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Abstract—Tissue stiffness is generally known to be associated with pathologic changes. Ultrasound (US)
elastography, on the other hand, is capable of imaging tissue strain, which may or may not be well-correlated
with tissue stiffness. Hence, a quantitative comparison between the elastographic tissue strain images and the
corresponding tissue modulus images needed to be performed to evaluate the usefulness of elastography in
imaging tissue stiffnesss properties. Simulations were performed to demonstrate and quantify the similarities
between modulus images and strain elastograms. This was followed by comparing nanoindenter-based modulus
images with strain elastograms of thin slices of tissue-mimicking phantoms. Finally, some beef slices, canine
prostates, ovine kidneys and breast cancers grown in mice were used to demonstrate the qualitative correspon-
dence between modulus images and strain elastograms. The simulations and the experiments indicated that it is
feasible to perform quantitative comparisons between strain images (using elastography) and modulus images on
certain tissue structures and geometries. A good quantitative correspondence (correlation values of greater than
0.8) between structures in the modulus and strain images could be obtained at scales equal to or larger than 20
Q� (where Q is the quality factor defined as the ratio of the center frequency over the band width and� is the
wavelength of the US system) modulus contrasts larger than 5, applied strains between 0.5% and 3% and window
lengths for computing strain elastograms between 3Q� and 5 Q�. The gelatin-phantom experiments showed
lower values of correlation (values around 0.5) than with theory and simulations. The decrease in correlation was
attributed to the presence of measurement noise in both strain elastography and modulus imaging, an increase
of dimensionality of the problem (from 2-D to 3-D), local anisotropy, heterogeneity and nonstationarity.
Experiments on real tissue slices showed further decrease in the correlation to around 0.3, possibly due to
additional confounding factors such as time-dependent mechanical properties and geometrical distortions in the
tissue during imaging. The work presented in this paper demonstrates that there is an intrinsic relationship
between strain elastograms and the actual distribution of soft tissue elastic moduli, and bodes well for continued
work in the area of elastography. (E-mail: jonathan.ophir@uth.tmc.edu) © 2004 World Federation for Ultra-
sound in Medicine & Biology.
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INTRODUCTION

Elastography has been well established in the litera
as a strain imaging technique for soft tissues (Ophir et al
1991, 1999; Emelianov et al. 1995; Pesavento e
1999). Conventional techniques in ultrasound (US) e
tography estimate strain as the gradient of the disp
ment estimates obtained through cross-correlation o
pre- and postcompression radiofrequency (RF) A-li
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Typical applications of elastography include differe
ating cancers from noncancers in the breast (Garra et al
1997; Hall et al. 2001), tumor identification in the pro
tate (Hiltawski et al. 2001; Lorenz et al. 1999) and in
monitoring high-intensity focused US (HIFU) lesio
(Righetti et al. 1999; Souchon et al. 2003). Elastograph
has also been used to image the myocardium (Konofagou
et al. 2002), to study renal pathology (Emelianov et a
1995), to monitor thermal changes (Varghese et al. 200)
and to obtain the structural properties of different nor
tissue types (Kallel et al. 1998). Yet, the quantitativ
aspect of elastography has not been established be

the tissue strain is not a fundamental tissue property and

jonathan.ophir@uth.tmc.edu


900 Ultrasound in Medicine and Biology Volume 30, Number 7, 2004
it depends on the tissue modulus and other factors, such
as the boundary conditions, the tissue connectivity and
the geometry. Therefore, a comparison of the strain elas-
tograms with the modulus images would facilitate the
usefulness of US elastography in portraying and quanti-
fying tissue properties such as the tissue modulus.

Modulus imaging is feasible in in vitro and ex vivo
conditions although, in in vivo applications, noninvasive
direct modulus imaging is difficult. Current in vivo mod-
ulus imaging techniques are predominantly based on
pressure maps that are capable of providing relative
modulus measurements of large inclusions close to the
tissue surface (Wellman and Howe 1997; Howe 1995;
Sarvazyan 1998). Acoustic radiation force imaging is an
emerging technology that shows the potential for mea-
suring localized tissue displacements and force, which,
in turn, could be used to obtain the localized tissue
modulus (Nightingale et al. 2002; Trahey et al. 2002).
Other in vivo modulus imaging methods involve recon-
structing the modulus images from estimates of strain or
displacement images (Skovoroda et al. 1995; Kallel and
Bertrand 1996; Sumi et al. 1995; Doyley 1999). These
methods utilize inverse problem approaches and suffer
from several limitations, such as nonuniqueness of the
solution, unstable solutions, noise and artefacts in the
resulting modulus images and poor spatial resolution of
the modulus images. Moreover, studies comparing the
reconstructed modulus images with mechanically mea-
sured modulus images have not yet been reported.

The characterization of the mechanical properties of
tissue is described well in the literature (Krouskop et al.
1998; Duck 1990; Fung 1993; Gao et al. 1996; Sar-
vazyan et al. 1995; Chen et al. 1996). Yet, imaging the
modulus using mechanical measurements is not com-
mon, due to restrictions in the precision of the instru-
ments in terms of the spatial resolution (typically greater
than 2 mm) as well as the thickness of the samples
measured (typically greater than a few mm). For accurate
modulus measurements, thin tissue slices are preferred
over thick slices because thin slices are likely to be more
homogeneous in the tissue depth than thick samples. For
similar reasons, high spatial resolutions are preferred.
With the use of new technologies, such as nanoindenta-
tion (Oliver and Pharr 1992) and atomic force micros-
copy (Binnig et al. 1986), it could be feasible to image
the modulus of thin samples of soft tissues (that are
likely to be homogeneous in the entire thickness) at high
spatial resolution. Microindentation, where the precision
of the indent depths are a few micrometers, has been
used to measure the modulus of biologic tissues such as
arteries (Anderson et al. 2001) and nanoindentation (the
precision of the indent depths are a few nanometers) has
been used for bone porosity assessment (Rho et al.

2002).
The principle of nanoindentation is briefly explained
as follows. A high-resolution actuator forces an indenter
(a punch of a given shape; for example, a cylinder,
pyramid or sphere) into the test surface and a high-
resolution sensor continuously measures the resulting
penetration. Data are acquired during the unloading
phase to obtain the elastic properties because plastic
deformations could occur during loading and, as a con-
sequence, the measurements of the elastic properties
could be corrupted by the plastic changes. The use of
short time periods (i.e., rapid loading) and small strains
during loading minimizes the effects of hysteresis due to
the viscoelastic behavior of the tissue, resulting in nearly
identical load-displacement curves during loading and
unloading. From the load vs. displacement curve during
unloading, the elastic modulus of the sample is esti-
mated. More details on the nanoindenter and can be
found in Srinivasan et al. (2004).

