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Estimation of effective Poisson’s ratio in 
non-homogeneous porous media using 
two ultrasound transducers: A feasibility 
study 

Introduction
Ultrasound elastography is a well-established 

imaging technique, which is used primarily 
to map the stiffness or stiffness contrast in 
biological tissues [1,2]. Poroelastography is 
one of the ultrasound elastography techniques, 
which is used to assess the mechanical behavior 
of tissues that can be modeled as poroelastic 
materials [3-5]. A poroelastic material is 
defined as a multi-phasic material in which at 
least one of the phases is not solid [6]. Most 
biological tissues such as cartilage, brain, liver, 
kidney, breast and prostate behave as poroelastic 
materials due to their high fluid content and 
mobility [7-12]. Most cancers such as that of 
the breast, neck, prostate and liver are known to 
possess altered fluid transport due to a collapse of 
the interstitial matrix, cellular deposition, leaky 
microvasculature and weak lymphatic drainage 
[13-20]. These mechanisms lead to high 
interstitial fluid pressure and reduced interstitial 
permeability in the tumor [19]. Additional 
pathological conditions or treatments alter 
the underlying fluid flow properties of tissues, 
which can affect their poroelastic response [21]. 

In poroelastography, the goal is to estimate 
and map the spatial and temporal behavior 
of the axial strain and the ‘effective’ Poisson’s 
ratio (EPR) experienced by the tissue under 
compression [22]. The EPR elastogram is 

obtained as the point-by-point ratio between the 
lateral strain elastogram and the corresponding 
axial strain elastogram [21]. This image is related 
to the compressibility of a poroelastic tissue - a 
mechanical tissue parameter that changes with 
the onset of a number of diseases (such as cancers 
and lymphedema) and may be an indicator of 
the propensity of a tissue to heal and/or the 
efficacy of many treatments such as targeted 
delivery therapies [9]. While many soft tissues 
are often modeled as incompressible elastic 
solids, a poroelastic material is by definition 
compressible because it allows change in volume 
upon compression due to fluid exudation 
and relocation. Compressibility changes are 
reflected in changes in the spatial distribution 
and temporal behavior of the EPR. However, 
in standard poroelastography experiments, the 
image quality of EPR elastograms is limited by 
the poor quality of lateral strain elastography 
[23-25]. Some studies have shown that the 
application of interpolation combined with 
advanced filtering techniques and spatial and 
temporal averaging can improve the quality of 
lateral strain elastography and EPR [22,26]. In 
clinical situations, however, averaging can be 
difficult due to tissue motion, noise and changes 
in fluid content between successive experiments 
and can also be time consuming precluding 
real-time feedback. Recently, a technique that 
employs two separate measurements from a 
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configuration, the lateral strain distribution in 
the tissue is estimated using axial data acquired 
by the transducer positioned on the lateral 
side of the tissue. The EPR at any given time 
is computed as the ratio of the co-registered 
lateral strain distribution and the axial strain 
distribution at that specific time. An analysis 
of the quality of EPR estimation using the dual 
transducer method is carried out using finite 
element simulations and experiments performed 
on a non-homogeneous phantom. 

Finite element (FE) simulations 
To test the feasibility of the dual transducer 

acquisition and estimation method, finite 
element (FE) simulations were performed. 
These simulations are similar to those used in 
[28]. Specifically, a tumor model with different 
fluid flow properties between the inclusion and 
background was simulated. We used a 40*40 
mm2 2D rectangular domain with a circular 
inclusion of 15 mm diameter embedded in the 
center. Baseline material properties were chosen 
in the range of human tissues on the basis of 
previous literature [22,23,29]. Young’s modulus 
and Poisson’s ratio of both the background 
and the inclusion were fixed at 1.74 kPa and 
0.25 kPa respectively as in [28]. To vary the 
fluid flow, permeability was varied between 
the background and the inclusion as listed in 
TABLE 1. Creep compression was simulated 
between two impervious plates for 600 s. 
The acquisition gap was set to 0.5 s. These 
parameters were chosen based on previous 
studies conducted in our lab [30,31]. Pre- and 
post-compression ultrasound RF data were 
simulated using a convolution model [32-34]. 
The simulated ultrasound transducer had 128 
elements, frequency bandwidth between 5-14 
MHz, a 6.6 MHz center frequency and 50% 
fractional bandwidth at -6 dB. The transducer’s 
beamwidth was assumed to be dependent on the 
wavelength and to be approximately 1 mm at 
6.6 MHz. The sampling frequency was set at 40 
MHz and Gaussian white noise was added to set 

single transducer was proposed to improve 2D 
axial displacement estimation by improving 
lateral tracking [27]. However, the study did 
not address the application of the technique 
to estimation of EPR. Also in the current form 
using two successive distinct measurements 
would not be suitable for EPR estimation 
in poroelastic materials since these materials 
exhibit temporal changes under compression. 

