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Purpose: Recent interest in the poroelastic behavior of tissues has led to the development of
magnetic resonance poroelastography �MRPE� as an alternative to single-phase MR elastographic
image reconstruction. In addition to the elastic parameters �i.e., Lamé’s constants� commonly as-
sociated with magnetic resonance elastography �MRE�, MRPE enables estimation of the time-
harmonic pore-pressure field induced by external mechanical vibration.
Methods: This study presents numerical simulations that demonstrate the sensitivity of the com-
puted displacement and pore-pressure fields to a priori estimates of the experimentally derived
model parameters. In addition, experimental data collected in three poroelastic phantoms are used
to assess the quantitative accuracy of MR poroelastographic imaging through comparisons with
both quasistatic and dynamic mechanical tests.
Results: The results indicate hydraulic conductivity to be the dominant parameter influencing the
deformation behavior of poroelastic media under conditions applied during MRE. MRPE estimation
of the matrix shear modulus was bracketed by the values determined from independent quasistatic
and dynamic mechanical measurements as expected, whereas the contrast ratios for embedded
inclusions were quantitatively similar �10%–15% difference between the reconstructed images and
the mechanical tests�.
Conclusions: The findings suggest that the addition of hydraulic conductivity and a viscoelastic
solid component as parameters in the reconstruction may be warranted. © 2010 American Asso-
ciation of Physicists in Medicine. �DOI: 10.1118/1.3443563�
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I. INTRODUCTION

Linear poroelastic media are generally described as being
composed of two separate phases consisting of a solid elastic
matrix and an infiltrating pore fluid. Unlike purely elastic
materials, which are strain-rate independent, the deformation
of a poroelastic solid is governed by the rate at which fluid
can leave the matrix under an applied pressure gradient.
Originally developed as a means of describing the deforma-
tion behavior of hydrated soils, consolidation theory1 or po-
roelasticity has been used to characterize the quasistatic de-
formation of the brain through finite element modeling of
edema,2–4 hydrocephalus,5,6 and surgery.7–11 Biphasic theory
has also been used extensively in modeling the deformation
of articular cartilage.12,13

MR elastography �MRE�14,15 is another venue where po-
roelastic modeling of tissue may be of interest. In general,
elastographic techniques strive to characterize tissues nonin-
vasively by assessing their resistance to deformation, a
physical phenomenon which can be related to mechanical
parameters such as the elastic modulus through application
of the appropriate constitutive relations. To date, in vivo in-

vestigations with MRE have relied upon single-phase de-
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scriptions of tissue to recover estimates of the desired me-
chanical parameters. Most notable has been the assumption
of linear elasticity,16–30 though considerable effort has been
exerted more recently to characterize the viscoelastic prop-
erties of tissue.31–41 In 2009, studies by Perriñez et al.42

showed the presence of a poroelastic effect for some tissue-
like materials under conditions experienced during time-
harmonic MRE. The results indicated that purely elastic me-
chanical models are inadequate in describing the deformation
behavior of fluid-saturated media and suggest that poroelas-
tic constitutive relations may more adeptly describe the bi-
phasic nature of in vivo tissues.

Magnetic resonance poroelastography �MRPE� �Ref. 43�
is a recent development in MR elastographic imaging
whereby estimates of the mechanical properties of tissue are
obtained by separating the mechanical response of the solid
matrix from that of the free extracellular fluid. While this
technique has been shown to significantly improve the image
quality of the recovered elastic parameters of the solid matrix
when compared to those obtained from a purely elastic
model,43 little is known about the quantitative accuracy of

these parameters. Further, application of the technique re-
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quires a priori estimates of mechanical parameters, which
may be difficult to determine experimentally. Thus, an inves-
tigation of the model sensitivity to changes in the assumed
parameters is required. The purpose of this study is �1� to
determine the most influential parameters assumed in the re-
construction through a sensitivity analysis performed using
numerical experiments in a model-validated rectangular col-
umn undergoing confined harmonic excitation and �2� to as-
sess quantitatively the values of the matrix shear modulus
recovered with MRPE from three poroelastic tofu phantoms
compared to independent measurements recorded during
both quasistatic and dynamic mechanical testing of the same
materials.

II. METHODS

II.A. Forward problem

Assuming tissue to be fully saturated �i.e., that any change
in volume of the poroelastic material must result in an
equivalent volume of fluid exudate� and composed of isotro-
pic, incompressible fluid and nearly incompressible solid
material constituents, the dynamic poroelasticity equations
can be expressed in partial differential equation form44 as

� · � � ū + ��� + ���� · ū� − �1 − �� � p̄

= − �2�� − �� f�ū , �1a�

�2� f�1 − ��
�

�� · ū� + �2p̄ = 0, �1b�

where � and � represent Lamé’s constants, ū is the time-
harmonic displacement field with components u, v, and w,
and p̄ is the time-harmonic pore pressure field. Further, � is
the excitation frequency and � and � f are the bulk material
and pore-fluid densities, respectively. The parameter � can
be expressed as

� =
��2� f�

i�2 + ����a + �� f�
, �2�

where � is the matrix porosity or volume fraction, � is the
hydraulic conductivity, and �a is the apparent mass density.

II.B. Inverse problem

A three-dimensional �3D� finite element reconstruction al-
gorithm based on the equations of linear poroelasticity43 has
recently been presented for the estimation of the solid matrix
elastic properties �� ,�� and the time-harmonic pore-pressure

¯

TABLE I. Model parameters.