Srinivasan et al. (2004) have shown the feasibility of
imaging the modulus of soft tissues using nanoindenta-
tion and also have provided preliminary results on an
experimental comparison of modulus images with strain
elastograms obtained using US. In this work, we provide
a simulation and experimental framework for comparing
the modulus images with strain elastograms and also
provide bounds on the performance of nanoindentation
in imaging soft-tissue modulus. The following section
details the simulation and experimental framework for
comparing modulus images with strain images. The re-
sults and discussion of the results are provided subse-
quently.

FRAMEWORK FOR COMPARING MODULUS
IMAGES WITH STRAIN ELASTOGRAMS

Some of the factors that affect the correspondence
between the modulus and strain include the tissue me-
chanical properties, such as the Young’s modulus, the
Poisson’ s ratio and other controlling factors, such as the
geometry of the tissue structures, the modulus distribu-
tion of the tissue structures, the scale of the structures,
the modulus contrast between tissue structures, the ap-
plied strain, the connectivity among the tissue structures
and the boundary conditions. To compare the modulus
images with the strain elastograms, an exhaustive study
of all possible controlling factors is not feasible. We,
therefore, restricted the scope of this work to a simple
geometry that consists of a stiff cylindrical inclusion
inside a homogeneous background. This geometry was
chosen as a gross (first order) approximation of the
cross-sections of hard cancerous and noncancerous in-
clusions inside soft tissue (Garra et al. 1997). Cylindrical
inclusions were preferred over spherical inclusions to

provide plane-strain conditions, as well as to provide
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sample homogeneity (in depth) during modulus imaging.
2-D simulations, phantom experiments and experiments
on real tissue samples were used to compare the modulus
images with strain elastograms.

Simulations
2-D simulations in FEMLAB� (Comsol Inc., Burl-

ington, MA) were performed to simulate circular inclu-
sions in a background. The background was simulated as
a 40 � 40 mm2 cross-section with slippery boundary
conditions. Three types of modulus distributions were
used: these were 1. a normal random distribution for the
background as well as the inclusion, 2. a Gaussian mod-
ulus profile for the inclusion and a normal random dis-
tribution for the background, and 3. a constant modulus
distribution in the background as well as in the inclusion,
as shown in Fig. 1. These distributions were chosen to
simulate the types of nonhomogeneities that are likely to
occur in the elastograms of cancer samples (Garra et al.
1997; Krouskop et al. 1998).

Because FEMLAB� allowed the use of functions to
set the modulus distribution, we were able to implement
random modulus distributions for the background, as
well as the target. The scale of the nonhomogeneities was
changed from 0.5 mm to 2 mm and the modulus image
was obtained for each scale as follows. A 2-D random
distribution of moduli was chosen with a grid size that
was the ratio of the target size to the scale. The pixel size
in FEMLAB� was chosen to be much smaller than the
size of the scale and a nearest-neighbor interpolation of
the modulus distribution was done to provide the mod-
ulus at every pixel in the image. Finally, a blurring
function was used at the FEMLAB� grid edges, to avoid
setting singularities in the numerical method. The diam-
eters of the inclusions were varied between 2.5 mm and

Fig. 1. Simulated modulus image of (a) a normal random
modulus profile in the inclusion and a random distribution

and in th
20 mm. Based on the available literature on the modulus
measurements of certain cancerous and noncancerous
lesions in the breast and in the prostate (Krouskop et al.
1998), the modulus contrast between the inclusion and
the background was set between 1.5 and 10. The applied
strain was set between 0.25% and 4% (typical experi-
mental range in elastography). A total of 50 realizations
(with differing random-number seed values for the mod-
ulus distributions) were used for each case to compute
the statistics. The RF A-lines were generated using the
procedure described in detail in Srinivasan et al. (2003).
A 5-MHz, 60% fractional bandwidth and 1-mm beam
width transducer was used in the simulations to mimic
the experimental conditions (at the focus).

A hybrid adaptive strain estimation procedure was
used to obtain the elastograms. In the first step, a two-
stage adaptive strain estimation algorithm with lateral
motion compensation (Srinivasan et al. 2002b) was used
to obtain the displacement and strain estimates. In the
next step, a true-adaptive strain estimation algorithm
(Alam et al. 1998) was used to obtain the strain. The first
stage was done to initialize the search for true-adaptive
strain estimation and, thereby, to improve the speed of
the algorithm. The second stage was used to improve the
contrast-to-noise ratio (CNR) of the strain estimates
(Srinivasan 2003).

The comparison between the modulus images and
strain elastograms was done predominantly using the
first and second order statistics, as opposed to using
higher order statistics. This was because of the relatively
smaller sensitivity of these statistics to image noise,
unlike higher order statistics. The first order statistics
used were the mean, the SD and the contrast (defined as
the ratio of the mean strain in the inclusion over the mean
strain in the background or, alternatively, as the ratio of
the mean modulus in the background to the mean mod-

ibution in the inclusion and background, (b) a Gaussian
background, and (c) a constant modulus in the inclusion
ground.
distr
in the
ulus in the inclusion). The second order statistics, such as
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the cross-correlation, size and shape were chosen. The
first order statistics were used to corroborate prior find-
ings on the contrast-transfer efficiency (Kallel et al.
1996) from modulus to strain, and were computed by
choosing rectangular strips of pixels from the back-
ground and the inclusion of the strain image. In the
background, a region that was at least one diameter away
from the inclusion was selected and, in the inclusion, a
region close to the center of the inclusion was selected,
as indicated by the square boxes in Fig. 2. Figure 2b
shows the numerical strain image and Fig. 2c shows the
strain elastogram corresponding to the modulus image
shown in Fig. 2a. It can be seen that the strain elastogram
is a noisy representation of the numerical strain image.

