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ABSTRACT

The spin-spin relaxation rate R, (=1/T,) in hydrogel foams measured by use of a multiple spin echo
sequence is found to be dependent on the echo time spacing. This property, referred to as Ry-dispersion,
originates to a large extent from molecular self-diffusion of water within internal field gradients that
result from magnetic susceptibility differences between the gel and air phase. Another contribution to
the R, relaxation rate is surface relaxation. Numerical simulations are performed to investigate the rela-
tion between the foam microstructure (the mean air bubble radius and standard deviation of the air bub-
ble radius) and foam composition properties (such as magnetic susceptibilities, diffusion coefficient and
surface relaxivity) at one hand and the R,-dispersion at the other hand. The simulated R,-dispersions of
gel foam are in agreement with the measured R,-dispersions. By correlating the Ry-dispersion parameters
and simulated microstructure properties a semi-empirical relationship is obtained that enables the mean
air bubble size to be derived from measured R,-dispersion curves. The R,-derived mean air bubble size of
a hydrogel foam is in agreement with the bubble size measured with X-ray micro-CT. This illustrates the
feasibility of using 'H R,-dispersion measurements to determine the size of air bubbles in hydrogel foams
and of alveoli in lung tissue.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Quantitative MRI (qMRI) facilitates the follow-up and treatment
of pathological tissue. Moreover, quantitative MRI can provide
quantitative information about tissue microstructure. However,
because of the interplay of different contrast parameters, the cor-
relation between microstructure properties of human tissue and
MR contrast parameters is not always straightforward. Numerical
simulations and simple experimental model systems can help in
getting an insight in these correlations. In this study, the correla-
tion between the structural and composition-related properties
of foam and the measured transverse relaxation rate R, is exam-
ined. This study can be regarded as a proof-of-principle of a non-
invasive method for the determination of the size of alveoli in
lungs by 'H MRI.

In previous studies, the underlying lung geometry has been cor-
related with NMR proton spectra (e.g. [1]) and with the difference
of a pair of signals recorded with a symmetric and an asymmetric
spin echo sequence [2]. Both methods rely on the magnetic field
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inhomogeneities induced by susceptibility differences across the
alveolar air-tissue interface. In this study, we use the combined ef-
fect of magnetic field inhomogeneities and surface relaxation on
the measured spin-spin relaxation rate (R;). The effect is illus-
trated in hydrogel foams. It is shown through X-ray micro-CT that
these hydrogel foams mimic lung tissue very well. A hydrogel foam
is a biphasic system consisting of air bubbles separated by thin
films containing hydrogel and Plateau borders (triangular borders
where three or more bubbles meet [3]).

From an NMR point-of-view, the hydrogel foam and lung tissue
can be considered as a porous medium (Fig. 1a). The R; in the por-
ous system is increased by the surface relaxation (R,s) and by a
term accounting for the molecular self-diffusion of the water mol-
ecules in the inhomogeneous internal field which is caused by dif-
ferences in magnetic susceptibility () between the gel phase and
the gas phase (R, IG for internal gradients). Both relaxation terms
can be used to determine characteristical dimensions of micro-
structure geometry [4-23].

A random walk simulation [6,24-28] is used to study the rela-
tion between the mean air bubble radii and the R,-dispersion curve
(R, as a function of echo time spacing ATE). The effect of other
composition-related parameters such as magnetic susceptibility
differences, water diffusion coefficient and surface relaxivity has
also been investigated. The simulated R,-dispersion curves are
parameterised using an expression proposed by Borgia et al. [8].
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Fig. 1. (a) The porous structure of a hydrogel foam consists of thin liquid films and
Plateau borders surrounding the air bubbles. Pressure differences caused by surface
tension drive gas from smaller to larger bubbles. (b) Diffusing water molecule in a
Plateau border. The transverse relaxation rate R; is increased by interactions at the
gel-air interface (the surface relaxation Rys) and by diffusion in the inhomogeneous
magnetic field Big(r) caused by susceptibility differences (Ryc).

From the fitted parameters, general correlations describing the
influence of the geometric and foam composition-related proper-
ties are formulated. A semi-empirical functional relationship has
been obtained for the air bubble radius and spread (standard devi-
ation on the air bubble size) and the R,-dispersion. Using this rela-
tion, the air bubble radius and spread can be estimated from the
measured NMR R,-dispersion of our hydrogel foams.

Foam-like pore structures have been studied using X-ray
tomography (e.g. [29,30]), optical methods (e.g. [3,31-35]) and
NMR microscopy (e.g. [30,36-41]). In some NMR studies contrast
agents have been added to the foam composition in order to min-
imise the susceptibility difference between the gaseous and the li-
quid fraction of the foam (e.g. [36,37]).

An aqueous foam is a non-equilibrium system: the geometries
and ratios of the gaseous and liquid fractions vary with time (e.g.
[3,29]). Three main ageing processes govern the evolution of foam:
gas diffusion across the liquid films, liquid drainage and film rup-
ture. Gas diffusion across the liquid film alters the distribution of
air bubble sizes (coarsening). Pressure differences, caused by sur-
face tension, between air bubbles drive gas through the thin films
which separate the bubbles (Fig. 1a). Some bubbles will shrink and
disappear, others will initially grow, consuming the gas of neigh-

bouring bubbles. Coarsening has been characterised by various
imaging techniques ([3,29,31,33,35,37,42]). Other studies have
used NMR signal intensity measurements as a function of height
in foam columns to study the drainage of the liquid fraction in
the foam ([42-45]).