Parameter
E

�kPa� � �

Model validation 10 0.45 0.20
Sensitivity analysis 10 0.45 0.1–1
field �p� in fluid-saturated tissues. In this formulation, esti-
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mates of Lamé’s constants ���� are calculated iteratively
using the regularized Gauss–Newton update equation,

�Re�J�TJ� + 	I����� = − �J�T�um − uc�� , �3�

where J�TJ is the Hermitian or self-adjoint Hessian, 	 is the
regularization parameter described in Ref. 45, J is the Jaco-
bian or sensitivity matrix, and um and uc are the measured
and computed displacement fields, respectively.

II.C. Simulated data

A study was performed to identify the sensitivity of the
computed displacement field to the assumed poroelastic ma-
terial constants �� ,� ,�a� required for the reconstruction al-
gorithm discussed in Sec. II B. A 3D finite element mesh
comprised of linear tetrahedral elements was generated for a
0.02
0.02
0.10 m3 rectangular poroelastic column
�84 541 nodes and 480 000 elements� subjected to confined
time-harmonic excitation at a frequency of 100 Hz. The dis-
placement and pore-pressure fields obtained from the for-
ward problem were validated against the analytic solution
presented in Ref. 46 for the model parameters in Table I. The
physical properties used in the model validation, which are
assumed to be isotropic and spatially uniform, are compa-
rable to those presented in Refs. 42 and 43 and are represen-
tative of the values for tofu reported in literature. Figure 1
contains a drawing of the rectangular column and highlights
three different surfaces for which the applied boundary con-
ditions on displacement and pressure are detailed in Table II.
As described in Ref. 46, the largest absolute error on dis-
placement and pore pressure between the finite element
model and the analytic solutions was found to be less than
1% and 6%, respectively, over the range of frequencies con-
sidered.

Among the parameters of interest is the apparent mass
density �a, which is a coefficient related to the work done by
the solid matrix on the pore fluid due to the relative motion
between their phases that can be calculated through the rela-
tion,

�a = C�� f , �4�

where C is an experimentally determined coupling factor
ranging between 0 and 1. Given that � f is assumed to be very
close to 1000 kg /m3, the porosity �, hydraulic conductivity
�, and coefficient C were varied incrementally across the
range of values presented in Table I and the forward problem
was solved for each subsequent combination. The porosity is
defined as the ratio of the fluid volume to the total volume
�Vf /V�. Therefore, as � approaches 0, the fluid volume �i.e.,

�
�m3 s /kg�

�
�kg /m3�

� f

�kg /m3� C

1
10−8 1020 1000 0.75
10−4–1
10−13 1020 1000 0–1
1

the pore volume� approaches zero. Similarly, as � ap-
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proaches 1, the fluid volume approaches that of the total
volume. The values for � used in the sensitivity analysis
were chosen to reflect the physical range of values that are
allowable. The magnitude of the variation in � employed
reflects the variation observed in nature �i.e., approximately
six orders of magnitude variation in � is observed between
sand/sandstone and granite/shale�.47 Thus, the set of values
for � presented in Table I was chosen to reflect a range of
values that might be observed in vivo �i.e., a spectrum be-
tween highly edematous soft tissue and cortical bone�.

The difference between the displacement and the pressure
solutions obtained from the model validation and those de-
termined by perturbing �, �, and �a was calculated using the
following relations:

�displacement = ��i=1
n �uv − up� · �uv − up��

�i=1
n uv · uv

� 	1/2

, �5�

FIG. 1. A drawing of a 0.02
0.02
0.10 m3 poroelastic column undergo-
ing confined time-harmonic excitation. The boundary conditions on dis-
placement and pore-pressure applied to surfaces 1–3 are summarized in
Table II.

TABLE II. Applied boundary conditions.

Surface x ,y z p

1 x,y =0 �Pa� z=Aei�t �Pa� p=0 �Pa�
2 u=v=0 �m� xz=yz=0 �Pa� �p / �n =0 �Pa /m�
3 u=v=0 �m� w=0 �m� �p / �n =0 �Pa /m�
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�pressure = ��i=1
n �pv − pp��pv − pp��

�i=1
n pvpv

� 	1/2

, �6�

where n is the number of nodal locations within the finite
element mesh, uv and up represent the validated and per-
turbed displacement vector fields, pv and pp represent the
validated and perturbed pore-pressure distributions, and “�”
indicates the complex conjugate of a given complex-valued
quantity.

II.D. Poroelastic phantoms

To assess the accuracy of the shear modulus estimates
obtained from the reconstruction algorithm, three poroelastic
phantoms �10
7.5
4.5 cm3� were constructed from three
different grades of commercially available silken tofu �soft/
firm/extra firm�. Each individual phantom was composed of
a soft tofu background containing two cylindrical inclusions
�one firm and one extra firm� with diameters equaling 28.5,
19, or 12.5 mm. The inclusions were generated by first re-
moving a core from the soft tofu slab and then replacing it
with a core extracted from a separate firm or extra firm slab.
Approximately 8 h were allowed postconstruction for the
phantoms to reach temperature equilibrium �
20 °C�. Each
phantom was housed in a sealed plastic container to prevent
desiccation. Figure 2 contains a drawing of the tofu phantom
construction. MRE motion data were recorded for each phan-
tom in three orthogonal directions using a spin-echo phase
contrast pulse sequence with added motion encoding gradi-
ents �TR=480 ms and TE=40 ms�. The phantoms were ex-
cited in the z direction using a pneumatic actuator at a fre-
quency of 100 Hz. Sixteen coronal image slices �x-y plane,
128 mm FOV� were acquired with 2
2
1.8 mm3 voxels
and a 0.2 mm slice gap. The total imaging time was approxi-
mately 10 min per encoding direction.