Cross-correlation was used to quantify the degree of
structural correspondence between the inverted modulus
and the strain images. The choice of circular targets
permitted the use of autocorrelation to compute the sizes
and shapes of the targets. The distance between the
minima of the autocorrelation function (with the image
means subtracted) in the axial and lateral directions cor-
responded to twice the size of the inclusion in the axial
and lateral directions. The inclusion size was computed
as the mean of the sizes in the axial and lateral directions.
A parabolic interpolation was done around the minima to
obtain subpixel measurements of the sizes. Shape was
quantified crudely as the ratio of the lateral to the axial
sizes. Again, such a crude shape measure might be ade-
quate for circular cross-sections, and is not applicable in
general. Cross-correlation was performed by choosing a
square region-of-interest (ROI) around the inclusion, so
that the area of the inclusion was almost the same as the
area of the background. This is because the contribution
to the correlation is negligible if the inclusion size is very
small compared with the ROI and vice versa. The cor-

Fig. 2. (a) Simulated modulus image, (b) numerical stra
stiffer than the background. A linear range of 0 to 2% w
to 20 kPa was used for the display in (a). The square b

co
relation coefficient �me (after subtracting the means from
the images) was computed between the inverted modulus
image and the elastogram. Specifically, the equation for
�me is given by:

�me �
Cxy

�CxxCyy

�
E �� x � �x�� y � �y��

�E �� x � �x�� x � �x�� E �� y � �y�� y � �y��

(1)

where x and y are, respectively, the pixel values of the
inverted modulus image and the strain elastogram and �x

and �y are the mean values of the inverted modulus
image and the strain elastogram.

The image size of the elastogram was matched with
that of the modulus images by performing a bilinear
interpolation of the elastogram. Note that the image
quality features, such as the signal-to-noise ratio (SNR),
CNR and the spatial resolution (Srinivasan et al. 2003),
affect the correlation between the inverted modulus im-
ages and the strain elastograms.

Phantom experiments
An experimental comparison of the modulus images

with strain elastograms was made using tissue-mimick-
ing phantoms made of gelatin-agar-water mixtures. Cy-
lindrical inclusions were made using reinforced sponge
material. The phantoms were prepared by inserting 100
pores-per-inch (4 pores-per-mm) open-celled sponge
cylinders (made of polyester material) inside the gelatin-
agar-water mixture (5% by weight gelatin and 2% by
weight agar), squeezing out the bubbles inside the
sponge, allowing the sponge to retrieve its original size,

ge, and (c) elastogram of a circular inclusion 10 times
d for the displays in (b) and (c). A linear range from 1
(a) indicate the regions from which the statistics were

d.
in ima
as use

oxes in
followed by cooling the mixture for several h (Kallel et
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al. 2001). The porosity was chosen so that the pore size
allowed the gelatin to penetrate the sponge and also so
that the pore size was much smaller than the size of the
sponge sample used. The phantoms were imaged with a
5-MHz, 60% fractional band width 128-element HDI-
1000 array scanner (ATL-Philips, Bothell, WA) at three
planes orthogonal to the long axis of the cylinder. At
each imaging plane, five elastograms were obtained and
were averaged. A precompression of 1% was used and
elastograms were obtained at several strains ranging
from 0.25% to 5%.

Thin slices in the imaging planes (2- to 3-mm thick)
were cut and tested using a nanoindenter (Testworks Inc,
Nashville, TN) that had a 2-mm diameter cylindrical
punch. The spacing of the indentations was such that at
least five indentations were present within the width of
the sample and a total of 16 � 16 indentations were
performed on each sample. A strain-rate of 1% per s up
to a maximum strain of 6% was applied. The modulus at
a strain of 2% was compared with the strain elastograms
obtained at 1% strain (because a precompression of 1%
was used for the elastograms). The period of testing for
each sample was approximately 5 h. The samples were
preserved in silicone oil before testing and were im-
mersed in water while performing the indentation tests.
Note that the elastograms were imaged in a direction
orthogonal to the modulus images. Yet, a good similarity
was found between the modulus images and the elasto-
grams, as detailed in the Results section.

Several phantoms, each containing a sponge cylin-
der that ranged between 2.5 mm to 20 mm, were pre-
pared. Five cylindrical sponge samples for each size
were used. For each phantom, elastograms and modulus
images were obtained at three planes orthogonal to the
cylindrical axis, resulting in 15 independent realizations.
For a 20-mm sponge size, the modulus contrast ratio
between the inclusion and the background was changed
from 1.5 to 10. This was done by changing the sponge
material (from very soft sponges to hard sponges), while
retaining the same concentration of the gelatin-agar mix-
ture; 5 cylindrical sponge samples were used at each
contrast, totaling 15 realizations. Finally, complex phan-
toms containing two 5-mm diameter hard sponge cylin-
ders inside a 20-mm diameter soft sponge cylinder at
differing locations were prepared. Eight realizations
were used for this model to obtain the statistics.

The spatial resolution of the elastograms was
matched with those corresponding to the modulus im-
ages. The nanoindenter characterization experiments
produced a spatial resolution of 2 mm for the modulus
images for unconnected samples and 3 mm for connected
samples (Srinivasan et al. 2004). A 2-mm window at
80% overlap was used to compute the elastograms. This

corresponded to an axial resolution of 2.4 mm (Sriniva-
san et al. 2003). The pixelation of the modulus and strain
images (more than 250 pixels per image) was sufficient
to ensure an unbiased correlation. The modulus images
were interpolated using a linear interpolation scheme to
produce the same number of pixels as the elastograms.
Note that, in simulations, the elastograms were interpo-
lated to the size of modulus images because the modulus
images were produced with small grid spacings (� 0.2
mm) to produce accurate displacement fields (during the
numerical simulation of the displacement fields using
FEMLAB�).

Tissue experiments
Tissue samples such as beef-muscle, ovine kidneys,

canine prostates and human colon cancers grown in mice
were used for the comparison. Table 1 summarizes the
experimental parameters used for nanoindentation. The
tissue slices were approximately 3-mm thick. The beef
slices were obtained commercially (Jordan’ s Foods,
Houston, ME). The ovine kidneys were obtained from a
local abattoir. The canine prostates and the HT-29 human
colon carcinoma samples were obtained from our insti-
tution. The tissue samples were disposed of in accor-
dance with our institution’ s biologic waste disposal pro-
tocol.

