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Abstract

Prostate adenocarcinoma, or prostate cancer (PCa), is the most common type of cancer
and the leading cause of cancer-related deaths for men in Sweden and Europe. Radical
prostatectomy (RP) is the most common curative treatment for PCa. This is a surgical
procedure where the entire prostate is removed. The surgeons strive to minimise post-
operative side-effects, and will use nerve-sparing techniques if possible. The final decision
on how much tissue to remove around the prostate is taken during surgery. After the
prostate is resected it is histopathologically analysed. The risk of PCa recurrence is
elevated when cancer cells are found in the surgical margin. Currently, there is no viable
method to detect and localise PCa tumours near the resection margin during surgery.

The general aim of this thesis was to develop a medical instrument with the ability
to detect PCa tumours near the tissue surface.

Datasets from the resonance sensor and from the Raman spectroscopy obtained on
porcine model tissue were compared. Principal component analysis (PCA) was used to
reduce the Raman spectroscopic dataset, and groups of tissue content were formed by
a hierarchical cluster analysis (HCA) of the PCA results. The correlation of the two
datasets was evaluated by a model using the PCA results for describing the stiffness of
the groups.

A support vector machine was evaluated as a method to combine the datasets of
the two modalities. The method was used for classifying three types of porcine prostate
tissues and to discern healthy vs. cancerous human prostate tissue. The cross-validation
accuracy for the SVM classification was 87% for the porcine prostate and 77% for the
human prostate tissue types for highly homogeneous tissue samples (>83%).

Several important aspects regarding design and methods to be used for combining the
two modalities into one probe were investigated. The effects of using different amounts
of rubber latex for combining a TRM sensor an a fibre optic Raman probe substitute
were determined. A description of the heat produced by the laser at the fibre optic tip
was established, and the temperature dependence of Δf was investigated. Methods and
conditions, e.g. instrument settings and light shields, for performing Raman spectroscopy
with ambient light present were investigated.

The dual-modality probe prototype was used to perform the first measurements on
porcine model tissue. Methods for using the Raman spectroscopic modality of the com-
bined probe with ambient light present were evaluated. The TRM modality could discern
tissue with significantly different stiffness. Raman spectroscopy could be performed with
ambient fluorescent light present.

The first measurements on fresh human prostate tissue using the dual-modality probe

iii



were performed. Prostates with different average stiffnesses could be compared by cal-
culating stiffness contrast. The TRM modality could discern tissue with significantly
different stiffness contrast (p < 0.05). The background fluorescence in the Raman spec-
tra of fresh human prostate tissue was higher than expected. The high-wavenumber
region, 2700 cm−1 to 3200 cm−1, of the Raman spectra could be used to discern tissue
characteristics using HCA of the PCA results.

In this thesis, methods and design considerations for the development of a dual-
modality probe, combining Raman spectroscopy and tactile resonance sensor technology,
were identified and evaluated. In addition, methods for how to use the dual-modality
probe for tissue classification and for combining of the datasets of the two modalities,
were studied. The resonance sensor swiftly evaluates the tissue stiffness, like the palpation
with a finger. The Raman spectroscopy would be applied when malignancy is suspected
and adds detailed knowledge of the molecular content. This makes the dual-modality
probe a promising instrument for use during RP.
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Abbreviations

AUC area under the curve
BPH benign prostatic hyperplasia
Δf frequency shift
d impression depth
DRE digital rectal exam
E Young’s modulus
F impression force
FDVM first-derivative variance method
HCA hierarchical cluster analysis
IR infrared
MRI magnetic resonance imaging
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PC principal component
PCA principal component analysis
PCa prostate cancer
PIN prostate intraepithelial neoplasia
PNB prostate needle biopsy
PSA prostate specific antigen
PSM positive surgical margin
PZT lead zirconium titanate
ROC receiver operating charateristic
RP radical prostatectomy
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6 Abbreviations

S stiffness parameter
SC stiffness contrast
SDVM second-derivative variance method
SHM scanning haptic microscope
SVM support vector machine
TRM tactile resonance method
TNM tumour, nodule, metastasis staging system
TRUS transrectal ultrasound
VM variance method
wt% weight percent



Chapter 3

Introduction

3.1 General introduction

Prostate adenocarcinoma, or prostate cancer (PCa), is the most common type of cancer
and the leading cause of cancer-related deaths for men in Sweden. In 2012 it is estimated
that PCa caused 2 440 deaths among Swedish men and that 11 600 received a PCa
diagnosis. In Europe 2012, it is estimated that 416 730 new cases were reported and that
92 240 deaths were due to PCa [1].

Radical prostatectomy (RP) is the most common curative treatment for PCa. It
stands for about 60% of the curative treatments in Europe, while external radiotherapy
is second with about 30% [2]. RP is a surgical procedure where the complete prostate
is removed. The prostate is surrounded by many delicate structures, which the surgeon
strives to keep intact [3, 4]. It is estimated, by post-operative histopathological analysis,
that about 20% of the RP surgeries leave a positive surgical margin (PSM) [2, 4]. A
PSM is where there are cancer cells found at the surgical margin. This is a predictor of
PCa recurrence [3, 4].

Currently, there are no reliable methods to check for tumours near the prostate surface
during surgery. Frozen section analysis, where small biopsies are analysed during the
ongoing operation, has been shown to be ineffective for RP [5]. A dual-modality probe is
presented in this thesis. It combines a tactile resonance sensor, which measures the tissue
stiffness, and Raman spectroscopy, which reveals the tissue biochemical content (Paper
C). The general hypothesis in this thesis is that the dual-modality probe could be used
during surgery to locate tumours near the surgical margin. The stiffness sensor would
quickly discern a region as soft or hard [6]. Where a hard region is found, a tumour might
be suspected. The Raman spectrometer could then immediately be applied to discern
benign and malignant tissue content [7].
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8 Introduction

3.2 Prostate anatomy and pathology

The prostate is located around the urethra directly below the bladder (Figure 3.1). It
grows slowly until the man is about 30 years old. The prostate gland is then about 3 cm
from top to bottom, 4 cm from side to side, and 2 cm from front to back. At the age of
45, it may start to grow again. Enlargement of the prostate gland might cause pain and
obstruct the flow of urine [8].

Figure 3.1: Sagittal view of the prostate and nearby organs [9].

The prostate consists of glandular tissue (epithelia) and fibromuscular stroma [10].
The formation of calcifications, prostate stones, are common. Small stones seem to form
with age, while larger stones correlate with infections [11].

The prostate produces the seminal fluid together with the seminal vesicles. The two
seminal vesicles, which produces about 75% of the fluid, are about 5 cm long and located
behind the bladder. The sperm are led through ducts in the prostate, and the semen
is mixed in the prostatic urethra. A sphincter at the base of the bladder closes during
erection. Contractions in the prostate and seminal vesicles builds up a pressure during
ejaculations [8].

Neurovascular bundles are located near and in the fascia surrounding the prostate.
These contain blood vessels and nerves that are important for the urinary and erectile
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functions. The exact location of these bundles is not the same for every individual [3, 12].

3.2.1 Prostate diseases

Prostatisis is an infection in the prostate. It could be bacterial or abacterial. Prostatitis
can be painful and cause trouble urinating due to prostate swelling [13]. Elevated levels
of prostate specific antigen (PSA) can be caused by prostatitis.

Benign prostatic hyperplasia (BPH) is a non-cancerous enlargement of the prostate.
Prostate enlargement occurs naturally with age [14]. As the prostate gets larger, it can
squeeze around the urethra making it harder to urinate. Other urinary problems can
also occur. BPH is sometimes treated surgically to relieve the symptoms [14]. BPH is
the most common cause of elevated PSA levels.

The pathologist can find prostate intraepithelial neoplasia (PIN) during biopsy, i.e.
epithelial tissue that is neither normal nor cancerous. PIN is classified as low grade or
high grade. High grade PIN, commonly referred to as PIN, is an indication of incident
PCa. The amount of PIN correlates to both the presence and volume of PCa [15].

Prostate cancer is an adenocarcinoma in the prostate gland. The PCa severity is
classified by its Gleason score (GS). Morbid tissue is assigned a Gleason pattern during
histopathology, ranging from 1-5, depending on its morphology (Table 3.1). The GS is
the sum of the two most common patterns [16]. The prognosis is worse for tumours GS
9-10 than those with lower GS [17].

Table 3.1: Gleason grading classification [18].

Grade Description
1 Simple round glands, close-packed in rounded masses with well de-

fined edges
2 Simple rounded glands, loosely packed in vague, rounded masses

with loosely packed defined edges
3A Medium-sized single glands of irregular shape and irregular spacing

with ill-defined infiltrating edges
3B Very similar to 3A, but small to very small glands, which must not

form significant chains or cords
3C Papillary and cribriform epithelium in smooth, sharply circum-

scribed rounded cylinders and masses, no necrosis
4A Small, medium, or large glands fused into cords, chains or ragged,

infiltrating masses
4B Very similar to 4A, but with many large clear cells, sometimes

resembling hypernephroma
5A Papillary and cribriform epithelium in smooth, rounded masses,

more solid than 3C and with central necrosis
5B Anaplastic adenocarcinoma in ragged sheets
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The tumour, nodule, metastasis (TNM) staging system is used to categorise the
tumour and tumour spreading. It describes the evaluation of: the primary tumour, the
lymph nodes, and distant metastases (Table 3.2). A clinical classification of the primary
tumour can be carried out by the referring physician. A pathological classification is
performed after surgical resection, and it is denoted pTNM. The TNM staging of PCa
is often used in conjunction with PSA level and GS . The combined classification can be
grouped into one of five stages: Stage I, IIa, IIb, III, and IV. Additional descriptors may
also be used [16].

Table 3.2: Pathological classification of PCa; primary tumour (pT), regional lymph nodes (N),
and distant metastasis (M) [16].

Grade Description
pT2 Organ confined
pT2a Unilateral, involving one half of 1 lobe or less
pT2b Unilateral, involving more than one half of 1 lobe but not both

lobes
pT2c Bilateral disease
pT3 Extraprostatic extension
pT3a Extraprostatic extension or microscopic invasion of bladder neck
pT3b Seminal vesicle invasion
pT4 Invasion of rectum, levator muscles and/or pelvic wall
NX Regional lymph nodes cannot be assessed
N0 No regional lymph node metastasis
N1 Metastasis in regional lymph node or nodes
MX Distant metastasis cannot be assessed
M1 Distant metastasis
M1a Nonregional lymph node(s)
M1b Bone(s)
M1c Other site(s) with or without bone disease

3.2.2 Prostate cancer examination

An elevated level of prostate-specific antigen (PSA) is an indicator of possible PCa. Al-
though all prostate diseases elevate the PSA level, PCa is the most severe. An elevated
PSA level gives cause to further examine the prostate. PSA screening is not a gen-
eral guideline because it has been shown to lead to over-treatment [19]. However, PSA
kinetics, i.e. how the PSA level changes over time, might be a better PCa indicator [20].