In this paper, we explore the feasibility of 
using a dual transducer technique to image the 
EPR in non-homogenous poroelastic materials. 
A statistical comparison between results 
obtained using the dual transducer method 
and the standard single transducer method 
(with and without averaging) is carried out. 
Experimental validation is demonstrated in a 
non-homogeneous phantom. These results show 
that, in principle, the proposed dual transducer 
method can produce EPR elastograms with high 
image quality and reliability and without the use 
of spatial and temporal averaging. An integrated 
discussion of the applicability of the proposed 
method in clinical settings is included.

Method 
We propose the use of two distinct ultrasound 

transducers to simultaneously estimate the 
axial strain and lateral strain distributions in 
poroelastic materials. Details on the geometric 
configuration of the two transducers, their 
calibration and registration are reported below. 
FIGURE 1 shows the data acquisition set up 
for the proposed method. The top transducer 
is used to compress the tissue and estimate the 
axial strain distribution. The transducer on the 
side is co-registered to the top transducer and 
positioned at a 90° with respect to the top 
transducer. This transducer is used to estimate 
the lateral strain distribution in the tissue. In this 

Figure 1. Experimental setup used for the two-
transducer technique. 

Table 1. Permeability values for the inclusion 
and the background materials used for the 
finite element simulations.

Contrast Permeability 
Inclusion k 

(m4/N.s)

Permeability 
background k 

(m4/N.s)

10 dB 1.95 × 10-9 1.95 × 10-8

20 dB 1.95 × 10-10 1.95 × 10-8

25 dB 9.75 × 10-10 1.95 × 10-8

30 dB 1.95 × 10-11 1.95 × 10-8
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the SNRs at 40 db. Axial strains were computed 
for both transducers at each time sample using 
cross-correlation based elastography algorithms 
[5,35]. The length of the correlation window, 
both for the pre- and post-compression signals, 
was fixed at 1.5 mm with an 80% overlap 
between adjacent windows. 

Experiments
Three non-homogenous phantoms were 

created using tofu (Banyan foods, Houston, 
TX) as the material background and gelatin as 
the inclusion background similarly as in [21]. 
The size of the tofu was 6 cm*6 cm*6 cm with a 
cylindrical gelatin inclusion of 15 mm diameter. 
The gelatin inclusion was created by mixing 5% 
porcine gelatin (Sigma-Aldrich, USA) with 3% 
agar (Sigma-Aldrich, USA) as in [33]. FIGURE 
1 show the experimental setup used in the study. 
The phantom was compressed from the top 
between the two plates and subjected to creep 
compression for 600 s [30].

Elastography experiments were performed 
using two identical Ultrasonix RP (Richmond, 
Canada) linear array transducers with 128 
elements, 1 mm beam width and 50% fractional 
bandwidth and 6.6 MHz center frequency. 
Firing both the transducers at the same time 
led to acoustic interference between the 
ultrasound signals transmitted and received by 
the two devices. To avoid this source of noise, 
ultrasound RF data were acquired alternatively 
by the two transducers with a time difference 
of 50 minutes between paired acquisitions. 
The local axial and lateral strains at each time 
sample were computed using cross-correlation 
based elastography algorithms [5]. The length 
of the cross-correlation window, both for the 
pre- and post-compression signals, was fixed at 
1.5 mm with an 80% overlap between adjacent 
windows, as for the simulation data. Strain 
images from the two transducers were computed 
in the same way as reported for the simulation 
data. Experiments were carried out under water 
to maintain good ultrasonic contact between the 
phantom and the transducers.

 � Estimation of EPR using the dual 
transducer method

For reliable estimation of EPR, the two 
transducers should scan the same image plan and 
should be orthogonal to each other. To address 
these constraints, the transducers were manually 
calibrated using the following calibration 
technique. A rectangular calibration phantom 

(40 mm*20 mm*1 mm) as shown in FIGURE 2 
was 3D printed from ABS plastic. The phantom 
was scanned using the two transducers to obtain 
two B-mode images, one from each transducer. 
The specular reflection from the two orthogonal 
edges was segmented out in the B-mode images, 
and their angle with respect to each other was 
calculated. The relative position of the two 
transducers was manually adjusted and the 
experiment was repeated until the computed 
angle between the specular reflectors was found 
to be 90° ± 0.1°. 

As previously mentioned, the EPR elastogram 
is obtained by dividing co-registered lateral 
strain and axial strain elastograms. Image 
registration was performed using a feature 
based segmentation technique. The inclusion 
from the lateral and axial strain elastograms 
was segmented by global thresholding, which 
automatically determines an intensity threshold 
that best separates the stain elastograms into 
two regions (bimodal histogram) and the 
largest blob is isolated. The centroid positions 
of the respective blobs are the input parameters 
to an affine transformation. The affine 
transformation rotated (90°) and translated 
the lateral strain image to the coordinates 
of the axial strain image [36]. The output of 
the affine transformation is the lateral strain 
image registered to the axial strain image. The 
EPR poroelastogram was displayed as a time-
sequence of EPR elastograms [22].