The gelatin hydrogel foam used in this study sets in a time span
of roughly one day. During gelation the gel foam will exhibit (slow)
coarsening but no or little liquid drainage and film rupture due to
the high amounts of gelatin in the hydrogel foam. When the gel has
set (after 24-48 h), coarsening stops and the structure remains sta-
tic for a long period until the gel degrades (at least 60 days when
well stored [46]). The coarsening in the first few post-manufactur-
ing hours is used here to illustrate the correlation between foam
microstructure and R,-dispersion.

In addition to the NMR measurements, the changes in micro-
structure related to coarsening have been observed by micro-CT
(1CT) imaging [29,30]. The bubble size obtained from three dimen-
sional micro-CT-images ([LCT) is compared with the bubble size de-
rived from R,-measurements.

2. Materials and methods

The transverse Rj-relaxation of spins diffusing in a restricted
environment is enhanced by several relaxation contributions
[4,8-17,19,21,26-28]. In foam, when no external gradients are ap-
plied and the By-field is uniform, three contributions are impor-
tant: Ry, (b for bulk), the intrinsic relaxation rate in the gel
matrix, the surface relaxation Rys, caused by collisions of diffusing
spins with the boundaries of the air bubbles, and Ry, the relaxa-
tion caused by internal gradients that originate from differences
in magnetic susceptibility (y) between the gel and the gas phase.
The measured R, will thus depend on the echo time spacing in a
CPMG sequence. The R, as a function of the echo time spacing is
called Ry-dispersion. The Ry-dispersion curve resulting from these
three contributions can be fitted towards a function as discussed
in Section 2.1. The latter two contributions can be simulated using
an extended version of a random walk simulation as shown in Sec-
tion 2.2. The foam production is discussed in Section 2.3. Sections
2.4 and 2.5 describe the MR- and puCT measurements, respectively.

2.1. Ry-dispersion fit

The variation Aw of the local angular resonance frequency from
the resonance frequency wg in a homogeneous gel depends on the
magnetic field variations caused by differences in magnetic sus-
ceptibility y [5,8] between the gel and the gas phase of the foam.
If | x|« 1 the field deviations are smaller than +1yB,, which
means that the variation in the angular frequency is limited to
+1ywo [5,8]. The actual distribution of Aw within these limits de-
pends on the nature of the porous medium. If the porous medium
is composed of relatively large pores connected by narrow chan-
nels, the Plateau borders, a substantial part of the spins is situated
near the centre of a pore. In the centre of the pore the magnetic
field is nearly uniform and it can be assumed that Aw is very small
for these spins. The other spins, situated near the edge of the pores
or in the Plateau borders, will experience a highly non-uniform
magnetic field (the internal gradients). The latter dipoles will expe-
rience large variations Aw from the mean angular frequency wy. It
is clear that, following this intuitive depiction, the distribution of
Ao will not be Gaussian. In literature [8,10,21,22] a truncated Cau-
chy-Lorentz distribution g of the local field B¢, and correlated Aw,
is suggested

1 ABjg
T (Big — EIC)Z +

g(Bic) =g(B—Bo) = 1)

(ABg)?
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with ABj; the half width at half maximum and Bj¢ the statistical
mean. The narrow mean peak in the distribution incorporates the
nearly uniform local field at the centre of the pores, while the long
tails show the influence of the highly inhomogeneous local field at
the edges of the pores and in the Plateau borders.

If the distribution of Aw is moderately narrow, the R,-relaxa-
tion dispersion resulting from the internal gradients can be fitted
by the product of two arctangent functions [8]. Including the effect
of the surface relaxation R,s and the intrinsic relaxation Ry,, by
adding a constant parameter a, the expression for R, as a function
of half of the echo time spacing ATE[2 =7 is

Ry=a+bh E tan~! (n ! ) E tan™! (% T%)} (2)

2T
with b characterising the asymptotic value of the dispersion curve.
The curve described by (2) has an approximately linear portion for
T4 < T < T3. For the echo times presented in this article 7 <« Ts.
This means that b and T5; cannot be determined separately. Only
B = b/T5 can be reliably fitted. With T < T5 Eq. (2) becomes

2. 4(271
R27a+Br{Etan (ET_‘;)} (3)

with B a measure for the slope of the approximately linear portion
of the dispersion curve. In [5] the same functional form is found un-
der the condition of | y |« 1 which is the case here. The weak field
approximation, described in [14], predicts a similar function when
Ry < L% with L the length scale of the magnetic field inhomogenei-
ties. If the maximum length scale L is taken to be the largest char-
acteristical pore dimension (3.6 pm) R, should be smaller than
~80s! (with D=1.062 x 10" m?/s) to satisfy the weak field
approximation. The R, values in this study fulfil this condition.

2.2. Computer simulations

The two relaxation components Rys and Ryc can be simulated
using a random walk simulation [6,24-28]. The diffusion of ran-
dom walkers representing spins in a pore structure is simulated
from time ¢t = 0 to time t = TE = 27.