The digital rectal examination (DRE), palpation of the prostate via the rectum, is a
routine practice regarding prostate examination. PCa is suspected if the physician finds
hard areas or bumps on the prostate during the DRE. Although a simple procedure,
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and sometimes uncomfortable for the patient, it gives a valuable contribution to the
assessment of the prostate condition [21].

Transrectal ultrasound (TRUS) is used to guide prostate biopsies and to assess the
prostate volume. TRUS is able to visualise the prostate and lesions of the prostate, but
it is not sufficient to discern or stage PCa tumours [22, 23]. Elastography assesses tissue
elasticity. It combines the conventional ultrasound technique with a compression of the
tissue. Stiff and soft tissue exhibit different amounts of strain and are thus discerned.
The more recent techniques of elastography have yet to be clinically common but show
promising performance as a complementary diagnostic tool [22, 23, 24].

Prostate needle biopsy (PNB) yields the definite prostate diagnosis. The standard
sextant biopsy procedure is to acquire six biopsies of the prostate in a systematic scheme.
Extended schemes with 12-24 biopsies are also employed. The PNB procedure is either
performed transrectally or transperineally [25]. The biopsy is TRUS guided, earlier it
was guided by DRE [26]. The PNB tissue samples are histopathologicaly analysed and
classified according to GS [25]. Biopsies are currently not officially included in the TNM
classification system [26].

Magnetic resonance imaging (MRI) is often part of the PCa treatment planning.
Some clinics have the facilities to perform MRI as part of the PCa diagnostics. It can
give complementary information for PNB guidance. MRI can detect larger or higher-
grade, i.e. more malignant, tumours [27].

3.3 Resonance sensor

The resonance sensor detects stiffness. Stiffness is a measure of the elastic modulus, or the
compliance, of a material. The resonance sensor is based on the tactile resonance method
(TRM), which uses the resonance characteristics of a piezoelectric element, and a force
transducer. The change in the system’s acoustic impedance transposes into a change of
the system’s resonance frequency. An example of this is the quartz crystal microbalance
(QCM) [28]. The TRM technique uses the frequency shift of the resonance frequency
during impression into the measurement sample [29, 30, 31]. The resonance sensor is set
to vibrate at its resonance frequency by applying an oscillating electric signal over the
piezoelectric driving element. A piezoelectric pick-up element is physically attached to
the sensor and continuously produces the electric output signal. This output signal is
fed back to the driving element via a phase lock loop (PLL) amplifier circuit [29, 31].
The frequency shift (Δf) is, together with the impression force (F ), proportional to the
sample stiffness [32, 33, 34]. An increase in sensitivity and signal-to-noise ratio is achieved
if the piezoelectric element is set to vibrate slightly offset from its resonance frequency
[31].

3.3.1 Resonance frequency shift

The resonance frequency shift, Δf , when the sensor tip is pressed into a sample, is related
to the change of acoustic impedance [29]. The resonance frequency for an unloaded sensor



12 Introduction

is,

f0 =
nv0
2πl

(n = 1, 2, . . . ) (3.1)

where v0 is the equivalent wave velocity in the sensor element, and l is the length of the
element. When the sensor is in contact with an object, an equivalent impedance Zx is
added to the system,

Zx = α + jβ, (3.2)

where α is the acoustic resistance and β the acoustic reactance. The resonance frequency
for the loaded sensor is then,

fx =
nv0
2πl

(
1− β

Z0

)
(n = 1, 2, . . . ), (3.3)

where Z0 is the equivalent impedance of the sensor. The difference in resonance frequen-
cies, Δf = fx − f0, can then be written,

Δf = − v0
2πl

β

Z0

, (3.4)

The reactance is described as

β = mxω − kx
ω

(3.5)

kx =
2E

π1/2

Ac
1/2

(1− ν2)
(3.6)

mx =
ρAc

3/2

10(1− ν)
(3.7)

where Ac is the contact area of the probe, ρ is the sample density, E is the Young’s
modulus and ν the Poisson’s ratio of the sample material. If the contact surface area Ac

is expressed as a function of the contact surface radius r, Eqs 3.6 and 3.7 can be written
as

kx =
2E

(1− ν2)
r (3.8)

mx =
ρπ3/2

10(1− ν)
r3 (3.9)

The frequency shift, Δf , is caused either by the mass loading effect or stiffness loading
effect depending on the radius of contact, r, as can be seen by Eqs 3.8 and 3.9.

Δf = − k0
2π2Z0m0

mx (3.10)

Δf =
1

2π2Z0

kx, (3.11)
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where m0 is the mass of the sensor [29].
Different approaches can be used to attain the sample stiffness using the measured

Δf . Changes in the size of the tip, the impression depths, and the resonance frequency,
yield different opportunities. Jalkanen et al. showed that Δf reflects the contact surface
and that ∂F/∂Δf is related to tissue elasticity, E, where F is the applied force [34, 35].
Murayama et al. showed that Δf/δ is related to E of the sample for small indentations,
δ [31].

3.3.2 Resonance sensors in medical applications

Resonance sensors using the TRM technique have been applied for several medical pur-
poses [36]. Lindahl et al. evaluated the TRM for the assessment of tissue oedema [30]
and healthy human skin [37].

Eklund et al. measured the stiffness of formalin-fixed human prostate using a catheter
resonance sensor with a 2-mm diameter tip [38]. That study led to a greater understand-
ing about the use of TRM during tissue measurements.

Hallberg et al. developed a resonance sensor for intraocular pressure measurements
[33]. Those studies resulted in a clinical tonometer for eye pressure measurements.

Jalkanen et al. mapped the stiffness of fresh human prostate slices with a motorised
resonance sensor with a 5-mm hemispherical tip [6]. They showed that the resonance
sensor could discern PCa tumours in the prostate slice. They also found that ∂Δf/∂F
was related to measured stiffness.

Murayama et al. performed stiffness measurements on human ova using a micro
tactile sensor with a 20-μm tip, called a scanning haptic microscope (SHM) [39]. They
found that they could select viable ova that had a higher chance for successful in vitro
fertilisation by studying the zona elasticity dynamics.

Murayama et al. used a prototype 64-channel resonance sensor for breast cancer
palpation. A pilot study showed that tumours in the breast could be detected [40].

Moriwaki et al. used the SHM for assessment of the tissue stiffness of canine thoracic
aorta during stress [41].

3.4 Raman spectroscopy

Raman spectroscopy is a scatter-based, optical method and part of the vibrational spec-
troscopy methods. Incident light is inelastically scattered, according to the Raman effect,
by the molecules in the irradiated sample. Raman spectroscopy can reveal information
about the composition, structure, and molecular content of the sample [42].

To obtain a Raman spectrum, the sample molecules are excited by monochromatic
light. The intensity of the collected, inelastically scattered light is presented as a spectrum
over a wavenumber range. Each wavenumber corresponds to an energy shift relative to
the incident light. The scattered light can be of both shorter wavelength (Anti-Stokes,
more energy) or longer wavelength (Stokes, less energy) than the excitation wavelength.
The scattered photon obtains more energy if the scattering molecule already exists at
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a higher vibrational level, and this depends on the sample’s temperature (Figure 3.2).
The characteristic Raman peaks of the spectrum correspond to vibrational or rotational
modes of the molecular bonds [42].

The wavelength of the incident light does not affect the location of the peaks in
the Raman spectrum, because the peaks correspond to an energy shift. However, the
intensity of the Raman effect is proportional to the wavelength as ν4, i.e. light with
a shorter wavelength is more likely to be Raman scattered [42]. The intensity increases
when the wavelength coincides with a transition to a higher state, which is utilised in
resonance Raman spectroscopy. Other aspects should also be considered, as how well
the incident light induces fluorescence which easily obscures the Raman peaks. This is
especially an issue when the excitation wavelength is close to an electronic transition.
The Raman effect is a scarce phenomenon, only about one photon per million is Raman
scattered. Incident photons are much more likely to be scattered elastically or to induce
fluorescence.

3.4.1 Raman effect

The shift in wavelength, which makes Raman spectroscopy possible, is due to the Raman
effect. It occurs when the molecule is excited to a virtual state and emits a photon with
a different energy, i.e. with a shifted wavelength (or frequency).

To understand the Raman effect, one has to begin by looking at the molecule using
quantum theory. Quantum theory does not fully explain the Raman effect though, as the
molecule is excited to a virtual state by the incident light (Figure 3.2). These states are
fluctuations from the normal average states of the atoms and molecules and cannot be
completely described by a Hamiltonian operator. The Raman effect energy shift depends
on the polarisability of the molecule [42].

The electric field, Ē, induces an electric dipole moment P in the molecule during the
interaction. This excites the molecule into a higher state. The magnitude of P depends
on the molecule’s polarisability α [42]. When incident light,with frequency ν0, interacts
with a molecule, it induces an electric dipole moment P as

P = αĒ = αE0 cos (2πν0t), (3.12)

that causes a nuclear displacement q. When the molecule is caused to vibrate with
amplitude q0 at frequency νm, the nuclear displacement q is

q = q0 cos (2πνmt). (3.13)

For small amplitudes, the polarisability is approximated as a linear function of q and
expanded around the polarisability at equilibrium, α0, as

α = α0 +

(
∂α

∂q

)
0

q + · · · . (3.14)
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0
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S A

0

E0

E1

Figure 3.2: (S) Stokes and (A) anti-Stokes Raman scattering process. E0 denotes the ground
state and E1 the first excited state. Dashed line indicates a virtual state, and υ the vibrational
levels of the orbital state where υ0 is the lowest vibrational level of each orbital state.

The electric dipole moment P can therefore, with regard to Eqs. 3.12, 3.13, and 3.14 be
written as

P = α0E0 cos (2πν0t) +

(
∂α

∂q

)
0

q0E0 cos (2πν0t) cos (2πνmt)

= α0E0 cos (2πν0t)

+
1

2

(
∂α

∂q

)
0

q0E0 (cos (2π (ν0 + νm) t) + cos (2π (ν0 − νm) t)) . (3.15)

The first term, containing α0, corresponds to the elastic scattering. The second term,
containing the rate of change of α, corresponds to the vibrational states of the molecule.
The anti-Stokes scattering is represented by cos (2π (ν0 + νm) t) and the Stokes scattering
by cos (2π (ν0 − νm) t). Omitted in the equation above are the higher order terms which
correspond to rotational states.

In vibrational spectroscopy, the frequency is traditionally presented in terms of wavenum-
ber. The wavenumber has the dimension of cm−1 and is defined as ν̃ = ν

c
. It is directly

proportional to the transitional energy in the molecular interaction [42]. Hence, the
energy difference is effectively shown by using wavenumbers in a Raman spectrum.

