revealing a more detailed picture of
the effect of the structure on the rate of molecular mass
transport.

In this work, we have studied water self-diffusion in an
emulsion with a broad distribution of length scales and
shapes. The water self-diffusion, i.e., propagation, is calcu-
lated using our previously developed numerical procedure.1

This procedure is based on a finite element method solved

usingFEMLAB®. The connection between the microstructure,
described indirectly by the calculated propagator and the re-
sults obtained by NMR diffusometry data, can subsequently
be achieved through the short gradient pulse~SGP! approxi-
mation.2

The microstructure of different emulsions has been char-
acterized using confocal laser scanning microscopy~CLSM!
and the effect of additions of emulsifiers and ions have been
determined.3,4 The design of different structures that gives
rise to desired properties of a product during food processing
has also been studied using CLSM.5 Furthermore, image
analysis and CLSM have been used to follow the structural
evolution during phase separation and gelation and to quan-
tify the final microstructure of water-in-water emulsions.6–8

There has also been great interest in using NMR techniques
to obtain information on microgeometry, essentially because
the NMR technique is nondestructive and can be used on
optically opaque samples, the results are averaged over the
droplet ensemble and it is rapid.9 However, it is often limited
to periodic and monodisperse structures or to structures with
simple geometries such as spheres or cylinders.

NMR diffusometry is a suitable tool for measuring self-
diffusion in restricted and unrestricted geometries.10 The ba-
sic theory and practical aspects in the determination and
measurement of restricted diffusion using NMR diffusometry
have been thoroughly reviewed.11,12It is well established that
the time dependent diffusion coefficient and mean square
displacement of a fluid imbibed in a porous matrix contain
information on the porous structure, such as surface-to-
volume ratio, pore size, and tortuosity.13–17 Physical modelsa!Author to whom correspondence should be addressed.
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of the diffusion of molecules in polymer solutions, gels, and
solids have been reviewed previously.18 Earlier NMR studies
of emulsions include work in which the apparent water dif-
fusion coefficient was related to the permeability of water
through the oil and surfactant film.19 Pulse-train techniques
have been used to investigate the frequency dependent diffu-
sion coefficient.20 Furthermore, compartment size has been
determined byq-space diffusion diffractograms.21 It has also
been found that free diffusion, restricted diffusion inside the
emulsion droplets, and the Brownian diffusion of the drop-
lets themselves must be considered for the determination of a
correct size distribution of the emulsion droplets.22 Regular-
ization methods without assumption of a log-normal size dis-
tribution have been used to determine the emulsion droplet
size distribution.23 It should be emphasized, however, that it
is impossible to obtain structural information from NMR dif-
fusometry data alone—this always requires a structural
model, e.g., the assumption of spherical emulsion droplets.

The droplet size distributions of food products such as
margarine or low fat spreads are essential for the product
properties. In this context, water and fat diffusion in cheese
have been studied,24 and the size distribution of water drop-
lets in margarine products has been established.25 The Gauss-
ian phase distribution~GPD! approximation has been used to
determine the size distribution of water droplets in margarine
and low fat spreads.26 The results of NMR diffusometry stud-
ies have been compared in some cases with results of image
analysis.27 Up to know, most studies assume that the emul-
sion droplets are more or less spherical. In this paper, how-
ever, the microstructure obtained by CLSM is used in the
diffusion calculations. Consequently, all kinds of shapes and
a large size distribution are inherently included in the analy-
sis.

II. MATERIALS AND METHODS

A. Materials

The spread used in the present work was a commercially
available spread with a fat content of 40%. It was stored in a
refrigerator at 7 °C, and the CLSM micrographs and the
NMR diffusometry data were acquired the same day in order
to avoid storage effects.

B. Confocal laser scanning microscopy

The micrographs were acquired using a Leica TRS 4D
CLSM at three different magnifications: 163, 403, and
2003 ~2 times digital zooming!. The objectives used were
Leica 163/NA 0.5, Leica 403/NA 1.2 and Leica 1003/NA
1.4. Nile Red was used to stain the fat phase. The fluoro-
chrome was excited using the emission line of 488 nm from
an Argon/Krypton laser, and the emission was recorded with
a TRITC optical filter with a Long-Pass 590 nm filter. Each
line in the micrographs was averaged eight times in order to
increase theS/N ratio. The micrographs were acquired'12
mm and 15mm into the sample at high and low magnifica-
tion, respectively. The micrographs were saved in tiff format
with 102431024 pixels.

