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Abstract 

Prostate cancer is the most frequent type of cancer in men in Europe and the USA. 
The methods presently used to detect and diagnose prostate cancer are inexact, and 
new techniques are needed. Prostate tumours can be regarded as harder than the 
surrounding normal healthy glandular tissue, and therefore it is of interest to be able 
to reliably measure prostate tissue stiffness. In this dissertation the approach was to 
evaluate tactile resonance sensor technology and its ability to measure mechanical 
properties and to detect cancer in human prostate tissue. 

The tactile resonance sensor is based on a piezoelectric transducer element 
vibrating at its resonance frequency through a feedback circuit. A change in the 
resonance frequency is observed when the sensor contacts an object. This feature has 
been utilized to measure tissue stiffness variations due to various pathophysiological 
conditions. 

An impression-controlled tactile resonance sensor system was first used to 
quantify stiffness and evaluate performance on silicone. Then the sensor system was 
used on fresh human prostate tissue in vitro to measure stiffness using a combination 
of frequency change and force measurements. Significant differences in measured 
stiffness between malignant and healthy normal tissue were found, but there were 
large variations within the groups.  

Some of the variability was explained by prostate tissue histology using a tissue 
stiffness model. The tissue content was quantified at four depths in the tissue 
specimens with a microscope-image-based morphometrical method involving a 
circular grid. Numerical weights were assigned to the tissue data from the four 
depths, and the weighted tissue proportions were related to the measured stiffness 
through a linear model which was solved with a least-squares method. An increase 
in the proportion of prostate stones, stroma, or cancer in relation to healthy glandular 
tissue increased the measured stiffness. Stroma and cancer had the greatest effect 
and accounted for 90 % of the measured stiffness (45% and 45%, respectively).  

The deeper the sensor was pressed, the greater, i.e., deeper, volume it sensed. A 
sensing depth was extrapolated from the numerical weights for the measurements 
performed at different impression depths. Horizontal surface tissue variations were 
studied by altering the circular grid size relative to the contact area between the 
sensor tip and the tissue. The results indicated that the sensing area was greater than 
the contact area. The sensor registered spatial tissue variations. 

Tissue density-related variations, as measured by the frequency change, were 
weakly significant or non-significant. The measured force registered elastic-related 
tissue variations, to which stroma and cancer were the most important variables. 
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A theoretical material-dependent linear relation was found between frequency 
change and force from theoretical models of frequency change and force. Tactile 
resonance sensor measurements on prostate tissue verified this at small impression 
depths. From this model, a physical interpretation was given to the parameters used 
to describe stiffness.  

These results indicate that tactile resonance sensor technology is promising for 
assessing soft tissue mechanical properties and especially for prostate tissue stiffness 
measurement with the goal of detecting prostate cancer. However, further studies 
and development of the sensor design must be performed to determine the full 
potential of the method and its diagnostic power. Preferably, measurements of tissue 
mechanical properties should be used in combination with other methods, such as 
optical methods, to increase the diagnostic power. 
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1 Introduction 

1.1 What is this all about? 
The human body is a complex system. From the organizational point of view, the 
body or the organism is the highest level of organization, followed by the system 
level. A system consists of several organs with a common function. The organs 
consist of different tissue types depending on structure and function (Tortora and 
Grabowski 2003). Tissues in turn are made up of a network of differing amounts of 
different cells, extracellular fibres and extracellular ground substances. This gives 
each tissue its own individual characteristics. The fibres can give a supportive or an 
elastic function. The ground substance surrounds, binds and supports the fibres and 
cells. The micro- and macroscopic structures of the cells, fibres and ground 
substance allow each tissue to show complex and specialized mechanical behaviours 
(Fung 1993). 

Patho-physiological changes in tissue composition due to disease in a tissue can 
alter the consistency and stiffness. In general, tumours result from abnormal and 
excessive cell division, and tumours are generally regarded as harder than the 
normal healthy tissue. Therefore, tumours can be detected as hard lumps or nodules 
by palpation. In the female breast and the male prostate, there are examples of this: 
breast cancer tumours are usually harder than normal breast tissue and prostate 
cancer is usually harder than normal healthy prostate tissue.  

Prostate cancer is diagnosed by studying the prostate-specific antigen (PSA) level 
in blood, where a high level could indicate a cancer. However, a raised PSA level is 
not solely due to cancer. It can also be due to benign prostate enlargement. In 
addition, rectal palpation, ultrasound examination, and microscopic examination of 
biopsies are used. However, palpation is a subjective method and is not sensitive 
enough during the early stages of cancer, and most prostate tumours are detected 
before they can be palpated (Schröder et al 1998). Traditional ultrasound is not 
sensitive enough to detect tumours, but can be used to guide biopsy needles 
(Tobocman et al 1997, Sedelaar et al 2001). Biopsies are used for exact diagnosis by 
optical microscopy, but new complementary methods are needed. 

A sensor technique resembling the tactile properties of the human hand has been 
developed (Omata and Terunuma 1992). This sensor has the ability to measure 
stiffness and elastic-related properties of soft materials such as human tissue. The 
principle is that it measures the change in resonance frequency when an oscillating 
ceramic rod is put in contact with the surface of an object under study. Several 
articles have been written that describe the performance of different types of the 
sensor in robotics (Omata et al 2004) but most of all in medical applications. For 
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example, it has been used for eye-pressure monitoring as described in the PhD-
theses by Eklund (2002) and Hallberg (2006). In a PhD thesis by Murayama (2005), 
a micro tactile sensor has been used for micro scale tissue and cell characterization.  

Tactile resonance sensors have been used for quantitative assessment of liver 
stiffness (Kusaka et al 2000), lymph node stiffness (Miyaji et al 1997), myocardial 
stiffness (Miyaji et al 2000, Miyaji et al 1998), skin elasticity (Lindahl et al 1998, 
Sakai et al 2000, Sasai et al 1999) and skin hardness (Takei et al 2004). 
Furthermore, it has been used for measurements of rat prostate stiffness (Omata and 
Constantinou 1995) and stiffness of fixed human prostate tissue in vitro (Eklund et 
al 1999). 

Sensor systems with properties of the tactile resonance sensor could be used for 
assessing prostate tissue mechanical properties to aid in the diagnosis and treatment 
of prostate diseases. In the future it could be used for guiding biopsies, and in 
conjunction with surgical treatment of prostate cancer. In the latter case, removed 
prostate tissue could be scanned for the presence of cancer in the prostate and for the 
spreading of the cancer through the prostate capsule. This dissertation aims to 
address the issue of a tactile resonance sensor system for detecting prostate cancer. 

1.2 Outline 
This dissertation describes the evaluation of a type of resonance sensor for 
measurements of stiffness of prostate tissue in vitro. The Chapters 2, 3 and 4 give a 
relevant overview and background to the dissertation. Chapter 2 gives a brief 
description of human tissue in general, followed by Chapter 3 about the prostate 
anatomy, prostate cancer and diagnostic methods. Chapter 4 introduces the theory 
behind the tactile resonance sensor and describes important definitions used in later 
parts. It also presents applications of the tactile resonance sensor. Thereafter Chapter 
5 states the aims. Chapter 6 summarizes Papers I to IV. Chapter 7 presents the 
measurement and analysis methods and the materials and subjects under study. The 
results of the analysis are shown in Chapter 8 together with a discussion of them. 
Chapter 9 presents future work and possibilities. A summary and conclusions are 
drawn in Chapter 10. 
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2 Biological tissue 

2.1 Human tissue types 
Human tissue types are made up of a collection of cells and the substance that 
surrounds them, and each tissue has one or more specific functions or tasks. An 
organ (e.g., a kidney), is made up of a group of tissues to perform together and have 
a related physiological function. Tissue consistency can vary from being hard 
(bone), semisolid (fat), or even liquid (blood) (Tortora and Grabowski 2003). The 
structure and properties depend on the type and arrangement of the cells, as well as 
on the materials found between the cells. Tissues are classified into four major 
types: muscle, nervous, epithelial, and connective tissue, and there are several 
subdivisions within each category. A brief overview is given here. 

Muscle tissue consists of specialized cells, which, when stimulated, generate a 
physical force and thereby cause movement (Tortora and Grabowski 2003). Three 
types of muscle tissue are found in different places in the body. Skeletal muscle is 
attached to the bones. Smooth muscles build up the blood vessel walls, the outer, 
muscular layer of the gastrointestinal tract, and parts of several other organs. Cardiac 
muscle tissue is only found in the heart. 

Nervous tissue is composed of neurons (i.e. nerve cells) and other special types 
of cells that support and protect the neurons. Nervous tissue detects changes in the 
external and internal body environment (Tortora and Grabowski 2003) and transmits 
electrical signals. 

Epithelial tissue occurs in two different types (Tortora and Grabowski 2003). 
One type is the glandular epithelium, where a single cell or a group of cells make up 
glands that secrete substances into a lumen (i.e. ducts), onto surfaces, or into the 
blood. The other type is the covering and lining type, where one or several layers of 
cells cover body surfaces (e.g., the skin), line body cavities (e.g., the peritoneum) or 
line ducts (e.g., blood vessels). Epithelium has thus many roles in the human body as 
protection, filtration, secretion, absorption and excretion. 

Connective tissue is by far the most plentiful of the body’s tissues, and it is 
widely distributed throughout the human body. There are several different types of 
connective tissue cells (e.g., fibroblasts). Fibroblasts secrete a substance which 
surrounds the cells, and this substance is called the extracellular matrix and consists 
of extracellular fibers and a ground substance (Tortora and Grabowski 2003). Each 
type of connective tissue has its own matrix components and its own particular 
proportion. There can be loosely woven fibers found around and between organs, 
irregularly woven fibres (for protection around organs) or regularly aligned, dense 
fibres (ligaments and tendons). Connective tissue supports, protects, and binds 
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together other tissues and organs. Other types of connective tissue are blood, lymph, 
cartilage and bone.  

2.2 Fibers and stroma 
There are three types of protein-based extracellular fibers in the connective tissue 
matrix, and these are the collagen, elastic, and reticular fibers which give the 
strength and supportive properties to the connective tissue (Tortora and Grabowski 
2003). 

Collagen is a protein and represents 25% of the total protein content of the body 
(Tortora and Grabowski 2003). It is the most important structural component of the 
human body (Fung 1993). Collagen molecules wind up to fibrils which build up the 
fibers. Collagen fibers are very strong, but not stiff and thereby provide flexibility. 
They are found in most types of connective tissue and are arranged in parallell to 
each other in bundles. Other types of structures are also found to provide different 
mechanical behaviour (Fung 1993).  

Elastic fibers are smaller in diameter than collagen fibers and form a network 
within a tissue. They are strong but very flexible and give the tissue its elastic 
properties. Elastic fibers are made of the protein, elastin, surrounded by a 
glycoprotein called fibrillin (Tortora and Grabowski 2003). Elastin is the most 
linearly elastic biomaterial (Fung 1993). 

Reticular fibers consist of collagen, with a coating of glycoprotein, and are much 
thinner than collagen fibers. They provide support in the walls of blood vessels and 
form networks around the cells in some tissues such as adipose tissue and smooth 
muscle tissue. Reticular connective tissue, composed of reticular fibers, forms a 
supporting framework, the stroma, in and around an organ, gland, or other structure 
(Tortora and Grabowski 2003). 