RESULTS

Simulation and phantom experiment results
The effect of the signal-processing parameters, such

as the window length (W) and the window shift (�W), on
the comparison between modulus and strain images was
first studied. This was done because the elastographic
image quality (typically quantified through factors such
as SNR, CNR and the spatial resolution) depends on W
and �W (Varghese and Ophir 1997; Srinivasan et al.
2003). Srinivasan et al. (2003) demonstrated a nonlinear
trade-off between SNR and spatial resolution. Figure 3a
shows the normalized first order statistics (the strain
contrast and the SD of the strain in the inclusion) and

Table 1. Parameters used during nanoindentation of the
ex-vivo slices

Tissue type
n of

samples
Sample

dimensions
n of

indentations

Indentation
spacing

(axial and
lateral)
(mm)

Beef muscle 3 30 � 20 mm2 150 2
Ovine kidney 4 52.8 � 28.6 mm2 312 2.2
Canine prostate 2 15 � 10 mm2 260 0.75
Colon cancer 4 24 � 13 mm2 312 1
Fig. 3b shows the normalized second order statistics (the



904 Ultrasound in Medicine and Biology Volume 30, Number 7, 2004
inclusion size on the strain image and �me) plotted as a
function of W. The maximum of the mean values for
each curve (i.e., SD, contrast, etc.) was used as the
normalization factor, as indicated by the legends in Fig.
3. The use of the mean values instead of the absolute
maximum values was preferred to scale the curves be-
cause the absolute maximum values could be outliers.
Henceforth, the normalized curves were computed by the
procedure mentioned above. The value of �me shows a
convex-shaped behavior with respect to the window
length (Fig. 3b). This initial improvement in the value of
�me with the window length (Fig. 3b) is due to improve-
ment of the SNR and CNR. However, for large window
lengths (greater than half the inclusion size), a decrease
of the value of �me (Fig. 3b) occurs, due to a loss of
contrast (Fig. 3a). Similarly, the use of very small win-
dow lengths results in high noise in the elastograms (Fig.
3a) and, hence, a poor correspondence with the modulus
images (i.e., low values of �me). There is a loss of spatial
resolution in the elastograms and, hence, inaccurate size
measurements (Fig. 3b) for large window sizes accom-
panied with a loss of contrast (Fig. 3a). Hence, interme-
diate window sizes that provide an adequate number of
independent samples in the target-of-interest are pre-
ferred. In general, values of W in the range of 3 Q� and
5 Q� (where Q is the quality factor defined as the ratio of
the center frequency over the band width and � is the
wavelength of the US system) were found to provide a
good compromise between axial resolution and the con-
trast (or the value of �me). A 2-mm window size was,

Fig. 3. (a) First order statistics and (b) second order sta
diameter homogeneous circular inclusion in a homogen
background and a strain of 1% was applied. The simul

win
therefore, preferred.
Figure 4 shows the first order and second order
statistics plotted as a function of the window overlap. It
can be seen that the correlation coefficient improves
nearly asymptotically with the window overlap (Fig. 4b).
To demonstrate an asymptotic behavior, ANOVA tests
were used. The values of �me for overlaps larger than
50% were not found to be different from each other, but
were found to be significantly higher than those obtained
at 0% and 20% overlap (p values � 0.05 using
ANOVA). The inclusion sizes (Fig. 4b) as well as the
contrast and the SD (Fig. 4a) also showed a convergence
to the true values for large window overlaps. This indi-
cates that large overlaps (� 75%) are preferred, to pro-
vide an adequate sampling of the strain image. A 2-mm
window at 80% overlap was henceforth used for com-
puting the elastograms.

Figure 5a shows the modulus image of a 15 � 20
mm2 cross-section of a sponge sample embedded in a 36
� 36 mm2 gelatin background. Blurred edges can be
seen in the modulus image due to the bonding (connec-
tivity) of the sponge material with the gelatin back-
ground. For composite materials that are unconnected
(i.e., free to slip), the presence of one material does not
affect the modulus measurements in the other material;
but, for connected materials, the modulus measurements
are affected by the material modulus distribution in and
around the vicinity of the area under the punch, resulting
in poorer spatial resolution than that corresponding to the
unconnected case. For such connected samples, we
found the spatial resolution of the modulus images to be

plotted as a function of the window size for a 10-mm
ackground. The inclusion was 10 times stiffer than the
astograms were computed at an overlap of 80% of the
ze.
tistics
eous b
ated el
dow si
approximately 1.5 times the punch diameter (Srinivasan
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et al. 2004). Figure 5b shows the elastogram of the same
sample. The elastograms show horizontal patterns of
strains, called the worm artefacts (Céspedes 1993). The
optical image is also shown for comparison (Fig. 5c).
Simulations and experiments were performed to study
the effect of the size of the inclusion, the modulus
contrast between the inclusion and the background, the
applied strain and the modulus distribution within the
inclusion, and the results are summarized below.

Scale. Figure 6 shows the modulus images and the
elastograms at sponge sizes of 2.5 mm, 5 mm, 10 mm
and 20 mm. A good correspondence between the mod-
ulus images and the elastograms can be seen for large

Fig. 4. (a) First order statistics and (b) second order statist
circular inclusion in a homogeneous background. The in

of 1% was applied. The simulated elastogr

Fig. 5. (a) Modulus image at a strain of 2%, (b) strain ela
2
(c) photograph of a 15 � 20 mm cross-section of a sponge
sample sizes. The modulus contrast and the strain con-
trast increase asymptotically with the size of the sponge
sample, as can be observed in Fig. 6. This is due to the
effect of spatial averaging because a 2-mm indenter
punch was used for the modulus imaging and a 2-mm
window length was used for the strain elastograms. A
theoretical expression for the asymptotic improvement of
contrast due to the size of the window (or the indenter
punch size) relative to the target size is provided in
Appendix B of Srinivasan (2003).

Figure 7 shows the first and second order statistics
computed from 15 realizations. For a uniform modulus
profile within the inclusion, the size of the inclusion was

tted as a function of the window shift for a homogeneous
n was 10 times stiffer than the background and a strain
ere computed at a window size of 2 mm.

m at 1% applied strain and a precompression of 1%, and
2

ics plo
clusio
ams w
stogra

sample embedded in a 36 mm gelatin background.
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changed from 1 mm to 20 mm and the first and second
order statistics are summarized in Fig. 7. Figure 7a shows
the SD and Fig. 7b shows the modulus and strain contrast
plotted as a function of the actual inclusion size. Figure 7c
shows the measured inclusion sizes and Fig. 7d shows the
correlation coefficient between the modulus image and the
strain elastogram plotted as a function of the actual inclu-
sion size. From Fig. 7a, it can be seen that the SD of the
strain within the inclusion does not change significantly
with the inclusion size in either the simulations or the
experiments. The experimental phantoms also did not show
statistically significant changes in the SD of the modulus
measurements within the inclusion (p values � 0.05 using
ANOVA). Figure 7b shows an asymptotic improvement of
the strain contrast with the inclusion size in both simula-
tions and experiments. To demonstrate an asymptotic be-
havior, ANOVA tests were used. The values of strain
contrasts for sizes larger than 5 mm were not found to be
different from each other, but were found to be significantly
higher than those obtained for sizes smaller than 5 mm (p
values � 0.05 using ANOVA), suggesting an asymptotic
behavior. The modulus contrast in the phantom experiments
increased asymptotically with the inclusion size, for reasons
explained previously. The sizes in the strain images (Fig.
7c) show a very good correspondence with the size of the
inclusion (i.e., the size in the modulus image) and can be
seen to increase linearly with the size of the inclusion. A