C. NMR diffusometry

The self-diffusion properties of water were measured
with the NMR diffusometry method, and the experiment was
done on a Bruker DMX 300 spectrometer. The gradient
probe used was a Bruker probe with a gradient strength of
'0.22 T m21 per unit current. The pulse sequence,
90°-s-90°-d-90°-(2s1d)-echo, with a pulsed magnetic
field gradient of amplitudeg and durationd inserted after the
first and third 90° radio frequency pulses with a time interval
of D from leading edge to leading edge~where D is kept
equal to 2s1d) was used throughout. The measurements
were carried out using bipolar gradients.28 All measurements
were made in 5 mm NMR tubes into which the spread was
placed after first being put into a 4 mmplastic tube that was
carefully drilled into the spread.

D. Image processing

Image analysis was done with MicroGOP 2000/S, Con-
textvision, Linköping, Sweden. A median filter was used to
remove salt and pepper noise and to sharpen the edges be-
tween the water phase and the fat phase. The micrographs
were then binarized using edge-based thresholding.29 A mea-
sure frame was applied to remove all objects that hit the
edges of the micrographs. A collection of images that con-
tains only the outline of one single water domain in each
image was created for all three magnifications since the mod-
eling is done one by one on the water domains. The outline
was thinned using the Zhang-Suen thinning method,30 vec-
torized using WinToPo Freeware~http://WinToPo.com! and
finally saved in Autocad format~.dxf!. The Autocad format
was necessary to be able to import the water domain geom-
etries into FEMLAB. The maximum distance between two
points on the outline of the objects, calledLmax, and the
compactness were calculated from all binary single water
domains. The compactness describes the shape of an arbi-
trary object and is defined as

Compactness5K
A

P2
, ~1!

whereA is the area andP is the perimeter.K is a constant
that ensures that compactness>1 and that the compactness
is equal to one for a circle, i.e.,K54p.

III. RESULTS AND DISCUSSION

A. Microstructure based modeling of water diffusion

1. Microstructure of emulsion at different
length scales

The microstructure of the emulsion is shown at three
different magnifications in Fig. 1. It can be seen that the pore
size distribution of the water domains ranges from hundreds
of micrometers down to half microns and that the water do-
mains have irregular shapes and a connected structure. It was
necessary to use at least three different magnifications~16
3,403,2003! to appropriately describe the morphology. A
collection of 15 CLSM micrographs shown in Fig. 2 was
acquired at low magnification~163! and put together in or-
der to display the largest water domains in the emulsion. The
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shape of the water domains changes considerably with size.
Basically, small water domains have a rather spherical shape
and large water domains have a very irregular shape. Another
feature of this emulsion is the presence of bottlenecks. An
example of a connected water domain that contains a bottle-

neck is shown in the upper left corner in micrograph 1b. It is
important to note that many of the larger water domains are
connected, forming a percolating network of water domains.
This means that a considerable amount of the water mol-
ecules diffuse in large, interconnected, and irregularly shaped
volumes connected through bottlenecks. However, micro-
graph 1c shows that the small water domains inside the oil
phase are closed. This was confirmed by CLSM by simply
moving the confocal plane up and down in the sample. Mi-
crographs 1b and 1c also show that there are small oil do-
mains in some of the larger water domains. Consequently,
this emulsion is also a double emulsion that possesses a very
intriguing morphology well suited for testing our simulation
methodology.