2.3 Ground substance 
The ground substance is a hydrophilic gel which exists together with the fibres in the 
spaces around the connective tissue cells (Fung 1993, Tortora and Grabowski 2003). 
The gel contains predominantly water, but also different chemical compounds such 
as polysaccharides (also referred to as glycosaminoglycans) and adhesion proteins 
which give it a viscoelastic behaviour. The gel-like consistency of ground substance 
is due to hyaluronic acid, a polysaccharide. The adhesion proteins attach the cells, 
fibers and ground substance together (Fung 1993, Tortora and Grabowski 2003). 
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3 The prostate 

3.1 Anatomy and physiology 
The prostate is a gland in the male reproductive system. It is of the size of a golf 
ball, doughnut-shaped, and located under the urinary bladder. It surrounds one part 
of the urethra, i.e. the prostatic urethra (Tortora and Grabowski 2003). Figure 3.1 
gives an illustration of the anatomy. 

 

  
Figure 3.1. The human male anatomy of the genital tract. Image from 
http://en.wikipedia.org/wiki/Prostate. 

The prostate gland contains glandular epithelium, smooth muscle tissue and 
connective tissue. The smooth muscle and connective tissue together are referred to 
as the prostatic stroma, and it is a relatively dense (hard) tissue due to the relatively 
dense packing of the smooth muscle cells, connective tissue cells and extracellular 
fibres. 
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The gland secretes a fluid substance that contributes to sperm motility and the 
fluid enters the prostatic urethra via many prostatic ducts. Prostate-specific antigen 
(PSA) is one of the substances in this fluid (Tortora and Grabowski 2003). 

Prostate stones (corpora amylacea) are found in the prostate gland of normal, 
healthy men, usually after the age of 40. However, their presence should not be used 
to exclude cancer (Christian et al 2005). The stones are found in the lumens of the 
prostate glands and consist of solidified prostate gland secretion. They are quite 
dense (hard) as compared to the other tissues around them in the prostate. 

3.2 Prostate cancer 
Cancer is a disease characterized by uncontrolled cell division. The newly developed 
tissue is called a tumour or neoplasm and can either be cancerous or harmless 
(Tortora and Grabowski 2003). The cancerous and often fatal tumour is also called a 
malignant tumour, and the harmless tumour is called a benign tumour. 

Around the age of 60, one-third of all men can suffer from an enlargement of the 
prostate. The medical term for this type of tumour is benign prostatic hyperplasia 
(BPH). If the prostate grows too much it could constrict the prostatic urethra and 
thereby reduce or even completely stop, the flow of urine, thereby causing 
discomfort and pain during urination (Tortora and Grabowski 2003). 

Malignant tumours of the prostate, i.e. prostate cancer, and BPH, have similar 
symptoms (American Cancer Society 2007). Malignant tumours have the property of 
metastasizing, i.e. spreading to and invading other parts in the body. The prostate 
cancer can invade and damage tissues locally – often the bladder or the rectum. The 
cancerous cells can also be transported to other parts of the body via the blood or the 
lymphatic system. The lymphatic system produces, stores, and carries white blood 
cells, and has the function to fight infections and diseases (Tortora and Grabowski 
2003). When the cancer has metastasized it is often found in the lymph nodes and 
from there it can be transported to other organs in the body. It is common for 
prostate metastases to attach to and grow in bone tissue.   

Prostate cancer is the most frequently diagnosed cancer of men in the US and one 
of the leading causes of cancer death in men in the US (American Cancer Society 
2007) and Europe (Parkin et al 2001). Globally it was reported to be the third most 
common cancer (Quinn and Babb 2002), accounting for 15% of cancers in men in 
developed countries, but only 4% in developing countries. This is because of the 
relatively large population of elderly men in developed countries. In Sweden 
prostate cancer is also common and represents one third of all male cancer types and 
it is becoming increasingly more common. About 2500 men die of prostate cancer 
each year in Sweden.  

The cause of prostate cancer is not fully understood, but there are some factors 
that are believed to increase the risk. Old age is a certain risk factor as well as the 
family history (Bergh et al 2005, American Cancer Society 2007). Ethnicity and the 
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diet also have some influence. The disease is common in North America and north-
western Europe, while rare in Asia and South America.  

3.3 Detecting and diagnosing prostate cancer 
Tests that can verify the existence of prostate cancer are the blood test for PSA 

and digital rectal examination (DRE), where harder or lumpy areas can be sensed by 
palpation (American Cancer Society 2007, Tortora and Grabowski 2003). However, 
PSA is not cancer-specific, e.g. Bergh et al (2005). Prostate cancer, BPH and 
prostate inflammation due to bacterial infection (Kawakami et al 2004), all increase 
the amount of PSA found in the blood. Most cancer tumours are detected with PSA 
before they can be palpated by means of DRE  (Schröder et al 1998). A tumour is 
diagnosed by taking ultrasound-guided biopsies. However, as most tumours are not 
palpable and not detectable by traditional ultrasound (Aarnink et al 1998, Tobocman 
et al 1997, Sedelaar et al 2001), there is no reliable way to direct the biopsies to 
suspicious areas of cancer. Therefore ultrasound-guided needle biopsies are taken at 
random and a tumour might easily be missed as the volume of a biopsy is 1/1000 of 
the prostate volume (Bergh et al 2005).  

The needle biopsies are examined by optical microscopy in order to find cancer 
cells, and if such are present the Gleason grade is determined (ranges from 1 to 5) 
(Bergh et al 2005). This grade is based on the pattern of glandular differentiation. At 
different locations in the tumour the cancer can differ and therefore grades are given 
to them too. The dominant and secondary pattern grades are added to result in the 
Gleason score (ranges from 2 to 10). A low Gleason score indicates a cancer tumour 
that grows slowly and will probably not spread as much as one with a higher value. 
A high value indicates a more aggressively growing tumour.  

The treatment of prostate cancer varies depending on the patient’s age and 
medical conditions as well as the stage of the cancer. Methods include 
chemotherapy, hormonal therapy, radiation, and/or surgery. Hormonal treatment, 
chemotherapy, radiation or a combination are used for both metastasized prostate 
cancer and as supplemental treatments during an early stage of the disease 
(American Cancer Society 2007). BPH can be treated by transurethral resection of 
the prostate (TURP), where pieces of the inside of the prostate are removed through 
the urethra. Radical prostatectomy, where the whole prostate is removed, is a 
surgical treatment of prostate cancer in the gland (Bergh et al 2005). From this 
surgery, microscopic examinations of the resected prostate specimen can be done. 
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4 Tactile resonance sensor basics 

4.1 Resonance and tactile sensors 
Resonance sensors utilize the resonance frequency of a mechanical, acoustical or 
electrical structure to relate to a physical property of interest (Khazan 1994). The 
mechanical resonance frequency or relative phase of oscillation is in use in sensors 
that are configured for liquid or gas density and viscosity, liquid level, mass and 
mechanical force, and fluid flow rates (Jones 1987, Langdon 1985). 

A definition of a tactile sensor in general is one which can measure a given 
property of an object through physical contact between the sensor and the object 
(Lee and Nicholls 1999). Properties that can be measured can be shape, texture, 
temperature, hardness, or moisture content. Applications include surgery, 
rehabilitation, robotics, and food processing automation. Common transduction 
principles are piezoelectric, with arrays using resistive or capacitive sensing. In 
minimal access surgery (keyhole surgery) tactile feedback would benefit the surgeon 
with tissue properties of compliance, viscosity and surface texture (Eltaib and Hewit 
2003). A tactile laparoscopic grasper for surgical palpation based on resistive 
sensing was shown to be useful by giving tactile feedback in a pre-clinical 
experimental setting (Schostek et al 2006).  

In this dissertation the tactile resonance sensor is based on the principle of 
piezoelectric resonance, in which a piezoelectric element is set to vibrate with an 
electronic driving circuit. The sensor principle originated from contact resonance in 
ground vibration measurements (Omata 1983), and that lead to a new light-weight, 
low-frequency piezoelectric disk transducer for measuring contact compliance 
(Omata 1985, Omata 1986, Omata 1988). Omata (1992) introduced a type of high-
frequency piezoelectric resonance sensor for medical applications and robotics, 
which he called a tactile sensor resembling the human hand. The word “tactile” also 
shows that the sensor has something to do with touch and contact, i.e. a touch or 
contact-based resonance sensor that can determine stiffness- or hardness-related 
properties of the measured object. 

4.2 Piezoelectricity 
Piezoelectricity is an electromechanical interaction between mechanical and 
electrical systems and was discovered in 1880 by the Curie brothers (Ikeda 1990). 
Piezoelectricity is a result from a non-uniform charge distribution within the unit 
cell of a crystal, i.e. an electric dipole (Hook and Hall 1991). When such a crystal is 
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mechanically deformed, the positive and negative charge centres are displaced by 
differing amounts. So while the crystal remains electrically neutral, the difference in 
charge centre displacement results in an electric polarization within the crystal.  

When a mechanical stress is applied on a piezoelectric material, an electric 
polarization is produced, and this is called the direct piezoelectric effect. The 
material subject to an electric field will result in the inverse effect, i.e. the material 
will be mechanically strained (Ikeda 1990). Piezoelectric materials are used in 
conversion of electrical and mechanical energy and have found a wide variety of 
applications, especially as transducers (Waanders 1991). 

Naturally occurring piezoelectric crystalline materials are quartz and tourmaline, 
but others include Rochelle salt and fabricated ceramic materials. Barium titanate 
and lead zirconate titanate (PZT) are piezoelectric ceramics (Waanders 1991).  

The piezoelectric ceramic materials obtain the non-symmetric structure, and 
thereby the dipole, below the Curie temperature. When exposing the ceramic to a 
strong electric field when the temperature is below the Curie temperature, the dipole 
domains in the crystal structure are aligned in the direction of the field. When the 
field is removed, the dipoles are locked, and a polarization and a permanent 
deformation remains (Waanders 1991).  

4.3 Tactile resonance sensor principle 
From now on when the term resonance sensor is used, it refers to the sensor 
principle based on piezoelectric tactile resonance sensor technology. The principle 
of the tactile resonance sensor as is used in this dissertation was introduced by 
Professor Sadao Omata (Omata 1990, Omata and Terunuma 1992). In short, the 
sensor consists of a piezoelectric transducer element made of PZT. The transducer is 
composed of two parts, one for producing an oscillation (driving element) and the 
other for detecting the vibration (pick-up element). The detected vibration is fed to a 
feedback circuit. (Fig. 4.1.)  
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Figure 4.1. The resonance sensor consists of the driving element and the pick-up. The 
resonance sensor element is set into oscillation by a feedback circuit which consists of 
an amplifier (Amp) and a band pass filter (BP filter) with phase shift properties. 

The whole sensor circuit, i.e. the PZT transducer with its drive and pick-up 
configuration and the feedback circuit, oscillates with a frequency that is determined 
by the phase-frequency characteristics of the PZT transducer and the feedback 
circuit. Resonance is established when the zero phase shift condition is fulfilled, i.e. 
the sum of the phase shifts in the whole circuit is equal to zero, and this is done by 
the feedback circuit through its phase-shift circuit (Omata et al 2004). This means 
that the phase-shift circuit determines the oscillation frequency regardless of the gain 
properties of the PZT transducer (Murayama et al 2005). The oscillation frequency 
is chosen close to the inherent resonance frequency of the PZT transducer to obtain 
maximum sensitivity in phase. 