 � Statistical analysis
To analyze the quality of the obtained 

poroelastograms, we used two parameters than 
have been previously used in elastography 
studies- the elastographic contrast to noise ratio 

Figure 2. The calibration phantom used to 
calibrate the axial and lateral transducers.
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(CNRe) and the mean absolute error (MAE). 
The EPR CNRe has been defined as [26].
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Where ν_t is the estimated EPR of the 
inclusion and ν_b is the estimated EPR of the 
background and σt and σb are the corresponding 
standard deviations.

The MAE provides an assessment of the 
accuracy of the estimation as compared to the 
expected or true value. The lower the MAE, the 
higher is the accuracy. MAE is mathematically 
defined as:
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where EPRe is the estimated EPR and EPRs 
is true or actual value of EPR from the FE 
simulations, x and y are the image co-ordinates 
and the product XY being the total number of 
pixels in the image. These two quality factors 
were used to compare the performance of the 
dual transducer method with that of a single 
transducer method with and without averaging.

Results
FIGURE 3 shows examples of simulated 

EPR poroelastograms for a 25 dB permeability 
contrast between the inclusion and background: 
first row refers to the ideal strain ratio images 
obtained directly from the FE model; second 

row refers to the EPR images obtained using a 
single transducer with no averaging or filtering; 
third row refers to the EPR images obtained 
using a single transducer with multi-experiment 
averaging (30 independent realizations) and 5 
by 5 pixels median filtering [21]; and fourth row 
refers to the EPR images obtained using the dual 
transducer method with no averaging and 5 by 5 
pixels median filtering.

It can be seen that the EPR images of the 
dual transducer technique have the closest 
resemblance to the FE results. FIGURE 4 and 
FIGURE 5 show the estimated EPR CNRe 
and MAE for the cases shown in FIGURE 3. 
As it can be seen from FIGURE 4, the lowest 
estimated EPR CNRe was the one corresponding 
to the single transducer implementation and the 
highest was the one corresponding to the FE 
model. The dual transducer technique had a 
significantly higher EPR CNRe than both single 
transducer methods. Similar considerations 
can be derived from the MAE plots shown in 
FIGURE 5. Similar results were also obtained 
for all inclusion/background permeability 
contrasts analyzed in this study. The MAE 

Figure 3. Simulated EPR poroelastograms for a 25 dB permeability contrast generated 
by: (a) FE model; (b) single transducer no averaging; (c) single transducer with 
averaging; and (d) dual-transducer method (no averaging). For the purpose of 
illustration, a 5 × 5 pixels median filter was applied to each image.

Figure 4. EPR CNRe comparison between the dual 
transducer method, FE model, single transducer 
with averaging and single transducer with no 
averaging for the case shown in FIGURE 3.

Figure 5. Mean absolute error (MAE) comparison 
for the cases shown in FIGURE 3.
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caused by the 50 min gap between the axial 
and lateral acquisition was also quantified using 
simulations, and the peak MAE was found to 
be 3.5%. In all contrast cases analyzed in this 
study, the dual transducer method was the 
one providing the closest quality factors and 
qualitative images to the ideal FE results. 

FIGURE 6 shows examples of simulated 
EPR poroelastograms obtained for different 
inclusion/background permeability contrasts. A 
contrast in the underlying permeability creates a 
contrast in the corresponding poroelastograms. 
FIGURE 7 shows the corresponding EPR 
CNRe for the cases shown in FIGURE 6. It can 
be observed that both the values and temporal 
behavior of the EPR and the EPR CNRe vary 
with underlying permeability contrast.

FIGURE 8 and FIGURE 9 show a set of 
experimental results obtained from a gelatin/
tofu phantom. FIGURE 8 shows an EPR 
poroelastogram generated using the dual 
transducer method with no averaging. In 
FIGURE 9, the mean of the observed EPR as 
computed from the images shown in FIGURE 8 
is plotted vs. time. It can be observed that there 
is no appreciable temporal change in the EPR of 
the gelatin inclusion while the EPR in the tofu 
material decreases from 0.5 to its equilibrium 
value of around 0.2. These results demonstrate 
that it is feasible to use the proposed dual 
transducer method to estimate the EPR in 
poroelastic materials with no need of averaging 
and with quality comparable to that typical for 
standard axial strain elastography. 

