
The performance of steady-state harmonic magnetic resonance
elastography when applied to viscoelastic materials

Marvin M. Doyleya�

Hajim School of Engineering and Applied Sciences, University of Rochester, Rochester, New York 14627

Irina Perreard, Adam. J. Patterson, John B. Weaver, and Keith M. Paulsen
Thayer School of Engineering, Dartmouth College, Hanover, New Hampshire 03755

�Received 6 July 2009; revised 25 May 2010; accepted for publication 25 May 2010;
published 12 July 2010�

Purpose: The clinical efficacy of breast elastography may be limited when the authors employ the
assumption that soft tissues exhibit linear, frequency-independent isotropic mechanical properties
during the recovery of shear modulus. Thus, the purpose of this research was to evaluate the
degradation in performance incurred when linear-elastic MR reconstruction methods are applied to
phantoms that are fabricated using viscoelastic materials.
Methods: To develop phantoms with frequency-dependent mechanical properties, the authors mea-
sured the complex modulus of two groups of cylindrical-shaped gelatin samples over a wide
frequency range �up to 1 kHz� with the established principles of time-temperature superposition
�TTS�. In one group of samples, the authors added varying amounts of agar �1%–4%�; in the other
group, the authors added varying amounts of sucrose �2.5%–20%�. To study how viscosity affected
the performance of the linear-elastic reconstruction method, the authors constructed an elastically
heterogeneous MR phantom to simulate the case where small viscoelastic lesions were surrounded
by relatively nonviscous breast tissue. The breast phantom contained four linear, viscoelastic spheri-
cal inclusions �10 mm diameter� that were embedded in normal gelatin. The authors imaged the
breast phantom with a clinical prototype of a MRE system and recovered the shear-modulus dis-
tribution using the overlapping-subzone-linear-elastic image-reconstruction method. The authors
compared the recovered shear modulus to that measured using the TTS method.
Results: The authors demonstrated that viscoelastic phantoms could be fabricated by including
sucrose in the gelation process and that small viscoelastic inclusions were visible in MR elasto-
grams recovered using a linear-elastic MR reconstruction process; however, artifacts that degraded
contrast and spatial resolution were more prominent in highly viscoelastic inclusions. The authors
also established that the accuracy of the MR elastograms depended on the degree of viscosity that
the inclusion exhibited.
Conclusions: The results demonstrated that reconstructing shear modulus from other constitutive
laws, such as viscosity, should improve both the accuracy and quality of MR elastograms of the
breast. © 2010 American Association of Physicists in Medicine. �DOI: 10.1118/1.3454738�
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I. INTRODUCTION

Neither x-ray mammography nor breast self-examination
�SE� can accurately diagnose all breast cancers in young
women. In the United States, breast cancer kills nearly
50 000 women annually and in 2006, there were more than
200 000 new cases of the disease.1 Screening mammography
detects cancer with high sensitivity and specificity, but it
performs poorly in women with dense breast tissue, which is
typical of many younger women �less than 50 yr of age�.
Younger women usually detect breast cancer themselves dur-
ing SE, but self examination �SE� cannot discern subtle
changes that occur in the breast during the early stages of
neoplastic development; consequently, SE frequently detects
tumors that are late-stage, metastatic, and treatable only by
employing the most aggressive therapies.2

3–7
Magnetic resonance elastography �MRE� could im-
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prove the early detection of breast cancer in younger women,
but MRE may perform suboptimally in the clinic because
shear-modulus images are typically reconstructed from sim-
plistic assumptions about the mechanical behavior of breast
tissues. Shear modulus can be recovered from MR-measured
internal tissue displacements via either a direct or an iterative
inversion scheme.6,8–13 The direct approach is appealing be-
cause it is linear, efficient, and can be localized by assuming
piecewise homogeneity in the mechanical properties. How-
ever, the direct approach to image reconstruction can be sen-
sitive to measurement noise. The iterative inversion approach
is generally more robust to measurement noise, but it re-
quires more computational overhead to solve the three-
dimensional inverse elastography problem on a highly re-
solved, finite-element mesh �i.e., N�104, where N is the
number of nodes�. Despite these differences, in both ap-

proaches, soft tissues are assumed to exhibit linear isotropic
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frequency-independent elastic behavior, which is certainly an
approximation in breast tissues8 and could reduce the quality
and accuracy of the clinical MR elastograms.