Fig. 6. Modulus image and strain elastogram of sponge
20 mm. A total of 2% strain was used to obt
linear regression was performed and the coefficient of de-
termination (r2 value) was found to be more than 0.98 in
both the simulations and the experiments. The value of
�me can be seen to increase asymptotically with the
inclusion size in both simulations and experiments (Fig.
7d). Here too, ANOVA was used to show an asymptotic
improvement of the value of �me. The values of �me were
not found to be statistically different from one another
for inclusion sizes larger than 10 mm at a 0.05 level of
significance. The numerical simulations for the strain
images resulted in a constant value of �me of 0.89. The
simulated elastograms resulted in a maximum value of
�me value of 0.86. The discrepancy could be attributed to
digitization (Srinivasan et al. 2002a) and the presence of
finite sonographic SNR (SNRs) of 40 dB in the elasto-
gram simulations. The phantom experiments resulted in
significantly smaller values of �me than did the simula-
tions (maximum value of �me value of 0.51). Some of the
plausible reasons for this decrease are discussed in detail
in the Discussion section.

The value of �me as a function of the inclusion size
shows two regions of operation (Fig. 7d). For inclusion
sizes that were less than 10 mm (around 15 Q�), the
value of �me increased with the inclusion size. For larger
inclusion sizes, the value of �me did not improve signif-
icantly.

Contrast. The modulus images and the strain elas-

s at sizes of (a) 2.5 mm, (b) 5 mm, (c) 10 mm, and (d)
modulus images and the strain elastograms.
sample
ain the
tograms of the phantoms at several modulus contrasts are
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shown in Fig. 8. The similarity between the modulus and
the strain images increases with the contrast. This is due
to the improvement of the contrast relative to the noise.
For small contrasts, the high amount of noise (relative to
the modulus or strain) in the modulus and strain images
results in a poor similarity between the modulus and
strain but, for high contrasts, the noise is relatively low,
resulting a higher similarity.

The modulus contrast was changed from 2 to 10 and
the simulation and experimental phantom results are
presented in Fig. 9. The values of the SD of the strain in
the inclusion were not statistically different from each
other, indicating a weak dependence of the SD of the

Fig. 7. (a) SD, (b) contrast, (c) size and (d) �me plotted a
the phantom experiments. The error bars represent 	 �
experiments and 50 realizations for the simulations. A to

strain
strain on the modulus contrast (Fig. 9a). The strain
contrast increased linearly with the modulus contrast, as
shown in Fig. 9b. A linear regression was performed and
the coefficient of determination (r2 value) was found to
be 0.99 in the simulations and 0.97 in the experiments, as
expected from the contrast-transfer efficiency curves
(Ponnekanti et al. 1995; Kallel et al. 1996). Note that, in
Fig. 9b, a contrast-transfer efficiency of 0.5 as opposed to
the true value of 1, was used for the modulus contrast of
1 (i.e., the phantoms without the sponges). This was done
to generate more than four points, so that the linear trend
of the strain contrast curve could be clearly demon-
strated. The size in the strain images does not change
with the contrast, as expected (Fig. 9c). The value of �me

ction of the size of the inclusion for the simulations and
uted using 15 independent realizations for the phantom
% strain was used to obtain the modulus images and the
rams.
s a fun
comp

tal of 2
increases asymptotically with the contrast (Fig. 9d). The
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asymptotic improvement was tested as explained previ-
ously. Two regions in Fig. 9d can be identified. For
contrasts smaller than 5, the value of �me increased with
the contrast. This increase is due to the improvement of
the CNR with the contrast. For contrasts larger than 5,
the value of �me in the simulations remains fairly con-
stant, that is, close to the theoretical bound of 0.89
(obtained from a correlation of the numerical modulus,
inverted, and strain distributions). In the experiments, the
value of �me remains close to 0.51 for contrasts larger
than 5.

Strain. Figure 10 shows a set of modulus and strain
elastograms at several applied strains. The elastograms
were obtained at a precompression of 1% and at applied
strains varying from 0.25% to 4%. To enable a fair
comparison of the modulus and strain elastograms, the
modulus images were obtained at strains of 1.25% to 5%.
The modulus and strain images exhibit similarities over
these applied strains. Notice the decorrelation noise in
the upper portion of the elastograms at a total strain of
4% (Fig. 10d). The elastogram at 0.25% applied strain
(Fig. 10a) is noisy, due to the small compression used.
The variation of the elastographic image quality with the
applied strain is well established (Varghese and Ophir
1997).

The applied strain was changed from 0.25% to 10%
and the simulation and experimental results are presented
in Fig. 11. The SD of the strain increases with the applied

Fig. 8. (a) Modulus images and strain elastograms of spo
(b) 5 and (c) 6.5. A total of 2% strain was used to
strain (Fig. 11a), due to the increase of the decorrelation
noise with the applied strain (Varghese and Ophir 1997).
The SD in the modulus shows a weak dependence on the
applied strain in the measured strain range. The strain
contrast in the simulations decreases with the applied
strain for srtains greater than 2%, due to increase in the
decorrelation noise and, hence, biased measurements of
strain (Fig. 11b). Figure 11c shows that the inclusion size
in the strain, as well as in modulus images, is unaffected
by the applied strain. However, the SD of the size mea-
surements is high for low strains (� 0.5%) as well as
high strains (� 5%) due to low values of SNR at high
and low strains (Varghese and Ophir 1997). The value of
�me shows a convex behavior with the applied strain (Fig.
11d) in both simulations and experiments. It increases
with the strain for low strains (� 0.5%), due to improv-
ing SNR with the strain (Varghese and Ophir 1997). For
large strains (� 5% in the simulations and greater than
3% in the experiments), the decorrelation noise in the
elastograms results in a decrease of the correlation with
the inverted modulus images. This behavior is similar to
that of the strain filter (Varghese and Ophir 1997).