Poroelastic reconstructions were performed using the al-
gorithm discussed in Sec. II B and presented in detail in Ref.
43. A zero-flow pressure boundary condition ��p /�n
=0 Pa /m� was assumed for the tofu phantoms at the actua-
tion surface �z=0 m� with free-flow conditions �p=0 Pa�

FIG. 2. A drawing of the tofu phantom construction; each composed of
multiple tofu grades �soft/firm/extra firm� and varying inclusion diameters
�28.5/19.0/12.5 mm�.
specified on all other surfaces.
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II.E. Mechanical testing

To compare the MRPE shear modulus estimates obtained
for the poroelastic phantoms with values recorded during
independent mechanical measurements, quasistatic and dy-
namic experiments were performed on 28.5 mm diameter

9.0 mm thick cylindrical tofu samples �for each grade,
soft/firm/extra firm, n=6� compressed between two imper-
meable plates using a Q800 dynamic mechanical analyzer
�TA Instruments, New Castle, DE�. Figure 3 presents a draw-
ing of the experimental setup. Given that hydration and tem-
perature can be significant factors influencing the mechanical
measurements, the samples were enclosed during the experi-
ments to minimize desiccation and were maintained at a con-
stant temperature with an automated liquid nitrogen cooling
system.

Since classical mechanical testing of materials assumes
that only a solid phase exists, both quasistatic and dynamic
measurements were acquired in order to bracket the shear
modulus estimates for the solid matrix returned through
MRPE. Specifically, the slow exudation of fluid is not ex-
pected to contribute to the bulk material stiffness during qua-
sistatic compression, and thus the resulting stress-strain
curves will reflect the mechanical properties of the solid ma-
trix alone but at low frequency �essentially zero�, providing a
lower bound on the shear modulus expected at frequencies
commonly used in MRPE. Dynamic testing, on the other
hand, extracts the shear modulus at frequencies commonly
used in MRPE but partitions the solid material stiffening and
associated mechanical losses resulting from the presence of
fluid into an effective storage �shear� and loss modulus that is
expected to overestimate the actual matrix shear modulus by
assuming the material under investigation is purely vis-
coelastic. The methods used to collect the quasistatic and
dynamic measurement data on the tofu samples are briefly
summarized here.

II.E.1. Quasistatic

The quasistatic measurements were performed as de-
scribed in Ref. 42. Each sample was subjected to unconfined

FIG. 3. A drawing of the experimental setup employed during quasistatic
and dynamic mechanical testing.
compression at a rate of 0.05 N/min until 12% strain was

Medical Physics, Vol. 37, No. 7, July 2010
achieved. The compression was assumed to be sufficiently
slow that the influence of the pore fluid leaving the material
on the measured displacements could be neglected.

II.E.2. Dynamic

At the conclusion of each quasistatic test, the load was
removed and each sample was allowed to relax for 10 min. A
viscoelastic analysis was then performed on each sample for
frequencies ranging between 1 and 25 Hz �0.01 N preload
and 0.25% strain�. Excitation of the drained samples was
intended to yield measurements which minimized the effects
of the pore fluid on the composite solid/fluid response. The
dynamic tests were conducted under isothermal conditions
between 20 and 5 °C with a temperature increment of
−5 °C. Each sample was held at the prescribed temperature
for 10 min before beginning measurements to ensure that
equilibrium had been reached. Because unconfined dynamic
actuation of soft materials is known to yield unreliable mea-
surements at excitation frequencies above about 30 Hz with
this experimental setup, time-temperature superposition
�TTS�48,49 was applied to produce a composite curve which
enabled estimation of the storage and loss moduli at 100 Hz.
For thermorheolologically simple materials such as tofu,
TTS assumes that the entire relaxation spectrum is affected
equally by a change in temperature, i.e., relaxation times
increase with a reduction in temperature and decrease with
elevated temperature, allowing the superposition of data sets
obtained over a range of discrete temperatures to extend the
dynamic range of the experiments.

III. RESULTS

III.A. Numerical simulation

Figure 4 contains surface plots that show the relative dif-
ferences between the displacement and the pore-pressure
fields determined from the model validation and those ob-
tained from solutions to the forward problem in which the
porosity �, experimental coefficient C, and material hydrau-
lic conductivity � were varied incrementally. Figures 4�a�
and 4�b� depict the displacement and pressure differences
computed with � held constant at 10−8 m3 s /kg. Similarly,
Figs. 4�c� and 4�d� contain the displacement and pressure
differences computed with C held constant at a value of 0.75.

The plots for �displacement and �pressure presented in Figs.
4�a� and 4�b� show that the calculated differences between
the validated fields and those computed with the perturbed
set of parameters are relatively invariant over the range of
values for C. However, significant difference reduction was
observed as the value of � approaches 0.2. Conversely, for
the plots presented in Figs. 4�c� and 4�d�, the calculated dif-
ference was observed to be relatively invariant over the
range of values for � for a given level of �, showing that
significant difference reduction occurs only when � ap-

−8 3
proaches 10 m s /kg.
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III.B. Poroelastic phantoms

Reconstructions performed on the experimentally ac-
quired data employed a total of 16 processors �2
 AMD
Quad-Core Opteron nodes� for 60 global iterations. The av-
erage runtime for the reconstruction was approximately 5 h.
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FIG. 4. Surface plots showing the variation in log��� for displacement and
pore-pressure fields computed by incrementally changing the model param-
eters C, �, and �, compared against those computed with the parameter set
used during model validation: �a� and �b� compare the effect of C and �
while � is held constant at 10−8 m3 s /kg, whereas �c� and �d� compare �
and � while C is held constant at 0.75.
A single global iteration consisted of approximately 200–300
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individual iterative subzone calculations containing an aver-
age of 550–600 nodes/subzone. In addition, a global forward
solution was performed at the end of each global iteration
upon completion of all subzone calculations to obtain an
estimate of the internal pore-pressure distribution. A more
complete description of the poroelastic algorithm and the
iterative subzone reconstruction process can be found in
Ref. 43.