To characterize and optimize the performance of MRE
objectively, we need fabrication methods for constructing
test objects that display the range of complex mechanical
behavior observed in soft tissues. We frequently use phan-
toms to characterize and optimize the performance of diag-
nostic imaging systems, including elastography. Conse-
quently, several groups, including our own, have described
methods for fabricating phantoms from gelatin and/or agar
gels with realistic imaging �i.e., acoustic and MR relaxation
times� and shear-modulus properties.9–13 Gelatin displays a
linearly elastic response, with relatively low viscosity and
frequency dependency, while agar displays a slightly
nonlinear-elastic signature that is more viscous �see Fig. 1�.
The gelatin response implies that studies with gelatin phan-
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FIG. 1. �a� The static and �b� dynamic mechanical behavior of a typical
gelatin �open circles� and agar �solid circles� sample.
toms may yield excessively optimistic results, since the me-
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chanical behavior of gelatin is more consistent with the as-
sumptions made during linear-elastic image reconstruction
than those presented by soft tissues. Conversely, perfor-
mance studies conducted with agar phantoms should yield
more representative results, albeit that the phantom will be
more fragile and the degree of nonlinearity and viscosity
may be less than those observed in soft tissues.

The goal of this study was to corroborate the hypothesis
that MR elastograms will perform suboptimally when the
shear modulus of viscoelastic tissues is reconstructed using a
linear-elastic image-reconstruction process. To simplify the
discussion, we focused on a specific goal: To assess the abil-
ity of the linear-elastic reconstruction method to recover the
shear-modulus distribution of small viscoelastic spherical in-
clusions that were embedded in a nonviscous background in
a phantom that we designed specifically for this study.

To facilitate this investigation, i.e., to select suitable ma-
terials for fabricating linear-elastic viscoelastic gelatin-based
phantoms, we doped gelatin with either sucrose or agar and
studied the resulting impact on the dynamic mechanical be-
havior of the gelatin. The rationale was to select suitable
materials for fabricating linear, elastic, viscoelastic gelatin-
based phantoms. Specifically, we measured the dynamic me-
chanical behavior of two groups of gelatin samples at fre-
quencies currently employed in MRE �1–1000 Hz� using the
established principle of time-temperature superposition
�TTS�. One group of gelatin samples contained varying
amounts of agar and the other group was manufactured from
gelatin and varying amounts of sucrose. Based on the results
of these simple mechanical tests, we constructed a 10 cm
�height� by 4 cm �width� cylindrical phantom that contained
four 10 mm diameter viscoelastic inclusions. We used the
clinical prototype system of MR elastography described in
Ref. 7 to image the elasticity phantom and reconstructed all
modulus elastograms using the linear-elastic shear-modulus
recovery process described in Refs. 10 and 14. We assessed
the performance of the resulting images using two metrics:
�1� We measured accuracy by comparing the mean shear
modulus recovered from the surrounding gel and the spheri-
cal inclusions, relative to that which was measured indepen-
dently using the time-temperature superposition; and �2� we
measured the quality of the recovered elastograms by em-
ploying the elastographic contrast-to-noise ratio �CNRe� per-
formance metric.

II. MATERIALS AND METHODS

II.A. Initial mechanical testing and MR measurements

To manufacture linear-viscoelastic phantoms �in this case,
with inclusions�, we studied the individual effect of agar and
sucrose on the dynamic mechanical and MR properties of
gelatin. Specifically, we measured the complex modulus of
gelatin samples that contained different amounts of agar and
sucrose over the frequency range used in MR elastography
�up to 1 kHz� and their MR properties �i.e., their T1 and T2
relaxation times�.
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II.A.1. Preparation of samples

We manufactured two groups of cylindrical-shaped
samples �7 mm height�37 mm diameter� in a controlled
and repeatable manner from Type A porcine skin gelatin �300
bloom, Sigma-Aldrich, St. Louis, MO�; ultra-high-purity wa-
ter �18 M�; agar �Sigma-Aldrich, St. Louis, MO�; and su-
crose �Sigma-Aldrich, St. Louis, MO�. Table I gives the pro-
portion of each material that we used to fabricate the samples
within each group. For convenience, we modified the
sample-preparation method described in Ref. 10, i.e., we pre-
pared gelatin-sucrose samples from a stock solution of solu-
tion of 40% sucrose rather than adding the desired proportion
of sucrose directly to the gelatin solution.

