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Abstract

The dynamics of the sol/gel phase transition in agarose was analyzed with magnetic resonance elastography (MRE) and diffu-

sion-weighted imaging, providing complementary information on a microstructural as well as on a macroscopic spatial scale. In

thermal equilibrium, the diffusion coefficient of agarose is linearly correlated with temperature, independent of the sol/gel phase

transition. In larger agarose samples, the transition from the sol to the gel state was characterized by a complex position and

temperature dependency of both MRE shear wave patterns and apparent diffusion coefficients (ADC). The position dependency of

the temperature was experimentally found to be qualitatively similar to the behavior of the ADC maps. The dynamics of the

temperature could be described with a simplified model that described the heat exchange between sol and gel compartments. The

experiments supported the approach to derive temperature maps from the ADC maps by a linear relationship. The spatially resolved

dynamics of the temperature maps were therefore employed to determine the elasticities. For this reason, experimental MRE data

were simulated using a model of coupled harmonic oscillators. The calculated images agreed well with the experimentally observed

MRE wave patterns.

� 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Magnetic resonance elastography (MRE) has been

established to study in vivo the spatial distribution of

the elasticity characteristics of different tissues such as

mamma, muscle, and brain [1–7]. Recently, it was

demonstrated that MRE can be used for the spatially

resolved monitoring of the dynamics of phase transi-
tions in thermoreversible gels [8]. Since the dynamics of

the sol/gel phase transition are determined by the as-

semblage of complex 3-D macromolecular networks,

elasticity maps can reveal the distribution and the degree

of the linkage that is established between supramolecu-

lar chains in dependency of local temperatures and of

the growing macromolecular network.
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MRE data are accumulated in terms of phase con-

trast wave images showing patterns of mechanical waves

[9]. These wave images need to be reconstructed for

obtaining elasticity maps displaying the particular elas-

ticity contrast. Several approaches have been reported to

reconstruct MRE wave images [2,10–18]. In forward-

reconstruction techniques, wave images are calculated

and matched to the experiment in order to prevent in-
version artifacts due to boundaries, amplitude nulls, and

noisy data. Such techniques require start data for the

elasticity to reconstruct in iterative procedures stepwise-

refined elasticity maps until simulated and experimental

data match. In [11], MRE wave images were calculated

analytically employing a model of coupled harmonic

oscillators (CHO) that are displaced under forced exci-

tation.
As in most fit routines, the start values in the CHO

method have to be chosen to allow the solution to
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Fig. 1. Two-compartment model (A1 and A2) of the experimental setup

for calculating the spatially dependent heat transport in agarose during

sol/gel phase transitions. (A) Prior to the phase transition (t < t1) the
sample is fluid. Motion of the molecules leads to uniform temperature

distribution. Heat exchange of the fluid part with the environment

occurs at rate a1. (B) Solidification of the outer compartment A1 while

the center of the sample (A2) is still fluid. Heat exchange of the solid

part with the environment occurs at rate a2.
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converge toward the experimental data. Additional un-
derlying dynamics of the examined probe, such as a

muscle in different contraction states or alterations in

the material properties of biopolymers in different states,

lead to a time dependence of the fit parameters that

determine the elasticity distribution. It may then be

necessary to constrain the degrees of freedom for theo-

retical models that describe the dynamics of the elas-

ticity maps. In a first approach [8] it was demonstrated
that temperature-dependent Gaussian stiffness distribu-

tions were feasible to model the dynamics of sol/gel

phase transitions in agarose. However, since the spatial

stiffness functions were heuristically found, the under-

lying microscopic basis responsible for the elasticity

distribution was difficult to analyze with respect to the

macromolecular agarose network.

In a new approach, the time- and spatially dependent
changes in the elasticity were therefore derived from

diffusion-weighted imaging (DWI), which enables the

quantitative determination of the diffusion of water

molecules. The quantitative apparent diffusion coeffi-

cient (ADC), calculated from diffusion-weighted images,

provides microstructural information on the mobility of

protons in relation to temperature during phase transi-

tions. Complex biomaterials can exhibit anisotropic and
heterogeneous ADC parameters, yielding information

about texture and structure. Therefore, it is preferable to

find a correlation between diffusion and elasticity, which

are sensitive and independent measures of the structural

characteristics of materials. Since thermoreversible gels

are proven to show isotropic values for ADC and elas-

ticity, varying quantities of these parameters must be

created in order to find a correlation between them.
Following this line, the sol/gel phase transitions in

agarose provide an ideal model system, showing heter-

ogeneous and time-variable contrasts over a wide range

of diffusion and elasticity values.