Collisions of diffusing spins with the interface between gel and
gas phase will enhance R, relaxation (Fig. 1b). Each collision can be
seen as a loss of magnetisation of the ensemble of diffusing spins.
The enhancement of R, relaxation depends on the fraction of the
spins close to an interface. An estimate of this fraction is given
by the surface-to-volume ratio { of the gel component of the foam,
and the surface relaxivity p, a measure for magnetisation loss at
the surface. The surface relaxation Rys, caused by the loss in mag-
netisation, can be expressed as [11]

S
Rys = pv (4)

The surface relaxation can be implemented in the numerical model
of the random walk by counting the collisions of the random walk-
ers with the boundaries and by attributing a specified loss of fic-
tional proton magnetisation to each collision with the surface.
Summing up the magnetisation losses for all the random walkers
in the simulation NP during a time t as sumrelax(t), the surface
relaxation can be calculated as

1 NP
Ras = t In <sumre1ax(t)>' )

This formula can be derived by expressing the decrease in signal
amplitude, due to magnetisation losses, as a relaxation rate Rjs.

In [25,26,28] surface relaxation is incorporated in computer
simulations by using a destruction probability. At each collision
of a random walker with the surface the proton magnetisation de-
cays (i.e. the walker is destroyed) with a certain probability. This

method has the disadvantage that random walkers are “lost” dur-
ing the simulation. If the surface relaxivity is high this will compro-
mise the precision of the entire diffusion simulation.

The diffusion of spins in magnetic field inhomogeneities causes
phase shifts, producing extra relaxation Rc. The magnetic field
inhomogeneities arise from differences in magnetic susceptibility
y of the air in the air bubbles (, ,;, = 0.36 x 107°, [47]) and the
gel in-between the air bubbles (yy,0 = —9.0323 x 107° (20°0),
[47]). The required internal field distribution B,c can be calculated
with an iterative method [48,49] using a three dimensional mag-
netic susceptibility distribution. Calculated and theoretical mag-
netic field distributions for the case of a single sphere are in
good agreement, within 3% deviation. Another, Fourier trans-
form-based, method [50,51] for the calculation of field inhomoge-
neities gives comparable results.

The phase shift ¢, at time 27 of a diffusing spin k due to an inho-
mogeneous magnetic field By in a spin echo sequence is given by
[4,16,27]

{<t =27
$(27) = yAt ZEIG(Fk(tl)) - Z Bie(fr(ty)) (6)
;=0 =7

where 7 is the nuclear gyromagnetic ratio, t; are the discrete time
steps in the random walk and r(t) the three dimensional path of
the random walker. The transverse relaxation enhancement, due
to magnetic field inhomogeneities, Ryc is now easily obtained by
averaging the squares of the phase shifts of the ensemble of random
walkers [4,5,8,17,19]

2
Rac(20) = %) )
This expression is valid in the Gaussian phase approximation when
the phase shifts after an echo time 27 for the various spins are either
small or have a gaussian distribution. The validity of Eq. (7) will be
discussed in Section 4.

In the random walk simulation special care has been taken to
ensure a correct modelling of the air bubble surfaces and the inter-
actions of random walkers with these surfaces. The air bubbles are
represented as triangulated surfaces (e.g. Fig. 10a). These simplicial
complexes are defined by the vertices and the edges of the trian-
gles which shape the bubbles. When a random walker approaches
a surface, it's exact collision point with the triangles is calculated
and the random walker is elastically reflected in a random
direction.

Two types of foam structures are used in the random walk sim-
ulations: foam structures reconstructed from pPCT measurements
and synthetic foam structures. Several methods exist for the recon-
struction of foam structures from three dimensional image sets
(e.g. [29,30,32,37,38]). The nuCT-image sets are thresholded with
the image processing program Image] (National Institutes of
Health). When the films between air bubbles are not visible, they
are extended in space starting from their Plateau borders. The
image sets are transformed into a set of triangulated surfaces (sim-
plicial complexes) using the program isosurface in Matlab (The
Mathworks, Inc.). Isosurface transforms the ensembles of voxels
forming one air bubble to a simplicial complex. A view of one of
these triangulated bubble sets is shown in Fig. 10a. Notice that
the bubbles are cut off at the edges of the considered volume. This
may induce small discrepancies between the measured R, and the
simulated R, but was found necessary to keep the computational
time within reasonable limits. The synthetic foam structures are
generated by randomly distributing spherical bubbles with Gauss-
ian distributed radii. In these generated foams, the mean air bubble
radius R and the standard deviation oz on the mean bubble radius
are varied. The porosity of the synthetic foams is the same as in the
foams reconstructed from the pCT-images. The air bubbles of the
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synthetic foam structures are then grown to air cavities with min-
imal surface energy using a gradient descent algorithm (Surface
Evolver [52], e.g. [32] for usage in foam reconstruction). The sur-
faces are transferred back to Matlab for use in the random walk
simulation.

A typical random walk simulation contains 2 x 10* random
walkers each performing 2 x 10 steps (stepsize 0.15 pm). Simula-
tion results converge for stepsizes smaller than 1 pm for diffusion
simulations and for stepsizes smaller than 0.3 pm for R,
simulations.