II.A.2. Independent mechanical testing

We measured the mechanical properties of all samples
using the principle of TTS,15,16 which states that the complex
modulus of a viscoelastic material, measured over a short
time scale at a given temperature, is related to the properties
measured over a longer time scale at a lower temperature,
although the measured properties will be shifted logarithmi-
cally in time. Using this principle, we constructed master
curves of the storage �G�� and loss modulus �G�� over a large
frequency range �up to 1 kHz�. All master curves were con-
structed using shift factors �aT� that were computed using the
empirical WLF equation described in Ref. 16 �see Eq. �1�
below�

log aT =
c1�T − T0�
c2 + T − T0

, �1�

where c1 and c2 are constants and T0 is a reference tempera-
ture. We measured the complex modulus of all samples using
the dynamic mechanical analyzer, which was configured to
vibrate the sample under investigation sinusoidally with a
maximum amplitude of 15 �m �peak-to-peak� and the total
applied stress of 0.01 N. The measurement protocol that we
employed can be summarized in six steps.

�1� Lower the temperature of the sample under investigation
to 10 °C.

�2� Measure the complex modulus over a small range of
frequencies �i.e., between 1 and 20 Hz� where inertial

TABLE I. Proportion of materials used to fabricate gelatin samples.

Group
number

Batch
number

Gelatin
�%�

Agar
�%�

Sucrose
�%�

18 M� water
�%�

1 1 15 0 0 85
1 2 15 1 0 84
1 3 15 2 0 83
1 4 15 3 0 82
1 5 15 4 0 81
2 6 15 0 2.5 85
2 7 15 0 5 85
2 8 15 0 10 85
2 9 15 0 20 85
effects are negligible.
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�3� Increase the temperature of the sample by 2.5 °C.
�4� Repeat steps �2� and �3� until the temperature of the

sample exceeds 25 °C.
�5� Compute the shift factors by applying Eq. �1� to the

complex modulus measured at different temperatures. In
this study, the shift factors were computed by fitting the
WLS model to the isothermal in a least-squares sense.
All curve fitting was performed using the rheology ad-
vantage data analysis software package �v5.3.1, TA In-
struments, Inc., New Castle, Delaware�.

�6� Construct storage and loss modulus master curves by
shifting the values obtained at different temperatures
along the frequency axis to the corresponding values at
the reference temperature.

II.A.3. Estimating T1 and T2 relaxation time

We manufactured two �10 cm diameter� circular gelatin
phantoms, each of which contained four �30 mm diameter�
spherical gelatin inclusions, with varying amounts of either
agar or sucrose �see Table I� to determine the effect that
sucrose and agar had on the MR properties of gelatin. The
inclusions were arranged along a circular path, with decreas-
ing sugar or agar concentration moving from 12 o’clock to 9
o’clock in a clockwise manner, in 20%-by-weight molten
gelatin. For each phantom, we calculated images of the T1

and T2 relaxation times from MR images that were acquired
with the combined MR sequence described in Ref. 17. We
performed MR imaging on both phantoms using a Philips 3T
Achieva X-series scanner �Philips Medical, Best, Nether-
lands� in a sense quadrature head coil over a 110 mm2 field
of view �FOV�. Nine slices �each 2 mm thick� were acquired
from each phantom, using repetition times �TRs� of 920 and
2300 ms and echo times �TEs� of 30 and 100 ms, respec-
tively.