3.4.2 Raman spectroscopy for cancer detection

Mahadevan-Jansen et al. surveyed the benefits and feasibility to assess cancers and
precancers of a large number of human tissue types [43]. They found that cancer devel-
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opment yielded distinctive impact in the Raman spectra due to the biological changes
in the tissues. Nucleic-acids, proteins, and lipids were, among others, some of the no-
table constituents causing the differences. Changes in lipids and the cell nucleus made
it possible to discern colon cancer, which is an adenocarcinoma as is PCa, using Raman
spectroscopy [43].

Crow et al. applied fibre optic NIR Raman spectroscopy on prostate and bladder
tissue [44]. They were able to discriminate benign and malignant tissue samples using
PCA. The differences in the spectra were subtle in that setup, and the differences could
not be assigned to any particular tissue constituent or Raman peak [44].

Stone et al. assessed PCa and bladder cancer using microscope Raman spectroscopy
[7]. They retrofitted a combination of solid constituent spectra of actin, collagen I and
III, choline, triolein, oleic acid, DNA, and cholesterol to the tissue spectra. The relative
concentration of each constituent discerned benign and malignant tissue samples [7].

Tollefson et al. measured formalin-fixed and paraffin-mounted PCa specimens using
Raman spectral imaging [45]. The differences in the spectra were small due to similar
histological content, but using PCA they were able to distinguish between metastatic
and non-metastatic patients.

3.5 Data analysis procedures

3.5.1 Variance methods

A spectrum often contains spectral contributions from unwanted sources. Loethen et al.
presented a set of algorithms for automated subtraction of contaminant spectra [46]. All
algorithms are based on the same basic premises, that two sets of spectra are obtained, one
of the mixed spectrum and one spectrum of the pure contaminant. The algorithms find
an optimal scaling coefficient which minimises the variance of the difference spectrum.
The variance method, VM, is the simplest variant and consists of a standard subtraction
of the two spectra. This approach is preferred for partially correlated spectra or when
the spectra contain broad features. The first- and second-derivative variance methods,
FDVM and SDVM, are similar to VM but work on the differentiated spectra during the
calculation of the scaling coefficient. To suppress the impact of noise, it is advisable to
smooth the differentiated spectra during the process [46].

3.5.2 Principal component analysis

Principal component analysis (PCA) is one of the first multivariate analysis tools [47]. It
analyses a dataset of observations described by inter-correlated variables. The method
projects the data onto a new set of orthogonal variables, principal components (PCs).
Each successive PC explains as much of the variance as possible (Figure 3.3). The dataset
can be reduced as less variation is explained by each of the following PC. The number of
new variables can be substantially fewer than the original variables.
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PCA is a common tool in the analysis of absorption and vibrational spectra. The
intensity of adjacent wavenumbers is often highly correlated, and the total spectrum is
a linear combination of the sample constituents’ spectral contributions. The first PC,
PC1, is simply the average of all spectra. The second is the orthogonal vector which
explains the second most variance of all spectra. Each spectrum is assigned a score for
each PC, i.e. a coefficient to explain how much of the current spectrum is described by
each PC . The scores could be interpreted as the projections of the spectra onto the PCs.
Every spectrum could be reconstructed by a linear combination of the PCs described by
its scores, given enough observations [48].

Figure 3.3: Example of a gaussian PCA scatter plot. Arrows indicate PC1 and PC2 [49].
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3.5.3 Support vector machines

Support vector machines (SVM) is an efficient, and relatively recent, method for extract-
ing information from large sets of data. The method uses a high-dimensional space onto
which it maps the data non-linearly. It uses support vectors, a subset of the data, to find
an optimal separating hyperplane. Otherwise it might have to calculate billions of planes
to find the largest possible margin between classes. Soft margins allow non-separable
data to be divided into classes (Figure 3.4). The method was originally intended for two-
group classification but has been expanded to be able to handle more than two groups.
SVM is evaluated by cross-validation [50, 51, 52].

Figure 3.4: Example of a linear SVM scatter plot using soft margins [53].



Chapter 4

Aims

4.1 Aims

The general aim of this dissertation was to contribute to the development, design, and
evaluation of a dual-modality probe, that uses TRM and Raman spectroscopy for PCa
detection and localisation.

The studies included in this dissertation had the following specific aims:

• To compare the Raman spectroscopic information about the biochemical tissue con-
tent with the tissue stiffness measured with a TRM system through a multivariate
approach.

• To evaluate the accuracy of porcine prostate tissue classification with micro-TRM
measurements alone and together with fibre optic Raman spectroscopy using SVM.

• To investigate the effects resulting from a physical combination of a fibre optic
Raman spectroscopic probe inside a TRM sensor.

• To develop an approach to acquire viable Raman spectra in an environment with
ambient light present.

• To evaluate a method to acquire viable Raman spectra in an environment with
ambient light present using a fibre optic Raman probe integrated inside a TRM
sensor.

• To investigate the performance of a prototype dual-modality probe, combining
fibre optic Raman spectroscopy and resonance sensor technology, on fresh human
prostate tissue.

19
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Chapter 5

Materials and methods

5.1 Measurement samples

5.1.1 Gelatine & silicone

Gelatine and silicone samples were used for TRM reference measurements. Gelatine
samples in a range of stiffnesses were acquired by choosing different weight percent (wt%)
of gelatine to water ratios (G9382 Gelatin from bovine skin Type B, Sigma-Aldrich, St.
Lois, MO, USA).

In Paper B, gelatine samples were used for calibration of the micro-TRM sensor.
Gelatine mixtures of 3 to 20 wt% were prepared once a week. Young’s modulus, E, of
each gelatine sample was determined on the day of measurement. A cylindrical punch
was impressed in steps of 0.1 mm while the impression force was recorded. Within three
minutes after removal from cold storage (approx. 6 ◦C), three readings were performed
and an average E was calculated. The cylindrical punch was controlled by an xyz-stage
(NRT150P1, NRT100, BSC103, Thorlabs, Newton, NJ, USA) and a digital scale (HT-
600H, Elastocon, Bor̊as, Sweden) was used for force readings. Software for movement
and force reading was implemented in LabVIEW (National Instruments, Austin, TX,
USA).

In Paper E, gelatine samples were used for obtaining reference stiffness measurements
with the TRM sensor. Each day before measurement, gelatine mixtures of 5 to 25
wt% were prepared and kept refrigerated overnight. On the day of measurement, the
gelatine stiffness of each sample was evaluated by four TRM measurements with 1 mm
impression within 2 minutes after removal from the refrigerator. The gelatine stiffness
was also measured with a hardness tester using the Shore-000 scale (HPE II Shore, Bareiss
Prüfgerätebau GmbH, Oberdischingen, Germany).

A silicone rubber sample was used in Paper C during an investigation of the tem-
perature dependence of a TRM sensor. The silicone sample was prepared using a two-
component silicone rubber compound (Wacker SilGel 612, Wacker-Chemie, Munich, Ger-
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many). It was mixed in a 4:3.5 ratio and poured to the brim of a Petri dish (87 mm,
height 13 mm). The tabulated stiffness of this mixture was 192 mm ×10−1 (DIN ISO
2137, hollow cone 150 g) [38]. To prevent the sensor tip from adhering to the silicone,
the surface was powdered with aluminium oxide (Buehler, Lake Bluff, IL, USA).

A range of silicone samples was used in Papers D and an unpublished manuscript.
In Paper D they were used to evaluate the reproducibility of the stiffness measurements
with the dual-modality probe prototype. Five silicone samples, used in a previous study
[6], had been prepared in Petri dishes (87 mm, height 13 mm) with penetration values
ranging from 51 mm ×10−1 to 192 mm ×10−1. The silicone surfaces were coated with
aluminium oxide. In the unpublished manuscript, the stiffness of silicone samples was
compared to the stiffness of gelatine samples using a hardness tester (HPE II Shore,
Bareiss Prüfgerätebau GmbH, Oberdischingen, Germany).

5.1.2 Porcine tissue

Porcine prostate tissue and various cuts of porcine have been used throughout the studies
as model tissues.

Porcine abdominal tissue, side pork, was used in Papers A and D. In Paper A, porcine
abdominal tissue was used for obtaining Raman spectroscopy and TRM sensor datasets of
the same tissue samples. The porcine abdominal tissue was purchased in two batches from
the local grocery store and kept refrigerated at 6 ◦C. A 9 mm thick and approximately
40 × 50 mm wide sample was cut before each measurement series. Each prepared sample
contained a well separated mix of fat and muscle tissue. The sample was left to acquire
room temperature (25 ◦C ± 0.8 ◦C) for 30 minutes before it was pinned by needles to a
19 mm thick Styrofoam sheet. The surfaces of the porcine samples were softly brushed
with phosphate-buffered saline every fifth minute to prevent dehydration. In Paper D,
the same procedure was followed. Flat rectangular samples in the approximate size
of 30 × 40 × 14 mm were cut from one batch of porcine abdominal tissue. The cut
sample contained separate regions of fat and muscle tissue. The sample was pinned to
Styrofoam using needles. A saline solution (E404 PBS, Amresco, OH, USA) was applied
approximately every fifth minute.

In Paper C, cut pork loin fillet was used for investigating what impact ambient light
had while acquiring Raman spectra. The tissue was bought at the local grocery store
and kept frozen at -23 ◦C. Single cuts were thawed at 6 ◦C on the day of measurements.
Flat rectangular samples were cut in the approximate size of 12 × 40 × 50 mm.

Porcine prostate tissue was used in Paper B. Permission was given by the Swedish
Board of Agriculture (Dnr 38-8592/09). The veterinarian at the local abattoir resected
the prostate together with the (very large) bulbourethral and vesicular glands, still at-
tached to the urethra. The porcine prostates came from non-castrated boars of approx-
imately six months age. The tissue was kept refrigerated in plastic bags until further
resection. Prostate tissue samples were cut and covered with tissue freezing medium
(TFM-5 [red], Triangle Biomedical Sciences Inc., Durham, USA). The prepared samples
were immersed, for at least 30 s, in liquid nitrogen. As landmarks for later orienta-
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tion and matching, three 1-mm holes were drilled into each sample. Thin slices were
cut using a mictrotome (Cryo-Star HM 560 M, Microm, Walldorf, Germany). For each
measurement, two slices of different thicknesses were cut. One 500-μm thick slice for
Raman spectroscopy and micro-TRM measurements, and another one adjacent to the
first, of 5-μm thickness. The thinner slices were scanned using a scanning microscope
(ScanScope CS, 20× objective, Aperio, Vista, CA, USA) for histological analysis. The
histological analysis of the porcine prostate samples was performed by overlaying a grid
of the micro-TRM measurements. A total of 50 400 measurement points, over 14 porcine
prostate slices, were histologically analysed.

5.1.3 Human prostate specimens

Human prostate specimens were used in Papers B and E. Both studies received approval
from the Regional Ethical Review Board in Ume̊a (Dnr 03-423, Dnr 2013-94-32M).