2. Calculation of the average propagator
for each size class

In NMR diffusometry, a spatially dependent magnetic
field gradient is added to the static magnetic field so that the
Larmor frequency becomes spatially dependent. Thus, if a
linear gradient of known magnitude is imposed throughout
the sample, the Larmor frequency becomes a spatial label
with respect to the direction of the gradient. Diffusion was
measured in the present work with the gradient oriented
along the z axis. For diffusion perturbed by restricting
boundaries, the echo decay is given by complicated expres-
sions and it is necessary to use different levels of approxi-
mation or limits.31 We assume that the restricting boundary
in this work is the interface between the fat phase and the
water phase that the water molecule experiences during its
molecular motion in the emulsion. If the length of the gradi-
ent pulse is allowed to go to zero~d→0! while keeping the
productdg constant, the SGP approximation is applied and
the echo decay is given by:32,33

ED~q!5E r~z0!E P~z0uz,D!ei2pq~z2z0!dzdz0 , ~2!

wherer^z0& is the initial density of spin bearing molecules
and propagatorP(z0uz,D) is the conditional probability that
a molecule originally atz0 has moved toz after timeD. The
validity of the SGP approximation has been thoroughly
discussed.2,34,35The approach can be applied to an arbitrary
geometry. In the present work, the SGP approximation is
used to calculate the echo attenuation from an average propa-
gator of the system. The average propagator is the link be-
tween the microstructure of the heterogeneous emulsion and
the water mobility measured by NMR diffusometry.

An overview of the calculation of the average propagator
is shown in Fig. 3. The calculation of the average propagator
and the echo decay are based on a methodology for numeri-
cally simulating the propagator in highly complex systems
by means of a finite element method.1 First, the numerical
protocol involves defining the unit cell and the dimensions of
the space for which simulations should be made. In this
work, the unit cell is the individual water domain and the
space is given by the magnification used in the microscope.
Thus, the water domains were isolated one by one in the
micrographs after image enhancement and binarisation as de-
scribed in the image processing section. An example of an

FIG. 1. CLSM micrographs that show the microstructure of the heteroge-
neous emulsion used in this work at three different magnifications. Magni-
fication ~a! 163, ~b! 403, and~c! 2003. The bright phase is the oil phase
and the dark phase is the water phase.

FIG. 2. A collection of 15 CLSM micrographs added together at low mag-
nification ~163!.
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isolated water domain is shown in Fig. 3~b! The white ring in
the magnification in Fig. 3~a! surrounds the same large water
domain that is marked by a white ring in the middle of the
CLSM micrograph shown in Fig. 2. To avoid overlap in the
size distribution of the water domains, three different size
classes were used: binarized water domains with an area of
0.5–30mm2 from the highest magnification~2003!; 30–900
mm2 from the middle magnification~403!; and above 900
mm2 from the lowest magnification~163!. The water do-
mains were chosen from the middle of the micrographs and
outwards. Their total sample area and individual area were
simultaneously recorded at the creation of each water do-
main. The geometry of each water domain was subsequently
imported into FEMLAB using a vectorized autocad format
~.dxf!, as shown in Fig. 3~b!.

An equation was then chosen that appropriately de-
scribes the composition and driving forces for molecular dis-
placement. The probability of finding a molecule at a certain
position after a certain diffusion time given a certain starting
position is governed by the general diffusion equation ex-
pressed using mole fractions:36

ceq~x,y,z!
]@X~x,y,z,t !#

]t
5“•@D~x,y,z!•ceq~x,y,z!

•“X~x,y,z,t !#, ~3!

whereX is the mole fraction,ceq is the equilibrium concen-
tration, andD is the local diffusion constant. One of the
major advantages of this approach is that there is no need to
introduce permeabilities across internal boundaries; the dif-
fusion equation is instead defined solely by local concentra-
tions and diffusivities. The next step is to reject regions
where the equilibrium concentration is zero. In this work, we
assume that the equilibrium concentration of water in the fat
phase is zero. Therefore, all boundaries between the fat
phase and the water phase are treated as perfectly reflecting.
Diffusion is generally only measured in one direction and,
since the form of the water domains is anisotropic and we do

not know anything about the direction of the structure in
relation to the magnetic field gradient, it is necessary to per-
form an averaging procedure.11 The domains must thus be
rotated several times, and the diffusion equation must be
solved for a number of starting positions for each rotation.
This involves locating a band of the ‘‘marked’’ water mol-
ecules at different locations and angles in the water domain.
An example of a rotated water domain together with a start-
ing band, indicated with a black arrow, is shown in Fig. 3~c!.
Equally spaced starting positions and equally spaced rotation
angles were used in this work. The initial profile atDtmin is1

X~x,Dtmin!5
1

2Dzmin
if uz2z0u<Dxmin , ~4a!

else

X~x,Dtmin!50, ~4b!

where Dxmin is chosen to give the same mean square dis-
placement in the discontinuous profile as in a Gaussian error
profile.