When the PZT transducer with an attached contact piece touches an object, the 
resonance frequency changes (Omata and Terunuma 1992). The resulting change in 
frequency between the loaded and unloaded state, ∆f = f – f0, depends on the 
physical properties of the measured object (Omata and Terunuma 1992), (Omata et 
al 2004), the contact area (Eklund et al 1999), and the frequency characteristics of 
the PZT transducer and feedback circuit. 

For soft objects, i.e. objects that are deformed by a pressure, such as silicone or 
human skin, a negative ∆f is obtained, whereas a positive ∆f is obtained for non-
deformable hard objects such as nails, teeth, or metals (Omata and Terunuma 1992, 
Omata et al 2004). 

BP 
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4.4 Oscillating rod theory 
A change in resonance frequency of an oscillating rod is related to the acoustic 
impedance of the measured object with which it is in contact. The behaviour of the 
resonance sensor can be described approximately with the theory of vibration modes 
in a finite rod. This theory originates from earlier studies on contact impedance 
measurements with an ultrasonic hardness tester for metals (Kleesattel and Gladwell 
1968a, Kleesattel and Gladwell 1968b, Kleesattel and Gladwell 1969) and was later 
used to describe the behavior of the piezoelectric tactile resonance sensor (Omata 
1990, Omata and Terunuma 1992, Murayama 2005). 

The behaviour of the vibrating rod can be described with the wave equation 
theory of vibration modes in a finite rod. The change in resonance frequency is 
related to the acoustic impedance of the object with which it is in contact according 
to 
 

0

0
2 Z
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v
f x

π
−=∆    (4.1) 

 
where l is the length, where v0 is the wave velocity and Z0 is the acoustic impedance 
of the vibrating rod. qx is the reactance term of the impedance of the object Zx, which 
can be written as 
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where rx is the resistance term. The reactance part may further be written as 
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where mx is the inertia term, kx the stiffness term (or inverse compliance) and ω is 
the angular frequency. The resistance, inertia and stiffness terms can be written as 
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In the equations, E is Young’s modulus, ν is the Poisson’s ratio, ρ is the density of 
the object, S is the contact area and a11, a21 are dependent of ν. It can be concluded 
that ∆f, when the sensor is applied onto a surface of an object, will depend on the 
material properties and the contact area. The area, in turn, is dependent upon the 
applied pressure, which indicates that at constant pressure or force the measured 
material would govern the size of the area. Therefore, the frequency change will 
measure hardness (Omata 1990, Omata and Terunuma 1992). The propagating 
sound wave in the object will be affected by the reactance part, and the attenuation 
of the wave in the material will be affected by the resistance part. The resistance 
term describes the cause of small losses. 

4.5 Medical applications 
It has been shown experimentally that the tactile resonance sensor is able to sense 
hardness and softness like the human hand (Omata 1990, Omata and Terunuma 
1992). Therefore it has been used in a variety of medical applications for its tactile 
properties and for its ability to indicate the health of the tissue under study. Here, the 
PZT transducer was mounted in an acrylic pipe with foam and the frequency change 
was studied at a constant contact pressure. 

The resonance sensor has been used for assessment of hormone-induced testis 
oedema in rats and measurements of hardness/softness in silicone rubber (Lindahl 
and Omata 1995). Measurements on skin can register differences in stiffness and 
elasticity (Lindahl et al 1998). The change in frequency at constant contact pressure 
is significantly correlated with parameters specific to the properties of skin lesions 
(Sasai et al 1999) and of the physical properties of stratum corneum of skin (Sakai et 
al 2000). The sensor can quantitatively measure skin sclerosis and may help in 
determining therapeutic treatment efficacy (Takei et al 2004). 

Myocardial stiffness is dependent upon regional myocarial function due to 
pathological changes (Miyaji et al 1998) and reduced coronary blood flow (Miyaji et 
al 2000). Additional studies could expand the clinical applications from cardiac 
operation to cardiac catheterization to evaluate regional changes in contractility in 
patients with ischemic heart disease. 

Muscle stiffness, as measured with a tactile resonance sensor, correlates with 
muscle tension and could be used to evaluate muscle fatigue in situ without 
measuring muscle tension (Inaba et al 2000). Muscle contraction and relaxation can 
be time monitored by tactile sensor-measured stiffness (Inaba et al 2001). 

For cancer detection, the technique can be used to detect the increased stiffness 
of lymph nodes containing metastases (Miyaji et al 1997) and to measure liver 
stiffness as an indication of liver fibrosis (Kusaka et al 2000). Small pulmonary 
tumour nodules, not visible at the lung surface, are successfully located using the 
sensor (Ohtsuka et al 1995) . 
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Variations in bladder wall stiffness of the rat, as measured by the tactile 
resonance sensor, can help to evaluate bladder and prostate biomechanics (Watanabe 
et al 1997). It was shown that the sensor is sensitive enough to differ between 
normal soft rat prostate tissue and rat prostate tissue in which the stiffness had been 
affected by hormonal treatment (Omata and Constantinou 1995). In that study a 
counterbalance resonance sensor system was used, and frequency change was 
obtained at a constant applied pressure.  

A catheter-type counter balance resonance sensor has been used to investigate the 
hardness of fixed prostate tissue in vitro (Eklund et al 1999), and the measured 
relative hardness, as the frequency change at constant force, is well correlated with 
the proposed hardness related to the histological composition of the prostate. A 
linear relation between phase shift over the sensor element and the impression depth 
was shown experimentally. This was utilized in a new sensor for intraocular pressure 
(IOP) measurement in a pig-eye model (Eklund et al 2000). Clinical and in vitro 
studies showed a good correlation with IOP, and a spherical contact tip instead of a 
flat tip was preferred to reduce off-centre contact errors (Eklund et al 2003b). 
Goldmann applanation tonometry was used as reference. A simultaneous continuous 
recording of force and area was introduced for a differential relation between force 
and frequency change for determining IOP, and that reduced errors in force 
measurements in model experiments (Eklund et al 2003a). In a clinical study with a 
biomicroscope set-up (Hallberg et al 2004) the new method was promising, but the 
off-centre applanation errors were still present. A new sensor design reduced those 
errors in a pig-eye model (Hallberg et al 2006), and in a clinical study (Hallberg et 
al 2007) the precision was within the limits of an international standard. 
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5 Aims of the study 

The overall aim of this research project was to develop, evaluate and apply 
resonance sensors to in-vivo diagnosis of the physical properties of human tissue.  

More specifically, the aim was to evaluate tactile resonance sensor technology on 
human prostate tissue in vitro. From experimental studies the aim was: 

 
• To differentiate between prostate cancer and normal healthy prostate tissue.   

 
• To relate measured mechanical properties to tissue histological content, and 

especially, to discern the role of prostate cancer.  
 
• To determine the sensing properties of the resonance sensor, i.e. how deep 

into the tissue it could sense tissue variations.  
 
• To theoretically describe the experimentally determined mechanical 

properties. 
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6 Summary of Papers I - IV 

6.1 Paper I 
Prostate tumours are regarded as harder than normal healthy prostate tissue. An 
impression-controlled resonance sensor system with a hemi-spherical sensor tip was 
evaluated for measurements on silicone rubber and fresh human prostate tissue in 
vitro. The sensor measured frequency change, force, and impression depth, and the 
combined information from the frequency change and force was used in two 
parameters: the frequency change at constant force and a differential relation 
between frequency change and force. These parameters were used to detect 
significant stiffness variations in silicone rubber models of different hardness and 
between tumour and normal healthy prostate tissue in vitro from ten patients. One 
superficial tissue section from each prostate specimen was examined with optical 
microscopy, and the areas which contained tumour tissue were outlined. The 
resulting large variations in tissue stiffness were assumed to be related to the tissue 
content variability. Sources of error could be related to specimens with different 
levels of dehydration or irregular surfaces. The differential relation between the 
frequency change and force was believed to be less sensitive to these errors than the 
frequency change at constant force. The developed method and results were 
promising and led to suggestions for further studies. 

6.2 Paper II 
A resonance sensor system has been used to demonstrate tissue variations in fresh 
prostate tissue in vitro. In this study, stiffness measurements were performed on two 
slices from excised prostatectomy specimens. A morphometrical investigation was 
done, where the tissue histological content was quantified with optical microscopy 
and a grid-point method. At each intersection in a circular grid representing a 
measurement point, the tissue type was determined. The quantified tissue type 
proportions were used in a weighted tissue proportion model, where numerical 
weights were assigned to tissue from four different depths in the tissue specimen. 
The weighted tissue proportions were related to the measured stiffness parameter 
through a linear model. A least squares solution showed that an increase in the 
proportion of prostate stones, stroma, or cancer in relation to healthy glandular tissue 
increased the measured stiffness. Stroma and cancer were shown to contribute most 
to the measured stiffness. It was also shown that tissue at deeper sites in the 
specimen had less impact on the measured stiffness than the tissue closer to the 
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surface. A better representation of the deeper tissue was obtained when the 
impression depth of the sensor tip was increased, i.e. a larger volume was sensed. 

6.3 Paper III 
In this study the sensing properties of a resonance sensor system were investigated 
further. A previously established tissue stiffness model based on weighted tissue 
proportions was used to estimate the sensing depth. The model was also modified to 
include the horizontal tissue histological variability. Stiffness measurements of 
prostate tissue in vitro from two radical prostatectomy specimens were performed 
with a resonance sensor system. Tissue composition was quantified at four depths in 
the specimens using a microscopic-image-based morphometrical method. The 
proportions of tissue types were determined from grid point intersections in a 
circular grid image representing a measurement point. The size of the grid image 
could be decreased with image processing. Variable numerical weights were 
assigned to tissue data from different depths.  Measured stiffness was related to 
tissue data through a linear model which was solved with a least squares method. 
Horizontal surface tissue variations were studied by altering the circular grid image 
relative to the contact area between the sensor tip and tissue. The results indicated 
that the sensing area was larger than the contact area. The sensing depth for a 
specific impression depth was estimated from an extrapolated numerical weigh 
vector. From the measured stiffness, the sensor registered spatial tissue variations 
directly below and lateral to the tip. 

6.4 Paper IV 
Tactile resonance sensors have been demonstrated to measure physical properties of 
tissue and organs in a variety of medical applications. The measured frequency 
change at constant force as well as a differential relation between frequency change 
and force have been used as a stiffness parameter in many studies. This study aimed 
to relate the frequency change, the measured force, and the material properties, 
density and elasticity, and thereby explain previously established stiffness 
parameters. Simulations were done to investigate the relationship between frequency 
change and contact impedance. Measurements with a resonance sensor system on 
prostate tissue in vitro were used to validate the theory. Tissue histological content 
was measured with a microscopic-based morphometrical method. Simulations 
showed an inertia-term-dependent frequency change with a dependence on density 
and contact area. Experiments verified the theory with respect to contact area at 
small impression depths. The measured force followed an established contact 
mechanical model with dependency of the elastic modulus and contact area. 
Measured density variations related to histological variations through a linear model 
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were weakly significant or non-significant. Elastic-related variations were 
significant with contributions from stroma and cancer relative to normal glandular 
tissue. A material-dependent linear relation between frequency change and force was 
derived from theoretical models of force and frequency change. From it, physical 
explanatory models were derived for previously established stiffness parameters. 
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7 Material and Methods 

7.1 Tactile resonance sensor system 
In this study a commercially available resonance sensor system, Venustron® 
(Axiom Co., Ltd., Koriyama Fukushima, Japan) was used in the experimental work 
(Papers I to IV). This sensor system consisted of a piezoelectric resonance sensor 
element for measuring resonance frequency, a force sensor and a position sensor. All 
were arranged in a motorized mounting attached to a stable stand and connected to a 
computer (Fig. 7.1). The Venustron® hardware unit included the driving electronics, 
power supply, and the central processing unit (CPU) for communication with the 
sensors in the sensor probe (Fig. 7.1). A linear XY precision-positioning stage 
(Parker Hannifin Corporation - Daedal Division, Irwin, PA, USA) was used for 
precision movement of the measured object in the horizontal plane relative to the 
sensor tip. 