2.3. Foam fabrication

The gel foam used here is based on a recipe described in a pre-
vious study of a lung-equivalent radiation sensitive gelatin foam
[53]. The gel foams are composed of gelatin (300 Bloom, type A)
[8% (w/w)], methacrylic acid (MAc) [10% (w/w)], sodiumdodecyl-
sulphate (SDS) [0.15% (w/w)], bis[tetrakis(hydroxymethyl)phos-
phonium]sulphate (THPS) [10 mM], and de-ionised water
[approximately 86% (w/w)]. All chemicals were purchased from
Sigma-Aldrich. In the gel foam the gelatin serves as gelling agent.
The methacrylic acid is used as a radiation sensitive chemical but
also causes a loss of gel strength which enhances foam coarsening.
Although the gelatin solution has a high foaming capacity by itself,
the addition of the surfactant SDS increases the stability and
homogeneity of the foam. THPS, added in a concentration of
10 mM, is used as an antioxidant and makes the gel set more rap-
idly preventing a rapid collapse of the foam. For the purpose of this
work the gelatin fraction of the gel in [53] was decreased to induce
coarsening of the foam.

The gelatin foam is fabricated by dissolving the gelatin powder in
75% of the de-ionised water at room temperature (approximately
22 °C). After swelling of the gelatin powder for about 15 min, the gel-
atin solution is heated to 50 °C in order to obtain a sol and left to cool
down to approximately 40 °C while being magnetically stirred. MAc
and SDS are dissolved in the remaining part of de-ionised water
while stirring intensely and added to the gelatin solution. The gel
is reheated to 36 °C. The magnetic stirrer is then removed and the
gel is beaten by use of a household mixer. After approximately
3 min, a white viscous creamy foam with very small bubbles is ob-
tained. The THPS is added while still beating the gel. After another
minute, the gel foam is poured into containers (1 plastic cylindrical
container of approximately 20 ml for MR imaging, 1 Minispec™ test
tube containing 1 ml of foam for MR relaxometry and 1 plastic tube
with a diameter of 8 mm for LCT imaging, thus all gel foam samples
originate from the same batch). The containers are sealed airtight
and immediately transferred to the MR and pCT-scanner. It was
tested previously that none of the container materials contributed
to the NMR signal.

To account for ageing of the gelatin gel [46], a fraction of the
non-beaten liquid gel of the same batch was poured, before beating
the gel, in an identical cylindrical container for subsequent MR
imaging.

2.4. Ry-dispersion measurements

NMR imaging is performed on a 3 T scanner (Siemens Trio)
equipped with a circularly polarised Helmholtz head coil using a
multiple spin echo sequence with 32 equidistant echo’s. A Carr-
Purcell-Meiboom-Gill (CPMG) phase alternating radio-frequency
pulse scheme is used. The plastic containers are scanned in the lon-
gitudinal direction (parallel to the container axis) with the follow-
ing imaging parameters: repetition time (TR) 3's, field-of-view
(FOV) 180 mm, slice thickness 5 mm, matrix size (MS) 128 x 128
and receiver bandwidth (BW) of 352 Hz per pixel. The samples
are placed in the head coil using a custom made PMMA holder that

enables reproducible positioning of the samples in-between suc-
cessive measurements. For the dispersion study, R, measurements
with echo time spacings ATE of 8, 10, 12, 14, 16, 18 and 20 ms are
performed. Each individual measurement takes 6 min 30 s result-
ing in a total measurement time of 45 min for one dispersion
experiment. The non-beaten gelatin gel is measured with the same
multiple spin echo sequence using the same imaging parameters as
for the foam samples but with an echo time spacing ATE of 40 ms.
Each hour, starting approximately 1 h after foam production, both
a foam R,-dispersion measurement and a gelatin gel R, measure-
ment are performed. This measurement sequence is repeated 10
times.

All Rp-relaxation curves are fitted in Matlab, to a mono-expo-
nential function using a maximum-likelihood y?-minimisation fit-
ting algorithm [54].

The multiple spin echo sequence on the Siemens Trio is also
used for 'H-proton density imaging. In this case, the intercept of
the Ry-relaxation curve is used as a measure for the proton density.
For the foam samples, the echo time spacing ATE is set to 12 ms;
for the gel samples ATE is set to 40 ms. A sample containing de-
ionised water (H,0) is also added for calibration. The 'H-proton
density relative to water (p}y) is defined as the ratio of the hydro-
gen proton concentration in the sample [H], . and the hydrogen
proton concentration in water [H],,.. for the same atmospheric
conditions [53] and is proportional to the MR signal for the echo
time TE approaching 0

o Mlampe 1M Ssampie(TE) .
P e 1im Suarer (TE) *

R, dispersion curves of a gel foam sample are also measured with
a 0.5T benchtop relaxometer (Briiker Minispec™ mq20) using a
multiple spin echo CPMG sequence. The measurement tempera-
ture in the relaxometer is controlled by a thermo-regulated circu-
lating water bath. Field inhomogeneities and temperature drift are
compensated by adequate positioning of the samples and by wait-
ing for thermal equilibrium. The following measurement parame-
ters are used: repetition time 5s, 4 acquisitions, half echo time
spacings T from 1 ms to 13 ms with increments of 0.5 ms resulting
in 23 R, measurements for each dispersion curve. The measure-
ments are repeated 14 times, starting 30 min after foam
production.

The intrinsic diffusion coefficient of the gelatin gel, required for
the computer simulations, is measured on the relaxometer using a
pulsed field gradient stimulated echo sequence (repetition time
TR =5 s) with A = 20 ms and ¢ = 0.4 ms. Diffusion weighted gradi-
ents with strengths linearly ranging up to 4 T/m are applied. A de-
ionised water sample is used for calibration of the diffusion gradi-
ents. The diffusion coefficient is calculated according to the Stejs-
kal-Tanner formulation [55].