However, the complex heat distribution within the

samples and the heat exchange with the environment via

non-insulated surfaces have to be taken into account. To

assist the interpretation of possible impacts on the dif-
fusion coefficient of water and its relationship to the

temperature, the phase transition of agarose was studied

with additional experiments: (i) a pulsed field gradient

(PFG) technique to resolve the temperature dependence

of the ADC in agarose samples in thermal equilibrium

during the phase transition; (ii) a time- and spatially

resolved monitoring of the temperature during the

cooling process in an extended agarose sample that was
only partially in thermal equilibrium. The temperature

was monitored at several positions ranging from the

outer part of the sample to the core.

Analyzing the complex behavior of temperature and

ADC distribution might then allow deriving tempera-

ture maps from ADC images and using this information

to estimate the time-dependent spatial distribution of
elasticities. The elasticity maps were verified by using
them as input parameters to fit the analytic solutions of

a wave equation of coupled harmonic oscillators to the

experimental wave patterns.
2. Theory

2.1. Modeling the spatially dependent cooling process

To describe the temperature distribution within the

sample used for the MR experiments and the heat ex-

change between the sol/gel compartments as well as to

the environment, a simplified model is introduced

(Fig. 1). The main characteristic experimental observa-

tions have to be reproduced by taking into account the

time course of the temperature as measured by the
thermometers at the border of the sample and in the

core. The cooling process is determined by the temper-

ature gradient between the boundaries of the different

environments occurring at a rate a1 for the cooling of

the liquid state and at a rate a2 for the cooling of the

solid state. In the liquid state ðt < t1Þ, the temperature is

approximately equally distributed within the sample due

to the rapid and unrestricted movement of the water
molecules (see Fig. 1A). Both thermometers measure the

same temperature decay T1ðtÞ ¼ T2ðtÞ as the sample

cools down at the rate a1 and proportional to the tem-

perature gradient between probe and environment (Te).
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At time t1, the outermost part (compartment A1) solid-
ifies and cools down at the rate a2. As the outer solid

part shields the core from the environment, the inner

compartment A2 (representing the core with only one

boundary to the outer part) remains still fluid for an

intermediate time Dt. During this time Dt the compart-

ment A1 exchanges heat at rate a2 with the environment

and at rate a1 from the fluid part A2 that exhibits still a

higher temperature (see Fig. 1B). For t > t1 þ Dt the
core A2 solidifies too and both compartments exchange

heat at the rate a2 while A1 additionally loses heat at rate

a2 to the environment. This model can be expressed by

the following set of coupled differential equations:

dT1ðtÞ
dt

¼

a1ðTe � T1ðtÞÞ;
t6 t1;

a2ðTe � T1ðtÞÞ þ a1ðT2ðtÞ � T1ðtÞÞ;
t1 < t6 t1 þ Dt;

a2ðTe � T1ðtÞÞ þ a2ðT2ðtÞ � T1ðtÞÞ;
t1 þ Dt < t;

8>>>>>>>>>><
>>>>>>>>>>:

dT2ðtÞ
dt

¼
a1ðTe � T2ðtÞÞ; t6 t1;

a1ðT1ðtÞ � T2ðtÞÞ; t1 < t6 t1 þ Dt;

a2ðT1ðtÞ � T2ðtÞÞ; t1 þ Dt < t:

8><
>:

ð1Þ

The solutions of this coupled system of differential

equations enable the evaluation of the temperature de-

pendence over time for two distinct spatial selections.

Extension to more compartments is straightforward.
2.2. Simulating wave images using coupled harmonic

oscillators

The strain wave field imposed by the oscillating ac-

tuator is measured in terms of local displacements u in

conjunction with known spatial coordinates x. The

components of these vectors are labeled with indices,
which denote the main axes of the Cartesian laboratory

frame (1 ¼ x, 2 ¼ y, 3 ¼ z). Using these components it is

easy to define the linear, first-order terms of the strain

tensor components [19]:

ejk ¼
1

2

ouj
oxk

�
þ ouk

oyj

�
: ð2Þ

In the range of deformation of dynamic MRE experi-

ments, the stress (r)–strain (e) behavior of the investi-

gated gel can be regarded as linear elastic. Thus,

Hooke�s law is applicable, which is given for the iso-

tropic case as

rjk ¼
E

1þ m
ejk

�
þ m
1� m

elldjk
�
; ð3Þ

with ell ¼ ejj þ ekk as the trace of e and djk as the Kro-

necker symbol. E and m denote Young�s modulus and

Poisson�s ratio, respectively.
For the time-dependent displacement field the equi-
librium of forces is given by:

