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1. Introduction 

Mechanical properties of biological tissue are of histological re levance because 
of a correlation between palpable lesions (e.g. nodes) and malignant tumors. The 
majority of cancerous lesions can be palpated as hard inclusions, at least after they 
have reached a certain size. However, there are also benign changes in tissue, which 
tend to be harder compared to surrounding tissue. As manual palpation is limited to 
the skills of the examiner and contributes only subjective and qualitative 
infonnation, an imagi ng modality could be helpful, which provides the examiner 
with objective and quantitative information about mechan ical properties of the 
examined tissue. 

Medical ultrasound imaging systems a llow a visualization of internal mechanical 
tissue displacements caused by external surface forces or by induced internal forces. 
The spatial distribution of internal strain can be derived from tissue displacements to 
get so called "elastograms" [1], which lead to a visualization of both, the location 
and size of stiff t issue areas. 

2. Elastography Principle 

Elastography was introduced in 1991 as a new modality for imaging the elastic 
properties of biological tissue [I]. Its ability to differentiate between hard and soft 
tissue was used to discriminate pathological tissue [2] as well as thermally induced 
lesions [3]. 

In elastography the tissue is manually compressed with the ultrasound transducer. 
The basic idea is that relatively hard areas inside the tissue are compressed less than 
relatively soft areas. Thus local compression or strain is a measure for the tissue 
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elasticity. The goal of elastography is the estimation of local strain distributions 
from two successive ultrasound rf data frames acquired corresponding to two 
slightly different compression states. 

The estimation of local strain values is depicted in Fig. 1. From two successive 
A-scans acquired at different compression states time shifts for small overlapping 
temporal windows can be calculated by cross-correlation techniques . Axial strains 
are obtained from these time shifts by using an FIR differentiation filter . This 
procedure is performed for every pair of a-scans of an rf-data frame set to obtain two 
dimensional images of the strain distribution . 
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Fig. I . Estimation of time shifts and strains from successively acquired a-scans 

Phantom: 

Hard inclusion 

made of Agar­

Agar injected 

into a soft 

sponge f illed 

with water. 

B-Mode Image Strain Image 

Fig. 2. Visualization of a rigid inclusion not visible in a regular B-scan image 
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ln the resulting strain linage (elastogram) stiffer regions characterized by 
re latively small strain values and soft regions characterized by relatively high strain 
values are visualized. The computation of strain images is possible in real time with 
a fast phase root seeking algorithm [ 4] on a conventional PC. 
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Vibrography is an extended form of elastography [5]. ln this approach the 
transducer is moved axially in a low frequent vibrational mode of low ampli tude, 
manual compression is not necessary. The estimation of time shifts and strain values 
is s imilar to elastography. However, the strain changes periodically from frame to 
frame. By filtering the periodic strain-time s ignals with a narrowband filter 
according to the frequency of compression and subsequent envelop detection stable 
images with good SNR can be obtained. Moreover this approach is less dependent 
on the experience and skills of the user. 

3. Elastography Applications 

Breast 
With respect to the examination of breast lesions, we modified the image 

modalities of a conventional Siemens Sonoline™ Elegra, in order to store IQ-data 
from image sequences within the cine-buffer of the system and calculate 
elastograms offline. The compression was applied manually with the transducer. We 
obtained elastograms for 53 breast lesions from 48 patients [6]. In order to evaluate 
elastograms from malignant and benign lesions quantitatively, we measured 
normalized strain values within a suspect lesions (inside) and within its surrounding 
tissue (outside), see F ig 3. 
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Fig. 3. Results from breast imaging: hard lesions can be expected to have lower strain values 
inside than outside (plotted in the upper left) 

Obviously, hard lesions can be expected to have lower normalized strain values 
within the lesion compared to their surrounding tissue. Therefore, most of the 
examined lesions ended up in the upper left of the "strain plane" in Fig. 3. However, 
the difference in normalized strain was not significant with respect to a distinction of 
benign from malignant lesions in general. This might be due to the presence of a 
couple of fibroadenomas, which are benign tissue alterations and known to be hard, 
as well as carcinomas. 

Prostate 
A real-time version of the previously described method was implemented on a 

conventional Kretz Voluson 730 ultrasound system with a transrectal probe. Data 
was collected from 260 patients, who had to undergo radical prostatectomy due to a 
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prostate carcinoma, which was diagnosed in advance via needle biopsy. ln addition 
to a digital rectal examination (ORE) and a transrectal ultrasound examination 
(TRU), the real-time elastography modality was applied, as well. 

An example of a conventional ultrasound B-mode image, an elastogram and the 
corresponding histological finding is shown in Fig. 4. 

Fig. 4. B-mode image (left), elastogram (middle) and histology (right) of prostate cancer, 
which can be seen on the lower left of all cross sectional images. Dark regions in the 
elastogram correspond to hard lesions. 