II.B. Phantom study

II.B.1. Linear shear-modulus reconstruction
method

We computed the shear-modulus distribution within phan-
toms or breast tissues by employing a combination of the
finite-element method and the Newton–Raphson iterative
scheme. We have described the principles of this reconstruc-
tion approach previously;10,14,18,19 therefore, only a brief
overview of the method will be provided here. The objective
criterion � that is employed has the general form

���,�� = �Um − U��,���2, �2�

which is expandable as a sum over subzones comprising the
solution domain

���,�� = �
z

���z,�z� = �
z

�Um
z − Uz��z,�z��2, �3�

where Uz��z ,�z� represents the three-dimensional internal
displacements on the zth subzone computed from the shear
modulus ��z� and lambda modulus ��z� estimates, and Um

z

represents the corresponding three-dimensional MRE-
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measured internal tissue displacements. Minimizing the sum
in Eq. �3� is assumed to be equivalent to the sum of minimi-
zations of the individual subzones, i.e.,

min ���,�� = min��
z

���z,�z�� = �
z

min ���z,�z� .

�4�

This involves setting the derivatives of the computed dis-
placements with respect to the subzone moduli to zero and
solving the resulting set of nonlinear equations with New-
ton’s iterative method. The ensuing matrix solution at itera-
tion �k+1� has the form20

	�z,�z
k+1 = 	�z,�z
k + �JT��z
k,�z

k�J��z
k,�z

k�

+ �kI�−1 · JT��z
k,�z

k��Uz
m − U��z

k,�z
k�� , �5�

where J��z
k ,�z

k� is the n�m Jacobian or sensitivity matrix,
�k is a positive number that is employed to improve the
condition of the Hessian matrix �i.e., JT��z

k ,�z
k�J��z

k ,�z
k�� be-

fore inversion, and I is an identity matrix. Local fluctuation
in the reconstructed parameters is suppressed by spatially
filtering the updated modulus values as follows

��

�
�

i

new

= �F���

�
�

i

old

, �6�

where the superscripts old and new represent the unfiltered
and filtered modulus values, respectively, and �F� is the
sparse filtering matrix that is computed at the start of the
reconstruction as described in Ref. 21. This spatial filtering
technique is analogous to a forward difference regularization
method.22,23

II.B.2. Elasticity phantom fabrication

We fabricated an elastically heterogeneous phantom
�10 cm long�5 cm diameter� from a suspension consist-
ing of porcine skin gelatin �Type A, approximately 175
bloom, Sigma-Aldrich, St. Louis, MO� ; de-ionized water
�18 M��; and sucrose �Sigma-Adrich, St. Louis, MO�. The
phantom contained four, single, 10 mm diameter spherical
inclusions that were manufactured from 15%-by-weight
gelatin and sucrose, with respective concentrations of 5%,
10%, 15%, 20%, and 30% to simulate focal inclusions with
varying levels of frequency dependency. The surrounding
background gel was manufactured from 8%-by-weight gela-
tin, and to deter bacterial growth, we added 0.25%-by-weight
ethylenediamine tetra-acetic acid �Sigma-Aldrich, St. Louis,
MO� to both the inclusions and the surrounding background
gel.

II.B.3. MRE data acquisition

We performed MR elastographic imaging using a clinical
prototype system. To induce motion in the phantom, we
drove the piezoelectric actuator at 100 Hz �40 �m surface
displacement� using a sinusoidal voltage �150 V�. We moni-
tored the resultant time-varying harmonic tissue displace-
ments under steady-state conditions using a motion-sensitive

7
gradient-echo MR pulse sequence. The MR scanner �3 T
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whole-body imager, Philips Achieva X-series� was config-
ured to operate with an TE of 15.6 ms, a TR of 20.6 ms, and
a flip angle of 30°. Forty-two �2 mm thick� coronal slices
were acquired from a 16 cm FOV in each coordinate direc-
tion. Eight relative phase images �256�256 matrix reso-
lution� were obtained in phase-cycling mode from each slice.
We estimated the three-dimensional steady-state displace-
ment fields by applying the least-squares fitting procedure
described in Ref. 7 to the relative phase images.