Figure 5 shows an MRE magnitude image as well as the
corresponding recovered matrix shear modulus and pore-
pressure amplitude distributions from the center �z direction�
of each of the three tofu phantoms described in Sec. II D.
Also included is an illustrative drawing depicting the phan-
tom construction, reference image plane, length scales, and
the location of the applied mechanical excitation. The shear
modulus images reveal good recovery of the expected spatial
variation in shear modulus across each phantom. The soft
background was found to be relatively uniform, reflecting the
expected homogeneity of the processed material. Interest-
ingly, a dark blue ring is visible around each inclusion, re-
gardless of the inclusion diameter. This observed drop in
shear modulus at the inclusion/background interface can be
attributed to excess fluid which accumulated around the in-
clusions during phantom construction. Each inclusion was
manually segmented from the background and each material
was subsequently analyzed for mean and standard deviation.
The computed values are summarized in Table III for each
phantom and specific tofu grade. In addition, contrast ratios
were calculated by dividing the average shear modulus for
each individual inclusion by the average shear modulus of
their respective backgrounds. Figure 6 displays the computed
averages graphically. All three reconstructions produced
similar estimates of the shear modulus for the soft tofu back-
ground, yielding a maximum variation in the mean of less
than 6.5%. Further, the maximum variation in the mean shear
modulus of the 19 and 28.5 mm diameter inclusions was
determined to be less than 11.5% for both the firm and extra
firm tofu grades, with the mean shear modulus estimates for
the extra firm inclusions found to be statistically equivalent
�p�0.05�. The mean shear modulus values for the 12.5 mm
diameter firm and extra firm inclusions appeared to be un-
derestimated by about a factor of 2.

III.C. Mechanical testing

A summary of the results from the quasistatic and dy-
namic mechanical tests for each tofu grade is provided in
Table III. In general, the real part of the complex shear
modulus or storage modulus determined during the dynamic
tests �100 Hz� was found to be 7.1–9.5 times greater than
that observed from the quasistatic tests, suggesting consider-
able frequency dependence of the modulus of the tofu matrix
�although a portion of the increase is also likely due to the
effects of the residual fluid remaining in the sample after the
initial quasistatic compression tests�. Figure 7 compares the
results obtained from the mechanical tests with those from
the reconstruction of the poroelastic phantom with the 28.5

mm diameter inclusions. The results from this phantom were
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used in the comparison as the larger inclusion diameters en-
abled more accurate boundary segmentation. They also in-
cluded the most nodal values in the calculation of the mean.

IV. DISCUSSION

Analysis of the sensitivity of the computed displacement
and pore-pressure fields to changes in the a priori estimates

��������� ����	
���

�
��
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��� ��

����

Magnitude µ
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m

FIG. 5. MRE magnitude images and the corresponding reconstructed matrix
phantoms containing cylindrical tofu inclusions of varying diameter �28.5/19
are given in units of pascals.
of the experimentally derived poroelastic parameters C, �,
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and � has shown hydraulic conductivity ��� to be the most
influential. This result is consistent with expectations given
that, in the absence of a complex-valued shear modulus, any
frequency dependence observed in the deformation behavior
must be attributed to the rate at which fluid movement can
occur under the applied gradient in pressure. The finding also
implies that the values for C and � assumed in the recon-
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struction are less likely to influence the minimization be-
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tween the measured and the computed displacement fields.
Therefore, the accuracy of Lamé’s constants and the subse-
quent pore-pressure distribution recovered from the experi-
mental data is likely to benefit from spatial variation in �
either through tissue-type classification �e.g., enforced
through segmented MR images� or by estimating � as an
independent parameter. Implementation of the latter may be
possible by reformulating Eq. �3� to incorporate � in the set
of parameter updates ��, enabling estimation of � indirectly.
However, further study is required to determine the sensitiv-
ity and stability of the reconstruction process to estimates of
� computed on the nodal, element, or subzone levels.

Experimental results obtained for the three tofu phantoms
indicate high quality recovery of the expected spatial varia-
tion in shear modulus between the soft background, firm, and
extra firm tofu inclusions. Also, the estimated pore-pressure
amplitude distributions appear consistent and reasonable,
given knowledge of the assumed boundary conditions on
pressure. The pore pressure is expected to be greatest toward
the center of the actuation surface where �p /�n=0 Pa /m
and smallest in proximity to all other free surfaces where a
condition of p=0 Pa is prescribed. Stress concentrations
arising from the presence of the different cylindrical inclu-
sions may account for some of the variation observed in the
shape of the pore-pressure distribution at the center of the
images. Elevated matrix shear modulus estimates at the slab
boundary �especially in the corners� are artifacts that can
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FIG. 6. Bar graph comparing the mean and standard deviation of the recov-
ered matrix shear modulus of the background and inclusions for each of the