A mesh with mesh points at which the partial differential
equation describing the molecular transport is solved is
shown in Fig. 3~c!. In and around the small starting band the
number of mesh points is exponentially increased.FEMLAB®

is then used to solve Eq.~3! at different diffusion times for a
number of different starting positions of the ‘‘labeled’’ water
molecules. These water molecules start to diffuse into the
water domain, and the concentration profile after each time
step is determined by Eq.~3! and the microstructure. The
average propagator for the individual water domain is then
obtained at selected time intervals from the sum of all
weighted propagators, weighted by the number of molecules
at each starting position and rotation (ni), divided by the
total number of molecules in all starting bands as1

^P~x2x0!uD&'
( i 51

n ni Pi„x0u@x01~x2x0!#,D…

( i 51
n ni

. ~5!

One example of an average propagator for an individual
water domain is shown in Fig. 3~d!, it corresponds to the
water domain shown in Fig. 3~b!.

3. Calculation of the total propagator

To obtain the total propagator calculations must be made
on several water domains to allow for comparison with ex-
perimental NMR diffusometry data. For this reason, 64 water
domains at low magnification~163!, 147 water domains at
intermediate magnification~403!, and 70 water domains at
high magnification~2003! were used. All individual average
propagators belonging to the same class were weighted to-
gether according to their individual volume in order to form
the average propagator for each particular size class. Effec-
tively, the volume by which they are weighted is their indi-
vidual area since the simulations are made in a cylindrical
geometry with the water domains as base and the same
height for all water domains. The average propagators for
each particular size class must subsequently be weighted to-
gether to form the total propagator.

FIG. 3. The simulation procedure used for each single water domain.
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Ideally, if we were able to determine the sizes, shapes,
and connectivities of all water domains in a certain reference
volume that has exactly the same total propagator as the
whole sample, it would be possible write

P̄sample5 P̄reference volume

5
1

Vtot
(
i 51

n

v i Pi

5
1

Vtot
S (

i 51

n

v i Pi1$0<v i,v1%1(
i 51

n

v i Pi1$v1<v i,v2%

1(
i 51

n

v i Pi1$v2<v i,v3%D , ~6!

whereP is the three-dimensional average propagator,v i is
the volume of the individual water domaini, v1 , v2 , andv3

are three volume values that divide the propagators into three
different classes according to their individual volume, 1 is
the indicator function,n is the number of water domains in
the reference volume, andVtot is the total water volume in
the reference volume. Consequently, if appropriate three-
dimensional information regarding the microstructure is
available in a sample volume that is sufficiently large, we
can divide the propagators into three different size classes,
weight them together according to their individual volume,
and finally obtain the appropriate total propagator. In this
work, we used an analogous procedure but, instead of using
three-dimensional propagators and their associated volumes,
we used two-dimensional propagators and their associated
areas.

In this work we assume that

P̄sample5 P̄reference volume

'
1

Atot
(
i 51

n

ai Pi
2D

'a1P1
2D1a2P2

2D1a3P3
2D5(

j 51

3

a j Pj
2D , ~7!

whereP2D is the two-dimensional average propagator,ai is
the area of the individual water domaini, n is the number of
water domains in the reference volume, andAtot is the total
water area in the reference volume.a is a weight for each
particular size classj. It quantifies the amount of water be-
longing to each size class and is equal to the area fraction of
all water domains whose areas belong to a certain size class,
normalized by the total area fraction in the sample. If the
number of water domains in each class is large,

a j5
1

Atot
(
i 51

n

ai1$a1,ai<a2% , ~8!

wherea1 anda2 sets the lower and upper boundaries forai

belonging to size classa1 – 2.
Here we have usedad hoc information about the total

amount of water in the sample. It is known from the manu-
facturer that this emulsion contains approximately 60% wa-
ter. One of the fundamental principles of stereology is37