fj ¼ q
o2uj
ot2

þ cj
ouj
ot

� orjk

oxk
: ð4Þ

The mass term on the right-hand side incorporates the

material density q. The spatially dependent damping
term cj describes damping along the axis of the dis-

placement. Substitution of Eq. (3) with Eq. (4) yields an

explicit expression of the wave equation in terms of the

displacement u:

fj ¼ q
o2uj
ot2

þ cj
ouj
ot

� o

oxi
Cijkl

o

oxl

� �
uk: ð5Þ

The fourth-rank tensor C contains the elastic moduli of

the system, which linearly relate stress and strain ac-

cording to Hooke�s law. In the 2-D case of plane stres-
ses, C can be written as four second-rank tensors:

Cij11 ¼
E

1�m2 0

0 l

� �
; Cij22 ¼

l 0

0 E
1�m2

" #
;

Cij12 ¼
0 mE

1�m2

l 0

� �
; Cij21 ¼ CT

ij12: ð6Þ

Here, l denotes the shear modulus, which determines
the shear wave speed of the experimentally imposed

transverse waves in MR elastography:

l ¼ E
2ð1þ mÞ : ð7Þ

Under the assumption of incompressibility, which is

feasible in the case of the investigated agarose gel, the

Poisson�s ratio is regarded to be 0.5 and the shear
modulus can be expressed as l ¼ E=3. Thus, all elements

of C can be derived with a known Young�s modulus E.
Eq. (5) can be rearranged in a matrix algebraic ex-

pression if spatial discretization is applied. Rearranging

all single displacement vectors u at each pixel n of the

wave image in a columnwise order leads to a vector U.

Corresponding to the order of the elements Un

(n¼ number of oscillators, i.e., pixels of the wave im-
ages) the finite differences in space, weighted with the

coefficients of C, can be arranged to a band matrix W,

which is called stiffness matrix. Assuming harmonic ex-

citation Eq. (5) is then rewritten as

FcosðuÞ ¼ q
o2

ot2
Uþ C

o

ot
U�WU ð8Þ

with F as the column vector containing the volumetric
forces f at each pixel at t ¼ 0. The excitation phase

u ¼ xt; ð9Þ
is determined by the excitation frequency x of the MRE

experiment. The damping term C in Eq. (8) is a matrix

containing diagonal elements of the position-dependent
damping cj of each pixel corresponding to Un and zeros
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otherwise. The steady-state solution of Eq. (8) is found
with [11]:

UðuÞ ¼ W
h

� qx2 þ x2CðW� qx2Þ�1C
i�1

� FcosðuÞ

þ xðW� qx2Þ�1C W
h

� qx2

þ x2CðW� qx2Þ�1C
i�1

� F sinðuÞ: ð10Þ

Rearrangement of U yields two wave images for the case

of 2D-CHO calculations: one for all u1 and one for all u2
components of u at each pixel. Restricted to the 2-D

case, the wave images are labeled Ux and Uy corre-

sponding to the displacement along the x- and y-axes of
the lab frame.

Both components of the displacement show different
wave speeds corresponding to the propagation direction

with respect to F. In our experiment, where the shear

wave deflection is encoded perpendicularly to the image

plane, the recorded waves are determined by the trans-

versal shear wave speed:

c ¼
ffiffiffi
l
q

r
: ð11Þ

In the plane stress scenario, the initial displacement F

can be applied along the x-direction at the position of

the transducer plate. For this case, the x-deflection im-

age Ux reflects the part of the waves that travel from the

top of the phantom down to the bottom at wave speed c.

2.3. Correlation of stiffness and temperature maps

To gain information about the temperature-depen-

dent distribution of the shear elasticity used for the

simulation of wave patterns, reasonable start values of

the stiffness have to be assumed. In [8] it was shown that

the shear elasticity increases from 0 in fluid parts to a

maximum value Emax determined by the final tempera-

ture of the solid parts of the sample. To derive infor-
mation on the pixelwise temperature distribution within

the sample, ADC maps may be used, as it is well known

that diffusion is very sensitive to temperature changes.