TABLE III. Summary of the experimentally determine

Experiment

Soft Fir

�̄
�kPa�


�kPa�

�̄
�kPa�

MRPE �28.5 mm dia.� 4.614 2.264 10.611
MRPE �19.0 mm dia.� 4.477 2.080 9.396
MRPE �12.5 mm dia.� 4.782 2.437 5.127
Quasistatic 0.887 0.053 1.985
Viscoelastic �100 Hz� 6.368 0.390 16.051
three tofu phantoms.
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likely be attributed to the assumptions surrounding the global
boundary conditions on pressure. Specifically, the boundary
condition p=0 was applied to the air/tofu interface on all free
surfaces. However, generation of the finite element mesh and
subsequent interpolation of the measured motion data re-
quires that the computational volume be slightly reduced
�
1–2 mm�, thereby forcing the condition on pressure to be
applied inside the actual phantom boundary, which has its
largest impact at the corners of the phantom. The contrast
ratios computed for the 19.0 and 28.5 mm diameter inclu-
sions were found to be 2.10 and 2.30, respectively, between
the firm and soft tofu regions and 3.15 and 3.07, respectively,
between the extra firm and soft tofu regions. The contrast
ratios determined for the 12.5 mm diameter inclusion phan-
tom were significantly lower at 1.07 for the firm inclusion
and 1.49 for the extra firm inclusion. One explanation for
this observation is the smoothing effect that occurs during
image reconstruction from the spatial filtering process,50

which will have a larger impact on features with a smaller
spatial footprint. Further, this process is likely to be exacer-
bated by the presence of excess fluid around the inclusions
which will artificially decrease the value of the recovered
matrix shear modulus in the adjacent regions.

The tofu matrix shear modulus values determined from
mechanical testing bracketed those obtained from MRPE as
expected. Specifically, a significant decrease was observed in
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FIG. 7. Bar graph comparing the mean and standard deviation of the matrix
shear modulus obtained from the quasistatic and dynamic mechanical tests
with the values reconstructed for the poroelastic phantom with 28.5 mm

lues.

Extra firm Contrast ratios

a�
�̄

�kPa�


�kPa� Firm/soft Extra firm/soft

8 14.153 2.606 2.30 3.07
0 14.109 4.142 2.10 3.15
4 7.119 3.645 1.07 1.49
0 2.339 0.195 2.24 2.64
3 21.889 1.846 2.52 3.44
d va

m


�kP

3.05
3.42
2.93
0.11
0.66
diameter inclusions.
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the quasistatic shear moduli relative to values recovered with
the reconstruction because of the substantial stiffening ef-
fects of the fluid at frequency. Referring to Table III, the
average matrix shear modulus at 100 Hz of the soft tofu
background for all three phantoms was found to be approxi-
mately 5.2 times the quasistatic value. Not surprisingly, the
average recovered MRPE shear modulus was less than but
much closer to �
75%� the storage modulus determined dur-
ing dynamic testing because a substantial portion of the com-
plex deformation behavior interpreted as viscous effects
from the solid/fluid interactions can be attributed to poroelas-
tic damping. Similar trends in these properties were observed
for the firm and extra firm inclusions as well. Interestingly,
while the reconstructed values were quantitatively different
from the shear moduli determined through quasistatic or dy-
namic testing �i.e., the relative differences between the re-
covered moduli and those determined from mechanical test-
ing were observed to be 322%–421% for the qusistatic
measurements and 27%–47% for the dynamic measure-
ments�, the shear modulus contrast ratios for the phantoms
with 19 and 28.5 mm inclusions were much closer and very
similar to those determined from the mechanical tests �10%–
15% difference�.

V. CONCLUSIONS

The goal of MRPE is to provide a more representative
analysis of the mechanical properties of fluid-saturated tis-
sues through the implementation of a mechanical model
which can adequately describe poroelastic deformation and
ultimately enable separation of the solid matrix response
from that of the pore fluid. In this study, the sensitivity of the
poroelastic model to perturbations in the a priori estimates of
three unknown parameters was investigated. In addition, a
quantitative assessment of the accuracy of the matrix shear
modulus estimates obtained from the poroelastic reconstruc-
tion was performed on three poroelastic phantoms by com-
paring the reconstructed values with those obtained from
quasistatic and dynamic mechanical tests.

Of the experimentally derived parameters C, �, and �,
hydraulic conductivity ��� was the most influential in terms
of changes in the displacement and pore-pressure fields com-
puted by solving the forward problem. The potential for error
in the recovered matrix shear moduli due to variation in �
across the image volume indicates the need for a spatially
distributed a priori estimate of � guided by segmented MR
images or an algorithm capable of recovering estimates of �
as an independent parameter on the nodal, elemental, or sub-
zone level.

Although the MRPE matrix shear moduli recovered from
different grades of tofu were different from the values re-
corded during mechanical testing, the technique accurately
reproduced the expected spatial variation along with relative
changes in its magnitude associated with the firm and extra
firm inclusions. Reasonable estimation of the pore-pressure

amplitude distributions was also observed. Thus, poroelastic
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damping accounted for much of the complex �time-
dependent� behavior resulting from the interactions between
the solid and the liquid material phases.

In summary, the degree to which MRPE can separate the
mechanical responses of the solid and fluid compartments in
tofu is encouraging. While the contribution of in vivo tissue-
matrix viscoelasticity to the total deformation behavior re-
mains largely unknown, consideration of frequency-
dependent or complex matrix shear moduli may improve
quantitative accuracy. In addition, future studies should in-
clude an exploration of the relationship between poroelastic
damping and tissue hydraulic conductivity as well as the
potential for a spatially distributed estimate of the latter.

a�Electronic mail: phillip.r.perrinez@dartmouth.edu
1M. A. Biot, “General theory of three-dimensional consolidation,” J. Appl.
Phys. 12�1�, 155–164 �1941�.