 

 
Figure 7.1. The experimental setup of the Venustron® resonance sensor probe (A) and 
electronics (B) together with a laptop PC (C) and a linear XY precision-positioning 
stage (D). 

The measurement set-up (Fig. 7.2) resembles the situation of a hemispherical 
indentation into an object (Johnson 1985), but the Venustron® provides additional 
information. During a measurement, the hemispherical-shaped sensor tip (5 mm in 
diameter, radius of curvature R = 2.5 mm) was lowered towards an object with the 
motor. An initial change in the frequency change (∆f) detected the point of contact 
(Fig. 7.2(b)); after which ∆f, the force (F), and the impression depth (d) were 
sampled at 200 Hz during the impression of the sensor tip (Fig. 7.2(c)). An 
impression speed of 1 mm s-1 was used, and impression data down to an impression 
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depth of 2 mm were recorded (Papers I to IV). Therefore the number of samples 
from the point of contact to d was NS = 200d. Measurement data from each 
measurement were saved on a file with Venustron® software and post processed in 
Matlab® (MathWorks Inc., USA). The sample resolution of ∆f was ∆∆f = 1 Hz, for F 
it was ∆F = 0.414 mN, and for d it was ∆d = 0.005 mm. 

The theoretical contact area of the hemispherical sensor tip was S = 2πRd = 5πd 
mm2, and a contact radius can be derived to rcontact = (5d – d2)1/2 mm. 

 

 
Figure 7.2. (a) An illustration of the measurement set-up with the sensor system and a 
measured object. (b) The sensor tip at the point of contact. (c) The sensor tip during 
impression into the measured object, and thus with a registered frequency change and 
force. 

7.2 Measured stiffness parameters 
In previous studies and applications of the tactile resonance sensor (see Chapter 4.5), 
the frequency change has been evaluated at constant force or constant applied mass 
∆fF. This has been realized by using counterbalance equipment, where the sensor has 
been applied with a constant force against the measured object, e.g. Eklund et al 
(1999).  

In this study the measured ∆f and F, from the impression process (Paper I, Fig. 
4), were combined together into the ∆fF. It was implemented by choosing the lowest 
force from the considered measurements at a certain d, i.e. min(Fd). This force was 
then used as the constant force at which the ∆f was interpolated, ∆fF = ∆f(min(Fd)) 
(Paper I).  

As described in Chapter 4.5, a differential relation between ∆f and F was 
suggested for measurements of eye-pressure (Eklund et al 2003a). In this 
dissertation a differential parameter, ∂∆f/∂F, was evaluated to describe the measured 
stiffness of prostate tissue (Papers I to III). It was implemented via the respective 
derivatives of ∆f and F with respect to d. Each derivative was estimated numerically 
by linear regression in an interval around the specified impression depth, i.e. d ± 0.1 
mm. The total interval, 0.2 mm, consisted of 10% of the samples in the total 
impression of 2.0 mm. 

Both ∆fF and ∂∆f/∂F were calculated at d from 0.1 mm to 1.9 mm in increments 
of 0.1 mm during the sensor probe indentation into the object. 
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7.3 Silicone rubber measurements 
In the evaluation of the Venustron® resonance sensor system, silicone rubber was 
used (Paper I). Previous studies have shown that a counter-balance arranged tactile 
resonance sensor is able to detect stiffness variations in silicone rubber (Lindahl and 
Omata 1995, Lindahl et al 1998, Eklund et al 1999).  

The silicone rubber samples were prepared from a two-component silicone 
mixture, Wacker SilGel 612 (Wacker-Chemie GmbH, München, Germany). The two 
silicone components were poured and mixed together in Petri dishes. The stiffness of 
the silicone can be varied by different proportions of the two components, and the 
mixture cures at room temperature in approximately 8 h. Penetration values in 
mm×10-1 (DIN ISO 2137, hollow cone 150 g) are provided by the manufacturer as a 
measure of stiffness. A high value indicates a soft object. These penetration values 
and the recalculated values (Eklund et al 1999) were used to estimate penetration 
values for new mixtures (Paper I). 

A very thin layer of aluminum oxide powder (Buehler, Lake Bluff, IL 60044, 
USA) was applied on the surface of the silicone to prevent the sensor from sticking 
to the surface. 

Ten measurements for reproducibility were done on each of seven silicone 
mixtures (Paper I).  

7.4 Prostate tissue in vitro measurements 
In this study, in vitro prostate tissue measurements were conducted at the 
Department of Medical Biosciences, Pathology unit, at Umeå University. The 
measurement method is described in Paper I, and measurement data from a 
specimen from each of two prostate glands were used in Papers II to IV. All the 
participating patients gave informed written consent and the study was approved by 
the institutional review board and the Ethics Committee of Umeå University. 

Measurements were made on ten specimens of fresh human prostate tissue from 
10 male patients (range 46 – 69 years, median age 59 years) undergoing radical 
prostatectomy for prostate cancer. For each prostate specimen the following 
procedure was followed: After surgery the prostate was transported on ice to the 
Pathology unit. The outer surface of the resected prostate was coated with ink for the 
purpose of orientation, and the specimen was cut in slices in the horizontal plane for 
routine histopathological diagnosis. Before fixation in formalin one of these sections 
(approximately 10-15 mm thick) was measured for variations in tissue stiffness with 
the Venustron® (Fig. 7.3).  

During the measurement session the tissue slice was pinned down on Styrofoam 
and kept moist with regular application of physiological saline solution. The saline 
solution was applied with a brush onto the measurement location before each 
measurement. At every fifth measurement (6–8 min) the edges of the tissue slice 
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were brushed to maintain overall moistness. Reference markings were marked on 
the Styrofoam plate and thereafter a photo was taken with a digital camera. The 
positions of the reference markings on the Styrofoam and the measurement points on 
the tissue surface relative to the sensor tip were controlled with the precision-
positioning stage which is shown in Figure 7.1. Between twelve and nineteen 
measurement points were studied on the surface of each prostate slice, and on 4–6 of 
these measurement points, five additional measurements were performed to study 
reproducibility. The reason for only taking 4–6 of the measurement points was to 
minimize the total measurement time so that the prostate tissue slices were not 
damaged for routine histopathological diagnosis. The time between the repeated 
measurements on the same measurement point averaged 6 min. After the 
measurements the tissue section was fixed in formalin and embedded in paraffin for 
a later morphometrical examination of tissue content. 

 

  
Figure 7.3. A side and a top view of the Venustron® sensor probe with its 
hemispherical tip and a prostate tissue specimen during an in vitro measurement 
session. The tissue specimen was pinned down with needles onto a Styrofoam plate. 
The scales with numbers are in millimetres. 

Measurements across the surface on the prostate tissue slice were based on a 
measurement matrix (Paper I, Fig. 2(b)). The distance between adjacent 
measurement locations in the measurement matrix was either 5 mm (small prostates) 
or 7.5 mm (larger prostates), centre to centre. Measurements were performed so that 
the viscoelastic effects of the impression of the sensor probe into the tissue of 
adjacent measurements were minimized. This was implemented so that two 
consecutive measurement points were never adjacent to each other (Paper I). 
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7.5 Morphometric analysis – Outlining of tumours  
In Paper I a morphometrical analysis was done for each of the ten prostate 
specimens embedded in paraffin blocks. With this method it was possible to 
determine the amount of cancer present at the measured locations. From the paraffin 
tissue block surface, the most superior and complete 5-µm thick section was taken 
for morphometric examination with a light microscope. For each of the ten patients, 
the location of malignant tumour tissue, as opposed to non-malignant prostate tissue, 
was marked on the glass slide on which the tissue section was placed (Fig. 7.4). The 
Gleason scores ranged 6 to 7 (grading 3+3 and 3+4) for the tumours in the ten 
prostate tissue samples. 

 

 
Figure 7.4. A 5-µm prostate tissue section with the outlining of malignant tumours 
(shown with arrows) together with the marked locations of measurements (circles with a 
diameter of 5 mm). The centre-to-centre distance between each pair of measurement 
points was 7.5 mm in this specific section. The orientation of the prostate in the human 
body is marked with left, right, and back. 

Coordinates of the reference markings on the Styrofoam plate and coordinates of the 
measurement locations were used to achieve the correct scaling in order to locate the 
measurement locations on the digital photograph. Then the coordinates, and thus the 
measurement locations, were transferred with the correct scaling onto the glass slide 
with the 5-µm thin sections (Fig. 7.4).  

A tumour hit percentage (THP), which is the relative amount of the full cross-
sectional area of the sensor tip that hit the tumour tissue, was estimated for all 
measurement points across all ten prostates (Paper I). For example, a THP ≥ 50% 
meant that at least 50% of the cross-sectional sensor tip area hit tumour tissue. A 
THP = 0% meant measurements on normal prostate tissue. Measurements on tumour 
tissue with THP = 100% and THP ≥ 50% were analysed whereas THP = 0 to 50% 
were excluded from the analysis (Paper I). 
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7.6 Microscopic tissue analysis  
A detailed morphometric analysis, for quantifying the tissue histological content in 
the measured prostate tissue slices, was done on two prostate specimens as described 
in Paper II. The same method was used in Papers III and IV.  

The following procedure was performed for the paraffin-embedded prostate 
tissue samples (Paper II): Holes with a diameter of 1 mm were drilled in the paraffin 
tissue block to obtain reference points for all the 5-µm thin sections cut from it. 
These orientation holes were placed close to the perimeter of the tissue specimen to 
avoid measurement locations. A few 5-µm sections were removed from the tissue 
block surface if it was not completely flat. Thereafter four 5-µm thick sections were 
taken at intervals of 1 mm, starting with the first section taken from the tissue block 
surface. The tissue sections were stained with hematoxylin-eosin (Bancroft and 
Stevens 1996) according to routine histopathological procedure and prepared into 
glass slides. Coordinates of reference markings and measurement points were used 
to locate the measurement points on the photographs taken during the measurement 
sessions. The measurement points were then rescaled to the glass slide with the 5-
µm tissue sections, and these slides were studied under optical microscopy. See 
Figure 7.5 for an illustration of the tissue sections with measurement points. 

 

 
Figure 7.5. An illustration of tissue sections in glass slides with marked measurement 
points as circles with a diameter of 5 mm.  

For each section, the tissue histological content under the sensor tip (a circle with 
diameter 5 mm) was determined for all measurement locations. The drill holes were 
used to find measurement points corresponding to each other on all the four sections. 
Digital photographs were taken with a camera (Olympus DP50, Olympus Sverige 
AB, Sweden) mounted on a light microscope (Olympus BX51, Olympus Sverige 
AB, Sweden). Tissue histological data were quantified by applying a circular grid 
(with 5 mm diameter) on the digital images and calculating the proportion of each 
tissue type (Paper II). A part of the grid is illustrated in Figure 7.6.  
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Figure 7.6. An illustration of a part of the circular grid used for estimating tissue 
proportions from a circular analysis area with a diameter of 5 mm. A total of 888 points, 
i.e. intersections, in the circular grid were classified to a specific tissue type. 
Magnification is ×4 and seven squares equal 1 mm. 