2.5. uCT measurements

The X-ray pCT-scanner of the “Centre for X-ray tomography”
of the Ghent University (UGCT) is used to scan a foam sample
contained in cylindrical plastic tubing. The X-ray source, a FXE-
160.50 dual head open type tube from Feinfocus, is equipped
with a nano-transmission head and used together with a Pho-
tonic Science VHR imaging detector. The X-ray tube voltage
was set at 60 kV. For each image, 295 projections with an expo-
sure time of 0.2 ms for each projection are taken. The voxel size
is 19.4 pum. A gel foam sample is imaged at different post-man-
ufacturing time intervals, that is: 1h 40 min, 2h 40 min, 3 h
20 min, 6 h 20 min, 10 h 40 min and 22 h 30 min after gel foam
production.
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3. Results
3.1. Random walk computer simulation

Random walk simulations are performed on several synthetic
foam structures in which structural and composition-related
parameters are varied. While changing one property, all other
properties of the foam system are kept constant. The synthetic
foam structures can be more homogeneous than the fabricated
foam. All simulated R,-dispersion curves have been fitted to
expression (3). In the computer simulation the different compo-
nents of the Ry-relaxation, Ry,, Rys and Ry, have been investigated
independently. The effects of surface relaxivity p, diffusion coeffi-
cient D, magnetic susceptibility y and the air bubble radius r and
standard deviation o, /r on the fitted parameters a,B and T, are
plotted in Figs. 2-4, respectively. In Fig. 2a a is fitted to a linear
function of the surface relaxivity p

a=2.510° p+0.6, 9)

with p in [m s~!]. The diffusion coefficient D affects both B and T4. B
is proportional to D, whilst T, is varying inversely

B=1.210" D+ 440, (10)
T,=1810" %+3.4 107 (11)
with D in [m? s~1]. The parameter B has a quadratic dependence on
the magnetic volume susceptibility y

B=7.4 (10° y)* — 49. (12)

Figs. 2d, 3d and 4d show the fitted parameters a, B and T, as a func-
tion of the mean air bubble radius r and the normalised standard
deviation a,/r of the air bubble radii. The R,s-components (not

a
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shown) were found to be independent of r and o, /r. The parameters
a,B and T4 can be expressed as functions of r and o,/r (fits not
shown in Figs. 2d, 3d and 4d)

a=30x10" %— 12x10™ %+0.64, (13)
_ 1 NG 3

B_170W—120 - =30x10°, (14)

Ty=—-68x10°r*+888r+44x10" (15)

with r in [m] and o,/r dimensionless.

Fig. 5 shows the distributions of the local field B¢ as calculated
by the computer simulation for synthetically generated foams with
different standard deviations of the air bubble radii.

3.2. Gel and foam parameters

The diffusion coefficient D of a non-beaten gel is measured as a
function of post-production time. In the first two hours post-pro-
duction a slight decrease of D is observed. This decrease, although
smaller than the measurement error, could be due to the gelation
process of the gelatin in the gel. As only small variations in D are
observed over time, the diffusion coefficient can be assumed con-
stant. An average value for D of 1.062 x 107° £5 x 107" m? 5!
is used in the computer simulations of gel foams.

Fig. 6 shows the increase of R, of the non-beaten gelatin gel due
to ageing of the gelatin gel during the first 12 h after production. A
power function,

Ry(t) = 0.95t°%° —2.4 x 1073, (16)

is fitted to the R,-curve. The fitted function is used to correct the
R, dispersion curves measured at different post-manufacture
times (Fig. 7) for the gelatin ageing process. The R, of the gelatin

4
o8 g-0---0---0
3l 0-0-%Cs---0 0®°
'T:2 -e-R,
o |9-Pag
1
VI T Vg gy g T TY
OO 1 2 3 4
D [m?/s] x 107

Fig. 2. Parameter q, as a function of surface relaxivity p (a), diffusion coefficient D (b), magnetic susceptibility y (c) and the air bubble radius r and standard deviation g, /r (d),
resulting from fits to Eq. (3) of simulated R,-dispersion curves (synthetic foam structures).



S.H. Baete et al./Journal of Magnetic Resonance 193 (2008) 286-296

700

1000
-o-R,

600 21G
q . S o
2,500 N -

400

3000

200 —fit: b=1.2 10" D + 440
5 2 25 0 1 2 3 4
] D [m?/s] x107°

3000

2
2500 \®

2000 —fit: b=7.4 (10° x)2- 49
o

1500

B[s” ]

1000

500

Fig. 3. Parameter B, as a function of surface relaxivity p (a), diffusion coefficient D (b), magnetic susceptibility y (c) and the air bubble radius r and standard deviation o, /r (d),
resulting from fits to Eq. (3) of simulated R,-dispersion curves (synthetic foam structures).
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Fig. 4. Parameter T4, as a function of surface relaxivity p (a), diffusion coefficient D (b), magnetic susceptibility y (c) and the air bubble radius r and standard deviation o, /r
(d), resulting from fits to Eq. (3) of simulated R,-dispersion curves (synthetic foam structures).
gels at post-manufacture time t = 0 is used as the intrinsic relax-

ation rate Ry, of the gel foam in the computer simulations. The

sured using a multiple spin echo sequence. p}{ is determined as
mean NMR 'H-proton density p}j of a gel foam sample is mea-

0.167. The measured foam density is consistent with earlier re-
sults [53].
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Fig. 6. R, of a non-beaten gelatin gel as a function of post-production time. The
Ry-curve is fitted with a simple power function. (MR scanner, SE, ATE = 40 ms).