2T. Nagashima, T. Shirakuni, and S. I. Rapoport, “A two-dimensional,
finite element analysis of vasogenic brain edema,” Neurol. Med. Chir.
�Tokyo� 30, 1–9 �1990�.

3T. Nagashima, Y. Tada, S. Hamano, M. Skakakura, K. Masaoka, N. Ta-
maki, and S. Matsumoto, “The finite element analysis of brain oedema
associated with intracranial meningiomas,” Acta Neurochir. Suppl.
�Wien� 51, 155–157 �1990�.

4T. Nagashima, N. Tamaki, M. Takada, and Y. Tada, “Formation and res-
olution of brain edema associated with brain tumors. A comprehensive
theoretical model and clinical analysis,” Acta Neurochir. Suppl. �Wien�
60, 165–167 �1994�.

5T. Nagashima, N. Tamaki, S. Matsumoto, B. Horwitz, and Y. Seguchi,
“Biomechanics of hydrocephalus: A new theoretical model,” Neurosur-
gery 21�6�, 898–904 �1987�.

6Z. Taylor and K. Miller, “Reassessment of brain elasticity for analysis of
biomechanisms of hydrocephalus,” J. Biomech. 37�8�, 1263–1269 �2004�.

7K. D. Paulsen, M. I. Miga, F. E. Kennedy, P. J. Hoopes, A. Hartov, and D.
W. Roberts, “A computational model for tracking subsurface tissue defor-
mation during stereotactic neurosurgery,” IEEE Trans. Biomed. Eng.
46�2�, 213–225 �1999�.

8M. I. Miga, K. D. Paulsen, J. M. Lemery, S. D. Eisner, A. Hartov, F. E.
Kennedy, and D. W. Roberts, “Model-updated image guidance: Initial
clinical experiences with gravity-induced brain deformation,” IEEE
Trans. Med. Imaging 18�10�, 866–874 �1999�.

9M. I. Miga, K. D. Paulsen, P. J. Hoopes, F. E. J. Kennedy, A. Hartov, and
D. W. Roberts, “In vivo quantification of a homogeneous brain deforma-
tion model for updating preoperative images during surgery,” IEEE
Trans. Biomed. Eng. 47�2�, 266–273 �2000�.

10M. I. Miga, K. D. Paulsen, P. J. Hoopes, F. E. Kennedy, A. Hartov, and D.
W. Roberts, “In vivo modeling of interstitial pressure in the brain under
surgical load using finite elements,” J. Biomech. Eng. 122�4�, 354–363
�2000�.

11L. A. Platenik, M. I. Miga, D. W. Roberts, K. E. Lunn, F. E. Kennedy, A.
Hartov, and K. D. Paulsen, “In vivo quantification of retraction deforma-
tion modeling for updated image-guidance during neurosurgery,” IEEE
Trans. Biomed. Eng. 49�8�, 823–835 �2002�.

12V. C. Mow, S. C. Kuei, W. M. Lai, and C. G. Armstrong, “Biphasic creep
and stress relaxation of articular cartilage in compression: Theory and
experiments,” J. Biomech. Eng. 102, 73–84 �1980�.

13C. G. Armstrong, W. M. Lai, and V. C. Mow, “An analysis of the uncon-
fined compression of articular cartilage,” J. Biomech. Eng. 106, 165–173
�1984�.

14R. Muthupillai, D. J. Lomas, P. J. Rossman, J. F. Greenleaf, A. Manduca,
and R. L. Ehman, “Magnetic resonance elastography by direct visualiza-
tion of propagating acoustic strain waves,” Science 269�5232�, 1854–
1857 �1995�.

15R. Muthupillai and R. L. Ehman, “Magnetic resonance elastography,”
Nat. Med. 2, 601–603 �1996�.

16S. A. Kruse, J. A. Smith, A. J. Lawrence, M. A. Dresner, A. Manduca, J.
F. Greenleaf, and R. L. Ehman, “Tissue characterization using magnetic
resonance elastography: Preliminary results,” Phys. Med. Biol. 45�6�,

1579–1590 �2000�.

http://dx.doi.org/10.1063/1.1712886
http://dx.doi.org/10.1063/1.1712886
http://dx.doi.org/10.2176/nmc.30.1
http://dx.doi.org/10.2176/nmc.30.1
http://dx.doi.org/10.1227/00006123-198712000-00019
http://dx.doi.org/10.1227/00006123-198712000-00019
http://dx.doi.org/10.1016/j.jbiomech.2003.11.027
http://dx.doi.org/10.1109/10.740884
http://dx.doi.org/10.1109/42.811265
http://dx.doi.org/10.1109/42.811265
http://dx.doi.org/10.1109/10.821778
http://dx.doi.org/10.1109/10.821778
http://dx.doi.org/10.1115/1.1288207
http://dx.doi.org/10.1109/TBME.2002.800760
http://dx.doi.org/10.1109/TBME.2002.800760
http://dx.doi.org/10.1115/1.3138202
http://dx.doi.org/10.1115/1.3138475
http://dx.doi.org/10.1126/science.7569924
http://dx.doi.org/10.1038/nm0596-601
http://dx.doi.org/10.1088/0031-9155/45/6/313


3526 Perriñez et al.: Contrast detection with magnetic resonance poroelastography 3526
17A. Manduca, T. E. Oliphant, M. A. Dresner, J. L. Mahowald, S. A. Kruse,
E. Amromin, J. P. Felmlee, J. F. Greenleaf, and R. L. Ehman, “Magnetic
resonance elastography: Non-invasive mapping of tissue elasticity,” Med.
Image Anal. 5�4�, 237–254 �2001�.