At each point of intersection (POI) in the grid, the tissue type (TT) was classified as 
epithelium, lumen, stroma, prostate stones (corpora amylacea), foci of inflammatory 
cells, cancerous epithelium or lumen in cancer glands. The data were digitized as 
follows: Each tissue type was coded, typed into a text file, and read into the 
computer (Paper II). A total of 136 locations were analysed with an analysis time of 
approximately two hours for each, including the time for locating and marking the 
measurement locations on the tissue sections, the photography with the microscope, 
and the input into the computer. The proportion of each tissue type at each 
measurement point and at each section was determined (Paper II). To simplify, the 
tissue types were combined into categories: gland, stone, stroma, and cancer. 

Figure 7.7 shows the appearance of the different normal TTs. Figure 7.8 shows a 
prostate cancer tumour, and Figure 7.9 shows a more complex prostate morphology. 

 

  
Figure 7.7. Illustration of non-cancerous portions of prostate tissue demonstrating 
prostate stone, stroma, prostate gland lumen and gland epithelium. Magnification is ×4 
and seven squares equal 1 mm. 
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Figure 7.8. The majority of the glandular tissue shown here is cancer. The centrally 
located tumour (purple color) is surrounded by stroma (pink color) and more cancer 
toward the corners of the figure. Magnification is ×4 and the 14 squares equal 2 mm. 

 

 
Figure 7.9. A complex pattern of prostate morphology including both normal glandular 
tissue (purple, arrows with triangle) and cancerous tissue (purple, arrows with dot). This 
illustrates the diversity of the tissue. Magnification is ×4 and the 14 squares equal 2 
mm. 
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7.7 Grid size processing 
In Paper III a variable grid size was used to study horizontal tissue variations and 
their impact on measured stiffness. This was done by studying the grid size and its 
dependency on the contact size between the sensor tip and the tissue. In Papers II 
and IV a fixed grid size was used, and the total number of points of intersection NPOI 
was 888 which corresponded to a circle with a diameter of 5 mm. NPOI can be 
considered to be the area of the circular grid. In that case the radius was 
rgrid=CPOI(NPOI/π)1/2, where CPOI = 1/7 because seven POIs equal 1 mm (Paper III). 

The size of the circular grid was reduced by using a binary image processing 
method called erosion (Castleman 1996) which involves the removal of boundary 
pixels in an object in a binary image. To do this, the digitized circular grid tissue 
data can actually be considered as a grey level image I, where each grey level 
corresponded to a specific TT (Fig. 7.10). The grey level image can be thresholded 
to a binary image B. To apply erosion to B, i.e. removing boundary pixels in the 
circle of binary ones (white pixel colour), a structuring element S, was used.  The 
eroded binary image was B⊗S, and with element-wise multiplication with I, an 
eroded grey level image E was reconstructed. E had a reduced diameter and thus a 
reduced NPOI, and E could be reduced further by repeated erosions. The number of 
times erosion was performed was NE, and when NE = 0, then E = I (Paper III). Two 
types of structuring elements were tested S+, S×.  

 

 
Figure 7.10. An illustration of a circular grid (left) showing tissue morphology and a 
grey level image I (right) with grey level values corresponding to different tissue types. 
The grid resolution shown on the left side is not the actual resolution, which was much 
higher. The grey level image on the right is an actual measurement location with 888 
pixels corresponding to the actual number of points of intersection in the grid that was 
used. 
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7.8 Tissue type proportions, vectors, and matrices 
From E the proportion of a tissue type was obtained as 
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Here Ec was the cth POI (or grey level value) in E with a total of NPOI = NPOI(NE) 
identifiable grey level values excluding the background values (black pixels). The 
numerator sums up to the number of Ec that are of the specific TT. Glandular tissue 
is composed of epithelium and lumen, thus the following simplifications were used 
(Paper II): pgland = pepithelium + plumen and similarly for cancerous glands, pcancer = 
pcancerous epithelium + pcancerous lumen. Furthermore it was assumed that pstroma = pstroma + 
pinflammation. 

In Papers II and IV the pTT was calculated as the amount of POIs of the specific 
TT divided by the total amount of POIs in the full circular grid. This is actually the 
same as equation (7.1) when E = I, NE = 0. 

The pTT was obtained for all measurements i = 1…75 and sections j = 1, 2, 3, 4 
(Papers II to IV). For the ith measurement point and the jth section, the proportion of 
a tissue type was pTT(i,j), and a tissue proportion vector pi,j for stone, stroma and 
cancer was 

 

( ) ( ) ( )[ ]T,cancer,stroma,stone, jijijiji ppp=p   (7.2) 
 
and the vectors  for j = 1, 2, 3, 4 built up the column vectors of the tissue proportion 
matrix Pi for the ith measurement 

 
[ ]4,3,2,1, iiiii ppppP =    (7.3) 

7.9 Weight vector modelling 
In Paper II different TT at measurement locations were determined, and this was 
done on four sections (Fig. 7.5) obtained from four different depths from the surface 
of the tissue block. The contributions from the different depths were analysed by 
assigning numerical weights to each section depending on its position from the 
surface. The concept of weight vectors was introduced in Paper II. 

The contribution of tissue at the jth section was modelled by numerically 
weighting the pTT(i,j) value by a weight value wj, i.e. wjpTT(i,j). Thus, a weight vector 
with weight values for each section j = 1, 2, 3, 4 is given by 
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[ ]T4321 wwww=w    (7.4) 
 
Two different weight vectors w were evaluated in this study (Papers II and III). The 
elements of the first w(1) were modeled as w(1)

j = c exp(-k( j – 1)) and for the second 
w(2) as w(2)

j = c (1 – k (j – 1)), where c = 1/4 (1/(number of sections)), and the 
parameter k was the steepness factor and varied from 0 to 1.5 in steps of 0.05. When 
k = 0 both weights become the constant weight for all j, while an increase in k gave 
decreased weight to the deeper sections (higher j). w(2) had a zero weight limit,  w(2)

j 
≥ 0, i.e. negative weights were lifted to zero. In Paper IV only w(1) was used with k 
from 0 to 5.0 (with steps of 0.05). The larger range of k made it resemble w(2) at the 
higher k. 

A sensing depth for a specific impression depth was estimated from an 
extrapolated weigh vector (Paper III). Consider a general weight vector with 
decreasing normalized weight wjw1

-1 for increasing j, then a weight wj = θ is obtained 
at some section j = jθ. In this study j = 1, 2, 3, 4 thus jθ might be larger than the 
maximum j = 4 and thus being non-real, i.e. such sections are extrapolations. In 
Paper III θ = 0 was the value of interest as it would mean that zero weight would be 
contributed from tissue at j0 and thereby j0 – 1 would be related to a sensing depth. 
For w(1) a limiting approach of θ → 0 was studied as otherwise j0 → ∞. For w(2) j0 
was finite. 

The weighted tissue proportion vector for the ith measurement is the column 
vector Pi w. However, as the sum of tissue proportions equalled one for every 
measurement i at every section j, and to obtain this when using w, the weighted 
tissue proportion vector was divided by the sum of the elements in w (equation 
(7.5)). 
 

∑
=

j j

i
i w

wP
pw     (7.5) 

7.10 Tissue stiffness model 
In a tissue stiffness model introduced in Paper II, the weighted tissue proportions 
(equation (7.5)) were related to a measured sensor quantity yi for the ith 
measurement. A predictor matrix X was set to describe the weighted tissue 
proportions as the following with the first column consisting of ones and the rest 
being the weighted tissue-type proportion vectors for each measurement i 
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This predictor matrix was then used in the linear model Y = X β + ε, where Y was 
the response variable vector with ith vector element yi as the measured sensor 
parameter, β = [β0 βstone βstroma βcancer]T was the model coefficient vector, and ε was 
the normally distributed random error (Paper II). The least squares problem of Y = 
X β + ε was solved for β. 

In Paper II, β was dependent on w, k, and d, while in Paper III, it was dependent 
on w, S, k, NE, and d. In Paper IV, only w(1) was used and thus β was dependent on k 
and d. The model control parameter, coefficient of determination (R2), was 
calculated for the model at each d and k in Paper II for both w(1) and w(2) and in 
Paper IV for w(1). In Paper III the mean square error 〉〈 2

ie was used and calculated 
for each d, k, NE for both S+, S× and for w(1), w(2). 

7.11 Modelling ∆f and F 
In Paper IV theoretical models of ∆f and F were used to analyse the measured 
parameters. Simulations of equations (4.3) and (4.4) were performed to find the 
relationship between ∆f and the impedance terms. From this a theoretical model 
could be established for the measured ∆f with respect to contact area S and the 
material properties of density ρ and elastic modulus E. 

In the simulations, a range of values on ρ for soft tissue (Mast 2000) and E for 
breast and prostate tissue (Krouskop et al 1998, Samani et al 2007) were used (Paper 
IV). For soft tissue the Poisson’s ratio ν = 0.495 (Krouskop et al 1998, Parker et al 
1990) was used. 

From contact mechanics (Johnson 1985) and theory of elasticity (Timoshenko 
and Goodier 1970) a model of the measured force was used in Paper IV. A simple 
form of this model was  

 
23ESF ∝     (7.7) 

 
Models of ∆f and F respective to S were fitted to experimental data through linear 
regression and the root mean square error or least square estimated standard 
deviation (s∆f and sF) was compared with sample resolution (∆∆f and ∆F) to study 
model-to-measured data agreement. The measured ∆f and F were obtained from 
prostate tissue in vitro measurements performed in Paper II. 
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7.12 Statistics 
Measured values are expressed as mean ± standard deviation (SD). The 
reproducibility of measurements was presented with coefficient of variation (CV 
(%) or SD relative to the mean) of the measured parameters. Pearson’s correlation 
coefficient was used for correlation analysis (Papers I to IV). The analysis of 
variance (ANOVA) test, followed by Tukey’s multiple comparison test on the 
measured parameters, was used to test for differences between groups (Papers I and 
II). To test differences between tumour and normal tissue, when considering both 
measured parameters together (Paper I), a one-way multivariate ANOVA 
(MANOVA) (Johnson and Wichern 2002) was used on the multivariate data. 
Multiple linear regression (Tamhane and Dunlop 2000) was used to relate a 
measured sensor parameter to the tissue composition (Papers II to IV) and thereby 
solving the least-squares problem Y = X β + ε. Residual analysis was used for model 
validation (Tamhane and Dunlop 2000). The coefficient of determination and the 
mean square error were used as model control parameters. 

Using a square root transformation, the constant variance and normality 
assumptions were justified (Johnson and Wichern 2002) for the measured stiffness 
(Papers I to III). A multivariate test of normality was done in Paper I according to 
Johnson and Wichern (2002). 

A p-value of less than 0.05 was considered statistically significant for all tests. 
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8 General results and discussion 

8.1 Silicone rubber evaluation 
Silicone rubber has been used in previous studies to evaluate tactile resonance 
sensors for stiffness and hardness measurement (see Chapter 4.5). 

Measurements on silicone rubber samples showed that the Venustron® could 
differentiate (p-value < 0.05) between different degrees of stiffness measured by ∆fF 
and ∂∆f/∂F with good reproducibility (Paper I). This was promising for prostate 
tissue in vitro studies. However, silicone rubber is a simple, homogeneous material 
as compared with prostate tissue, which is non-homogeneous. Prostate tissue can 
vary in composition of the different tissue types and level of dehydration.  