In Paper B, one prostate was donated by a 67-year old man after RP. The prostate was
stage pT3 with GS 7. Four samples in total were prepared from one 5-mm and one 8-mm
punch after the prostate was cut in slices for histopathological analysis. The punches
were chosen to be likely to contain both healthy and cancerous tissue. The samples
were immersed in liquid nitrogen within 30 minutes after resection of the prostate. Thin
slices were cut using a mictrotome (Cryo-Star HM 560 M, Microm, Walldorf, Germany),
as previously described for the porcine prostate samples. A total of 9900 measurement
points of human prostate tissue were histologically analysed.

In Paper E, two prostates were donated by men having their prostate removed by
RP. One prostate (prostate nr. 1) was classified as stage pT3b with GS 8. The other
prostate (prostate nr. 2) was classified as pT2c with GS 7. Each prostate was brought
to the pathology department immediately after surgery. The pathologist removed all
surgical clamps and inked the prostate outer surface according to standard practice. Red
and green tissue marking dye (Triangle biomedical sciences, Inc. Durham, NC, USA)
were used to ink the left and right anterior sides of the prostate, respectively. Yellow
tissue marking dye (TMD) was used to ink the posterior of the prostate. The prostate
was then transaxially cut in 5-6 mm slices. The slices were enumerated from the apex.
Slice number four from the first prostate, and number two from the second, were brought
to the dual-modality probe for measurements before the slices were formalin fixed and
embedded in paraffin. Tumours are more likely to be found near the prostate apex, and
prostate posterior. The slice was brought on ice to the experimental setup and pinned to
Styrofoam using needles. Both slices were pinned down so that the outer cut surface was
facing the Styrofoam, i.e. measurements were performed on the inner cut surface. After
the measurements, the prostate slice was brought back to the pathology department
for formalin fixation within approximately one hour. The samples were embedded in
paraffin with the surface measured by the dual-modality probe facing out. Then followed
the standard procedure of preparing a sample for microscope histopathology, i.e. a 4-μm
slice was cut with a rotary microtome and stained with hematoxylin and eosin, for the
pathologist to analyse. Yet another 4-μm slice was prepared and mounted on regular-
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sized microscope slides and digitised by a microscope scanner (Pannoramic 250 - Manual
Brightfield Scan, 3DHistech Kft. Budapest, Hungary). The first prostate slice was cut
into four smaller slices, the second into two, as they were too large to fit on regular-sized
microscope slides.

5.2 Resonance sensors

All TRM systems in the studies included in this thesis incorporate a piezoelectric ceramic
element of some variety. In Paper C, a lead zirconium titanate (PZT) ceramic element
(Morgan Electro Ceramics, Bedford, OH, USA) was used to study its properties and
behaviour under different circumstances. The PZT element was cylindrical with 5 mm
outer diameter and 2.8 mm inner diameter. It was 15 mm long. Both the inner and
outer surface is coated with thin conductive films, On the outside, the conductive film is
cut to create an electrically insulated region (Figure 5.1). These two parts make up the
driving element and the pickup element, respectively. The PZT element is set to vibrate
by an oscillating electric signal applied to the driving element. The physical vibration is
converted into an electrical signal by the pickup element. A network analyser (Agilent
E5100 A 10 kHz - 300 kHz Network Analyzer, Santa Clara, CA, USA) was connected
to the PZT element to study the gain and phase frequency response under different
circumstances. A PZT element like this was also used in the dual-modality probe of
Papers D and E.

A

B

Figure 5.1: PZT ceramic element, (A) pickup element and (B) driving element.

In Paper A, a ready made TRM system (Venustron R©, Axiom Co., Ltd., Koriyama,
Fukushima, Japan) was used to measure thick samples. It is equipped with a 5-mm
diameter hemispherical tip, a force transducer and a linear actuator for impression mea-
surements. It was also used in Paper C while evaluating the temperature dependence of
Δf .
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In Paper B, a micro-TRM system (P&M Co. Ltd., Aizuwakamatsu, Fukushima,
Japan) was used to measure thin samples. The micro-TRM sensor has a 1-mm diameter
glass needle that is stretched very thin and melted into a small spherical tip at the very
end. Due to the tip’s small radius, the frequency shift is proportional to the Young’s
modulus of the measured sample, and the impression force is not recorded [31]. Tips
with diameters 53 to 65 μm were used in Paper B, although the system can use even
smaller tips, e.g. 10 μm [54].

In Papers D and E, the resonance sensor was part of the dual-modality probe. The
TRM sensor consisted of a PZT element with an in-house developed tip and a strain
gauge force transducer (Figure 5.8). The PZT element is described above (Figure 5.1).
A hemispherical plastic tip (2.5 mm radius) was glued to the PZT element. A 1-mm hole
was drilled axially through the tip and covered by a thin hemispherical glass window (mi-
croscope cover slip, Nr 1, Menzel-Gläser, Portsmouth, NH USA), as shown in Figure 5.2.
The PZT element was affixed inside a cylindrical holder using a two-component rubber
latex (Wacker Elastosil RT622, Wacker-Chemie GmbH, Munich, Germany). The rubber
latex was applied as described in Figure 5.3. The TRM sensor’s frequency was controlled
by the driving electronics of the micro-TRM system (P&M Co. Ltd., Aizuwakamatsu,
Fukushima, Japan) and in-house developed software (LabVIEW 8.6, National Instru-
ments, Austin, TX, USA). The strain gauge force reading and the TRM frequency were
simultaneously sampled by a data acquisition system (NI cDAQ-9223 and NI cDAQ-9178,
National Instruments, Austin, TX, USA).

A
B

C

D

Figure 5.2: Dual-modality probe tip. (A) Fibre optic Raman probe, (B) hemispherical plastic
tip, (C) glass window, (D) maximum tissue level at 1 mm impression depth.

In Papers A and C, the resonance sensor’s stiffness parameter, S, was calculated
according to

S =
∂F/∂d

∂Δf/∂d
(5.1)

where F is the impression force and d the impression depth. The stiffness was calculated
by a linear regression at d = 0.6± 0.1 mm [34].
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Figure 5.3: Rubber distribution (pink) in the PZT element holder.

In Papers D and E, S was calculated directly as

S =
∂F

∂Δf
(5.2)

where, in Paper D, S was evaluated by linear regression of the ten data points close to
the maximum impression depth. In Paper E, S was evaluated by linear regression of all
data points during the first half of the impression (Figure 5.4).
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Figure 5.4: The stiffness sensor’s force-frequency response curve. Green line during impression,
red line during retraction, and linear regression represented by the blue line.
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In Paper B, a stiffness indicator Δf/δ was calculated together with a curvature pa-
rameter κ from the micro-TRM system’s frequency response during impression. κ was a
measure of the curvature of the response curve.

Paper E introduced the stiffness contrast, SC, to account for general inter-prostate
differences.

SC =
S − 〈S〉
〈S〉 (5.3)

where 〈S〉 is the average stiffness of the individual prostate. SC, as presented in this
study, was the ratio between perceived stiffness differences and the average stiffness
of each prostate. The SC make comparisons between different prostates possible, as
the average stiffness baseline is different between individual prostates. Jalkanen et al.
presented a variant of the SC, where the histopathological analysis was known before
calculation of SC [55].

5.3 Raman spectroscopy

The same Raman spectroscopy setup was used throughout all studies. A fibre optic
probe (Machida Endoscope Co., Tokyo, Japan) was connected to a Raman spectroscope
(RXN1/0002134, Kaiser Optical Systems (KOSI), Ann Arbor, MI; USA). The fibre optic
Raman probe consists of one centre, delivery fibre and eight surrounding, collecting,
fibres of pure silica [56]. The end of the Raman probe is embedded in a 10 cm steel pipe
of 0.8 mm diameter and ends with a filter and a lens [56]. A 1.2-mm diameter probe was
used in Paper A.

The excitation wavelength of the Raman spectroscopy was 785 nm, supplied by a NIR-
CW diode laser (Kaiser Optical Systems (KOSI), Ann Arbor, MI; USA). NIR wavelengths
reduce the risk of photo-induced damage in biological material [43], and these wavelengths
are absorbed less by water than mid-IR. The silica optical fibre is highly transparent to
this wavelength [57].

The Raman spectrometer was wavelength and intensity calibrated using a Hololab
Calibration Accessory (Kaiser Optical Systems (KOSI), Ann Arbor, MI; USA). Wave-
length drifts were avoided by daily acquiring reference spectra of polystyrene.

The fingerprint region, 400 or 600 cm−1 to 1800 cm−1, and/or the high-wavelength
region 2700 cm−1 to 3200 cm−1 of the Raman spectra were used for analysis. Spectral
noise was reduced by the application of Eilers’ smoothing algorithm [58]. The spectra
were baseline corrected by removing fluorescent background with the algorithm suggested
by Cao et al. [59]. Where applicable, subtraction of pre-recorded contaminant spectra
were performed using the SDVM and VM methods presented by Loethen et al. [46]. The
treated spectra were finalised by vector normalisation.
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5.4 Dual-modality probe

A dual-modality probe prototype was built for the purpose of combining Raman spec-
troscopy and tactile resonance sensor technology into one, singular probe for tissue char-
acterisation. The prototype incorporated a fibre optic Raman probe, a resonance sensor,
and a strain gauge force transducer (Figures 5.5 and 5.8).

Figure 5.5: Dual-modality probe performing a measurement on a slice of fresh human prostate.

Before the TRM sensor and the Raman spectroscope were physically combined into
one probe, they were separately combined on a translation stage. In Papers A and B,
the translation stage was used for moving the tissue sample to each of the modalities.
The TRM sensor and the fibre optic Raman probe were mounted at fixed positions.
The distance between the two probes was determined by a spatial calibration protocol.
Both TRM measurements and Raman spectroscopy could thus be performed at the same
location with high precision.

The practical implications of the physical combination of a fibre optic Raman probe
and a TRM sensor were investigated in Paper C. The two modalities had to be physically
attached together. The fibre optic Raman probe usually develops heat due to the laser
illumination, and the properties of the TRM’s PZT element are temperature dependent.
The dual-modality probe was intended to be used clinically, i.e. outside the dark con-
finement of the Raman spectroscopy laboratory. Methods and settings for obtaining a
usable Raman spectrum with ambient light present were investigated in Papers C and
D.