18M. A. Dresner, G. H. Rose, P. J. Rossman, R. Muthupillai, A. Manduca,
and R. L. Ehman, “Magnetic resonance elastography of skeletal muscle,”
J. Magn. Reson Imaging 13�2�, 269–276 �2001�.

19M. Suga, T. Matsuda, K. Minato, O. Oshiro, K. Chihara, J. Okamoto, O.
Takizawa, M. Komori, and T. Takahashi, “Measurement of in-vivo local
shear modulus by combining multiple phase offsets MR elastography,”
Stud. Health Technol. Inform. 84�2�, 933–937 �2001�.

20A. L. McKnight, J. L. Kugel, P. J. Rossman, A. Manduca, L. C. Hart-
mann, and R. L. Ehman, “MR elastography of breast cancer: Preliminary
results,” AJR, Am. J. Roentgenol. 178�6�, 1411–1417 �2002�.

21J. Lorenzen, R. Sinkus, M. Lorenzen, M. Dargatz, C. Leussler, P.
Roschmann, and G. Adam, “MR elastography of the breast: Preliminary
clinical results,” Rofo 174�7�, 830–834 �2002�.

22E. E. W. Van Houten, M. M. Doyley, F. E. Kennedy, J. B. Weaver, and K.
D. Paulsen, “Initial in vivo experience with steady-state subzone-based
MR elastography of the human breast,” J. Magn. Reson Imaging 17�1�,
72–85 �2003�.

23M. Suga, T. Matsuda, K. Minato, O. Oshiro, K. Chihara, J. Okamoto, O.
Takizawa, M. Komori, and T. Takahashi, “Measurement of in vivo local
shear modulus using MR elastography multiple-phase patchwork offsets,”
IEEE Trans. Biomed. Eng. 50�7�, 908–915 �2003�.

24J. Kemper, R. Sinkus, J. Lorenzen, C. Nolte-Ernsting, A. Stork, and G.
Adam, “MR elastography of the prostate: Initial in-vivo application,”
Rofo 176�8�, 1094–1099 �2004�.

25S. F. Bensamoun, S. I. Ringleb, L. Littrell, Q. Chen, M. Brennan, R. L.
Ehman, and K.-N. An, “Determination of thigh muscle stiffness using
magnetic resonance elastography,” J. Magn. Reson Imaging 23�2�, 242–
247 �2006�.

26O. Rouvière, M. Yin, M. A. Dresner, P. J. Rossman, L. J. Burgart, J. L.
Fidler, and R. L. Ehman, “MR elastography of the liver: Preliminary
results,” Radiology 240�2�, 440–448 �2006�.

27S. I. Ringleb, S. F. Bensamoun, Q. Chen, A. Manduca, K.-N. An, and R.
L. Ehman, “Applications of magnetic resonance elastography to healthy
and pathologic skeletal muscle,” J. Magn. Reson Imaging 25�2�, 301–309
�2007�.

28M. Yin, J. Woollard, X. Wang, V. E. Torres, P. C. Harris, C. J. Ward, K. J.
Glaser, A. Manduca, and R. L. Ehman, “Quantitative assessment of he-
patic fibrosis in an animal model with magnetic resonance elastography,”
Magn. Reson. Med. 58�2�, 346–353 �2007�.

29S. A. Kruse, G. H. Rose, K. J. Glaser, A. Manduca, J. P. Felmlee, C. R.
Jack, Jr., and R. L. Ehman, “Magnetic resonance elastography of the
brain,” Neuroimage 39�1�, 231–237 �2008�.

30S. K. Venkatesh, M. Yin, J. F. Glockner, N. Takahashi, P. A. Araoz, J. A.
Talwalkar, and R. L. Ehman, “MR elastography of liver tumors: Prelimi-
nary results,” AJR, Am. J. Roentgenol. 190�6�, 1534–1540 �2008�.

31R. Sinkus, M. Tanter, T. Xydeas, S. Catheline, J. Bercoff, and M. Fink,
“Viscoelastic shear properties of in vivo breast lesions measured by MR
elastography,” Magn. Reson. Imaging 23�2�, 159–165 �2005�.

32R. Sinkus, M. Tanter, S. Catheline, J. Lorenzen, C. Kuhl, E. Sondermann,
and M. Fink, “Imaging anisotropic and viscous properties of breast tissue
by magnetic resonance-elastography,” Magn. Reson. Med. 53�2�, 372–

387 �2005�.

Medical Physics, Vol. 37, No. 7, July 2010
33L. Huwart, F. Peeters, R. Sinkus, L. Annet, N. Salameh, L. C. ter Beek, Y.
Horsmans, and B. E. Van Beers, “Liver fibrosis: Non-invasive assessment
with MR elastography,” NMR Biomed. 19�2�, 173–179 �2006�.

34N. Salameh, F. Peeters, R. Sinkus, J. Abarca-Quinones, L. Annet, L. C.
Ter Beek, I. Leclercq, and B. E. Van Beers, “Hepatic viscoelastic param-
eters measured with MR elastography: Correlations with quantitative
analysis of liver fibrosis in the rat,” J. Magn. Reson Imaging 26�4�, 956–
962 �2007�.

35R. Sinkus, K. Siegmann, T. Xydeas, M. Tanter, C. Claussen, and M. Fink,
“MR elastography of breast lesions: Understanding the solid/liquid dual-
ity can improve the specificity of contrast-enhanced MR mammography,”
Magn. Reson. Med. 58�6�, 1135–1144 �2007�.