8.2 Prostate tissue stiffness variations 
Results from stiffness measurements on ten prostate tissue specimens showed that 
there were differences between tumour tissue and normal tissue (Paper I). The 
∂∆f/∂F was normalized by using √(|∂∆f/∂F|). The tumour content was determined as 
described in Chapter 7.5. 

Tumours with THP = 100% were significantly harder than normal tissue (THP = 
0%) at the higher impression depths (d = 1.6 – 1.9 mm) as indicated by √(|∂∆f/∂F|), 
while ∆fF  could not show any significant difference (Paper I). However, ∆fF 
indicated that THP = 100% were significantly softer than THP = 0% at d = 0.6 – 1.1 
mm, but the higher impression depths were considered more interesting because 
they were closer to full contact. 

When considering a multivariate parameter set (both ∆fF and √(|∂∆f/∂F|)), at each 
of d = 1.0 – 1.9 mm, a highly significant (p-value < 0.001) difference was found 
between THP = 100% and THP = 0% (Fig. 8.1). 

If increasing the size of the tumour group, i.e. considering measurements with 
THP ≥ 50 %, the significance was lowered for the multivariate analysis and the 
measured parameters could not show any significant differences individually (Paper 
I). This result was expected because the additional measurements had THP = 50% to 
100%, i.e. less contact with tumour tissue. 

Reproducibility was shown to be high with low SD and CV values for √(|∂∆f/∂F|) 
at d = 1.9 mm. CV was higher for ∆fF. The variation due to reproducibility was 
much lower than the variation in the tumour and normal tissue groups, respectively 
(Paper I). 
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Figure 8.1. The measured parameters ∆fF and ∂∆f/∂F for normal (THP=0%) and tumour 
tissue (THP=100% and THP≥50%) shown at impression depth of 1.5 mm. 

The analysis of prostate tissue in vitro showed that there were variations in measured 
stiffness between tumour tissue and normal tissue and an overlap existed (Paper I). 
Variations between patients could exist. The level of dehydration among the ten 
prostate specimens might also influence the results; less fluid on the surface giving 
less contact with the sensor tip and thereby decreasing the ∆f. Another source of 
error could be the unknown contact area due to the irregular surface of the prostate 
tissue specimen. In addition, uneven amounts of physiological saline solution could 
also affect the contact area due to capillary attraction of the fluid film.  

Variations within the normal and tumour tissue groups are not surprising as the 
tissue composition in the prostate is highly variable. The Gleason score varied 
marginally (6 or 7) and was therefore not a subject for further analysis in this study 
(Paper I). On the other hand, there are variations in the amount of epithelium, stroma 
and prostate stones, and such variations have previously been shown to affect 
normal tissue stiffness as measured with a tactile resonance sensor in fixed prostate 
tissue specimens (Eklund et al 1999). In that study it was shown that stroma and 
prostate stones gave a lower absolute ∆fF, i.e. harder areas than glandular tissue. 
However, only normal healthy tissue was studied.  

Phipps et al performed measurements with a mechanical, low-frequency shaker 
and related the mechanical characteristics to the morphology of benign (Phipps et al 
2005a) and malignant (Phipps et al 2005b) prostate tissue in vitro after TURP. They 
concluded that stroma showed a greater stiffness than epithelium. Malignant 
epithelium was less viscous than benign epithelium because the acinar gland lumen 
was smaller for malignant glands. However, no difference in stiffness was observed. 
Furthermore, measurements on samples of predominantly stroma were excluded 
from the analysis. 

It is important to note that the morphometrical investigation on the ten prostate 
specimens in this study (Paper I) was done on a single 5-µm superficial cut section 
from each prostate sample (Chapter 7.5). This means that the distribution of tumour 
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and normal prostate tissue deeper in the tissue specimen was not considered. 
However, it was assumed that the superficial section indicated the presence of 
tumour areas below the surface and that the surface was representative for the entire 
analysis (Paper I).  

Paper II studied the issue of how the tissue histological content in the prostate 
specimens influenced the stiffness measured by the tactile resonance sensor in fresh 
prostate tissue. The results in that study were based on stiffness and morphometrical 
measurements (Chapter 7.6) from two fresh prostate specimens in vitro.  

The tissue proportions were modeled with the tissue proportion vector according 
to equation (7.2) and a predictor matrix according to equation (7.6). The model Y = 
X β + ε was solved with multiple linear regression. A resulting R2 was obtained for 
the model at each pair of d and k. An example is shown in Figure 8.2 for d = 1.7 
mm, but similar appearances were obtained when studying the sensor parameter at 
other d. Deeper tissue section layers were weighted less in the model as suggested 
by the maximum R2 for a k > 0. A maximum R2 = 0.635 among all d was obtained at 
d = 1.7 mm, k = 0.5 when using weight w(1). Similarly, for w(2) maximum R2 = 0.632 
was obtained at d = 1.7 mm, k = 0.2.  
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Figure 8.2. The R2 for the model for increasing weight steepness factor k shown for 
both weight vectors w(1) and w(2). The sensor parameter was calculated at impression 
depth d = 1.7 mm. 

The resulting model coefficient vectors, β = [β0 βstone βstroma βcancer]T, for the model 
with maximum R2 for the respective weight vectors are presented in Paper II, Table 
2. Similar results were found at other d. The results suggest that malignant glandular 
tissue increased the stiffness as compared with normal glandular tissue. This might 
be due to an increased intratumoural pressure. Furthermore, an increase in the 
proportion of stroma relative to glandular tissue was suggested to increase the 
stiffness of the tissue. The standardized β (Paper II, Table 2) showed that these two, 
stroma and malignant glandular tissue, were the tissue types which predominantly 
increased the stiffness as measured by √(|∂∆f/∂F|). Both stroma and cancer described 
45% of the measured stiffness, and thus, a large quantity of stroma was comparable 
to cancer in measured stiffness. The presence of a large concentration of prostate 
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stones could also increase the measured stiffness as compared to glands without 
stones. However, the prostate stones described only 10% of the stiffness and were 
found in small concentrations (Paper II, Table 1).  

The reason to omit pgland from equation (7.2) was to avoid multicolinearity. In 
addition, it was assumed that prostate stones, stroma and cancer would contribute to 
increasing the measured stiffness as compared with glandular tissue. 

The quantities THP and pcancer both represented the amount of cancerous 
glandular tissue at a measurement location. However, they are different because 
THP gave only a macroscopic value of the proportion of cancer tumour tissue from 
the top tissue section (Chapter 7.5), while pcancer described the microscopically 
determined proportion of cancer tumour tissue from four tissue sections (Chapters 
7.6). The pcancer value was assumed to be closer to the true cancer tumour content 
(Paper II). 

Prostate cancer develops in the glandular tissue, which is normally soft. 
Therefore cancer tumours could be detected if sensor measurements on tumours 
were compared with the surrounding normal glandular tissue. Large quantities of 
stroma are located in the central and anterior parts of the prostate where tumours are 
less likely to occur. Therefore, an elevated measured stiffness in the posterior area 
could indicate a malignant tumour. 

8.3 Sensing spatial tissue variations 
In this Chapter results will be presented concerning tissue histological variations 
below and lateral to the sensor tip and their dependence on the measured stiffness. 
At first (Chapter 8.3.1) the contribution from variations below the sensor tip are 
presented, and a sensing depth is estimated (Papers II and III). The next Chapter 
(8.3.2) deals with results concerning the horizontal tissue variations (Paper III) and 
their role to the sensing area in relation to contact area. The stiffness measurements 
are from two prostate specimens and the histological content was determined with 
morphometrical methods (Chapter 7.6). 

8.3.1 Sensing depth 

As already shown in Figure 8.2, a maximum R2 was obtained for a specific k > 0 at d 
= 1.7 mm, and similarly, at each of d = 0.1 to 1.9 mm. The weight vectors were used 
to investigate the dependence of deeper tissue sections as introduced in Paper II and 
further analyzed in Paper III. Figure 8.3 shows, as an example, the shape of the two 
weight vectors normalized with the weight of the first layer, w1 (j = 1), when 
obtained for the maximum R2 at d = 1.7 mm. The tissue closest to the sensor tip, i.e. 
more superficial sections, would be assumed to contribute more to the measured 
stiffness as compared to deeper sections. Figure 8.3 confirmed that assumption, 
where a decreasing weight was given to deeper tissues (Paper II). 
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Figure 8.3. The shape of the two weight vectors w(1) and w(2) that gave the maximum R2 
at impression depth d = 1.7 mm. 

Using the concept of weight vectors it was possible to establish how k depended on 
d by calculating the maximum R2 for the model at each d and obtaining the 
corresponding k as done earlier. A significant negative correlation was found 
between d and the corresponding k at which maximum R2 was found for both w(1) 
and w(2) (Fig. 8.4). This negative correlation indicated that with increasing d at 
which √(|∂∆f/∂F|) was calculated, deeper tissue sections (smaller values of k) were 
included and given more weight (Paper II). A small d implies that the sensor tip 
measures the tissue stiffness of the more superficial sections as suggested by the 
above analysis. For increasing impression depth more and deeper sections can be 
sensed. The maximum R2 for the k and d from Figure 8.4 stayed fairly constant 
around 0.6 in the range of 0.5–1.7 mm, while at other impression depths it was 
lower (Paper II, Fig. 6(b)). This indicated that this range was suitable for 
measurement. 
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Figure 8.4. Relation of weight steepness factor k and impression depth d for the weight 
vectors w(1) (circles) and w(2) (dots) with their respective linear least squares fit (lines) 
and correlation coefficient r (p-value < 0.05). 
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In Paper III the issue of depth dependence was analyzed further by estimating a 
numerical value for a sensing depth. The method is based on the weight vector 
models and is described in Chapter 7.9. In short, the model Y = X β + ε gave the 
weight vector shape at each d and the weight was extrapolated so that j0 was found 
when the weight was equal to zero. For w(1) different values on θ were tested as 
limits. Figure 8.5 shows the relation between the estimated sensing depth j0 – 1 and 
impression depth d = 0.1 mm to 1.5 mm. 
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Figure 8.5. The relation between estimated sensing depth (j0 – 1) and impression depth 
(d) for the weight vectors w(1) and w(2) with their respective least-squares fitted lines and 
equations. The correlation coefficients were r = 0.90–0.92 (p-value<0.05). For w(1) three 
different limiting θ are shown. 

For the θ shown, w(1) predicted a higher sensing depth than w(2). The reason for this 
could be that the linear weight w(2) had a saturation level, i.e. it decays and goes 
abruptly to zero at specific j0, while the exponential weight w(1) had a limiting 
approach. The linear weight w(2) can be considered to predict the lowest j0 – 1 for a 
specific d as compared with w(1). For a larger θ, w(1) would resemble w(2) (Paper III, 
Table 1). 

Including larger impression depths d = 1.6 mm to 1.9 mm resulted in a higher 
predicted sensing depth (Paper III). This was especially notable for w(2) and could be 
due to it being a too simple model for weights when using only j = 1, 2, 3, 4 with 1 
mm in between. Furthermore, it might be a sign of non-linearities due to too large 
impression depths. 

The j0 – 1 was discrete due to j being discrete, but with a least squares fit line a 
continuous estimate was obtained (Fig. 8.5). From the least squares line equations in 
Figure 8.5, a sensing depth can be estimated to lie between the extremes w(1), θ = 
0.01 and w(2). For d = 1 mm, the sensing depth might lie between the extremes j0 – 1 
= 3.1 mm and 6.5 mm. 