II.B.4. Shear-modulus estimation

A finite-element mesh was constructed by applying the
grid-generation techniques described in Ref. 24 to MR mag-
nitude images which had been segmented manually using the
ANALYZE software package �V.5 �b1�, Mayo Foundation,
1998�. The time-harmonic displacements were projected on
the finite-element meshes using a cubic interpolation func-
tion �MATLAB, The MathWorks, Inc., Natick, MA�. We re-
constructed the modulus elastograms based on an initial es-
timate that the tissue and phantoms under investigation were
elastically homogeneous ��=2 kPa, �=100 kPa�, and this
process was terminated after 90 iterations; we observed that
the reconstruction technique typically converges within
85–90 global iterations when it is applied to noisy displace-
ment estimates �i.e., �15% measurement noise�.

III. RESULTS AND DISCUSSION

III.A. Initial mechanical testing and MR measurements

Figure 2 shows a representative example of the data ob-
tained from a typical gelatin sample using our mechanical
measurement protocol that was used to computed master
curves �see Fig. 2�a��. First, we acquired the real �G�� and
imaginary �G�� components of the complex modulus at dif-
ferent temperatures for a small range of frequencies �1–20
Hz� as shown in Figs. 2�b� and 2�c�. Second, we computed
the shift factors by applying the WLS model �Eq. �1�� to the
data presented in Figs. 2�b� and 2�c�. The computed shift
factors, plotted as a function of temperature, are shown in
Fig. 2�d�. Third, we constructed master curves �see Fig. 2�a��
by shifting the data presented in Figs. 2�b� and 2�c� to room
temperature �25 °C� using the shift factors shown in Fig.
2�d�. Evidently, the temperature superposition reduced the
inertial effects incurred when tissue-like samples were mea-
sured at high frequencies. Although the application of the
TTS method to measure the complex mechanical behavior of
soft tissues �or gelatin samples� is not particularly novel,25,26

to our knowledge, this is the first reported study that demon-
strates its utility in elastographic imaging. Specifically, this
study demonstrated that the TTS method could measure the
complex mechanical behavior of tissue-like samples over the
wide range of frequencies �i.e., between 1 and 1000 Hz�
currently employed in MRE, a task that none of the methods
that have been proposed for obtaining reliable biomechanical
data from soft tissues can accomplish. Indentation
methods27–29 have provided reliable estimates of the biome-

chanical properties of ex vivo tissue samples, but they are not
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suitable for MRE validation studies because of differences in
the measurement conditions. More specifically, indentation
methods measure the biomechanical properties of soft tissues
under quasistatic conditions, whereas MRE measures the
biomechanical properties of soft tissues under dynamic con-
ditions. Dynamic mechanical indentation has been used to
measure the complex modulus of soft tissues,30–32 but the
frequency range employed �0.006–20 Hz� is not congruent
with that employed in MRE. Madsen et al.33 proposed a
system for measuring the complex modulus of soft tissues
over a wider frequency range �10–400 Hz�; however, the
proposed system is not available commercially. The tech-
nique we describe here can be carried out relatively easily
with any commercially available, dynamic mechanical ana-
lyzer. Although computing the temperature-dependent shift
factor aT, using the WLS empirical model, gave reasonable
results, we plan to assess the differences in competing mod-
els to see which is most suitable for breast tissues. During
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perature range because the method will fail when the mor-
phology of the sample changes over the temperature range of
interest.38

III.A.1. Effect of agar on the complex modulus of
gelatin

Figure 3 shows a montage of master curves �G� and G��
obtained from gelatin samples that contained agar with con-
centrations ranging from 1% to 4%. Both components of
complex modulus displayed marginal frequency dependency,
and the magnitude of G� was considerably larger than that of
G�; a typical behavior of marginally viscoelastic
materials.9,10,12 Linear regression analysis �i.e., the
ln�G� ;G�� vs ln �frequency�� revealed two important obser-
vations. First, the y-intercept of the ln�G�� master curves
increased noticeably with increasing agar concentration. Sec-
ond, the ln�G�� master curves increased only slightly. These

0 2 4 6 8 10 12 14 16 18 20

10
−1

10
0

10
1

B

Frequency [Hz]

Lo
ss

M
o

d
u

lu
s

[k
P

a
]

4 6 8 10 12 14 16 18 20 22 24

0

1

2

3

4

5

6
D

Temperature [C]