As mentioned above, an increasing shear modulus cor-

responds to decreasing temperature. While the exact

functional dependence between ADC and temperature

requires additional information, it may be assumed in

first approximation, that the elasticity increases linearly
with decreasing temperature where the temperature

maps T(t) have yet to be deduced from the corre-

sponding images of the ADC values. The time course

E(t) of the elasticity images can be described using scaled

temperature maps such as

EðtÞ ¼ Emax 1

�
� TðtÞ � Te
T ðt1Þ � Te

�
: ð12Þ

with Te as the environment temperature and T ðt1Þ as the
temperature where the solidification is first observed
(Eq. (1)). Te and T ðt1Þ are used as thresholds to scale the
temperature contrast:

Te < TðtÞ < T ðt1Þ: ð13Þ
The spatial distribution of EðtÞ, i.e., the Young�s mod-

ulus at a given time during the cooling process, as well as

of the temperature can be represented as images. The

parameter Emax in Eq. (12) reflects the global maximum

value of the Young�s modulus in all elasticity images of

the complete series. If therefore Emax is determined once

for the fully solidified gel, the position dependency of

EðtÞ relies solely on the scaled temperature distribution
used as input for the elasticity matrix.
3. Experimental methods

3.1. PFG diffusion measurements

The pulsed field gradient (PFG) NMR measurements
were carried out on a Bruker MSL spectrometer (Bru-

ker, Rheinstetten, Germany) equipped with a super-

conducting Oxford 300/89 magnet (Oxford Instruments,

Cambridge, UK), a Doty Scientific 5mm z-gradient
probe (Doty Scientific, Columbia, SC, USA) for main

field gradients up to 10T/m, and a Techron gradient

amplifier 7790 (Techron, Elkhart, IN, USA). The dif-

fusion measurements were carried out using a stimulated
echo pulse sequence with three p=2-RF pulses and two

equipolar gradients after the first and the third RF

pulse. The separation of the first two RF pulses was

s1 ¼ 20ms, and the separation of the second and the

third RF pulse was s2 ¼ 400ms. The p=2-pulse length

was tp=2 ¼ 3:5 ls. The gradient strength applied was

G ¼ 0:545T/m. The gradient pulse length was varied

from 1ls6 d6 600ls in 13 steps in arbitrary order. All
other NMR parameters were kept constant. The agarose

(1.5 wt%) was filled into a tube with an inner diameter of

4mm and a length of 15mm. The tube was closed at

both ends with Teflon to minimize uncontrolled cooling.

The temperature was controlled using room temperature

air flow that was heated by a PC-based temperature

controller (Doty Scientific). The measurements were

performed on the cooling branch of the heat cycle,
starting at 50 �C in steps of 5 �C down to 25 �C. For
comparison of the ongoing crosslinking of the network

during gelation, the diffusion coefficients of both pure

water and agarose were measured. Data were calibrated

to reference data of water [20] by using the H2O mea-

surement.

3.2. Spatially resolved imaging of the phase transition

The spatially resolved dynamics of the sol/gel phase

transition was studied on a 1.5% agarose sample (22.5 g

agarose, Sigma, solved in 1.5 L water heated to 95 �C).
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The experimental observations were achieved over
223min covering a temperature range from 49 �C down

to 28 �C, wherein the sol/gel phase transition of agarose

was completed for the whole sample. For MRI obser-

vations, liquid agarose at a temperature of 65 �C was

filled in a double-wall Plexiglas container that was

placed inside a standard quadrature head coil of a 1.5 T

tomograph (Siemens Magnetom Vision, Siemens Er-

langen, Germany). The upper side of the gel sample was
kept open to favor the cooling process from the top. The

transducer plate necessary for mechanical excitation of

the sample was immersed from the top to a depth of

5mm into the liquid agarose to account for the shrink-

ing volume during gel cooling. To monitor the phase

transition, three transversal slices of 5mm thickness

with an interslice distance of 10mm were recorded. Both

MRE and DWI were performed successively for each
sampling time with a temporal resolution between 3 and

15min depending on the dynamics of the phase transi-

tion in the sample.

3.3. Diffusion-weighted imaging

Diffusion-weighted images were acquired using a self-

developed echo planar imaging (EPI) acquisition tech-
nique [21] (TR¼ 2000ms, TE¼ 118ms, field of view

220mm, matrix size 96� 128, quantity of diffusion

weighting b ¼ 0, 232, 511, 736, and 1001 s/mm2). The

acquisition time for a complete set of diffusion-weighted

images (five images per slice) was 10 s. The diffusion-

gradient orientation was set from left to right for the

chosen axial slice orientation. The apparent diffusion

coefficients (ADC) were calculated for each pixel by
fitting the logarithm of the signal intensity over the b-
values with a straight function [22]. The slope of the

straight line represents the ADC for the particular pixel.