Modulus distribution. For a Gaussian modulus pro-
file within the inclusion, the size of the inclusion was
changed from 1 mm to 10 mm, the contrast of the
inclusion and the applied strain were changed and the
value of �me are summarized in Fig. 12. The value of �me

appears to increase asymptotically with the inclusion size

inforced gelatin samples at a modulus contrast of (a) 3,
n the modulus images and the strain elastograms.
nge-re
obtai
(Fig. 12a), for reasons explained earlier. The value of �me
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increases asymptotically with the contrast (Fig. 12b).
The value of �me exhibits a convex dependence on the
applied strain (Fig. 12c), as explained earlier.

For a normal-random modulus distribution within
the inclusion, the results are summarized in Fig. 13. The
value of � decreases with the SD of the modulus fluctu-
ations (Fig. 13a), but does not change with respect to the
scale of the nonhomogeneities (Fig. 13b).

Due to the difficulty in replicating these modulus
distributions in the phantom experiments, two types of
heterogeneous phantoms were prepared. In one type, two
5-mm diameter stiff cylindrical inclusions of the same
stiffness (made of sponge) were embedded inside a softer

Fig. 9. (a) SD, (b) contrast, (c) size and (d) �me plotted a
the background for the simulations and the phantom ex
independent realizations for he phantom experiments an

used to obtain the modulus
inclusion that, in turn, was embedded inside a gelatin
background. The spacing between the two stiff inclu-
sions was varied, as shown in Fig. 14. The elastograms
showed structural similarities with the modulus images,
as can be seen in Fig. 14. In another type of phantom,
four 10-mm diameter sponge inclusions of varying stiff-
ness were embedded in a homogeneous gelatin back-
ground. Here too, the spacing between the inclusions was
varied, as shown in Fig. 15. Structural similarities be-
tween the modulus images and the strain elastograms
were observed. A statistical study was not performed
here, due to difficulty in controlling the spacing between
the lesions, as well as the difficulty in producing repro-
ducible phantoms (i.e., phantoms with the same arrange-

ction of the modulus contrast between the inclusion and
ents. The error bars represent 	 � computed using 15
alizations for the simulations. A total of 2% strain was
and the strain elastograms.
s a fun
perim

d 50 re
ment of the sponges with variation of the intersample
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sponge positions that are within the resolution limits of
the system).

Tissue results

Beef muscle. To demonstrate a similarity of modu-
lus and strain images for real tissue samples, thin slices
(2 to 3 mm thick) of commercially available beef sam-
ples (Jordan’ s Foods) were imaged with the nanoin-
denter. Figure 16 shows the modulus image, the strain
image and the picture of one of the beef slices. A good
visual and structural correspondence can be seen for
structures that were larger than about 3 mm. Notice the
presence of decorrelation spots (high strains saturated at
4%) in the elastograms. The elastograms shown in Figure
16 were the average over five realizations. A 5 � 5
median filter was used in the displacement images and
strain was estimated as the gradient of the displacement
images. The strains of the pixels whose values of �
(computed from the pre- and postcompression RF seg-
ments) were less than 0.7 were replaced by the strains of
the neighboring pixels. Similarly, the strains of pixels
outside the range of 0 to 4% were replaced by strain
values of the neighboring pixels. No other spatial filter-
ing was used on the elastograms.

The values of �me for the beef slices computed with
and without filtering are shown in Table 2. To compute
the value of �me using filtering, the strains above 4% and
below 0% were replaced by the mean values of strain in
the image, and a median filter of 3 � 3 pixels was used
on the elastogram and the modulus image. Similarly, the
modulus image was scaled between 10 and 100 kPa. A
value of �me � 0.6 can be seen between the inverted

Fig. 10. Modulus images and strain elastograms of a 15
mm2 gelatin background at (a) 1.25% total strain, (b)
modulus and strain images with the use of filtering. The
improvement of �me with spatial filtering can be seen in
Table 2, where a 1.2 � 1.2 mm2 kernel size for the
median filter (corresponding to 3 � 3 pixels in the
elastogram) was used. The filter size was smaller than the
axial resolution of the elastogram (a 2-mm window at
80% overlap was used to compute the elastogram) and,
hence, the filtering was not expected to have any signif-
icant effect on the elastographic contrast or the spatial
resolution. For the subsequent ex vivo tissue slices, the
modulus image was scaled between 1 and 10 kPa and the
procedure mentioned above was used for computing the
elastograms as well as �me.

Ovine kidney. Figure 17 shows a sonogram, elasto-
gram, modulus image and optical image of an ovine kidney.
The elastogram clearly represents anatomical details of the
kidney, such as the medullary pyramids and the stiff cortex,
as well as the outer capsule. A gross structural correspon-
dence between the modulus image and the elastogram can
be seen. The inner medulla shows up as a soft region in the
modulus image (Fig. 17c) and as the high strain regions in
the elastogram (Fig. 17b). The pea-shaped structures are
evident from Fig. 17a and b. Similarly, the outer cortex
shows up as a stiffer region in the modulus image and a low
strain region in the elastogram. The capsule can also be seen
in the elastogram as the outermost layer (Fig. 17b). The
elastogram also shows four medullary pyramids as the high
strain regions separated by low strain regions (Fig. 17b).
The elastogram shown in Fig. 17 was the average over 10
elastograms. The values of �me for the kidney slices com-
puted with and without filtering are shown in Table 3.

Note that the values of �me in the kidneys are lower
than those obtained from the gelatin-phantom experi-

m2 cross-section of a sponge sample embedded in a 36
tal strain, (c) 3% total strain and (d) 4% total strain.
� 20 m
2% to
ments. This discrepancy could be due to several reasons,
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some of which are tissue deterioration during testing at
room temperature and mechanical changes in the tissue
with age, tissue relaxation and structural changes after
excision from the organ, lower modulus values and,
hence, relatively higher noise in the modulus images of
the tissues, heterogeneity of the tissues, smaller sizes of
several anatomical structures in the tissues and smaller
modulus contrasts in the tissues. The modulus and strain
contrasts between the anatomical regions in the kidneys
were less than 2. For such low contrasts, the phantom
results provided values of �me around 0.25, which is

Fig. 11. (a) SD, (b) contrast, (c) size and (d) �me plotted
phantom experiments. The error bars represent 	 � c
experiments and 50 realizations for the simulations. A to

strain
again consistent with the results of the kidney slices.
Canine prostate. Figure 18 shows the sonograms,
elastograms and modulus images obtained from three
slices of a canine prostate. In the first row of Fig. 18a, the
urethra shows up as a soft region (high strains) in the
elastogram and the lower modulus region in the modulus
image. In the second row of Fig. 18b, the two transitional
zones and a central zone can be seen in the elastogram
and in the modulus image. A fair visual correspondence
between the structures in the modulus images and strain
elastograms can be seen.