VV5AA , ~9!

whereVV is the volume fraction andAA is the area fraction.
Consequently,AA50.6 and since nonoverlapping area frac-
tions can be added together,38 it is possible to writeAA1

1AA21AA35AA , whereAA1,2,3 belongs to size classes 1, 2,
and 3, respectively. Size class 1 contains many small, spheri-
cal, isotropic, and nonconnected water domains, those area
fractions can be measured with high accuracy at high mag-
nification. Furthermore, the size of the water domains ac-
quired at the lowest magnification is often slightly underes-
timated because the largest water domains are acquired using
an objective with a low numerical aperture. The area fraction
for size classes 1 and 2 are thus measured with image analy-
sis. It was found thatAA150.04 andAA250.10, which gives
AA350.46. These area fractions resulted ina150.0694,a2

50.1732, anda350.7574. The average propagator for the
whole emulsion is shown in Fig. 4. This was calculated using
Eq. ~7! and the previously determineda values. Finally, the
echo decay is calculated by taking the Fourier transform of
the overall average propagator using Eq.~2!.

4. NMR diffusometry experiments

Several NMR diffusometry experiments using different
lengths of the gradient pulse,d, were carried out to be able to
test the validity of the SGP approximation. Experiments with
variousd ranging from 6 ms down to 1 ms and with a dif-
fusion time of 200 ms~time between the leading edges of the
gradient pulses! are shown in Fig. 5. It can be seen that the
intensity of the echo decay does not change a great deal at
low q values (q,53104 m21) for differentd. In contrast, at
high q values (q.23105 m21), it is clear that the intensity
of the echo decay decreases with a decreasing length of the
gradient pulse and the SGP assumption fails. However, Fig. 5
shows that, atq values below 1.53105 m21, the intensity
changes of the echo decay are small whend is shifted from
1.5 to 1 ms. Consequently, the SGP approximation is most
likely valid for q values up to about 1.53105 m21 and the
measured intensities of the echo decay at 1 ms can be used
for comparison with the echo attenuation calculated on the

FIG. 4. The total propagator for the emulsion. Pr denotes probability.
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basis of the microstructure. The echo attenuation was found
to have similar behavior with diffusion times of 100 ms and
500 ms.

B. Comparison between microstructure based
diffusion calculations and NMR diffusometry

1. Image analysis of the microstructure

The microstructure of the emulsion was characterized by
means of image analysis. The maximum distances between
two points located at the outline of each water domain,Lmax,
are shown in Fig. 6. It represents the maximum distance that
a water molecule can diffuse in the microstructure given its
two-dimensional description. Figure 6 shows that 73% of the
water domains have anLmax smaller than or equal to 20mm.
In addition, only 2% of the water domains has aLmax larger
than 100mm. It is important to note, however, that the few
large water domains will have a considerable impact on the

resulting echo decay since NMR diffusometry is a volume-
weighted method. The distribution ofLmax shown in Fig. 6
coincides well with the average propagator shown in Fig. 4.
The probability density profile deviates considerably from a
Gaussian profile pertaining to free diffusion even at small
distances. This is an effect of the small water domains whose
boundaries restrict the diffusion of the water molecules. It
can be seen in Fig. 6 that about 25% of the water domains
have anLmax larger than 20mm but smaller than 100mm.
The effect of these water domains is apparent at longer dif-
fusion times~D! in Fig. 4. Since NMR is a volume weight
method, one would expect that the effect of these water do-
mains on the propagator in Fig. 4 should be more pro-
nounced, i.e., the probability of finding water molecules at
larger distances should be more dominant. However, the situ-
ation is complicated by the shapes of the water domains. The
micrographs in Figs. 1 and 2 show water domains that have
several bottlenecks and great many details at different length
scales.

Figure 7 shows the degree of shape irregularity of the
water domains measured as compactness. Higher compact-
ness corresponds to a more irregular shape of the water do-
mains. It is found that the irregularity of the shape increases
with increasing size, as can be seen in the inserted figure in
the upper right corner in Fig. 7. The shape of the water
domains and the bottlenecks perturb the diffusion of the wa-
ter molecules and it becomes more unlikely that a water mol-
ecule will be found far from its starting position.