The effects of attaching a fibre optic Raman probe inside a TRM was investigated
by using a freely vibrating PZT element and steel needles. Steel needles (0.8-mm and
1.2-mm medical injection needles) were used as a substitute for the fibre optic Raman
probe that ends with a steel pipe. A two-component rubber latex (Wacker SilGel 612,
Wacker-Chemie GmbH, Munich, German), left to cure overnight, was used to fixate the
steel needles inside the centre of the hollow, cylindrical PZT element. A digital scale
(HT-600H, Elastocon, Bor̊as, Sweden) was used to determine the amount of rubber latex
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used for fixation. The PZT element was connected to a network analyser (Agilent E5100
A 10 kHz - 300 kHz Network Analyzer, Santa Clara, CA, USA), and changes in the
frequency response were recorded to investigate whether there were any differences in
the behaviour between a half-filled and a fully-filled hollow PZT element (Figure 5.6).
The same PZT element was used throughout the study and the frequency response was
recorded at room temperature (25 ± 2 ◦C).

A B

Figure 5.6: Rubber latex filling (pink) for attaching a steel pipe inside a PZT element. (A)
Half-filled, (B) fully-filled.

The amount of heat produced by the fibre optic Raman probe at the tip was mon-
itored with an infra-red camera system (ThermaCAM Researcher, FLIR Systems AB,
Stockholm, Sweden). The Raman spectroscope was run with laser powers ranging be-
tween 20 mW and 270 mW during 10 s and 20 s while the temperature was recorded. The
measurements were performed both on the bare Raman probe and on a TRM element
around the Raman probe attached with Teflon tape.

The temperature dependence of Δf was investigated using the TRM system of Paper
A. A confined, temperature-controlled, environment encased a silicone sample. TRM
measurements were performed with the TRM system both inside and outside the con-
finement at temperatures ranging from 22.7 ◦C to 28.5 ◦C. Additional measurements
were made with the silicone sample at 13.6 ◦C and 36.9 ◦C.

A B C

Figure 5.7: Raman probe light shields. (A) Bare probe with shield retracted, (B) 6-mm shield
applied, (C) 25-mm shield applied. (Figure not to scale.)
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The feasibility to perform Raman spectroscopy with ambient light present was inves-
tigated in Papers C and D. In Paper C, Raman spectra were acquired in ambient light
using fluorescent tubes (Lumilux, 2W/830, Warm White) or an incandescent light bulb
(Osram, 60 W, matte) as a source of light. The Raman spectra were acquired with the
bare fibre optic Raman probe and with shields of 6-mm, 25-mm, and 35-mm diameter,
around the probe tip (Figure 5.7). The premises of the Raman spectroscopy were also
differentiated by using laser power settings ranging from 100 mW to 270 mW and in-
tegration times of 5 s or 10 s. The SDVM and VM methods were used for subtracting
contaminant spectra. The TRM sensor acted as the shield in Paper D while the ambient
light was provided by a fluorescent tube. The SDVM and VM methods of subtract-
ing contaminant spectra were complemented by an in-house developed algorithm that
pre-treated the spectra by limiting the maximum intensity of the contaminant Raman
peaks.

A

B

C

D

Figure 5.8: Dual-modality probe. (A) CMOS camera, (B) strain gauge force transducer, (C)
fibre optic Raman probe, (D) TRM sensor.

A prototype of a dual-modality probe was built for the studies in Papers D and E
(Figure 5.8). It incorporated both a TRM sensor and a fibre optic Raman spectroscope
in one probe. The 0.8-mm diameter and 10 cm long steel end of the fibre optic Raman
probe was mounted inside the in-house developed TRM sensor described above (Figures
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5.1, 5.2, and 5.3). The dual-modality probe was mounted to an xyz-table (NRT150P1,
three NRT100, BSC103, Thorlabs, Newton, NJ, USA) together with a CMOS camera
(SPC230NC, Philips, Amsterdam, Netherlands). The complete system was controlled
and monitored, except for the acquisition of Raman spectra, via an in-house developed
graphical user interface and software (LabVIEW 8.6, National Instruments, Austin, TX,
USA). The dual-modality probe could thus be used to easily obtain both Raman spec-
troscopic measurements and TRM measurements at the same locations on the sample.

5.5 Data analysis

Measured values are presented as mean ± standard deviation (SD). Hierarchical cluster
analysis (HCA) was used in Papers A, D, and E. The HCA divided the data into groups
using Ward’s linkage based on the Euclidian distances. The Anderson-Darling test, the
Lilliefors test, or the Kolmogorov-Smirnoff test was used to evaluate data normality.
The nonparametric Kruskal-Wallis test, and where applicable the Tukey-Kramer multiple
comparison test, were used to access significant differences in stiffness between groups.
A p-value less than 0.05 was considered statistically significant.

In Paper A, the two datasets obtained from porcine abdominal tissue were compared
and their correlation was evaluated. A total of 168 measurements was made with each
modality on fat and muscle tissue. The Raman spectroscopic dataset was reduced by PCA
of the fingerprint region, 600 cm−1 to 1800 cm−1. The PCs were used in a linear model to
describe the TRM dataset. The adjusted R2 value was used to evaluate the correlation
between the two datasets. The Raman spectroscopic data were also used to form groups
by applying HCA on the reduced dataset. Tukey-Kramer’s multiple comparison test on
the mean stiffness of each group evaluated the separation of the groups according to their
stiffness. The area under the curve (AUC) of the receiver operating characteristic (ROC)
curve was used to evaluate the TRM’s ability to correctly differentiate the groups [60].

In Paper B, the results of the histological analysis of the tissue were, together with
the pre-processed Raman spectra and micro-TRM dataset, input into an SVM algorithm.
The 50-mm diameter measurement area of the micro-TRM was smaller than the 300-mm
diameter measurement area of the fibre optic Raman spectroscope. The micro-TRM
data and the histological analysis were therefore resampled to correspond to the Raman
spectroscopic data. The average stiffness within the Raman spectroscopic measurement
area was calculated. A similar approach was used to resample the histological data,
where the main tissue content was set to represent the area. Three histological threshold
levels (>50%, >67%, and >83%) were evaluated. Areas with more diverse tissue content
than the threshold level were excluded from analysis. A five-fold cross-validation grid
search decided the parameters of the SVM kernel [52].

In Paper D, HCA was applied on the PCA of the Raman spectroscopic data to
form groups. Average spectra of the groups were calculated and tentatively assigned to
molecular vibrations. The difference in stiffness between two groups was evaluated by
the Kruskal-Wallis test.

Paper E used PCA to reduce the Raman spectroscopic dataset. HCA was applied
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to both the reduced Raman spectroscopic dataset and the SC obtained from the TRM
measurements. The Raman spectroscopic data obtained from each prostate were kept
separate, instead of pooled, until larger sets of data are obtained in further studies.



Chapter 6

Results and discussion

6.1 Comparing two datasets

In Paper A, a first step to a dual-modality probe was taken by comparing the Raman
spectroscopic and TRM sensor datasets.

This was done by performing measurements on the same location on model tissue
samples with both a fibre optic Raman probe and a TRM probe. The Raman spectro-
scopic data was divided into groups by applying an HCA on the reduced dataset produced
by the PCA of the treated spectra. The data were allowed to form an increasing number
of groups. Five groups separated the Raman spectroscopic dataset clearly and agreed
well with the visual structure of the samples. These groups were chosen to represent
the tissue content in the further analysis. A tentative assignment of the Raman peaks to
molecular bonds indicated that the groups corresponded to the fat and/or muscle content
of the tissue (Table 6.1).

Table 6.1: Tissue composition of separable groups according the mean Raman spectrum of each
group. The Raman spectra indicated a lower proportion of fat in group B than in group C. The
fat of group E contained a higher amount of saturated fatty acids than the fat of group D.

Group Tissue composition
A muscle
B muscle and fat
C fat and muscle
D fat
E fat (saturated)

The mean stiffness, S, of all measurement points was (0.40 ± 0.24) mN/Hz (Paper
A). The majority of the points had a stiffness less than 0.40 mN/Hz, while some showed
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a notably higher stiffness. A multiple comparison test of the groups’ stiffness showed
that group E had a significantly higher stiffness than the other groups (Figure 6.1). The
TRM sensor’s ability to discern group E by using a threshold set to the average stiffness
between group E and the other groups was excellent according to the ROC analysis since
the AUC was 0.99. The other groups could not be efficiently differentiated in a similar
manner, with AUCs ranging from 0.51 to 0.73.
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Figure 6.1: Stiffness of groups A-E.

The first ten PCs from the PCA of the Raman spectroscopic data explained 99% of
the variation. When used in a linear model that described the stiffness, they explained
67% of the tissue stiffness. The PCs interpreted to describe the amount of fat, saturated
fat, and muscle content, had the highest relative impact in the model.

6.2 Combining two datasets

The Raman spectroscopic and TRM datasets were combined using SVM in Paper B.

The stiffness maps obtained with the micro-TRM system showed visual similarities
with the histological image of the measurement area (Figure 6.2). The information from
the TRM system, the indentation descriptor and the curvature parameter, were put into
the SVM. It explained 82.3% of the porcine prostate tissue content within each RS area
of >83% homogeneity level, Similarly, it correctly classified 66.9% of the human prostate
tissue as normal or cancerous. The accuracy was lower for more diverse tissue content
(Table 6.2).

TRM combined with the Raman spectroscopic information from the fingerprint region
explained 87.3% of the porcine prostate tissue content at >83% homogeneity level. When
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Figure 6.2: (A) Histological image and (B) stiffness image produced by the micro-TRM system.
Inset square side 300 μm.

Table 6.2: Cross validation accuracy for determining porcine prostate tissue content and clas-
sifying healthy and cancerous human prostate tissue, at homogeneity levels >50%, >66%, and
>83%.

>50% >66% >83%
Porcine Human Porcine Human Porcine Human

TRM 64.9 69.6 69.4 67.4 80.7 66.9
TRM + Raman 80.8 71.6 83.2 76.8 87.3 77.0

the TRM information was combined with the high-wavenumber Raman data, it correctly
classified 77.0% of the human prostate tissue as normal or cancerous (Table 6.2).

The Raman spectra of human prostate tissue (Paper B) showed a high amount of
fluorescence compared with the porcine prostate spectra. This was explained by the
use of black TMD to ink the surgical margin according to standard procedure. A por-
tion of the Raman spectra in the interval of 2400 cm−1 to 3425 cm−1, i.e. in the
high-wavenumber region, was therefore used for the Raman spectroscopic dataset in the
analysis of the human prostate. The high-wavenumber region has been shown to contain
valuable biochemical information of human tissue yielding the same classification results
as the standard fingerprint range [61]. The high-wavenumber region of 2400 cm−1 to
3425 cm−1 was less affected by fluorescence.

The procedure of resampling the detailed information of the TRM sensor might seem
to cause a loss of information. On the other hand, it suppresses the risk of mismatch-
ing the individual TRM measurement to the corresponding histological analysis. The
histological samples became physically deformed during the preparation of the micro-
scope slides. Although the measurement grid was aligned to the histological image with
great care, a slight misalignment of 50 μm might have caused a misclassification of small
structures.