X
−

sh
ift

22.35
19.97
17.5
14.97
12.48
9.98

pen circles� of the complex modulus that was computed by shifting the data
d�. The real and imaginary components of the complex modulus that were
tures �i.e., from 9.98 to 22.35 °C� are shown in �b� and �c�, respectively. �d�
model to the data acquired in �b� and �c�.
nt �o
in �

pera
observations demonstrated that phantoms with a small loss



3975 Doyley et al.: Application of time-temperature superposition to MRE 3975
modulus and a relatively large dynamic range of storage
modulus can be fabricated by doping gelatin with agar,
which is consistent with previously reported results.9,12

III.A.2. Effect of sucrose on the complex modulus of
gelatin

Figure 4 shows a montage of master curves �G� and G��
that was obtained from gelatin samples containing sucrose
with concentrations ranging from 2.5% to 20%. Compared to
the mechanical properties of the gelatin-agar samples shown
in Fig. 3, the magnitude of G� and G� of the gelatin-sucrose
samples both increased noticeably with increasing fre-
quency; but evidently the magnitude of G� depends on su-
crose concentration, which is not surprising, since increasing
sucrose concentration will increase the viscosity of the con-
tinuous phase of gelatin and slow down the movement of
protein aggregates.34 Changing the pH of the gelatin should
yield a similar effect, as discussed in Ref. 35, although one
that is more difficult to standardize. We have demonstrated
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for the first time the feasibility of constructing viscoelastic
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elasticity phantoms from gelatin-sucrose composite as a
practical benchmark for evaluating the degree of degradation
incurred when linear-elastic MRE reconstruction methods
are applied to such mediums.

III.A.3. Effect of agar and sucrose on the MR
properties of gelatin

Figure 5 shows representative examples of quantitative
MR images recovered from phantoms that contained
cylindrical-shaped gelatin-agar and gelatin-sucrose inclu-
sions. These images were computed by applying the nonlin-
ear least-squares estimation technique described in Ref. 17 to
sequences of MR images that were acquired on a 3 T whole-
body magnetron. In both phantoms, dropout artifacts were
visible in areas �i.e., the gel-air interface� where the NMR
model was invalid. However, evidently, sucrose shortened
the gelatin’s spin-spin �T1� and spin-lattice �T2� relaxation
times, whereas agar influenced the gelatin’s NMR relaxation
times marginally. The relaxation times of all inclusions were
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III.B. The effect of frequency-dependent mechanical
properties on the quality and accuracy of MR
elastograms

Figure 6 shows a montage of magnitude MR images that
we obtained from the elasticity phantom that contained focal
lesions with varying levels of viscosity. The tumor-like in-
clusions are visible in the MR image due to the presence of
copper sulfate, a MR contrast agent that was added to iden-
tify the location, size, and extent of each inclusion. Figures
7�a�–7�c� show a representative example of the steady-state
MR-displacement estimates that was obtained from a typical
inclusion. The results indicate that it is difficult to pinpoint
the location, size, and extent of the inclusions from the dis-
placement images, which we anticipated given the complex-
ity of the displacement patterns. Figure 8 shows a montage
of MR elastograms corresponding to the largest cross-section
of each group of inclusions shown in Fig. 6. Apparently,
artifacts incurred in the elastograms were highly dependent
on the viscosity of the inclusions. More specifically, the in-
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FIG. 5. ��a� and �b�� T1 and ��c� and �d�� T2 quantitative MR images obtained
from phantoms that contained gelatin-agar inclusions �left� and gelatin-
sucrose inclusions �right� with increasing concentrations from 12 o’clock in

a clockwise direction.
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cous� had relatively no artifacts �CNRe=40.46�, whereas no-
ticeable artifacts were apparent in the most viscous inclusion
�CNRe=11.02�. This suggests that reconstructing the shear
modulus of viscous materials with a linear reconstruction
method will compromise the spatial and contrast resolution
of the resulting elastograms. CNR was defined in this work
as

CNRe =
2��L − �B�2

	2
L + 	2

B

, �7�

where �L and �B represent the mean mechanical properties in
the inclusion and the background tissues, respectively, and

FIG. 6. Montage of magnitude MR images obtained from an elasticity phan-
tom that contained 10 mm diameter gelatin inclusion that were manufac-
tured from 15%-by-weight gelatin and sucrose, with respective concentra-
tions of �a� 5%, �b� 10%, �c� 20%, and �d� 30%. The inclusions are
discernible in the MR images due to the presence of a contrast agent. The
dashed lines denote the ROI along which the mean shear moduli shown in
Table II were computed.