2. Comparison between calculated and measured
echo decay

The echo decay calculated on the basis of the micro-
structure was compared with NMR diffusometry data. A
comparison at three different diffusion times~D5100, 200,
500 ms! is shown in Fig. 8. It can be seen that the agreement
between the simulations and the experiments is reasonable at
all three diffusion times. At lowq values, the calculated echo
decay curve is higher than the measured echo decay. This

FIG. 5. Experimental NMR diffusometry data atD5200 ms showing the
dependence of the echo decay on the length of the gradient pulsed.

FIG. 6. The distribution ofLmax for the water domains in the emulsion. Nr
denotes number in each class.

FIG. 7. The distribution of compactness for the water domains in the emul-
sion. A graph that shows the compactness as a function ofLmax is inserted in
the upper right corner. Nr denotes number in each class.
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means that simulations underestimate the sizes of the large
water domains available for the water molecules to diffuse
into or alternatively that NMR diffusometry overestimates
the distances at long length scales. The difference in the ini-
tial slope between calculations and experiments is roughly
40%. This is most likely an effect of the three-dimensional
connectivity that exists between the larger water domains.
Since calculations are made in two dimensions and mass
transport in this type of emulsion is inherently three dimen-
sional, the effect of the connectivity in three dimensions is
clearly underestimated. It can, however, also be an effect of
inhomogeneities in the magnetic field caused by differences
in magnetic susceptibility between water and fat. In this con-
text it should however be noted that bipolar gradient pulses
were used for the purpose of removing as much as possible
of this effect. It should also be emphasized that, with a GPD
approximation, the size of the water drops obtained from the
standard least-square fit procedure assuming spherical water
droplets26 was about 1mm. This result should be compared
with the sizes of the water domains in Fig. 1, which reveals
that several water domains exist that are much larger than
one micron. Consequently, the least-square fit result using
the GPD approximation and an assumption of spherical wa-
ter droplets considerably underestimates the sizes of the wa-
ter domains and is thus not applicable for such complex
structures.

As discussed in the preceding section, another factor that
should be taken into account with respect to the discrepancy
between the calculations of the echo decay based on the mi-
crostructure and the echo decay measured using NMR diffu-
sometry is the shape of the water domains. It is likely that
part of the deviation between the measured echo decay and
the calculated echo decay in Fig. 8, especially at highq val-
ues, comes from the irregular shape of the larger water do-
mains in the emulsion, whose effect becomes even more pro-
nounced in three dimensions. It is important to note that the
largestq values correspond to a distance of about 7mm in
the microstructure. This means that the contribution of the

small, closed, spherical water domains (Lmax<5mm) mainly
gives raise to an offset in the echo decay. For theq interval
present in Fig. 8, the contribution of the small, closed,
spherical water domains might be replaced withP1

2D a1 ,
where P1

2D5d(r ), d(r ) is Dirac’s delta function, orP1
2D

may be approximated with a very narrow Gaussian distribu-
tion in order to save computational time without imposing
significant errors.

C. The effect of different numerical parameters
on the calculations

A full-factor design was used to evaluate the effect of
absolute tolerance~atol50.1; 0.001!, relative tolerance~rtol
50.1; 0.001!, node density in the mesh (h51; 3!, number of
starting positions (Nx055; 15; 25! and number of rotations
(Nrot52; 5; 10! on the calculations of the propagator and
the echo decay. The absolute and relative tolerances are ba-
sically interruption criteria that are used by the solver of time
dependent partial differential equation problems inFEMLAB®.
Parameterh is a factor that controls the amount of nodes
around the thin starting band with ‘‘marked’’ water mol-
ecules. To be able to evaluate the effect of the different pa-
rameters, five different water domains of different shapes and
sizes were chosen randomly at the lowest magnification. The
lowest magnification was chosen because they have the most
irregular form and largest size. In addition, one ellipse was
included in the analysis as an object with a simple shape and
a comparable size.