36D. Klatt, U. Hamhaber, P. Asbach, J. Braun, and I. Sack, “Noninvasive
assessment of the rheological behavior of human organs using multifre-
quency MR elastography: A study of brain and liver viscoelasticity,”
Phys. Med. Biol. 52�24�, 7281–7294 �2007�.

37I. Sack, B. Beierbach, U. Hamhaber, D. Klatt, and J. Braun, “Non-
invasive measurement of brain viscoelasticity using magnetic resonance
elastography,” NMR Biomed. 21�3�, 265–271 �2008�.

38S. M. Atay, C. D. Kroenke, A. Sabet, and P. V. Bayly, “Measurement of
the dynamic shear modulus of mouse brain tissue in vivo by magnetic
resonance elastography,” J. Biomech. Eng. 130�2�, 021013 �2008�.

39M. A. Green, L. E. Bilston, and R. Sinkus, “In vivo brain viscoelastic
properties measured by magnetic resonance elastography,” NMR
Biomed. 21�7�, 755–764 �2008�.

40P. Asbach, D. Klatt, U. Hamhaber, J. Braun, R. Somasundaram, B.
Hamm, and I. Sack, “Assessment of liver viscoelasticity using multifre-
quency MR elastography,” Magn. Reson. Med. 60�2�, 373–379 �2008�.

41J. Vappou, E. Breton, P. Choquet, R. Willinger, and A. Constantinesco,
“Assessment of in vivo and post-mortem mechanical behavior of brain
tissue using magnetic resonance elastography,” J. Biomech. 41�14�,
2954–2959 �2008�.

42P. R. Perriñez, F. E. Kennedy, E. E. W. Van Houten, J. B. Weaver, and K.
D. Paulsen, “Modeling of soft poroelastic tissue in time-harmonic MR
elastography,” IEEE Trans. Biomed. Eng. 56�3�, 598–608 �2009�.

43P. R. Perriñez, F. E. Kennedy, E. E. W. V. Houten, J. B. Weaver, and K. D.
Paulsen, “Magnetic resonance poroelastography: An algorithm for esti-
mating the mechanical properties of fluid-saturated soft tissues,” IEEE
Trans. Med. Imaging 29�3�, 746–755 �2010�.

44A. H.-D. Cheng, T. Badmus, and D. E. Beskos, “Integral equation for
dynamic poroelasticity in frequency domain with BEM solution,” J. Eng.
Mech. 117�5�, 1136–1157 �1991�.

45D. W. Marquardt, “An algorithm for least-squares estimation of nonlinear
parameters,” SIAM J. Appl. Math. 11�2�, 431–441 �1963�.

46P. R. Perriñez, S. P. Marra, F. E. Kennedy, and K. D. Paulsen, “3D finite
element solution to the dynamic poroelasticity problem for use in MR
elastography,” Proc. SPIE 6511�1�, 65111B �2007�.

47H. F. Wang, Theory of Linear Poroelasticity �Princeton University Press,
Princeton, NJ, 2000�.

48J. D. Ferry, Viscoelastic Properties of Polymers, 3rd ed. �Wiley, New
York, 1980�.

49TA Instruments, Application of time-temperature superposition to rheol-
ogy, 2009.

50M. M. Doyley, P. M. Meaney, and J. C. Bamber, “Evaluation of an
iterative reconstruction method for quantitative elastography,” Phys. Med.

Biol. 45�6�, 1521–1540 �2000�.

http://dx.doi.org/10.1016/S1361-8415(00)00039-6
http://dx.doi.org/10.1016/S1361-8415(00)00039-6
http://dx.doi.org/10.1002/1522-2586(200102)13:2<269::AID-JMRI1039>3.0.CO;2-1
http://dx.doi.org/10.1055/s-2002-32690
http://dx.doi.org/10.1002/jmri.10232
http://dx.doi.org/10.1109/TBME.2003.813540
http://dx.doi.org/10.1055/s-2004-813279
http://dx.doi.org/10.1002/jmri.20487
http://dx.doi.org/10.1148/radiol.2402050606
http://dx.doi.org/10.1002/jmri.20817
http://dx.doi.org/10.1002/mrm.21286
http://dx.doi.org/10.1016/j.neuroimage.2007.08.030
http://dx.doi.org/10.2214/AJR.07.3123
http://dx.doi.org/10.1016/j.mri.2004.11.060
http://dx.doi.org/10.1002/mrm.20355
http://dx.doi.org/10.1002/nbm.1030
http://dx.doi.org/10.1002/jmri.21099
http://dx.doi.org/10.1002/mrm.21404
http://dx.doi.org/10.1088/0031-9155/52/24/006
http://dx.doi.org/10.1002/nbm.1189
http://dx.doi.org/10.1115/1.2899575
http://dx.doi.org/10.1002/nbm.1254
http://dx.doi.org/10.1002/nbm.1254
http://dx.doi.org/10.1002/mrm.21636
http://dx.doi.org/10.1016/j.jbiomech.2008.07.034
http://dx.doi.org/10.1109/TBME.2008.2009928
http://dx.doi.org/10.1109/TMI.2009.2035309
http://dx.doi.org/10.1109/TMI.2009.2035309
http://dx.doi.org/10.1061/(ASCE)0733-9399(1991)117:5(1136)
http://dx.doi.org/10.1061/(ASCE)0733-9399(1991)117:5(1136)
http://dx.doi.org/10.1137/0111030
http://dx.doi.org/10.1088/0031-9155/45/6/309
http://dx.doi.org/10.1088/0031-9155/45/6/309