3.3. Ry-dispersion

R,-dispersion curves of gel foams obtained with the relaxome-
ter and the MR scanner as a function of time are shown in Fig. 7a
and b, respectively. All dispersion curves are compensated for the
ageing of the gel (Fig. 6). It is seen from Fig. 7 that the slope of
the dispersion curve decreases with post-production time. The
R,-dispersion curve of the gelatin gel is added to Fig. 7a illustrating
the absence of dispersion in a non-beaten gel.

Due to the low proton density (p}f = 0.167) only a weak signal
is received from the gel foam. At larger echo time spacings the lack
of signal renders image processing problematic. This may explain
the saturation in Ry-dispersion at higher echo time spacings.

The R,-dispersion curves plotted in Fig. 7b are fit to expression
(3). The resulting parameters a and B are shown in Fig. 8 as a func-
tion of post-production time of the gel foam.

3.4. uCT imaging of foam

1CT-images of the same cross-section of the gel foam sample at
different imaging times are shown in Fig. 9a-d. The cylindrical
plastic tubing used as a container can also be seen (as a grey circle)
in the images. This sequence of images (Fig. 9a-d) illustrates the
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Fig. 7. Ry-dispersions of a gel foam and a gelatin gel recorded with the relaxometer
(a) and the MR scanner (b) at different post-production times. The dispersion plots
show the R, relaxation rate as a function of 7, half of the echo time spacing ATE. The
R, values are compensated for the ageing of the gel (Fig. 6). For reasons of clarity
only Ry-dispersion curves of foam recorded at the first few post-production hours
are shown.

coarsening process of the foam. As a result of this coarsening pro-
cess, the mean air bubble radius increases while the number of air
bubbles decreases with time. A 3D reconstructed nCT-image of a
gel foam is shown in Fig. 9e.

A three dimensional view of one set of processed LCT-images of
gel foam is shown in Fig. 10a. Fig. 10b shows the evolution of the
mean radius and the standard deviation on the radius of the air
bubbles in a hydrogel foam as calculated from the triangulated
1CT-images. The increase of the mean radius is relatively fast in
the first 5 h after fabrication and then slows down as the gelation
process continues. Also in Fig. 10b, the expected [3,31,33,35,37]
bubble growth of a coarsening foam according to a power law
(F—To) = k(t — to)” is fitted to the uCT measured mean air bubble
radii 7

F=20(t —1.6)** + 160, (17)

with 7 in [um] and ¢t in [h].

Fig. 11 shows a comparison of random walk simulated R,-dis-
persion curves with the measured R,-dispersions (of Fig. 7b). The
foam structures derived from the pCT images are used as input
in these computer simulations.
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Fig. 8. Parameters (a) a and (b) B resulting from a fit to Eq. (3) of the R,-dispersion
curves shown in Fig. 7b as a function of post-production time of the gel foam.

The above mentioned correlations (9)-(15), derived from anal-
ysing simulations on synthetic foams, enable the prediction of
the mean and standard deviation of the air bubble radii from mea-
sured R,-dispersion curves. The bubble radius r (and standard
deviation g;) of a foam can be determined from the measured
R,-dispersion parameters a and B by use of the inverse of the
Eqgs. (9)-(15). The system parameters such as surface relaxivity p,
diffusion coefficient D and magnetic susceptibility y have to be
determined independently. To illustrate the applicability of this
method, the air bubble radii (and standard deviation) derived from
R,-dispersion measurements on a coarsening gel foam are com-
pared with the radii directly derived from the nCT-images (Fig. 12).

4. Discussion

In this study, it is shown that R,-dispersion computer simula-
tions in synthetic foams can be used to correlate the R,-dispersion
curve with the bubble radius r (and the standard deviation o, ). The
empirically found correlations of the Ry-dispersion coefficients a, B
and T4 are listed in Eqs. (13)-(15). The correlations of the Ry-dis-
persions coefficients as shown in Figs. 2-4 are listed in Egs. (9)-
(12). From the simulations it can be concluded that the surface
relaxivity p only affects the constant part a of the dispersion curve,
whereas the difference in magnetic susceptibility y only affects the
slope of the linear portion of the dispersion curve B. Both the slope
B and the beginning time T, of the linear portion of the dispersion
curve are affected by the diffusion coefficient D. As the diffusion
coefficient increases, the mean diffusion distance within a certain
diffusion time of random walkers increases. The random walkers
will sense a large variety of magnetic fields, leading to an earlier
and increased dephasing. Similarly, increasing the susceptibility
difference will increase the magnitude of the magnetic field inho-
mogeneities, also leading to increased dephasing. The quadratic
dependence of B on y is in accordance to earlier findings [8,14].
Changes in the mean and standard deviation of the air bubble radii
affect both the constant part, the slope and the beginning time of
the linear portion of the dispersion curve. The constant part of
the R,-dispersion curve a is affected due to changes in surface-
to-volume ratios which influence the surface relaxation Rys (4).