The results for all pixels are displayed in terms of an

image, the so-called ADC map. As EPI images usually

suffer from geometrical distortions, ADC maps were

registered to the gradient echo-based elasticity maps

using a polynomial registration method supplied with
the image processing toolbox for Matlab (R13, The

MathWorks, Natick, MA, USA).

3.4. MR elastography measurements

For MR elastography, a self-developed gradient

echo-based (FLASH) sequence [6] was used

(TR¼ 60ms, TE¼ 22ms, field of view¼ 220mm, matrix
size 256� 256 pixels, acquisition time 16 s per image).

Mechanical excitation was performed with a electro-

mechanical actuator [23] fed with 200Hz sinusoidal AC.

The wave generator was triggered at the beginning of

each TR from the MR scanner. To ensure steady-state

oscillations, a time delay between trigger and RF exci-

tation pulse allowed four to five oscillations before a
sinusoidal motion-encoding gradient was applied [9].
Two wave images were recorded for each slice with a

relative phase shift of 180� between mechanical excita-

tion and motion-encoding gradients. Subtraction of

both images as usually performed in phase contrast

techniques enhances the SNR for the oscillatory motion

while simultaneously reducing apparatus influences.

3.5. Measurement and data analysis of temperature

distribution during the phase transition

To correlate the ADC with the temperature distri-

bution within the sample, the temperature was deter-

mined at five different points within the Plexiglas

container already used for the MRE experiments.

Thermometers were placed between center and outer

regions of a liquid gel sample (agarose prepared identi-
cally to the MRE investigations). The temperature decay

curves of the solidifying agarose were observed over

682min at increments of 5 and 10min. The outer- and

innermost curves were used to fit to the solution of the

system of coupled differential equations (Eq. (1)). The

system was solved numerically (Maple 7, Waterloo

Maple, Waterloo, Ont., Canada) using the provided fi-

nite difference scheme based on the Runge–Kutta Fe-
hlberg method with an accuracy to the fifth order. Step

size was 2.5min; 256 time points were calculated.

3.6. CHO wave simulations

Temperature images calculated from ADC maps were

converted to elasticity images EðtÞ using Eq. (12). From

the PFG measurements, we assumed a linear relation-
ship between ADC and temperature. The temperature

where the phase transition could be observed first in the

outermost compartment was assigned to a threshold

T ðt1Þ to exclude the sol state of the gel from the data

analyses (see Eq. (13)). Te was derived from the mini-

mum temperature of all temperature images (24 �C room

temperature).

The simulated elasticity images EðtÞ were matched to
the experimental wave images by the following proce-

dure. Variation of Emax in Eq. (12) yielded variable el-

ements of the elasticity tensor C (Eq. (6)). Then, C was

used to generate the stiffness matrix W for solving the

wave equation (Eq. (10)) and a complete series of wave

images was calculated. The quantity of Emax was deter-

mined by fitting the wave image acquired at 28 �C where

the gel was completely solidified. To match the data, the
profile of the central column in the calculated image was

fitted by minimizing the standard deviation to the cen-

tral column in the experimental image. Isotropic

damping [8] was applied homogeneously over the whole

oscillator matrix, with higher values at the edges to

avoid reflections of the waves at the geometrical

boundaries that could not be observed in the experi-
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ment. Fx, the x-component of the excitation force F was
derived from the position of the transducer plate, which

is visible at the top of the MRE images. Since pure

transverse excitation was assumed, all elements of Fy

were set to zero. Using the once-adjusted elasticity co-

efficient Emax, all wave images Ux(t) of the entire phase

transition were automatically calculated. The calcula-

tions were performed using Matlab on a Pentium 4

computer. Standard wave simulations of image matrices
with a size of 100� 100 pixels were achieved within 1 s.
4. Results

4.1. Diffusion measurements

The temperature dependence of the ADC was deter-
mined for H2O and agarose in a small sample using PFG

measurements (Fig. 2). Both samples exhibit a linear

temperature dependence in the range between 50 and

25 �C with a similar slope of 60� 3 lm/s2/K. At 25 �C,
water had a diffusion coefficient of 2276� 108 lm2/s

while the agarose sample had a somewhat reduced dif-

fusion coefficient of 2188� 96 lm2/s.

No significant deviation from the linearity is seen in
the temperature range covering the phase transition

(around 39 �C).