The values of �me for the prostate slices (Fig. 18)

unction of the applied strain for the simulations and the
ed using 15 independent realizations for the phantom
% strain was used to obtain the modulus images and the
rams.
as a f
omput
tal of 2
elastog
computed with and without filtering are shown in Table 4.
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Colon cancer. The sonograms, elastograms and
modulus images of a cancer sample are shown in Fig. 19.
A good visual and structural correspondence can be seen
for structures seen here. The values of �me for the cancer
slices (Fig. 19) computed with and without filtering are
shown in Table 5.

DISCUSSION

A comparison between the tissue modulus images and
the measured strain elastograms was done to provide a
meaningful interpretation of the utility of elastograms in
portraying and quantifying tissue mechanical properties
such as the Young’s modulus. The feasibility of modulus

Fig. 12. Correlation coefficient plotted as a function of (
of the inclusion, and (c) the applied strain for a Gaussian

was used in
imaging of soft tissue was first demonstrated. Prior litera-
ture studies using indentation dealt with obtaining mean
modulus values of large tissue samples (more than 1 cm2

cross-sectional area) and not on imaging the modulus
distribution of soft tissues. The experimental results pre-
sented here indicate that nanoindentation is a useful tool
for studying the local distribution of elastic moduli in
soft tissue samples. A quantitative comparison between
modulus images and strain elastograms was performed
using simulations, phantom experiments and real tissue
slices. Axial strain images were found to quantify and
represent the tissue modulus distribution for cylindrical
stiff targets in softer backgrounds under certain condi-
tions, such as large sizes of targets (� 20Q�), high

inclusion size for Gaussian modulus profile, (b) the size
lus profile within the inclusion. An applied strain of 1%
imulations.
a) the
modu
modulus contrasts between the target and the background
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(� 5), applied strains in the range of 0.5% to 5% and
external slip boundary conditions.

The correlation between the inverted modulus im-
ages and the strain images was shown progressively to

Fig. 13. Correlation coefficient plotted as a function of (
(b) the scale of the nonhomogeneity in the inclusion for

diameter inclusion and an applied s

Fig. 14. Modulus images of cross-sections of two 5-mm
20-mm diameter softer cylindrical sponge inclusion at se
diagonally. (d), (e) and (f) Strain elastograms correspon
total strain of 2% was used for the modu
deteriorate from numerical simulations (in the absence of
additive noise) to elastogram simulations (in the pres-
ence of additive noise) to experimental studies on tissue-
mimicking phantoms to real tissue samples. Such a deg-

SD of the modulus fluctuation within the inclusion, and
om modulus distribution within the inclusion. A 10-mm
f 1% were used in the simulations.

eter stiff cylindrical sponge inclusions embedded in a
eparations aligned (a) vertically, (b) horizontally, and (c)

the modulus images in (a), (b) and (c), respectively. A
a) the
a rand
train o
diam
veral s
ding to
lus images and strain elastograms.
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radation of the results can be explained as follows. The
numerical simulations assumed noise-free 2-D situations
and, hence, are expected to produce the highest correla-
tion values. Simulations of elastograms incorporated
sonographic noise and also suffered from the algorithmic
noise (such as digitization, the use of small window
lengths, the use of interpolation and curve-fitting tech-
niques using functional approximations) and, hence, re-
sulted in asymptotic improvements of the modulus-strain
similarities (reaching the correlation values that corre-
sponded to the theoretical values for large values of

Fig. 15. (a), (b) and (c) Modulus images of cross-sectio
embedded in a background at several separations. (d),
images in (a), (b) and (c), respectively. A total strain of

Fig. 16. (a) Modulus image, (b) strain image and (c) optic

the modulus image and th
scales and contrasts). Phantom experiments produced
smaller correspondences compared with the simulations
that might be attributed to several factors, such as the
three-dimensionality of the problem (the assumption of
isotropy of the phantoms may be violated and out-of-
plane motion could deteriorate the image quality of the
elastograms), measurement noise in modulus imaging,
possible violation of the assumption of sample homoge-
neity in the local neighborhood of the modulus measure-
ment, deviations from the linear elasticity assumptions,
nonstationary beam-related effects in the elastograms,

our 10-mm diameter stiff cylindrical sponge inclusions
d (f) Strain elastograms corresponding to the modulus
as used for the modulus images and strain elastograms.

ge of a beef slice. A total of 2% strain was used to obtain
ns of f
(e) an
al ima

e strain elastogram.
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digitization issues in elastography and other sources of
noise, such as tissue heterogeneity, that are not ac-
counted for in the simulations. The simulation results
were derated to incorporate the finite SNR and spatial
resolution of modulus images in the phantom experi-
ments. The values of the correlation coefficient were
found to decrease from 0.86 to 0.76, indicating that the
highest value of the correlation coefficient possible for
the single-inclusion phantom model using the nanoin-
denter is around 0.76. The sample homogeneity and the
internal boundary conditions that influence the modulus
measurement at a point, were unknown and could also
have contributed to the reduction of the correlation val-
ues in the phantom experiments. Yet, the correlation
values were slightly more than 0.5. Experiments on real
tissue slices showed further degradation of the results
that might be due to the time-dependent changes in the
tissues during experimentation, low SNR of the modulus
images, geometrical distortions between the unexcised
tissue (used in elastography) and the excised tissue (used
in modulus imaging) and, also, significantly lower con-
trasts than those present in the simulations and phantom
experiments. For example, real tissues degrade rapidly at
room temperatures and the mechanical properties of tis-
sues are known to show significant changes over time.
Yet, a correlation of more than 0.25 between the modu-

Table 2. The values of �me for the three beef slices

Sample With filtering Without filtering

1 (sample in Fig. 16) 0.71 0.58
2 0.61 0.47
3 0.68 0.49

Fig. 17. (a) Sonogram, (b) elastogram, (c) modulus imag

was used to obtain the modulus ima
lus images and strain elastograms was observed consis-
tently over several tissue types, such as kidneys, pros-
tates, cancers and beef slices. Low correlation values of
around 0.3 were observed at modulus contrasts of 2 and
were consistent with the results of the phantom experi-
ments. Tissue structures such as beef slices and certain
cancers showed modulus contrasts of more than 5. For
such structures, the correlation values were around 0.5
and that was, again, consistent with the results of the
phantom experiments.