Histological findings showed that one third of all patient suffered from a pT2 
tumor and roughly two third from a pT3 tumor. ln the patient group with pT3 
tumors, elastography had a positive predictive value (PPV) of 84 %, TRU of 31 % 
and ORE of 58%. ln the patient group with pT2 tumors, elastography had a positive 
predictive val ue (PPV) of 60 %, TRU of 31 % and ORE of 3 7 %. 

Vessels 
The clinical endpoints of arteriosclerosis, i.e. cardiovascular diseases, are still the 

most frequent cause of death. With respect to coronary heart disease, intravascular 
ultrasound (IVUS) is an invasive imaging modality to detect plaques within 
coronary arteries. Using a Boston Scientific Clearview IVUS machine (rotating 
s ingle element transducer, 30 MHz center frequency) and a 3.2 F catheter, we 
obtained in-vitro results from a carotid artery, which had a plaque at 5 o'clock (see 
Fig. 5). 

8-mode image Strain image Strain 
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0% 

Fig. 5. B-mode lVUS image (left) and corresponding elastogram (right). Histological 
findings confirmed a calcified plaque at 5 o'clock. 



http://rcin.org.pl

PRI CIPLE, APPLICATIO SAND LiMrJ ATIONS OF . .. 137 

Ln the elastogram there is a region with low strain values visible at 5 o ' clock, 
which corresponds to hard tissue of a calcified plaque that was found in histology. 
Next to both sides of the plaque there are regions of high strain values (plaque 
shoulders). Note, that low strain values could also be found at 8-ll o'clock. Ln 
histology, this region was characterized as very dense tissue. 

3.4. Thermotherapy Monitoring 

Thermal therapy has been established as a non- or minimally invasive approach 
for the treatment of tumors alternative to surgical resection. Techniques used for 
thermal treatment include RF, laser, therapeutic ultrasound and microwaves. During 
a thermal therapy tissue is heated locally up to above 60° C. Cancerous tissue can 
thus be destroyed by coagulation. 

At present there are no suitable imaging modalities available for an accurate real­
time monitoring of the coagulation process. Due to the general advantages of 
diagnostic ultrasound (non ionizing, real-time capability, cost efficiency, ease of 
handling) an ultrasound based monitoring system for thermal therapies is highly 
desired. Lnitial experiments were made in vitro using porcine liver. A therapeutic rf 
device (Erbe Erbotom 350) and a special needle applicator for tumor treatment 
(Berchtold) were used. Examinations were carried out on pig liver in vitro before 
and after the coagulation process. Lrnaging of tissue samples was performed with a 
real-time elastography system [7]. Data was acquired using a conventional 
diagnostic ultrasound system (Kretz Combison 330, 7.5 MHz abdominal probe) 
fi tted with an rf data output. 

a) '15 
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b) 

Strain Image B-Mode Image 

Fig. 6. Strain- and b-mode images acqu ired before (a) and after (b) coagulation process. The 
strain image in (b) shows a region oflower strain in the surrounding of the needle electrode. 

The rf data was sampled by a PC ADC card (GaGe 6012, 30MHz, 12 bit). 
Calculation of strain images was done on a conventional PC yielding up to 7 
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elastograms per second. The length and overlap of the temporal windows for 
displacement estimation was set to 30 samples and 50 % respectively. ln the 
resulting elastograms the coagulated zone is clearly visible as a region of low strain 
and therefore as a stiffer region (Fig. 6). 

4. Elastography Limitations 

Results from clinical studies of prostate cancer and breast cancer as well as from 
in vitro experiments showed that elastography has the potential to support the 
detection and localization of lesions as well as to support their differential diagnosis. 
However, it can not be overlooked that elastograms tend to have a noise appearance 
making it difficult to mark off the limits of hard inclusions from other tissue or 
artifacts, respectively. Therefore, the question arises, if there exist fundamental 
limits on the quality of axial strain images with respect to the examination of living 
tissue, which has typical values for Young's modulus from 10 to 100 kPa. We want 
to address this question by looking at elastography from a system theoretical point 
ofview, shown in Fig 7. 

I E-Modulus: E0 , Ek I FEM I strain e I 
ultrasound system .... J······ ........ j .. .... .. ..... ... . 

I time delay estimation: SNR.I noise 

FIR-filter ! j 
I strain: SNRJ 

Fig. 7. Elastography from system theoretical point of view. 

Given an elasticity distribution (inclusion Ek, surrounding t issue E0) , the expected 
axial stra in can be calculated using finite element methods (FEM). Of course, the 
solution of the FEM problem highly depends on the elasticity distribution as well as 
on the boundary conditions (FEM parameters). When axial strain is measured by 
means of an ultrasound machine, we have to account for noise from the 
measurement of axial displacements (ultrasound system parameters) and noise from 
the calculation of axial strains (signal processing parameters). What we are 
interested in from an image processing point of view is the achievable contrast of 
elastograms SNRc in dependence from the mentioned parameters, 

E - E 
SNR, = 20 · log10-'--

0 

cr, ( I) 

with Ek being axial strain within the inclusion, Eo being the average strain within 
the whole image, which is equal to the applied rate of compression (here: Eo = -

I % ), and crc being the variance of the strain estimates. Given a certain geometry of 
the object (6 cm image depth, 4 cm image width), an elasticity distribution 
(inclusion Ek, surrounding tissue Eo) and boundary conditions (I % compression and 



http://rcin.org.pl

PRINCIPLE, A PPLIC/\ TIONS AND LIM ITATIONS OF .. . 139 

Neumann conditions laterally), we can assume a plane strain state, m order to 
calculate strain values inside the inclusion. 
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Fig. 8. Geometry of FEM analysis (left): plain strain, I % compression, axial strain ana lysis 
at the center of the inclusion (right). 