Eklund et al. [38], while investigating formalin-fixed prostate tissue, and Jalkanen
et al. [62], while investigating fresh prostate tissue, concluded that cancerous prostate
tissue was significantly stiffer than healthy glandular tissue. They also concluded that
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the TRM sensor could not readily discern PCa and prostate stones or stroma. In this
study, the tissue classification accuracy increased by adding the Raman spectroscopic
modality to the TRM modality.

6.3 Design considerations

Several important aspects regarding the design of a combined probe were identified (Paper
C).

Rubber latex has previously been used for attaching TRM sensors to equipment [63].
The amount of rubber latex filling, used to attach a steel pipe inside the PZT element,
made an impact on the behavioural changes of the PZT element. Both the resonance
frequency difference and the change in Q factor were larger when the PZT element was
completely filled with rubber latex. The diameter of the steel pipe also affected these
qualities in the same way, but to a lesser extent. A smaller diameter steel pipe yielded
smaller differences.

The very tip of the fibre optic Raman probe was quickly heated to a high temperature
when the Raman spectroscopic excitation laser was activated (Figure 6.3). The heating
of the surrounding PZT element was much lower. After 20 s at the highest laser power
setting, 240 mW, the temperature rose less than 2 ◦C.
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Figure 6.3: Fibre optic Raman probe temperature distribution after 10s at 240 mW laser power
setting.

The rise in temperature was mostly dependent on, and directly proportional to, the
laser power. The fibre optic Raman probe tip temperature decreased quickly when the
laser was turned off. The temperature decreased below 30 ◦C within 8 s for all settings.
The variations of Δf due to small variations in ambient temperature (5 ◦C), or sample
temperature, were small compared to standard deviations reported in previous studies
[6, 33, 38].
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Gelatine and silicone samples are used for stiffness reference measurements for the
TRM modality [6, 31, 35, 38]. Comparative measurements on gelatine and silicone sam-
ples were performed with a hardness tester (unpublished results). The hardness tester
evaluated the stiffness of both gelatine and silicone using the Shore-000 scale (Figure
6.4). The gelatine samples became harder during long-term storage in the refrigerator,
most likely due to dehydration. One-day-old gelatine samples were used as stiffness ref-
erences for the dual-modality probe, and thus the gelatine’s stiffness was evaluated by
the prototype TRM sensor. The TRM sensor of the dual-modality probe could not re-
liably evaluate the stiffest gelatine sample, 20 wt%, it was slightly too stiff, although
the reading could still be interpreted as a very stiff measurement. The TRM sensor fre-
quency response curves were sometimes not smooth during impression into the silicone
samples. This was probably caused by the sensor tip breaking through the powdered
surface and clinging to the sticky silicone surface. Silicone with stiffness ranging from 51
mm × 10−1 to 192 mm × 10−1 and gelatine ranging from 3 wt% to 25 wt% have been
used in Paper B and in previous studies of prostate tissue [6]. The stiffness of normal
and cancerous prostate tissue has been shown to be equal to, or less than, the stiffness
of the 117 mm× 10−1 silicone [6].
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Figure 6.4: Gelatine and silicone hardness (mean ± SD, n = 3). Shaded, pink area marks the
stiffness of normal and cancerous prostate tissue. (Unpublished material.)



38 Results and discussion

6.4 Ambient light considerations

In Paper C, direct incandescent light either caused the Raman detector to be saturated
or caused a too high background for the spectra to be successfully treated. Indirect
incandescent light, providing about 15 lux of illumination at the sample, did not cause the
Raman detector to saturate even with the smallest, 6-mm diameter, shield. It also allowed
the spectra to be processed to viable Raman spectra, in all but one combination where
the laser power was set to 100 mW during the use of the 6-mm diameter shield. The use
of fluorescent tubes as a light source, which yielded 82 lux at the sample, allowed Raman
spectra to be acquired and processed successfully, provided the laser power was not set
to its highest setting, 270 mW, which caused spectral peaks too big to be processed.

In Paper D, Raman spectra of porcine abdominal tissue could be acquired with the
fibre optic Raman probe encased in the TRM sensor of the dual-modality probe prototype
during illumination by a fluorescent tube. The Raman spectra were acquired while using
the dual-modality probe impressed 1 mm into the sample as the only shielding. The
spectra could be processed by limiting the very high peaks caused by the surrounding
light and by having the remaining contaminating spectral contributions removed by the
variance minimisation algorithms [46]. The high intensity spectral peaks, caused by the
fluorescent light, where detected and set to a fixed, constant value. This procedure
prevented the variance of the peaks from affecting the calculation of the scaling factor
between the remaining contaminant spectrum and the mixed spectrum. The processed
spectra could be used to discern porcine muscle and fat tissue by HCA of the PC scores
(Figures 6.5). The resulting average spectra provided distinct Raman peaks, which could
be tentatively assigned to key molecular bonds.
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Figure 6.5: (A) Processed Raman spectra (n = 30) of two groups, red and blue. Scaled raw
spectrum, black, shown for comparison. Dotted lines mark the location of ambient light peaks.
(B) Average spectra of red group A (n = 16) and blue group (n = 14).
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6.5 Human prostate study

For the first time, a dual-mode probe that combined Raman spectroscopy and stiffness
measurements was used for combined measurements on human prostate in Paper E.

The histological analysis of the prostate slices revealed the structure of the tissue
(Figure 6.6) and the tissue content at the measurement points (Table 6.3).
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Figure 6.6: Histological images of (A) prostate nr. 1 and (B) prostate nr. 2.
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Table 6.3: Histopathological content of the prostate slices at the measurement points. The
numbered circles indicate the order and location of the measurements.

Measurement point Histopathological content
Prostate 1, 1 Stroma, some prostatitis. PCa right

above and to the right.
2 Seminal vesicle duct with stroma

around.
3 Mainly glands, i.e. epithelial tissue,

and stones in the surroundings.
4 Lots of prostatitis around a duct.
5 Benign prostatic hyperplasia, epithelial

tissue.
6 Stroma, no prostatitis.
7 Stroma (the dark red), prostatitis, and

a duct. High grade PIN.
8 Dilated duct and a stone.
9 Stroma and a little prostatitis.

Prostate 2, 1 Epithelia.
2 Typical high grade PIN, and epithelia.
3 Epithelia, high grade PIN.
4 Epithelia.
5 Epithelia, high grade PIN.
6 Mainly PCa (the denser looking area)

and epithelia.
7 Normal epithelia.
8 Epithelia + PIN.
9 Normal epithelia.
10 Epithelia.

Larger glandular nodules, consisting of epithelia surrounded by stroma, expanded
and deformed the otherwise flat surface. This might be explained by the glands being
internally pressurised and that the glands expanded when the encasing stroma was cut
open. Measurement locations on sloping areas were avoided due to the TRM sensor’s
sensitivity to angular impression [64].

A total of 19 measurement points on slices from two prostates were performed with
both modalities. Some points from each prostate were notably stiffer than the others.
The baseline stiffness differed between the two prostate slices. The measurements of first
prostate, which mostly were located on stroma, had an average stiffness of 9.6 ± 7.7
μN/Hz. The average stiffness of the second prostate was 3.0 ± 2.3 μN/Hz, obtained
almost exclusively on epithelial tissue. The two prostates had significantly different
stiffness (p <0.05). The stiffness parameter was normalised by calculating the stiffness
contrast (SC) and the stiffness distribution of both prostate slices could be compared
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(Figure 6.7). An HCA was performed on the SC of all measured points. The group with
higher SC was significantly separated from the other. No other significant groups were
found by the HCA, although points 6 and 7 on the first prostate formed a group that was
less soft, and point 8 of the first prostate which was harder than all other measurement
points.
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Figure 6.7: Stiffness contrast distribution. First nine points were measured on prostate nr. 1,
the last ten points on prostate nr. 2. Points 4 and 8 on the first prostate and points 1, 6, 8,
and 9 on the second prostate indicated higher stiffness contrast. Dotted line marks the average
stiffness within each prostate.

The points indicated with a higher SC on the first prostate, 4 and 8, both contained
a duct which was impressed in its lengthwise direction. The duct located at point 8
contained a stone, and this point also had the highest SC. A duct was also located at
point 2, with a low SC, but it was impressed at an oblique angel. Two of the points
with higher SC in the second prostate, points 1 and 6, were located on and near a
denser looking area that contained PCa. The histopathological analysis did not reveal
any obvious explanation as to why the other two points, 8 and 9, had a high SC. Further
analysis of surrounding tissue might reveal the cause of the high SC.

Earlier studies have reported significant stiffness differences between stroma and ep-
ithelial tissue [38, 62], and between PCa and normal tissue [65, 6, 55]. The study in Paper
E reported similar findings, although it did not show by the use of SC, which probably
was due to the limited number of measurements.

Paper B explained the high background contribution of the Raman spectra of human
prostate tissue by the presence of black TMD. In Paper E, care was taken to avoid
fluorescence caused by TMD. All available TMDs at the pathology department were
tested for Raman spectroscopic fluorescence before the study, and colours which did not
contribute with a high background fluorescence were chosen to ink the prostate surface



42 Results and discussion

after resection. No indication of TMD contamination of the prostate slices was evident
when analysing the Raman spectra. Characteristic peaks of the used inks were missing
from the spectra. However, fluorescence contributed to the general background of the
Raman spectra. In the first prostate slice, which was cut through the front surface, the
fluorescent background was highest in the spectrum acquired at a seminal vesicle duct.
In the second prostate slice, which was cut through the back surface, the fluorescent
background became higher as the spectra were acquired closer to the back surface. Due
to the high fluorescence of the raw data, the high-wavenumber region was used for the
analysis. A PCA and HCA of the Raman information in the high-wavenumber region
formed four separated groups for each prostate slice (Figure 6.8).
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Figure 6.8: Groups obtained by HCA of the Raman data PCA. (A) Prostate nr. 1 and (B)
Prostate nr. 2.

The Raman spectroscopic group consisting of points 3, 6, and 9 in the first prostate
were acquired at locations characterised by: (3) epithelia with stones in the surrounding;
(6) stroma no prostatis; and (9) stroma with little prostatitis. The closely related group
consisting of points 1, stroma with little prostatitis, and 8, a dilated duct with a stone.
The measurements points 2, 5, and 7 had mixed contents and formed one separate Raman
spectroscopic group. Point 4 formed a separate group and was acquired at a location
with a lot of prostatitis around a duct. The groups of the second prostate are not easy
to explain because they all but one contained epithelial tissue with or without PIN.



Chapter 7

Summary and
General Conclusions

7.1 General summary and conclusions

The work of this thesis has led to the design and development of a first prototype of a
dual-modality probe, combining TRM and Raman spectroscopy.