Discussion
Many diseases, such as cancers, have altered 

fluid transport mechanisms, which can result in 

Figure 6. Simulated EPR poroelastograms 
obtained using the dual transducer method for 
the following inclusion/background permeability 
contrasts: (a) 30 dB; (b) 25 dB; (c) 20 dB; and (d) 
10 dB. For the purpose of illustration, a 5 × 5 
pixels median filter was applied to each image.

Figure 8. Experimental EPR poroelastogram obtained from a tofu-gelatin inclusion 
phantom using the dual transducer technique. For the purpose of illustration, a 5 × 5 
pixels median filter was applied to each image.

Figure 9. Experimental mean EPR as a function of time for the case shown in FIGURE 
8. The red curve refers to the tofu background, which is known to behave as a 
poroelastic material. The blue curve refers to the gelatin inclusion, which does not 
appear to exhibit significant temporal changes within the time interval used for the 
experiment.

Figure 7. EPR CNRe plots for the dual transducer 
technique for different simulated inclusion/
background permeability contrasts. Each point 
in the graph is the mean over 30 independent 
realizations and the error bars is the standard 
deviation over the 30 independent realizations.
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changes in their ability to change volume upon 
compression. Poroelastography techniques aim 
at assessing these changes by observing the 
temporal behavior of the axial strain and EPR 
experienced by the tissue upon compression. 
However, reliable estimation of EPR is currently 
very difficult due to the known limitations of 
lateral strain estimation [23]. These limitations 
stem from the pitch of the ultrasound transducer 
itself, which limits the number of samples/
mm in the lateral direction as compared to 
axial direction. Previous techniques proposed 
to improve lateral strain elastography include: 
increasing the number of samples by using 
weighted interpolation, temporal and spatial 
averaging, compounding or multiple successive 
measurements from different angulations. 
All of these techniques have shown some 
improvement in the lateral strain estimation 
but have inherent limitations. In this study, we 
propose a new method that uses two transducers 
to image both the axial strain and the lateral 
strain distributions with high image quality. 
Since only ultrasonic axial data are used for both 
strain estimations, this technique allows reliable 
and fast estimation of the EPR. Our study shows 
that the EPR poroelastograms obtained using 
the dual transducer method has consistently 
significantly higher quality than those obtained 
using a single transducer. This was demonstrated 
for a series of simulated non-homogeneous 
phantoms with a range of permeability contrasts 
but will hold true also in the limiting case of a 
homogenous poroelastic sample. The inclusion 
case is of interest for poroelastography imaging 
not only because of its relevance for tumor 
applications but also because it is a scenario that 
is not particularly suitable to averaging. 

The experimental results reported in this paper 
demonstrate that it is technically feasible to use 
the proposed dual transducer method to image 
the EPR distribution in controlled materials. 
The technique allowed clearly depicting and 
differentiating the temporal behavior of the EPR 
in the tofu, which is a compressible material 
and the gelatin, which is nearly incompressible. 
These results confirm the ones observed in [21], 
but with much higher visual contrast to noise 
ratio and spatial resolution. 

The current experimental setup has some 

limitations. While this set up may be used to test 
the poroelastic behavior of samples in controlled 
experiments, it may not be suitable for in-vivo 
studies in its current form. For example, other 
angle configurations for the two transducers may 
need to be explored. Also the image registration 
techniques used in this work are preliminary 
to show the feasibility and as such for clinical 
applications more automated and robust 
algorithms may be used. For our experiments, 
two identical ultrasound systems were used 
for each acquisition. While the Ultrasonix RP 
system used for this study has the capability 
of using two transducers as input, alternatively 
switching acquisition between them is done by a 
mechanical relay switch and cannot be executed 
in a short time interval. In this work, the time 
interval between axial and lateral acquisitions 
was set to 50 min. Based on our simulation 
analysis and our previous observations on the 
poroelastic materials used for this study [21,30], 
this time interval did not affect the accuracy 
of our EPR estimation. This is presumably 
due to the fact that tofu and gelatin exhibited 
negligible time dependent changes due to fluid 
flow within 50 min. To make this technique a 
clinically viable tool where the time dependent 
behavior may be of short duration, lower time 
interval or a method to obtain simultaneous 
axial and lateral data acquisitions, may need to 
be developed. While the proposed method is still 
in its inception with respect to implementation, 
the results reported in this paper show that it 
has the potential to solve quality limitations 
of current ultrasound elastography methods. It 
may also encourage further developments of this 
technique so that it can become more suitable 
for clinical applications.

Conclusion
We have explored a new method to reliably 

and accurately map the EPR of poroelastic 
materials in controlled experiments. Simulation 
results show that the proposed method allows 
generation of EPR poroelastograms with higher 
contrast-to-noise ratio and lower mean absolute 
error than poroelastography methods using a 
single transducer. We have also demonstrated the 
experimental feasibility of the new technique in 
controlled homogeneous and non-homogenous 
phantoms.
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