4.2. MR imaging of the phase transition

The time course of the spatial distribution of the elas-

ticity during the solidification process as monitored by

MR elastography is displayed in the upper row of Fig. 3.
The image rows are sorted from left to right by increasing
Fig. 2. PFG measurements of the diffusion coefficient of water (j) and

water in agarose (1.5%) (�). The correlation between the diffusion

coefficient of both water and water in agarose was found to be linear in

the investigated temperature range between 25 and 50 �C. No devia-

tions from linearity due to the gelation and the increasing crosslinking

of the agarose network could be observed.
time and decreasing temperature. The phase transition
from the liquid sol state to the solid gel state is already

visible when comparing the wave patterns along the row.

While fluid parts show no transverse waves, beginning

gelation leads to regions with initially small wavelengths,

which increase with progressing solidification. The

completed solidification, which yields nearly homoge-

neous elasticity, is demarcated at low temperatures (im-

age to the right) by parallel waves throughout the object.
The spatially resolved distribution of the ADC during

the phase transition is depicted in the second row. The

gray scale of these images was derived from the ADC

maps calculated from DWI measurements. To exclude

the liquid state where the elasticity modulus is not de-

fined, the data analyses were limited to temperatures

between 39 and 25 �C.
The ADC gradient corresponding to the temperature

within the probe as depicted by the gray values in the

image series of row 2 declines during cooling. The ADC

distribution shows a bubble-like structure that gives

information about the change of phase boundaries

during gelation. The circumference of this structure

shrinks with ongoing solidification and falling temper-

atures. The local effect is better visualized by plotting the

change of the ADC (Fig. 4) for five individual locations
marked in the left ADC map in Fig. 3. The area of each

region was approximately 25mm2. While in the begin-

ning the ADC drops at similar rates for the inner and

outer points, a branching of the curves can be observed

at the time when the outer parts start to solidify. Instead

of dropping further, the temperature in the inner parts

stays almost constant for an intermediate time Dt until
finally the temperature also decreases and converges
with the outermost temperature.

4.3. Temperature measurements

The correlation of the ADC with temperature was

elucidated by directly determining the temperature at

several different positions. Representative courses of the

temperature at the central and the outermost positions
are displayed in Fig. 5, exhibiting similar behavior to the

experimental ADC data (Fig. 4). In the initial fluid state,

both positions depict identical monoexponential decays.

The solidification of the outer part and the consecutive

splitting into a fluid and a solid compartment are de-

picted by the branching of the curve into two curves

with non-monoexponential characteristics. Fitting the

numerical solution (solid lines) of the simplified two-
compartment models (Eq. (1)) to these data reproduced

the qualitative behavior of the curves. The fit parameters

were a1 ¼ 1=ð130� 5Þmin�1, a2 ¼ 1=ð75� 5Þmin�1,

t1 ¼ 120� 2min, and Dt ¼ 60� 2. Corresponding tem-

peratures T1ðt1Þ ¼ T2ðt1Þ are 40 and 39 �C, respectively,
with a tolerance of �1 �C. Initial temperature and en-

vironment temperature were 65 and 24 �C, respectively.



Fig. 3. Time-resolved series of MRE wave images (top row), ADC maps calculated from DWI measurements (second row), scaled elasticity maps

(third row), which were used as input for the CHO wave image simulations (bottom row). Experimental MRE and DWI images were accumulated for

the cooling agarose sample in a temperature range from 48 �C down to 28 �C. The selected images correspond to temperatures of T (�C)¼ 35.0, 33.5,

33.0, 32.5, 31.5, 30.8, 30.6, 30.4, 30.2, 29.8, and 28.0 (from left to right). The positions marked in the first image of the second row indicate selected

positions used for the visualization of the temporal evolution of ADC and the Young�s modulus in Figs. 4 and 6. The crosswise appearance of waves

close to the excitation plate (upper part of the sample) may be due to reflections.

Fig. 4. Temporal evolution of the ADC for selected positions marked

in Fig. 3. The lowest curve (}) corresponds to the outermost, the upper

curve (s) to the central position. The dotted line corresponds to the

transition from sol to gel and indicates the upper threshold (39 �C) for
scaling the temperature range according to Eq. (12). The temperature

(right scale) was calculated using the PFG measurements (Fig. 2). See

text for further details.

Fig. 5. Results for the cooling process of agarose without tempering.

The temperature was monitored in steps of 3–10min according to the

dynamics of the cooling at a central position (D) and at a position in an

upper edge close the surface (�) of the gel (1.5% agarose, sample

volume: 1.5 L). Identical conditions were chosen to those of the setup

in MRI measurements. In the temperature range between 68 and 40 �C,
the system can be described by a monoexponential temperature decay.