The Raman spectroscopic and the TRM dataset have been used to identify five types
of porcine abdominal tissue mixtures. The tissue mixture with significantly higher stiff-
ness could be discriminated by the TRM dataset. The other tissue mixtures were dis-
cerned by an HCA of the results from the PCA of the Raman spectroscopic dataset.
The two datasets were shown to both contribute with unique information. The model
based on the PCA of the Raman spectroscopic data explained 67% of the stiffness and
the TRM sensor could be used to discern one of the five groups classified by the Raman
spectroscopic data. This means that it is beneficial to combine the two modalities rather
than to use them separately.

The two datasets, the Raman spectra and the stiffness information from the TRM,
were used to discern healthy and cancerous human prostate tissue using an SVM al-
gorithm that could combine the datasets. The cross-validation accuracy was 77% for
tissue of >83% homogeneity. The method was also able to identify three types of porcine
prostate tissue with 87% accuracy at the same homogeneity level. Thus, it was shown
that the combined datasets could be utilised for tissue classification using SVM.

Several details regarding the design of a combined dual-modality probe have been
identified. The choice of material and method of attaching the fibre optic Raman probe
inside the TRM sensor have been evaluated. Rubber latex could be used to attach a
steel pipe inside a TRM sensor element. A smaller amount of rubber latex affected the
TRM sensor element’s characteristics less, as did the use of a smaller diameter steel
pipe. The conditions regarding the temperature dependence of the TRM sensor and the
heat produced by the fibre optic Raman probe have been identified. This revealed some
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important constraints according to the relationship between laser settings and tolerated
heat production. Methods and conditions for using the Raman spectroscopic modality
in environmental settings with ambient light present have been developed and evaluated.
Fluorescent tube light yielded a smaller general background in the Raman spectrum than
incandescent light. The peaks of the fluorescent light could be removed by software.
Porcine fat and muscle could be discerned with the fibre optic Raman probe integrated
in the dual-modality probe with fluorescent tube light present. With the results from
this study, it should be possible to use the Raman spectroscopic modality in a clinical
setting. Gelatine samples could be prepared with similar hardness as silicone samples.
The gelatine samples became harder during long term storage in the refrigerator, most
likely due to dehydration.

The performance of the dual-modality probe has been evaluated on slices of human
prostates. Tissue with high and low SC could be discerned with the combined probe. A
high fluorescent background in the Raman spectra was observed even though contami-
nation by TMD, used to ink the surface, was avoided. The high-wavenumber region of
the Raman spectra has less fluorescent contribution and was used for HCA classification.
More samples and more measurements would benefit the statistical analysis.

These studies indicated that the desktop, dual-modality probe, combining Raman
spectroscopy and TRM, has the possibility to be used for assessing the prostate tissue
content.



Chapter 8

Future work

8.1 The future

A continuation of the study on fresh human prostate, obtaining more data by performing
more measurements on more prostates is important to fully evaluate the performance of
the dual-modality probe. However, first it would be valuable to develop a method to han-
dle the fluorescence when performing Raman spectroscopy of fresh human prostate tissue.
That might be achieved by finding an optimal wavenumber region for characterisation of
fresh human prostate tissue.

An important future project would be to develop a hand-held prototype of the dual-
modality probe and also a robotic prototype for laparoscopic use. A dual-modality probe
suitable for clinical use, which would detect and prevent remaining PCa at the surgical
margin, would be beneficial for radical prostatectomy patients.
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Abstract
Tissue characterization is fundamental for identification of pathological conditions. Raman
spectroscopy (RS) and tactile resonance measurement (TRM) are two promising techniques
that measure biochemical content and stiffness, respectively. They have potential to
complement the golden standard—histological analysis. By combining RS and TRM,
complementary information about tissue content can be obtained and specific drawbacks can
be avoided. The aim of this study was to develop a multivariate approach to compare RS and
TRM information. The approach was evaluated on measurements at the same points on
porcine abdominal tissue. The measurement points were divided into five groups by
multivariate analysis of the RS data. A regression analysis was performed and receiver
operating characteristic (ROC) curves were used to compare the RS and TRM data. TRM
identified one group efficiently (area under ROC curve 0.99). The RS data showed that the
proportion of saturated fat was high in this group. The regression analysis showed that
stiffness was mainly determined by the amount of fat and its composition. We concluded that
RS provided additional, important information for tissue identification that was not provided
by TRM alone. The results are promising for development of a method combining RS and
TRM for intraoperative tissue characterization.

Keywords: tissue characterization, multivariate analysis, Raman spectroscopy, tactile
resonance measurement, biological tissues

List of parameters and abbreviations

d impression depth
�f resonance frequency shift
F impression force
HCA hierarchical cluster analysis
PC principal component
PCA principal component analysis
ROC receiver operating characteristic
RS Raman spectroscopy

S stiffness parameter
TRM tactile resonance measurement

1. Introduction

Tissue characterization is very important for the determination
of pathological conditions such as cancer. The golden standard
is histological analysis using bright field microscopy. The
method allows a trained observer to identify diseased tissue
through staining of tissue samples. However, the method
is subjective and the inter- and intra-observer agreement is
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unsatisfactory [1]. Furthermore, it is time-consuming and
cannot be used in vivo. Therefore, complementary methods
are needed. There are several promising technologies for
precise and swift tissue characterization [1–5]. However, to
our knowledge, none are ready to be used clinically at present.

Recently, the combination of different techniques has
gained increased interest [6]. We have earlier suggested
that it may be beneficial to analyze both the biochemical
and biomechanical properties of tissue to achieve efficient
characterization [1, 7]. Raman spectroscopy (RS) and tactile
resonance measurement (TRM) measure the biochemical
content and the stiffness of tissue, respectively. These
experimental methods have shown promising results in vitro
for tissue characterization [2, 4], e.g. prostate cancer detection
[1, 4]. Used together, the two methods may compensate for
the specific drawbacks of each method alone, e.g. the limited
penetration depth of current fibre optic RS probes [8] and
TRM’s lack of detailed information about tissue content [9].

RS is an optical method in which a beam of
monochromatic light is directed at the examined material.
The backscattered light forms a spectrum reflecting the
biochemical content of the tissue [10]. By using multivariate
analysis of the RS data many pathological conditions can
be recognized in an objective manner [11]. For example,
several in vitro studies using RS microscope setups show that
diagnostic algorithms can differentiate healthy and cancerous
prostate tissue with high accuracy [12–16]. The method
also holds promise for determining tumour aggressivity [12,
15]. Recently, multivariate analysis of RS and infrared
spectroscopic data has been used to characterize healthy tissue
as a first step to develop a diagnostic algorithm [17, 18].
Andrade et al [18] used clustering analysis to distinguish
different tissue types in normal colorectal samples.

RS can be performed using optical fibres to deliver the
exciting laser beam and collect the Raman scattered signal.
Crow et al used a fibre optic RS probe and differentiated
benign and malignant prostate samples in vitro with an overall
accuracy of 86% [13]. RS has not yet become clinically useful
due to the lack of suitable fibre optic probes [2], relatively
long acquisition times and concerns that the laser illumination
may cause photo-induced degeneration [19]. Furthermore, RS
usually requires that the measurements should be performed
in darkness. It may be possible to overcome these problems
by combining RS with TRM.

The TRM mimics palpation since it senses the stiffness of
an object. TRM gives an objective reading of the stiffness, as
opposed to the subjective manual palpation. The transducer
of TRM is a resonance sensor element consisting of a
piezoelectric ceramic. The resonance frequency shifts as the
probe is pressed against an object, and the shift (�f ) is related
to the stiffness of the object [4]. TRM generates an ultrasonic
wave in the tissue, and the method is more gentle and deep-
sensing [20] than RS. Several medical TRM applications are
under development [4], e.g. breast cancer [21] and prostate
cancer detection [9, 20, 22, 23]. In vitro studies show that
healthy glandular tissue and cancerous prostate tissue can be
differentiated using TRM [9, 23]. Stiff prostate tissue indicates
the presence of a tumour, although increased stiffness is not

necessarily due to cancer. TRM alone cannot yet distinguish
between cancerous tissue and stiff healthy prostate tissue such
as stroma and prostate stones [9]. With the addition of RS to
TRM the diagnostic accuracy may be improved.

Our long-term goal is to integrate RS and TRM into one
single probe to be used clinically. For instance, the instrument
could be a portable hand-held device used during radical
prostatectomy surgery to locate cancerous tissue in the surgical
margins. The hand-held resonance sensor concept has recently
been demonstrated on tissue phantoms [22]. TRM would be
used to scan the prostate tissue and localize stiff areas, which
may indicate tumors. The suspicious areas would be analyzed
by RS to be confirmed as healthy or diseased tissue. Diagnostic
algorithms will be developed that objectively can classify the
tissue from the combined RS and TRM information.

A first step toward combining RS and TRM for tissue
characterization is to compare measurements from the same
tissue. The aim of this study was to develop a multivariate
approach to compare the RS information of biochemical
content to the TRM information of tissue stiffness.

2. Material and methods

2.1. Sample preparation

We chose to use porcine abdominal tissue for this study. Two
packages were purchased from the local grocery store and
kept at 6 ◦C until sample preparation. Rectangular tissue
samples were cut 9 mm thick with approximately 40 and
50 mm sides. The tissue samples were fixed to a 19 mm thick
Styrofoam plate with needles. A total of four samples, two
from each package, were prepared. The samples were taken
out of the refrigerator 30 min before each measurement series
to suppress temperature drift during the measurement run. All
measurements were performed at room temperature (25 ◦C ±
0.8 ◦C). Phosphate buffered saline was applied with a soft
brush to the freshly cut surface every fifth minute.

2.2. Measurements

2.2.1. Raman spectroscopy. A fibre optic RS probe [24]
(Machida Endoscope Co., Tokyo, Japan) was used. It had an
outer diameter of 0.8 mm and incorporated a central delivery
fibre and eight surrounding collecting fibres. Optical filters
at the probe tip rejected Raman scattered light generated in
the delivery fibre. The fibre optic probe was connected to
an RXN1 spectroscope with a continuous-wave InvictusTM

diode laser at 785 nm (both from Kaiser Optical Systems
(KOSI), Ann Arbor, MI, USA). The system was calibrated
for wavelength shift and energy sensitivity using a calibration
system (HoloLab Calibration Accessory, KOSI). The output
effect to the samples was adjusted to approximately 80 mW and
the signal was integrated for 30 s. Prior to each measurement,
the probe tip was positioned as close to the sample as possible
without touching it. The ideal measurement distance for this
type of probe is 0.4 mm [24]. In this study, the approximate
distance was set by visual inspection using a magnifying glass.
This was sufficient since good spectral quality was acquired in
a range of several tenths of mm around the optimal distance.

2
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The diameter of the laser spot on the sample at a distance of
0.4 mm was estimated to be 0.3 mm [25].