The total propagator for each setting of parameters was
compared with the total propagator calculated on the six
different domains with higher accuracy using atol50.001;
rtol50.001; h52, Nx0530; Nrot530. The difference is
calculated using

d~ i !5Pi
High2Pi , ~10!

where d( i ) is the difference betweenPi
High , the value in

point i of the high accuracy propagator, andPi is the value at
point i of the propagator for a given setting in the design. In
order to examine the design, thed( i ) values were summed
for 100, 200, and 500 ms, and normalized by the number of
points on thex axis,n, as given by

suD5
1

n (
D

(
i 51

n

d~ i !. ~11!

The result of the examination of the full-factor design is
shown in Table I. It is possible to conclude that the absolute
tolerance and the number of rotations of the water domains
have the greatest impact on the numerical accuracy of the
calculations. The number of starting positions also has an
impact on the numerical accuracy of the calculations but is
not as pronounced as the effect of the number of rotations or
the absolute tolerance. In addition, it seems that the effect of
the number of rotations increases with the number of starting
positions. It was also found that the impact of the relative
tolerance and the node density was small. Note that these
conclusions are valid only in the space covered by the ex-
perimental design studied in the full-factor design. The study
also assume that the total propagator calculated with lower

FIG. 8. Comparison between the calculated echo decay and the experimen-
tal NMR diffusometry echo decay. Calc denotes the microstructure based
calculation of the echo decay and NMR denotes the NMR diffusometry
experiments.
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absolute and relative tolerance, higher node density and a
larger number of staring positions and rotations pertain to the
‘‘true’’ total propagator.

It is important to know where in the propagator and the
echo decay the deviations caused by numerical settings ap-
pear. The difference between the high accuracy propagator
and three other propagators calculated with different settings
is shown in Fig. 9. The full line in Fig. 9 representsd( i ) for
the calculation in the emulsion (suD51.22e25), but h51
instead ofh52 as in the calculations. Figure 9 shows that
the maximum differences for the emulsion are on the same
level as the probabilities in Fig. 4. However, at most dis-
tancesr, d( i ) are much lower than the probability in Fig. 4.

FIG. 9. The difference between the ‘‘accurate’’ propagator and three propa-
gators calculated using different settings at 200 ms. Full line: atol50.001,
rtol50.001,h52, Nx055, Nrot55 ~emulsion!; dashed line: 0.1, 0.1, 1, 5,
2 ~worst!; point-dashed line: 0.001, 0.001, 1, 25, 10~best!. r is the distance
from the starting position of the ‘‘marked’’ water molecules.

TABLE I. The differencesuD between the high accuracy propagator and
propagators with different numerical settings according to the full-factor
design.