While for more peripheral positions a fast cooling rate is observable,

the inner positions keep the heat for a longer time. The cooling rate for

the inner liquid compartment is decreased by an additional thermal

insulation of the outer solidified regions. The solid lines show a sim-

ulation of the heat exchange and the cooling for the proposed two-

compartment model. A good agreement between the model and the

experiments is visible.
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4.4. CHO calculations

A linear relationship between ADC and temperature

may be assumed from the results of the diffusion and

temperature measurements, allowing the generation of

elasticity maps EðtÞ for the CHO reconstruction ac-

cording to Eq. (12) (Fig. 3, third row). For five posi-

tions according to the markers in the second row of

Fig. 3, the time course of the Young�s modulus during

the cooling process is plotted in Fig. 6. Here, the
elasticity increases with time and depends on the po-

sition of the center of the phantom towards its

boundaries. This reveals directly the spatially and time-
resolved progress of phase transition in terms of elas-

ticity.

Complete elasticity maps were generated and used as
input for the CHO simulations. The maximum global

Young�s modulus was found to be 99� 9 kPa. The



Fig. 6. Evolution of the Young�s modulus E versus time under the

assumption of a linear elastic incompressible medium revealed by

CHO wave simulations. The symbols of the graphs correspond to the

positions indicated in Fig. 3. Due to the temperature threshold, which

was set to 39 �C, the first points for the innermost regions are trun-

cated. In order to avoid experimentally not observable reflections, the

minimum value for the Young�s modulus was set to 1.5% of Emax. See

text for further details.
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minimum elasticity was set to a finite small value of ap-

proximately 1.5� 0.5% of Emax in order to avoid reflec-

tions of the waves. Assuming the condition of

incompressibility, the shear modulus lmax could be de-

rived from Emax according to Hooke�s law to 33� 3 kPa.
This value corresponds to a shear wave propagation

speed of 5.7� 0.4m/s.

To finally match the simulations with the experi-

mental waves, the relative phase of the simulated wave

images was varied. Best agreement with the phase of the

experimental wave images was found at u ¼ 270�. The
simulated CHO wave images Uxð270�; tÞ are displayed in

the bottom row of Fig. 3.
5. Discussion

The results show that diffusion-weighted imaging can

be employed to support MR elastography wave simu-

lations for exploring phase transitions in agarose gel.

However, the complex spatially and time-dependent
behavior of the ADC required an analysis of how tem-

perature, ADC and elasticity are connected in larger

agarose gel phantoms during a phase transition.

The PFG experiments proved clearly that for small

one-compartment samples in thermal equilibrium, the

correlation between the diffusion coefficient of water in

agarose depends linearly on the temperature, indepen-

dent of the sol/gel phase transition. Interestingly, the
diffusion in the gel is somewhat smaller than water but is

not additionally influenced by the increasing crosslink-

ing during gelation.
The complex temperature dependence within the
large non-tempered agarose probe could be qualitatively

well described by the proposed simplified two-com-

partment model. In good agreement with experimental

data, the branching of the temperature decay and the

deviation from monoexponentiality occurs when outer

areas of the phantom start to solidify. The characteris-

tics of these discontinuities depend on the position at

which the temperature was monitored within the inves-
tigated object.

It was found that in the vicinity of the outer bound-

aries of the gel phantom, the temperature decreases

faster with beginning solidification. The faster decay is

caused by increased heat transport due to an initially

steeper temperature gradient in regions close to the wall

of the container. Additionally, the progressing solidifi-

cation starting from the outer boundaries causes a
shielding of the heat in the inner liquid compartment.

Therefore, the inner temperature decays at a lower rate

than that of the outer compartment. Thus, images of the

temperature distribution can display the boundaries of

the sol/gel phase transition due to: (i) the thermal insu-

lation of central liquid parts and (ii) the elevated heat

transport within the solidified agarose in the outer parts

of the gel phantom.
The simple two-compartment model predicts an

equal decay rate for inner and outer compartments after

t1 þ Dt, i.e., after completed solidification. It can be re-

alized that the experimental data (Fig. 5) display a de-

viation from this prediction although the main features

were well met. The experimental temperature threshold

of 39 �C for the solidification of the outer parts in Fig. 4

is the mean of the fitted transition temperatures of
40� 1 �C for the outer parts and 38� 1 �C for the core.