FIG. 7. Harmonic displacement estimates displayed in units of �m� corre-
sponding to the largest cross-section of the inclusion MR magnitude images
shown in Fig. 6�a�. These images were obtained from a slice containing on
inclusion. Image obtained using the �a� X, �b� Y, and �c� Z motion encoding

gradient.
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	2
L and 	2

B represents the variances in the respective me-
chanical properties. We conducted independent mechanical
tests on representative, elastically homogeneous, cylindrical-
shaped samples �40 mm diameter by 35 mm height� using
the time-temperature superposition principle to determine the
influence of viscosity on the accuracy of the reconstructed
elastograms. We assessed the accuracy �i.e., bias� by compar-
ing the mean shear modulus recovered from the inclusions
and surrounding background gel �i.e., the control� relative to
that measured at 100 Hz using the TTS method. The mean
shear modulus in each inclusion was assessed over the area
denoted by the dotted lines in Fig. 6. Table II summarizes the
mean shear modulus measured with the TTS and that recov-
ered using the linear-elastic MR reconstruction method. The
reconstructed values were within 15% of the true values for
marginally viscoelastic inclusions, but this bias increased al-
most linearly with increasing viscosity �we could only recon-
struct within 42% of the actual shear modulus for the most
viscous inclusion�. The results demonstrate that the recon-
struction error was dominated more by model-data discrep-
ancy than by displacement-measurement noise when the
shear modulus of viscoelastic materials was recovered using
a linear-elastic reconstruction method. We expect that the
errors will be larger in practice, especially since, in addition
to viscosity, breast tissues exhibit nonlinearity and some de-
gree of anisotropy, both of which are typically not taken into
account during shear-modulus image reconstruction. This
could be one of the reasons why there are such wide varia-
tions in the shear-modulus values of breast tissue reported by
different research groups.37

IV. CONCLUSIONS

Soft tissues display a complex array of mechanical prop-
erties that includes nonlinearity, anisotropy, and
viscoelasticity;8 however, they are generally assumed to ex-
hibit simple linear isotropic elastic behavior during MRE

FIG. 8. Shear-modulus elastograms obtained from the largest cross-section
of each inclusion in the elastically heterogeneous phantom as determined
from the magnitude MR images �i.e., Fig. 6�.
image reconstructions. Although these assumptions have
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simplified the image-reconstruction process, by reducing the
number of parameters required to characterize the mechani-
cal behavior, such assumptions are typically not valid in
practice and thus will degrade the clinical performance of
MRE. This point is important for clinicians to know, since
the majority of proposed MRE breast-imaging systems are
either undergoing preclinical testing or clinical trials. In this
work, we have demonstrated that although linear-elastic
MRE reconstruction methods can detect viscoelastic inclu-
sions as small as 10 mm in diameter, artifacts that degrade
spatial and contrast resolution will be incurred when vis-
coelastic materials such as breast tissues are reconstructed
using linear-elastic reconstruction methods.

A number of important issues that were not addressed in
this study will be the focus of future studies. We would like
to examine how much degradation in image quality �i.e.,
ability to detect and characterize lesions� will be incurred
when we image linear viscoelastic inclusions that are embed-
ded in a viscoelastic background. This would be relevant to
breast imaging, since it could tell us how effective MRE
would be in detecting and characterizing lesions that are sur-
rounded by fatty breast tissues. Perhaps even more impor-
tantly, we would like to investigate the improvement in per-
formance that might be gained by employing other
constitutive laws �e.g., viscoelasticity, poroelasticity, etc.�
when reconstructing the mechanical properties of more com-
plex phantoms, i.e., phantoms that display viscous and po-
roelastic mechanical behavior. Although the answers to these
questions are beyond the work described in this article, it is
clear that more advanced image-reconstruction techniques
should improve the performance of current MR elastograms.
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