Fig. 9. (a-d) puCT-images of a cross-section of plastic tubing filled with gel foam. The images are taken at different post-production times, that is: (a) 1 h 40 min, (b) 3 h
25 min, (c) 12 h 35 min and (d) 22 h 30 min after gel foam production. The white bar on each cross-section has a length of 1.165 mm. (e) 3D pCT-image of a gel foam.
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Fig. 10. (a) Three dimensional view of one set of processed puCT-images of gel foam [1 h 40 post-production]. Each air bubble is represented by a triangulated surface. (b)
Mean radius (r) and standard deviation on the radius (o, ) of the air bubbles of a gel foam as a function of post-production time derived from the pCT-images. The triangulated
surfaces, shown in (a), are used to calculate the air bubble radii. The expected power law growth [3,31,33,35,37] of the mean air bubble radius r of a coarsening foam is fitted.
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Fig. 11. Measured (dotted lines) and simulated (full lines) R,-dispersions of a gel
foam at different post-production times. Random walk simulations are performed
with 10* random walkers (time step 3.3 ps) on a gel foam structure derived from
MCT imaging.
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Fig. 12. Comparison of the mean (r) and standard deviation (o, ) of the air bubble
radii of a gel foam as derived from pCT measurements (Fig. 10b) and the mean and
standard deviation of the air bubble radii as calculated starting from the fitted
parameters a and B (Fig. 8) using the correlations (9)-(15) found by computer
simulations.

When scaling a structure with a characteristic dimension x, the
surface scales with a factor x? and the volume scales with a factor
x3. The surface-to-volume ratio then scales as }7 This behaviour can

also be found in the empirical function (13). The second term in
(13) accounts for the influence of the standard deviation o, of
the air bubble radii. If o, increases, the fraction of small bubbles,
filling the larger pore spaces, will increase. Due to this effect the
surface-to-volume ratio will increase, increasing the surface relax-
ation Rys (4). Scaling a structure also influences the magnetic field
inhomogeneities induced in the structure due to susceptibility dif-
ferences. Eq. (14) gives the relation between the slope of the dis-
persion curve (the parameters B) and the mean and standard
deviation of the air bubble radii. Eq. (15) gives the relation between
the beginning of the dispersion curve (the parameter T4) and the
mean and standard deviation of the air bubble radii.

The distribution of the local field By (Fig. 5) is a Cauchy-Lorentz
distribution with a small peak and long tails as suggested in liter-
ature [8,10,21,22]. With increasing standard deviation of the air
bubble radii, corresponding with a relatively larger fraction of
small bubbles, a second smaller peak occurs left from the main
peak in the distribution of the local field. This peak is attributed
to the contribution of the small pores [22].

Expression (7) for the calculation of the enhancement of the
transverse relaxation due to magnetic field inhomogeneities is va-
lid in the Gaussian phase approximation [4,5,8,17,19]. This is when
the phase shifts at echo time for the various spins are either small
or have a gaussian distribution. The phase shift distributions of the
random walkers in the computer simulation have been recorded.
The distribution of the phase shifts is rather a Cauchy-Lorentz dis-
tribution than a Gaussian distribution, but all phase shifts are
small. The validity of expression (7) has been checked by compar-
ing the simulation results using (7) with the simulation results
using a more general formulation (e.g. [27]). The difference in sim-
ulation results from both formulations is less than 1%. We conclude
that, for this type of simulated porous medium, expression (7) can
be used.

The MR measurements of R, dispersion curves (Fig. 7) show
that the transverse relaxation rate R, increases with increasing
echo time in a foam structure. R,-dispersion is clearly observed
in gelatin gel foam. The gel, used to make the gel foam, does not
exhibit any R,-dispersion as can be seen from Fig. 7a. All R,-disper-
sion effects are related to the foam microstructure. The mean air
bubble radius of the foam increases with time (Fig. 10b) and the
slope of the R, dispersion curves decreases illustrating the relation
between the bubble size and the R,-dispersion. The R, value of a
foam microstructure is thus related to the characteristical dimen-
sions of the air bubbles. For the broader context of porous media
this has been described in several theoretical models [5,8,9,11-
15,17-19], and has also been experimentally observed (e.g.
[6,20,21,44]).
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The R,-dispersion curves measured with the relaxometer
(Fig. 7a) and the MR scanner (Fig. 7b) are in accordance. The differ-
ence in absolute R, values for both machines can be partly ex-
plained by the difference in magnetic field strength of both NMR
systems. The field strength of the relaxometer is 0.47 T and that
of the MR scanner is 3 T. However a quadratic dependence of Ryg
on the magnetic field strength is expected [8], whereas in Fig. 7
the scaling between the R, values measured with the relaxometer
(Fig. 7a) and the scanner (7b) is less than the square of the corre-
sponding magnetic field ratios. This inconsistent scaling of Ry
with the magnetic field strength can be attributed to the
significantly higher field inhomogeneities in the relaxometer as
compared to the MR scanner. Simulated and NMR measured Rp-
dispersion curves for gel foam are in good agreement (Fig. 11)
illustrating the feasibility to use R,-dispersion plots to predict
microstructure properties.

Gel ageing [46] and foam coarsening are counteracting effects.
R, increases with time due to gel ageing (Fig. 6) while R, decreases
due to foam coarsening (Fig. 7). The decrease in R, due to foam
coarsening is larger than the increase in R, due to gel ageing. The
R,-dispersion curves have been corrected for the gel ageing effect
for comparison with synthetic foam R;,-dispersion curves.