Atol Rtol h Nx0 Nrot suD

0.001 0.001 1 5 2 49.34

0.001 0.001 1 5 5 12.15

0.001 0.001 1 5 10 10.13

0.001 0.001 1 15 2 36.6

0.001 0.001 1 15 5 8.16

0.001 0.001 1 15 10 3.7

0.001 0.001 1 25 2 35.94

0.001 0.001 1 25 5 7.99

0.001 0.001 1 25 10 2.93

0.001 0.001 3 5 2 48.69

0.001 0.001 3 5 5 11.67

0.001 0.001 3 5 10 9.97

0.001 0.001 3 15 2 35.68

0.001 0.001 3 15 5 7.62

0.001 0.001 3 15 10 3.51

0.001 0.001 3 25 2 35.18

0.001 0.001 3 25 5 7.37

0.001 0.001 3 25 10 3.1

0.001 0.1 1 5 2 51.89

0.001 0.1 1 5 5 13.94

0.001 0.1 1 5 10 10.39

0.001 0.1 1 15 2 38.25

0.001 0.1 1 15 5 9.62

0.001 0.1 1 15 10 5.55

0.001 0.1 1 25 2 38.19

0.001 0.1 1 25 5 10.27

0.001 0.1 1 25 10 5.05

0.001 0.1 3 5 2 50.79

0.001 0.1 3 5 5 13.27

0.001 0.1 3 5 10 10.28

0.001 0.1 3 15 2 37.41

0.001 0.1 3 15 5 8.69

0.001 0.1 3 15 10 5.44

0.001 0.1 3 25 2 38.2

0.001 0.1 3 25 5 10.1

0.001 0.1 3 25 10 5.46

0.1 0.001 1 5 2 83.94

0.1 0.001 1 5 5 47.74

0.1 0.001 1 5 10 41.8

0.1 0.001 1 15 2 72.05

0.1 0.001 1 15 5 44.97

0.1 0.001 1 15 10 41.56

0.1 0.001 1 25 2 71.41

0.1 0.001 1 25 5 45.81

0.1 0.001 1 25 10 40.75

0.1 0.001 3 5 2 82.73

0.1 0.001 3 5 5 48.17

0.1 0.001 3 5 10 41.26

0.1 0.001 3 15 2 70.64

0.1 0.001 3 15 5 43.87

0.1 0.001 3 15 10 40.9

0.1 0.001 3 25 2 70.94

0.1 0.001 3 25 5 45.28

0.1 0.001 3 25 10 41.09

TABLE I. ~Continued.!

Atol Rtol h Nx0 Nrot suD

0.1 0.1 1 5 2 84.26
0.1 0.1 1 5 5 48.16
0.1 0.1 1 5 10 41.9
0.1 0.1 1 15 2 72.13
0.1 0.1 1 15 5 45.37
0.1 0.1 1 15 10 41.78
0.1 0.1 1 25 2 71.59
0.1 0.1 1 25 5 46.4
0.1 0.1 1 25 10 41.1

0.1 0.1 3 5 2 83.31
0.1 0.1 3 5 5 48.12
0.1 0.1 3 5 10 40.74
0.1 0.1 3 15 2 70.82
0.1 0.1 3 15 5 43.89
0.1 0.1 3 15 10 40.84
0.1 0.1 3 25 2 71.59
0.1 0.1 3 25 5 45.39
0.1 0.1 3 25 10 40.97
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Furthermore, 281 water domains were used in the calculation
of the average propagator for the emulsion instead of six, as
in the design.

The influence of the numerical settings on the echo de-
cay is shown in Fig. 10. It can be seen that the initial slopes
coincide well. However, the echo decays start to deviate at
attenuations below 0.025 (1021.6), which is well below the
attenuations found in Figs. 5 and 8. An examination of the
different echo decays for the full-factor design reveals that
the curvature deviations in Fig. 10 are due to the low number
of rotations and starting positions. It was also found that a
low absolute tolerance gives rise to a parallel shift of the
echo decays. The effects of the relative tolerance and the
number of nodes on the echo decay were small.

In the future, we plan to evaluate the effect of dimen-
sionality and connectivity more rigorously using real materi-
als where the structural information is available in both two
and three dimensions. Furthermore, ongoing efforts aim to
extend this combination of techniques in this work to other
groups of materials such as gels, which have completely dif-
ferent length scales present in the microstructure.

IV. CONCLUSIONS

This work has shown the fruitfulness of the concept of
combining the microstructure obtained with microscopy and
quantified by image analysis with NMR diffusometry and the
finite element method and that it allows us to explore details
of the diffusion properties in porous heterogeneous materials.
The results showed that the echo decay measured by NMR
diffusometry and the calculated echo decay based on the
two-dimensional microstructure obtained by CLSM coincide
well. This indicates that the SGP approximation in the NMR
diffusometry experiment holds for a certainq range. How-
ever, a comparison between the initial slopes showed that the
microscopy underestimated the space available into which
the water molecule can diffuse. This was mainly an effect of
the dimensionality and the connectivity between the water

domains in three dimensions. Image analysis measurements
showed that the shape of the water domains becomes more
irregular with increasing size. Results also indicated that the
water diffusion is influenced by the irregular shapes of the
water domains and the bottlenecks between the water do-
mains.

Five different parameters—absolute tolerance, relative
tolerance, node density around the starting positions, number
of rotations, and number of starting positions, which were
believed to influence the accuracy of the simulations—were
tested using a full-factor experimental design. It was found
the absolute tolerance and the number of rotations have a
major impact on the accuracy of the calculations. The num-
ber of starting positions was also important for the accuracy.
However, relative tolerance and the node density were of
minor importance, at least in the range used in the experi-
mental design.
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