A thin layer (i.e. a few sections) on the surface of the paraffin tissue block was 
removed in order to get a flat surface for obtaining a complete 5µm-section. This 
means that the first tissue section was not cut from the actual measured surface. In 
addition, during formalin fixation, the tissue slice was held in place in a plastic box 
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and pressed with the measured surface against one side of the box. This may have 
compressed the tissue as compared with the thickness during the stiffness 
measurements. Therefore it is difficult to define the exact depths at which the sensor 
senses, and j0 – 1 would only relate to the sensing depth. 

8.3.2 Horizontal tissue variations 

Tissue histological variations in the horizontal plane (Paper III, Fig. 6) suggested 
that stiffness variations in the horizontal plane could be found. This meant that the 
sensor tip could be affected by tissue variations around it. The method to investigate 
these effects is described in Chapter 7.7, where grid size processing was introduced. 
The size of the grid was altered and thus the proportion of tissue types. Y = X β + ε 
was solved and the mean square error 〉〈 2

ie  was calculated for varying NE, i.e. a 
varying NPOI and thus rgrid.  

An example is seen in Figure 8.6 for structuring element S× and weight vector 
w(1) with k = 1.5. The decreasing trend indicates that a better model (smaller 〉〈 2

ie ) 
was obtained when rgrid > rcontact (rcontact is defined in Chapter 7.1). This means also 
that tissue around the sensor tip affects the stiffness measured by the sensor tip, i.e. 
the sensor sensed larger tissue areas than the corresponding contact area. The best 
least squares fit was obtained for a model of type 1/(rgrid/rcontact)γ when γ = 3 (Fig. 
8.6) as compared to γ = 1 or 2 (Paper III, Fig. 7). This was because it declined fast 
and leveled off towards a constant at higher rgrid/rcontact.  

The behavior of 〉〈 2
ie  due to rgrid/rcontact is discussed in Paper III. There might be 

a reason to expect a minimum 〉〈 2
ie  at some rgrid/rcontact if the surrounding tissue 

types differ from the tissue types underneath and close to the sensor tip. A constant 
〉〈 2

ie  would be expected if no tissue variations exist. In real experiments a 
combination might be the most probable because some measurement locations can 
be quite homogeneous while others can vary greatly. 

Only small impression depths were studied so that larger rgrid/rcontact were 
possible. A limitation was that at most the grid had an rgrid = 2.5 mm which meant 
that at higher impression depths and thereby higher rcontact, the ratio rgrid/rcontact would 
get small. Using small d was the reason for choosing high k, as it meant that most 
weight was given to the most superficial tissue section. The spread in Figure 8.6 
comes from different rcontact due to different d. In addition, the limited resolution of 
the grid affects rgrid due to the erosions. A higher resolution would allow a higher 
resolution in rgrid/rcontact. However, the trend was important in Figure 8.6. 
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Figure 8.6. Model mean square error shown against the relation between circular grid 
size (rgrid) and the contact size (rcontact). The mean square error was normalized with 
respect to the mean square error for minimum rgrid > rcontact. The full line shows the least 
squares fit of 1/( rgrid/rcontact)3, R2 = 0.79, p-value < 0.05, n = 35. The data shown are for 
structuring element S× and weight vector w(1) with k = 1.5. Impression depths d = 0.1 
mm to 0.7 mm. 

8.4 Measured stiffness parameters 
The ∆fF was utilized for silicone and tissue hardness measurements by Eklund et al 
(1999) and was correlated to an international hardness standard (DIN ISO 2137). 
The same parameter also correlates to stiffness of silicone rubber defined as the 
spring constant (Lindahl et al 1998, Omata et al 2004).  

∆fF can be considered as a parameter that describes the size of the oscillating 
system, which involves the sensor and measured object, or load at a constant force. 
The softer the object, the larger the contact area will be at the predefined constant 
force F. With the Venustron®, ∆fF is measurement-dependent, i.e. it is calculated 
from at least two measurements as the force is chosen as constant from the one with 
the lowest force (Paper I). It is thereby a relative measure between the 
measurements. However, it is sensitive to erroneous contact areas and forces that 
might be caused from uneven surfaces or liquid films.  

The change in ∆f relative to a change in force, ∂∆f/∂F, is a differential relation 
and probably would not be as sensitive to erroneous contact areas and forces because 
it is studied in an impression interval (Paper I). A change was recorded instead of an 
absolute value. ∂∆f/∂F is interpreted as the differential relation of the change in load 
to the change in applied force. This change is due to a change in impression depth 
around a predefined impression depth. The parameter was used for prostate tissue 
stiffness measurements in Papers I, II and III. A differential relation of the measured 
force relative to the resonance frequency has been reported earlier (Eklund et al 
2003a) (Chapter 4.5). 

Both parameters together improved the significant difference between tumour 
tissue and normal tissue from the ten prostate specimens as compared to either 
parameter alone (Paper I). This was probably because the ten different prostate 
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glands differed among themselves, but the relative measure of ∆fF could aid in the 
differentiation together with ∂∆f/∂F. In addition, the differential parameter measured 
changes during an impression that were not monitored by ∆fF. 

The term stiffness as used in Papers I to III can be considered to be a 
combination of the mechanical properties of the measured object. It is related to the 
term hardness or softness or the felt consistency by touch. 

Topographical plots as means of visualizing stiffness profiles were introduced in 
Paper II, and Figure 8.7 shows stiffness profiles of two prostate tissue specimens. 

 

 
Figure 8.7. The parameter ∂∆f/∂F calculated at impression depth d = 1.7 mm visualizes 
the measured stiffness profile from the measurement matrix on each of the two prostate 
specimens. The light coloured areas show stiff areas. The dots represent actual 
measurements in the measurement matrix and the grid surface is a cubic interpolation fit 
from the measurements to aid in the visualization. Single values are shown. The starting 
point of the measurements was at (0,0). In the left figure the lower left light area (near 
X=0, Y=0) and the upper right light area (near X=20,Y=0-10) contained predominantly 
cancer. In the right figure a high proportion of stroma was found in the light areas as 
opposed to glandular tissue in the darker areas. 

8.5 Prostate tissue density-related variations 
In Paper IV a theoretical analysis was performed to model ∆f. Simulations of 
impedance terms as described in Chapter 7.11 demonstrated that the reactance term 
in ∆f (equation (4.1) and (4.3)) was inertia-term-dependent, i.e. mxω >>kxω-1. Figure 
8.8 shows the reactance terms together with the resistance term rx for comparison 
purposes. For definitions, see Chapter 4.4. The varying d appeared in the equations 
through S = 5πd (Chapter 7.1). The actual line breadth illustrates the influence of 
varying E and ρ (Paper IV). From equations (4.1), (4.3), and (4.5) the following 
theoretical model was obtained 

 
23Sf ρ∝∆     (8.1) 
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if one assumed that ν was constant for the tissue. Other constants were sensor-
specific. The equations in Chapter 4.4 are from the vibrating rod theory, but the 
sensor was assumed to behave according to them. 
 

d (mm)
ac

ou
st

ic
 im

pe
da

nc
e 

(P
a⋅

s⋅
m

−
1 )

m
x
ω

r
x

10
−2

10
−1

10
0

10
−8

10
−6

10
−4

10
−2

10
0

10
2

−1

k
x
ω−1

 
Figure 8.8. The terms of the impedance, namely the resistance term rx, and the two 
terms composing the reactance term, i.e. qx = mxω – kxω-1. The three terms are shown 
against impression depth d = 0.005 mm to 2 mm, which is the impression sample 
interval of interest in the measurements with the Venustron®. Line breadth is due to 
varying E and ρ. 

Fitting a linear model with respect to d3/2 (or S3/2) on the measured ∆f showed that 
the equation (8.1) was valid for small d (small NS) (Paper IV, Fig. 4 and 5). The 
linear model was ∆f = Cρ0 + Cρ1d3/2 where Cρ0, Cρ1 were constants. The root mean 
square error (s∆f) from the model in relation to the sample resolution (∆∆f) was used 
as a measure of model fit (Paper IV, Fig. 5).  

It was shown that for the measured ∆f at larger d, a departure from equation (8.1) 
with respect to S was found. It was believed to be related to surface bending due to 
surface rigidity (Paper IV). In this case the density was assumed constant. 

The linear model ∆f = Cρ0 + Cρ1d3/2 of equation (8.1) suggested that Cρ1 was 
related to ρ. The model Y = X β + ε was used as done previously, to relate a 
measured sensor quantity to the tissue histological content. In this case the measured 
sensor quantity was yi = Cρ1,i, and it was estimated from an impression depth interval 
from 0 to d (with NS = 200d samples). The tissue content was modeled by equation 
(7.2) as done previously. 

The resulting density variations were weak or non-significant at small d and were 
therefore not explained by the tissue content (Paper IV). This was expected because 
the density of different soft human tissue types varied only 4% (Mast 2000). At 
higher d a higher proportion of stroma relative to glandular tissue seemed to reduce 
the measured density, i.e. the absolute value of Cρ1. However, it was assumed that 
stroma contributed weakly to surface bending. Neither cancer nor stones contributed 
significantly. Stones have a high density, but that tissue type was present only in 
small fractions (on average < 1%) in the measurement locations (Paper II, Table 1).  
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Equation (8.1) assumes constant ρ, but the measured ρ through Cρ1 was a spatial 
average for the tissue types underneath the sensor tip. Thus, the above analysis 
showed only how the different tissue types contributed to Cρ1.  

The results suggested that the measured ∆f for the Venustron® was contact area-
dependent through S3/2, because the density variations were small and mostly non-
significant. 

8.6 Prostate tissue elastic-related variations 
In Paper IV an established model (equation (7.7)) from contact mechanics was used 
to describe the measured force.  

A linear model with respect to d3/2 (or S3/2) was fitted on the measured F. This 
linear model was F = CE0 + CE1d3/2, where CE0 and CE1 were constants. The root 
mean square error (sF) from the model in relation to the sample resolution (∆F) was 
used as a measure of model fit (Paper IV, Fig. 5).  

The measured F followed equation (7.7) even for larger d, and it was assumed to 
be due to strain hardening, i.e. and increasing E with d. Thus, equation (7.7) was not 
valid as it assumed constant E. In addition, equation (8.1) indicated if equation (7.7) 
was valid or not because the effect of surface rigidity was present. 

Similarly as for ∆f, the model constant CE1 was related to E. It was shown that 
significant contribution to CE1 was mostly from stroma and cancer relative to 
glandular tissue (Paper IV). This was expected because other studies have reported 
variations in elastic modulus for breast and prostate tissue (Krouskop et al 1998, 
Phipps et al 2005a, Phipps et al 2005b, Samani et al 2007). In this study a higher R2 
was obtained for higher d. This might mean a better differentiation was obtained at 
higher d due to different tissue types responding differently to increasing strain, i.e. 
strain hardening.  

In equation (7.7) a constant E was assumed because the material was assumed to 
be a homogeneous semi-infinite elastic material. This is not true and was shown in 
Paper III when spatial variations in stiffness were registered. The measured E, i.e. 
CE1, was a spatial average for the different tissue types underneath the sensor tip. 