Fig. 8 shows the geometry of our FEM analysis and the resulting axial strain 
values at the center of the inclusion. Note, that strain values inside the inclusion are 
greater than - l %, if the inclusion is softer than the surrounding material 
(Ek = I 0 kPa, Eo= 20 kPa) and strain values inside the inclusion are smaller than 
- I %, if the inclusion is harder than the surrounding material (Ek > E0). 

lf we look at strain images, which are derived from time delay estimates, the 
quality of strain images (elastograms) is limited due to noise from the variance of 
time delay estimates. The variance of strain estimates crt depends on the variance of 
time delay estimates cr" the distance between two successive time delay estimates .M 
and the window length T of the underlying correlation technique [8], 

2 > 2 cr! cr --
'- T · /';.t (2) 

If t ime delays are estimated by means of an ultrasound system, i.e., broadband 
rf-signals, one measure of quality for time delay estimates is the Cramer-Rao­
Lower-Bound (CRLB), i.e., the minimum variance that can be achieved wi th an 
unbiased time delay estimator. It has been derived by Weinstein and Weiss (1983) 
for time-shifted signals assuming flat signal and noi se power spectra [9]. Walker and 
Trahey [I 0] derived the CRLB for time-shifted ultrasound signals, 

(3) 

in dependence from system parameters (bandwidth B, center frequency f0, SNR 
of the ultrasound signals) and parameters from the correlation method (window 
length T, correlation coefficient p). Given system parameters (f0 = 9 MHz, 
B = 7.2 MHz, electronic signal-to-noise ratio SNR= IOO) and signal processing 
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parameters (T = I J...LS , ~t = 0.5 J...LS, p = 0.95), we get cr, = 1.04 ns and crc from eq. (2) 
turns out to be crr.=0.2 %. 
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Fig. 9. Strain difference e0-ek for different values of E~ and E0. 

From Fig. 8 we can determine the mean strain value inside an inclusion Ek for any 
reasonable combination of E~ and E0, i.e., in the range of I 0 kPa to I 00 kPa. The 
result is shown in Fig. 9 and we found empirically, that the relation between Ek, Eo, 
Ek and Eo can be linearized to 

(4) 

The factor croE can be regarded as a mechanical conversion factor and 
compensates for the effect of the FEM analysis (partial differential equations) on the 
axia l strain distribution compared to a simple one-dimensional spring model , which 
would give croE = I. Jf we look at Fig. 9 with re pect to the elastographic signal-to­
noise ratio SNRr., we must take into account that it will take values greater than 0 dB 
only for pairs of Ek and E0, which strain difference Eo-Ek is outside of ±crc (here: 
ca lculated for p = 0.95). Substituting the result from eq. (4) into eq. ( l ) yields 

SNR = 20 -loo (-~ cPoE (El - Eo) ) 
• oi O er, Eo+ CroE (El- Eo) 

(5) 

If we focus on the detection of hard lesions, eq. (5) can be used, in order to 
determine, which value Ek a hard inclusion must exceed, in order to achieve an 
SNRc greater than 0 dB in dependence from a given correlation coefficient p (see 
Fig. 10). 
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E.g., for a tissue with Eo= 40 kPa, a hard inclusion must have Ek = 70 kPa, in 
order to be detectable with an elastographic signal-to-noise ratio SNRc greater than 
0 dB, given a correlation coefficient from time delay estimates of p = 0.94. 

5. Conclusions 

Results from clinical applications with respect to prostate and breast imaging as 
well as from in-vitro experiments show, that elastography has some value in medical 
imaging with respect to the detection, localization and differential diagnosis of hard 
lesions. However, strain imaging (ultrasound elastography) should be regarded as an 
addit ional imaging modality to the conventional B-mode rather than a stand-alone 
application. The quality of elastograms suffers from noise due the variance and 
decorrelation of time delay estimates, respectively. During in-vivo examinations we 
observed that the correlation coefficient from the underlying correlation technique 
takes values between 0.9 and 1.0. Introducing a mechanical conversion factor c roE, 
which accounts for the geometry of the object and the boundary conditions of the 
plane strain problem, we could show that the elastographic contrast is highly 
dependent of the value of the correlation coefficient. This result could be an 
explanation for the noisy appearance of elastograms, because the mechanical 
conversion factor CpoE can not be greater than one, as it is not possible to amplifY 
expected strain ratios. 
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