The small splitting of the fitted transition temperatures

is a side effect of the simplification modeling a solid

outer and a fluid inner part simultaneously during Dt.
Extending the theory to more complex heat exchange

mechanisms within multiple compartments and includ-

ing heat conduction in solid gel rods is expected to better

fit the temperature decays in this range.
Comparing the temperature evolution (Fig. 5) with

the change in ADC (Fig. 4) reveals that both parameters

share the same characteristics. Although decay rates and

the timing of the phase transition are not comparable

due to different T0 and Te values, two principal ranges

determined by t1 are well observable in both graphs. In

the high temperature range for t < t1, the ADC contrast

decreases uniformly for the liquid gel without spatial
differences, similarly to the temperature decays in Fig. 5.

After t1 the ADC and temperature contrast evolve po-

sition dependently. MRI techniques thus allow a spa-

tially resolved monitoring of the phase boundaries. The

time resolution achieved for a complete series of MRE

wave images and DWI for three slices was 3min.

Compared to the large sample volume and the slow
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cooling process for each time point, thermal equilibrium
conditions in volumes corresponding to the voxel reso-

lution can be assumed.

The ADC-derived temperature maps allowed us to

exploit the spatial distribution of the phase transition

and to include this information in the elasticity maps

used for the CHO simulation.

Conversion of the ADC-derived temperature maps to

elasticity images required the application of inversion,
scaling, and restriction to a temperature range between

beginning and completed gelation according to Eq. (12).

This approach was justified by the successful simulation

of experimental wave images using the CHO calcula-

tions. Since the geometrical information about phase

boundaries was preserved in the applied linear trans-

formation of the temperature maps to elasticity maps,

only a single scaling factor was necessary to match all
simulated wave images to the experimental data.

Besides the known temperatures of the environment

and of the position of the phase transition, the applied

transformation rule is based on an adjustment of

Young�s modulus for simulated images to the experi-

mental data. Since the comparison of experiment and

simulation, because of the simplicity of the observed

wave patterns, can be achieved easiest on the fully so-
lidified phantom, the maximum elasticity (Emax) was

chosen as parameter to calibrate once the elasticity

matrix needed as input for the CHO calculations. Fol-

lowing this strategy, the reconstruction of a complete

series of wave images of the MRE phase transition ex-

periment is as straightforward as the simulation of a

single homogeneous wave image.

The feasibility of this approach was demonstrated in
Fig. 3. The good agreement of CHO wave image simu-

lations based on the scaled temperature maps with ex-

perimental data demonstrates the value of

supplementary information for simplifying complex re-

construction tasks. This is especially important in MR

elastography where the elasticity maps possess a high

degree of freedom. The number of possible combina-

tions of elasticity parameters increases with the spatial
resolution of the experimental wave images. Comple-

mentary image information that is not directly related to

mechanical properties characterizing the network status

of gelating agarose can be interpreted in terms of phase

transitions. Although this was demonstrated using ADC

maps calculated from DWI, possible alternatives could

include other temperature-sensitive data acquisition

schemes [24,25].
6. Conclusion

It was shown that temperature and elasticity provide

complementary measures for the degree of the macro-

molecular network linkage in agarose gels. Both quan-
tities were monitored time- and spatially resolved during
sol/gel phase transition in agarose. It was found that in

thermal equilibrium the diffusion is linearly dependent

on the temperature in agarose gels even during a phase

transition. For more complex experimental setups

without tempering the sample and establishing equilib-

rium conditions for the measurements, the temperature

decreases with different local decay rates that could be

qualitatively explained by a simplified two-compartment
model. The time-resolved temperature distribution in

the range between 39 and 28 �C was scaled to the

Young�s modulus. The spatially resolved elasticities in-

creased from nearly zero in the liquid sol state to a limit

value of the maximum elasticity determined by the

completely solidified gel. The geometry of the phase

transition boundaries explored by the temperature dis-

tribution calculated from ADC maps could in this way
be introduced as input for the reconstruction of MR

elastography wave images with the CHO approach after

linear scaling. Best fit was achieved using an elasticity

scale between 1.5� 0.5 and 99� 9 kPa for Young�s
modulus, which was directly related to the geometry of

the temperature distribution.

The presented approach uses only image-derived ex-

perimental data for the generation of time- and spatially
resolved elasticity maps instead of a priori assumptions.

This enables the building of models that are based on

underlying physical principles rather than heuristic as-

sumptions about the dynamics of elasticity.

Since alterations such as growing or degradation of

macromolecular or cellular networks are most sensi-

tively observable in terms of local elasticities, MR elas-

tography can play an important role in understanding
effects not only in biomechanics and medicine but also in

materials science.
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