The R,-dispersion curves, measured with the MR scanner
(Fig. 7b), are fitted to Eq. (3). The fitting results are summarised
in Fig. 8. The beginning time of the linear portion of the dispersion
curve is constant at 2.6 + 0.1 ms. Both parameters a and B decrease
with increasing time indicating increasing air bubble radii (see Eqgs.
(13) and (14)).

The pCT-image sets (Fig. 9) show that the air bubbles in the gel
foam have evolved from a spherical shape, but have not yet
reached a full polyhedral shape. The large gelatin fraction in the
gel foam prevents excessive drainage and coarsening effects which
would lead to polyhedrally shaped air bubbles. In the pCT-images
no film ruptures are noticed and the liquid fraction of the foam re-
mains constant at 0.166 + 1 x 10~ during the entire imaging per-
iod (1 h 40 min-22 h 30 min post-production). The 2D pCT-slices
in Fig. 9 clearly show coarsening of the gel foam. The smaller air
bubbles disappear while the larger air bubbles grow with time.
The coarsening of the foam can be followed in three dimensions.
This is possible because of the slower process of coarsening in com-
parison to the imaging time. The foam images in Fig. 9 are similar
to images obtained in other studies [29,31,36-38,41,40].

The three dimensional image sets produced by CT-imaging can
be used to determine geometrical microstructure parameters of
the gel foams studied here. The evolution of mean air bubble radii
is summarised in Fig. 10b.

Coarsening has been described in numerous publications (e.g.
[3,29,31,33,35,37,42]). In foam, a power law scaling behaviour
(F —To) o (t — tp)” of the mean air bubble radii 7 is expected
[3,31,33,35,37]. A dry foam is expected to exhibit a growth factor
z =1, awet foam z = } [31]. The growth exponent z for the gel foam
amounts to 0.4 + 0.2 which corresponds to an intermediate foam.

The set of Egs. (9)-(15), derived by computer simulations using
synthetic foam structures, can be used to calculate the mean and
the standard deviation of the air bubble radii starting from the fit-
ted parameters a and B of the measured Rj-dispersion curves
(Fig. 8). This is done by inverting Egs. (9)-(15). The R,-derived
air bubble radii and standard deviation (Fig. 12) are in agreement
with the air bubble radii and standard deviation obtained from
the pCT-images (Fig. 10b). The deviations in air bubble radii in
the first post-production hours can be attributed to small air bub-
bles that were not identified from the pCT-images. The higher
standard deviations calculated from the R,-dispersion curves also
point in this direction.

The results in Fig. 12 show the ability to determine foam struc-
ture properties from Ry-dispersion measurements in this gel foam.

In general, it is expected that for a well characterised class of foam
structures it is possible, by use of computer simulations, to derive a
correlation between air bubble radii and R,-dispersion. These re-
sults illustrate the potential of deriving the size of alveoli in lung
tissue. The method can also be useful in food science. A potential
drawback of the method is the need to determine system parame-
ters such as the surface relaxivity p, the diffusion coefficient D and
the magnetic susceptibility y independently.

The intrinsic diffusion coefficient of the gel fraction of the gel
foam is assumed to be equal to the diffusion coefficient of the
non-beaten gel. The measured apparent diffusion coefficient will
be smaller due to the geometrical confinement in the porous
structure. The foam structure studied here is, at echo times larger
than 7 ms, in a fast exchange limit. The mean diffusive displace-

ment (d = v/6Dt, with t the diffusion time, d ranging from 6.7 pm
at t =7 ms to 14 pm at t = 31 ms) is large compared to the pore
dimensions (characteristical dimension of the pores ranges from
2.1 pum to 3.6 um). In the literature (e.g. [12,15,18]) three relaxa-
tion regimes are distinguished: the free diffusion, localisation and
motionally averaging regime depending on three length scales

1

Lp = v/Dot (diffusion length), L, = (%)3 (dephasing length, g is
the r.m.s. average of the internal gradients) and Ls (a characteris-
tical length for the system, in this case the mean equivalent ra-
dius of the gel pores). For this gel foam system the diffusion
length scale Lp varies from 1.6 to 6.3 um, the dephasing length
is 6.3 um (for a foam system with mean bubble radius 150 pm)
and the system length varies between 2.1 and 3.6 um (the char-
acteristical pore dimensions). Additionally the characteristical
length scale for surface relaxation L, = % is 130 pm
(p = 8.1 um/s). These length scales place the gel foam system
in the transition region between the free diffusion regime
(Lp < Ls < Lg < L,, small 1) and the motionally averaging regime
(Ls < Lp < Lg < L,, large 7).

5. Conclusions

R,-dispersion measurements can be used to probe the underly-
ing microstructure of aqueous biphasic media consisting of compo-
nents with surface relaxation and/or different magnetic
susceptibilities. In this study the R,-dispersion of a hydrogel foam
is measured and simulated. Correlations between R,-dispersion
and mean air bubble radius are found. Simulated and measured
R,-dispersion curves are in agreement. As a proof of concept, the
change in air bubble size during coarsening has been determined
by NMR R;-dispersion measurements and verified against the air
bubble size derived by micro-CT imaging showing a good
correspondence.
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