The correlation between the inverted modulus im-
ages and strain elastograms can be expressed in terms of
imaging parameters such as the CNR, the axial resolution
and the dynamic range of strains. The CNR is a param-
eter that is affected by the scale of the problem (i.e., the
target size), as well as the noise properties of the elas-
tograms. For example, for target sizes that are smaller
than the window length used for strain estimation, a loss
of strain contrast is expected to occur. Therefore, for
such a case, the CNR as well as the value of �me are
expected to be small. For target sizes that are larger than
the window length, the SNR and CNR improve with the
window length, resulting in improvements in the values
of �me. For small window lengths that are comparable
with the axial resolution, the high noise in the elasto-

d) optical image of an ovine kidney. A total of 2% strain

Table 3. The values of �me for the four ovine kidneys

Sample With filtering Without filtering

1 (sample in Fig. 17) 0.35 0.30
2 0.20 0.17
3 0.26 0.22
4 0.41 0.35
e and (

ge and the strain elastogram.
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grams results in low values of CNR as well as low values
of �me. Therefore, maximizing the CNR would also max-
imize the value of �me. The simulations presented earlier
supported this observation.

Srinivasan et al. (2003) showed that the spatial res-
olution (axial as well as lateral) of the axial strain elas-
tograms was equal to the window length in the axial
direction and the beam width in the lateral direction. The
SNR and CNR were also shown to improve at a more
than a linear rate with the window length, indicating an
improvement of the modulus-strain correlation with the
window length, and the axial resolution of the image

Fig. 18. (a) Sonograms, (b) elastograms and (c) modulus
was used to obtain the modulu

Table 4. The values of �me for two canine prostates

Sample With filtering Without filtering

1 - plane 1 (first row of Fig. 18) 0.33 0.30
1 - plane 2 (second row of Fig. 18) 0.48 0.44
1 - plane 3 0.37 0.33
2 - plane 1 0.32 0.29
2 - plane 2 0.35 0.32
2 - plane 3 0.28 0.25
deteriorates linearly with the window length (Varghese
and Ophir 1997; Srinivasan et al. 2003). This indicates
an inverse relationship between the axial resolution and
the value of �me. However, when the axial resolution
(i.e., the window length) is larger than the target size, the
loss of axial resolution is also accompanied by a loss of
contrast (i.e., nonresolvable scales) and, hence, a reduc-
tion of the CNR and the correlation between the modulus
and the strain elastograms. Therefore, the value of �me is
expected to show a convex behavior with the axial res-
olution for elastographically resolvable scales.

Although cross-correlation is used widely as a sta-
tistic in method-comparison studies, the use of cross-
correlation alone is not sufficient to indicate the similar-
ities between modulus and strain images. This is because
the correlation coefficient is a gross indicator of struc-
tural similarities and it depends on other image quality
factors, such as SNR, CNR and spatial resolution. A
trade-off between these quality factors affects the corre-
lation coefficient, as well. For example, spatial filtering
improves the image SNR, typically at the expense of

s at two planes of a canine prostate. A total of 2% strain
es and the strain elastograms.
image
s imag
image contrast and spatial resolution. Yet, the correlation
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coefficient improves with the image SNR as long as the
deteriorations of contrast and resolution are not severe.
The improvement of the correlation coefficient with the
filter size is likely to show a convex-shaped curve, with
the highest value occurring at values of SNR, CNR and
resolution that are intermediate between low and high
values.

This study focused on comparing modulus images
with strain elastograms for several parameters, such as
the modulus contrast, the scale of the targets, the mod-
ulus distribution and the applied strain. Other controlling
factors on the modulus-strain comparison, such as the
boundary conditions and the connectivity of the tissue
elements, were not studied. The boundary conditions
influence the uniformity of the stress field in elastogra-
phy and, hence, the modulus-strain correspondence. We
used a compressor with a cross-sectional dimension that
was larger than the sample dimensions, to reduce the
stress decay. Ensuring perfect slip boundary conditions
at the compressor, as well as at the base, was not feasible.
Hence, a small degree of strain decay was present, which
could have affected the correspondence between modu-
lus and strain to a small degree. A systematic study of the
role of the boundary conditions on the modulus-strain
correspondence is beyond the scope of this work.

CONCLUSION

An important conclusion of this work is that axial
strain elastograms are correlated to the inverted modulus
images for several anatomical structures, such as stiff

Fig. 19. (a) Sonogram, (b) elastogram and (c) modulus im
the modulus image

Table 5. The values of �me for four colon cancer slices

Sample With filtering Without filtering

1 (in Fig. 19) 0.35 0.30
2 0.31 0.25
3 0.41 0.36
4 0.28 0.24
tumors in a homogeneous background, the kidney, the
prostate, colon cancers and even for anisotropic materials
such as beef muscle. A quantitative comparison between
modulus images and strain elastograms using simula-
tions and phantom experiments showed high values of
correlation at elastographically resolvable scales. Axial
strain images were found to quantify and represent the
tissue modulus distribution for cylindrical stiff targets in
softer backgrounds under certain conditions such as large
sizes of targets (� 20Q�), high modulus contrasts be-
tween the target and the background (� 5), applied
strains in the range of 0.5% to 5% and slippery external
boundary conditions.

Similarities between the modulus images and strain
images were quantified using first order statistics, such as
contrast and SD, and second order statistics, such as the
correlation coefficient and size. A good correspondence
between the modulus and strain images was obtained at
several resolvable scales, modulus contrasts and applied
strains. Theoretical models of a stiff cylindrical inclusion
inside a soft homogeneous background resulted in cor-
relation values of around 0.9 between the inverted mod-
ulus image and the strain image. Simulation models
resulted in a range of correlation values that increased
asymptotically to a value of 0.86. Phantom models men-
tioned above resulted in correlation values that that in-
creased asymptotically to a value of 0.5. Experiments in
real tissue, such as colon cancers, kidneys, prostates and
beef slices, resulted in average correlation values from
0.3 to 0.5. An asymptotic improvement of the correlation
between the inverted modulus image and strain image
was found with respect to factors such as the modulus
contrast and scale. A convex dependence between the
correlation coefficient and factors such as the applied
strain and the window length, was found.

With reduction of experimental noise, improvement
of the elastographic and modulus imaging parameters
and adequate control of the experimental conditions, the

f a colon cancer. A total of 2% strain was used to obtain
e strain elastogram.
age o
correlation between the inverted modulus image and
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strain elastograms of soft tissues may be improved from
the values of 0.3 upward toward those that are predicted
by the simulations. The experimental results indicated
that it is feasible to obtain quantitative modulus infor-
mation from nanoindentation of soft tissues, as well as to
perform a quantitative comparison between modulus im-
ages and strain images under certain conditions.
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