8.7 Explanatory models 
In both equations (7.7) and (8.1) the independent variable is the contact area S and 
therefore equating these equations through S resulted in 

 
FEf 1−∝∆ ρ    (8.2) 

 
From the above equation (8.2), the stiffness parameters used earlier were explained 
from the material property point of view (Paper IV). Both ∆fF and ∂∆f/∂F were 
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proportional to ρE-1, i.e. they measured material properties. If the density was 
assumed constant (Chapter 8.5), then the absolute value of these parameters measure 
something related to compliance. If E was constant then both ∆fF and ∂∆f/∂F would 
measure the same property. 

It was shown that equations (7.7) and (8.1) were valid for small d, and from this 
it follows that the linear relation between ∆f and F (equation (8.2)) was valid for 
small d, while at larger d a deviation from the linearity would be expected. This was 
also verified from measurements (Paper IV, Fig. 7). The deviations would be 
explained by a non-constant E, dependent on strain. Such a material would be 
subject to strain hardening. Biological tissue does exhibit non-linear inelastic 
behavior with an exponentially increasing stress due to strain (Fung 1993). The 
differential parameter ∂∆f/∂F measured changes during the impression that were not 
monitored by ∆fF. Thus, ∂∆f/∂F would reflect changes in E due to changes in d. 

The inverse of equation (8.2), fEF ∆∝ −1ρ , could be considered to be the 
correct version of equation (7.7) because ∆f measured the actual S3/2 (or d3/2). If 
assuming constant ρ but non-constant E = E(d), then the differential relation ∂F/∂∆f 
would become linear in F (Paper IV). Such a differential equation would have an 
exponential relation between F and ∆f, i.e. stress and strain (Fung 1993). 

8.8 Measurements and variability 
For measurements done on biological tissue such as prostate tissue, a variation is 
likely to be found in the measured sensor quantity reflecting some mechanical 
property. This is because soft tissue is not a well-behaved material, since it is 
dependent on time and moisture (Fung 1993). One source of error in measurements 
can be the effect of a remaining deformation due to a previous measurement or a 
nearby measurement. However, these are probably of minor importance. Another 
unwanted influence could be the dehydration and ageing of the tissue, but regular 
application of physiological saline solution was used to minimize this. An irregular 
surface on the tissue specimen might cause an erroneous contact area during the 
impression, thus contributing to measurement variability. Uneven amounts of 
applied physiological saline solution would probably affect the contact area due to 
capillary attraction of the fluid film. However, the differential relationship between 
frequency change and force as the sensor parameter might minimize errors related to 
these effects. 

The measurements were conducted with the impression depth set to 2 mm and 
the impression speed set to the lowest possible, 1 mm s-1 (Papers I to IV). The main 
reason for not using a larger depth was to avoid pressing too deeply into the tissue 
and thereby damaging it or the sensor. In addition, a larger impression depth would 
not have given much more information because the sensor tip is shaped as a 
hemisphere with a radius of 2.5 mm. Therefore, a saturation level would have been 
reached for ∆f after which it would not change (Lindahl et al 1998). A lower speed 
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probably would not affect the measured object as much as a higher speed, because a 
higher speed would give a higher force on the tissue and thus affect the tissue more, 
being a viscoelastic material (Fung 1993).  

The viscoelastic effects could be assumed small for small impression depths. The 
elastic modulus of human breast and prostate tissue is not dependent on strain rate 
(Krouskop et al 1998) thus indicating that an elastic material model was sufficient. 
In another study an elastic material model for breast tissue was used (Samani et al 
2007).  

In this study data were only studied from the impression part of the measurement, 
not during the removal of the probe, because it was assumed that the impression part 
was enough to detect stiffness variations. 

8.9 Sensor consideration 
For future studies the sensor design, especially the tip size and shape, has to be taken 
into consideration. Studies have shown that a hemispherical-shaped tip is preferred 
instead of a flat piston-shaped tip, because off-centre loads will be minimized 
(Eklund et al 2003b). In prostate tissue measurements, off-centre loads could be due 
to irregular surfaces. A hemispherical tip would be sensitive for detecting contact by 
measuring contact area, while a flat tip would immediately give full contact area 
without practically any change in measured force, which is required for parameter 
calculations (Paper I), and for registering elastic-related variations (Paper IV). 
However, to measure density variations, a flat tip might be better because constant 
contact area would be easier to control at small impression depths and forces. In that 
case ∆f would register density (Paper IV).  

In a future handheld device with a hemispherical tip, tissue mechanical properties 
would be obtained from the relationship between ∆f and F (equation (8.2)). In that 
case ∆f would measure the contact area (impression depth) if density was assumed to 
be constant. 

For a small hemispherical tip, full contact would be easier to obtain because 
smaller impression depths and forces would be required. In addition, surface 
bending would be smaller. However, a smaller tip would give a smaller sensing 
region, but this could also make it more possible to measure on homogenous tissue 
areas. Homogeneous tissue areas might allow the density and elastic-related 
differences to be registered for different tissue types (Paper IV). 
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9 Future 

This dissertation indicates that a resonance sensor-based system could be developed 
to assess the mechanical properties of fresh prostate tissue in an objective manner.  

One possibility for the tactile resonance sensor could be a future instrument for 
diagnosing fresh prostate tissue samples for cancer instead of microscope-based 
morphometric investigations. A handheld, pen-like instrument could be used in 
conjunction with radical prostatectomy to determine if the cancer had spread to or 
through the prostate capsule. That would aid in the classification and treatment of 
the prostate cancer. 

Future work will consist of investigating if it is possible to distinguish between 
cancer tissue and other tissues that contribute to hardness, such as stroma and stones, 
in the prostate. 

The frequency change and force relationship will be studied further to gain 
knowledge about the measured object and its mechanical properties. The quality of 
the contact between the sensor tip and the tissue will be examined to detect possible 
sources of error. In addition, measurements will be performed on whole prostate 
specimens from radical prostatectomies to study how the peripheral prostate capsule 
affects the measurements. 

New ultra sound imaging modalities are being developed to detect prostate 
cancer (Pallwein et al 2007a). One of them is the contrast-enhanced colour Doppler 
ultrasound which allows visualization of prostate blood flow and consequently 
prostate cancer detection for targeted biopsies (Mitterberger et al 2007). The other is 
real-time elastography with conventional ultrasound, for assessing tissue elasticity, 
and it has proven to be useful for the detection of prostate cancer in samples 
(Tsutsumi et al 2007) and before radical prostatectomy (Pallwein et al 2007d). It has 
also been used for targeted biopsies  (König et al 2005, Pallwein et al 2007b, 
Pallwein et al 2007c). Both methods have the potential to reduce the number of 
biopsies and to improve prostate cancer detection, grading and staging. However, 
further clinical studies are needed to determine the value of the new techniques. 

One limitation would be that the rating of vascularity is subjective and that only 
aggressive tumours were detected with contrast-enhanced Doppler ultrasound 
(Mitterberger et al 2007). The elastographic method is operator-dependent, and the 
reproducibility was dependent on the manipulation method used for compression 
(Tsutsumi et al 2007, Pallwein et al 2007c, Pallwein et al 2007d). Additional 
limitations were (Pallwein et al 2007d) that:  small (< 5 mm) tumours were not 
detectable; increased stiffness may be due to stromal hyperplasia and fibrosis, 
prostate calcifications or possibly BPH; and no objective assessment of elasticity 
due to relative strain ratio. The strain value may change with tissue composition and 
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with compression force. Systematic biopsies are used as gold standard for cancer 
detection and thereby the actual distribution of cancer was not known (Pallwein et al 
2007b, Pallwein et al 2007c, Mitterberger et al 2007). 

A tactile resonance sensor mounted in an elastography probe could provide 
information about the actual used strain and force. 

There is need for a tissue elasticity database for interpreting elastography images 
(Taylor et al 2005), and for modeling soft tissue mechanical responses for surgical 
planning (Samani et al 2007). The reliable data which is available is limited and not 
consistent due to measurement methodology. A database must include normal and 
pathological tissue mechanical properties at various levels of compression to reflect 
actual compression levels used (Samani et al 2003, Samani et al 2007). Samani et al 
used an indentation method with force-displacement data, and a finite element 
model for the tissue specimen, to compute the elastic modulus for normal and 
pathological breast tissue (Samani et al 2003, Samani and Plewes 2007, Samani et al 
2007). The tissue heterogeneity contributed to the high variability in elastic 
modulus. 

Using an impression-controlled tactile resonance sensor, such as the Venustron®, 
mechanical properties could be measured for soft tissue types, such as breast and 
prostate tissue. 

The tactile resonance sensor used in this study measures mechanical properties at 
the macroscopic tissue level, but a micro tactile resonance sensor (Murayama and 
Omata 2004, Murayama et al 2004) is able to measure micro scale elasticity 
(Murayama et al 2005) and elasticity at the cellular level (Murayama et al 2004). 
With a micro tactile sensor microscopic mechanical properties of prostate tissue 
could be measured. 

To increase the diagnostic power, another sensing modality could be used, e.g. an 
optical method. Optical methods could shed some light on the chemical-level 
information of tissue types and then especially for metabolic fingerprinting of 
diseases, e.g. cancer (Ellis and Goodacre 2006). Optical fibres for in vivo analysis 
would make a so-called optical biopsy possible (Rolfe et al 2007). 

At Luleå University of Technology, research has been initialized with the aim of 
combining tactile resonance sensor technology and Raman spectroscopy into one 
probe for prostate cancer detection and diagnosis. In this way both mechanical and 
optical properties would be measured. 
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10 General summary and conclusions 

This dissertation describes the evaluation of tactile resonance sensor measurements 
of the mechanical properties on fresh human prostate tissue in vitro with the aim to 
detect prostate cancer.  

A tactile resonance sensor system was able to differentiate between tumour and 
normal tissue from ten prostate specimens in vitro with statistically significant 
differences and with reproducible results.  

The measured tissue stiffness was correlated with the tissue histological 
composition. The measured stiffness, modelled by the tissue type proportions, was 
increased by prostate stones, stroma and cancer as compared with healthy glandular 
tissue. Malignant tissue could be differentiated from non-malignant glandular tissue, 
at least in the two specimens that were subject to the detailed morphometric 
analyses. 

The sensing properties of the resonance sensor were investigated, and the results 
showed that the sensor registered spatial tissue variations, both directly below and 
lateral to the sensor tip. From these tissue variations it was possible to estimate a 
sensing depth, which increased with impression depth. The results also indicated 
that the sensing area was larger than the contact area between the sensor tip and the 
tissue. 

It was shown theoretically that the frequency change was dependent on both 
density and contact area. The contact area dependence was verified experimentally 
for small impression depths, while at higher impression depths surface bending was 
observed, resulting in a deviation from the theory. Measured density variations 
related to prostate tissue histological variations were weakly significant or non-
significant. Measured force followed a contact mechanical model with dependency 
on the elastic modulus and the contact area, but with an indication of strain 
hardening. Measured elastic-related variations were significant with contributions 
from stroma and cancer relative to normal glandular tissue.  

A theoretical material-dependent linear relation was found between frequency 
change and force from theoretical models of frequency change and force. From this 
model, physical explanatory models were able to describe the previously established 
stiffness parameters. 

Tactile resonance sensor technology is promising for assessing soft tissue 
mechanical properties and especially for prostate tissue stiffness measurement with 
the goal of detecting prostate cancer. However, further studies must be conducted to 
determine the full potential of the method and its diagnostic power. Preferably, 
measurements of tissue mechanical properties should be used in combination with 
other methods, such as optical methods, to increase the diagnostic power. 
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