2.2.2. Tactile resonance measurement. A tactile resonance
sensor system consisting of a stepper motor, a position meter
and a probe tip with force sensor and a piezoelectric element
(Venustron R©Axiom Co. Ltd, Koriyama Fukushima, Japan)
was used [9, 20, 22, 23, 26]. The piezoelectric element was
divided into a driving part and a pick-up, which recorded the
resonance frequency. The element was set into vibration by an
electronic feedback circuit that retained the phase shift at zero.
The shift in resonance frequency occurring as the sensor is
pressed against a measurement object is related to the stiffness
of the object [27].

The resonance frequency of the piezoelectric element was
59 kHz before contact. The resonance frequency shift (�f ),
impression force (F) and impression depth (d) were sampled
at 200 Hz during measurements. The sensor tip was pressed
maximally 1.0 mm into the tissue at a speed of 1 mm s−1. The
tissue surface was detected through the large frequency shift
that occurred upon contact. The radius of the hemispherical
tip was 2.5 mm.

2.2.3. Combined RS and TRM measurement setup. The RS
and TRM probes were mounted above a computer-controlled
translation stage (NRT150P1, three NRT100, BSC103,
Thorlabs, Newton, NJ, USA), together with a digital camera
(Canon Powershot S3 IS with close-up lens 500D and LAH-
DC20 conversion lens adapter, Canon, Tokyo, Japan), figure 1.
The Styrofoam plate with the tissue sample was fixed to the
translation stage. A software program, developed in-house,
was implemented in LabVIEWTM (National Instruments,
Austin, TX, USA) and ensured that measurements with both
probes were performed at the same locations on the tissue
sample. The positions of the probes were calibrated before
the measurements started, by aligning the probe tips with a
reference mark on the translation stage. Each tissue sample
was photographed and the position of the sample relative to the
translation stage was recorded. The image was imported to the
LabVIEWTM program and used to position the measurement
points. A grid of 42 measurement points arranged in a 6 × 7
matrix was overlaid on the image of each sample. The total
number of measurement points on the four samples was 168.
The points were set 5.0 mm apart since this approximately
equaled the diameter measured by the TRM probe at an
impression depth of 0.6 mm [20]. The measurement run
time order was randomized with the constraint that spatially
adjacent points were separated in time by at least one
intervening measurement. The total measurement time was
around two hours, whereof the TRM measurements took
approximately 30 min and the RS measurements 90 min.

2.3. Data preprocessing and analysis

Matlab R© (version R2009b including Statistics Toolbox version
7.0, MathWorks Inc., Natick, MA, USA) was used for all
preprocessing and analysis. Algorithms included in Matlab R©

were used if possible. Additional algorithms were written and
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Figure 1. A flow chart illustrating the measurement scheme. (1)
Digital camera, (2) Venustron R© resonance sensor, (3) RS fibre optic
probe, (4) tissue sample, (5) Styrofoam plate, (6) translation stage.

implemented in Matlab R© in-house. Eilers’ algorithm [28] has
been made available for Matlab R© via the Internet.

2.3.1. Preprocessing and analysis of the RS data. The
spectral interval 600–1800 cm−1, referred to as the fingerprint
region [10], was selected for further analysis. Each spectrum
was lightly filtered by a noise-reduction algorithm, setting
the smoothing parameters d = 2 and λ = 10 [28]. The
fluorescence background was automatically subtracted by
fitting a piecewise modified polynomial to each spectrum [29].
The spectra were vector normalized so that the integrated
intensity was equalized.

All 168 spectra measured on the four samples were
collected in one data set. Principal component analysis (PCA)
[30] was used to reduce the dimensionality of the data. PCA
projects the data onto a new coordinate system so that the first
coordinate describes as much of the variance as possible, the
second coordinate explains as much of the remaining variance
as possible, and so on. The coordinates are called principal
components (PCs), and they are orthogonal to each other. The
values for the observations expressed in the new coordinate
system are called PC scores. The preprocessed spectra
were analyzed using PCA, and a selected number of PCs were
retained. The reduced data set was then input to a hierarchical
cluster analysis (HCA) algorithm. The HCA automatically
divided the spectra into groups, where spectra within the same
group were similar to each other. Ward’s linkage [30] was used
to merge observations (spectra) close to each other, based on
the Euclidean distances between the observations.

The spectra were interpreted by tentatively assigning
the spectral features to specific molecular vibrations using
a database [31].

2.3.2. Analysis of the TRM data. The stiffness parameter S
[N Hz−1] was calculated from �f , F and d:

S = ∂F
/
∂d

∂�f
/
∂d

, (1)

3
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where ∂F/∂d and ∂�f /∂d were estimated numerically by
linear regression in an interval of d ± 0.1 mm. S was calculated
at d = 0.6 mm, representing the tissue stiffness near the surface
[20]. S has previously been shown to be proportional to
Young’s modulus [26].

2.3.3. Combined measurements. A linear regression analysis
[32] was performed to relate S to the PCs. S was taken as
the model response variable, whereas the PCs were the model
predictor variables. A residual analysis of zero mean, constant
variance, time independence and normality was done for model
validation. The adjusted coefficient of multiple determination
R2

adj was used for model control and comparison [32].
The accuracy of TRM to classify different tissue types

according to their stiffness was evaluated by the area under the
receiver operating characteristic (ROC) curve. The sensitivity
and specificity at various stiffness threshold values were
calculated to construct the ROC curves. The sensitivity
is the proportion of correct positive classification, and the
specificity is the proportion of correct negative classification.
An area under the curve close to 1.0 indicates an excellent
method, whereas an area of 0.5 indicates a noninformative
method [33].

2.3.4. Statistics. The mean stiffness was calculated for
each group as defined by the cluster analysis of the RS data.
The nonparametric Kruskal–Wallis test, followed by Tukey–
Kramer’s multiple comparison test, were performed to test
for differences between groups of stiffness measurements.
The Anderson–Darling test was used to test for normality.
Statistical test results with p < 0.05 were considered
statistically significant.

3. Results

3.1. RS measurements

The RS data were first analyzed using PCA. The first ten PCs
were retained. These explained >99% of the total variance
of the RS data, whereof PC 1 alone explained 94%. The
spectra were divided into five groups as defined by the HCA,
and they were labeled A, B, C, D and E. The mean spectra
(figure 2) agreed well with published results on porcine tissue
[34]. Analysis of the spectral peaks showed that group A was
muscle tissue, D and E fat tissue, while B and C consisted of
both muscle and fat tissue (figure 2). Group C contained a
larger proportion of fat than group B. Spectra D and E were
similar but the intensity of several peaks differed (figure 2
(inset)). The major differences were assigned to different
vibrations in lipids [31]:

• Spectrum D had higher intensity than spectrum E at the
peaks at 1659 and 1265 cm−1. These peaks were assigned
to C=C stretching and vibrations of the C=C and =C−H
bonds, respectively.

• Spectrum E had higher intensity than spectrum D at the
peaks at 1440, 1296, 1128 and 1062 cm−1. The first two
peaks were assigned to CH2/CH3 and CH2 vibrations,
respectively. The peaks at 1128 and 1062 cm−1 were
both due to C−C stretching.
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Figure 2. The mean Raman spectrum for each of groups A–E. The
spectra have been spatially offset for clarity. The inset shows the
difference between spectra E and D within 1000–1700 cm−1, where
the major peaks were observed. These peaks have been labeled with
their wavenumbers.

These differences indicated that group E contained a higher
proportion of saturated fatty acids than group D [10]. The
composition of the fat differed between the two batches of
tissue. One batch consisted only of fat from group D, whereas
the other batch consisted mainly of fat from group E (42 out
of 44 measurement points).

PCs 1, 2 and 4 discriminated the different groups most
efficiently (figure 3). PC 1 was interpreted as being related
to the proportion of fat tissue, PC 2 to the proportion
of muscle tissue, whereas PC 4 described the amount of
saturated/unsaturated fatty acids.

3.2. TRM measurements

The stiffness parameter S was calculated from the two
derivatives ∂F/∂d and ∂�f /∂d (illustrated in figure 4),
according to equation (1). S was positively skewed (figure 5)
with a mean of 0.40 mN Hz−1 and a standard deviation of
0.24 mN Hz−1. For the majority of the measurement points
S was <0.40 mN Hz−1, but some stiffer points on the tissue
were observed (figure 5).

4



Meas. Sci. Technol. 21 (2010) 125801 S Candefjord et al

−0.02

−0.01

0

0.01

0.02

−0.01

−0.005

0

0.005

0.01
−4

−3

−2

−1

0

1

2

3

x 10
−3

PC1
PC2

PC
4

A

B

C

D

E

Figure 3. A scatter plot of the scores of PC 1, 2 and 4 for all RS
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Table 1. Model coefficients (βi) from the regression models
between the stiffness parameter S and the Raman PCs. The full
model included all ten PCs. R2

adj is the adjusted coefficient of
multiple determination. The asterisks (∗) mark the coefficients that
were significant (p < 0.05). The significant model included the six
significant PCs. All model coefficient values are the standardized
model coefficients divided by their sum and given as a percentage.

Model coefficient, Full model, Significant model,
βi (%) R2

adj = 0.673 R2
adj = 0.669

β1 30∗ 33
β2 −12∗ −14
β3 2 –
β4 28∗ 32
β5 −7∗ −7
β6 6∗ 7
β7 2 –
β8 2 –
β9 −5 –
β10 6∗ 7

3.3. Comparing RS with TRM measurements

Group E was significantly stiffer than the other groups
(p < 0.05), whereas no significant difference was found among
groups A–D (figure 6).

The estimated coefficients (βi) from the regression
analyses gave the relative impact of the ith PC score on
the stiffness parameter S (table 1). A negative coefficient
indicated that the specific PC decreased S. The residual

5
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Figure 7. ROC curves showing the ability of TRM to classify
groups A−E defined by the cluster analysis on the RS data. Circled
points mark the stiffness threshold value calculated as the average
between the mean of the current group and the mean of all
measurements in the other groups.

Figure 8. A digital photograph of one of the porcine abdominal
samples with an overlay showing the measurement points and the
group assignment from the cluster analysis on the RS data. The dark
area is mainly muscle tissue and the light area is fat. Group A is
represented by white squares, B by black upward-pointing triangles,
C by black circles, D by white diamonds and E by white
downward-pointing triangles. The large circles denote points with
increased stiffness. The threshold value was selected as the average
between the mean of group E and the mean of all measurements in
groups A–D (the circled point in figure 7, group E).

analysis showed that the requirements of zero mean, normality,
constant variance and time independence of the residuals were
fulfilled for both models. The RS data explained about 67% of

S. It was mainly the amount of fat (PC 1) and its composition
(PC 4) that affected S. The amount of muscle tissue (PC 2)
contributed to a smaller degree. A large amount of fat,
especially with a high content of saturated fat, increased S.
Conversely, a high proportion of muscle tissue decreased S.

The accuracy of TRM to discriminate group E was
excellent since the area under the ROC was close to 1.0
(figure 7). The accuracies for detecting the other tissue groups
were lower.

Figure 8 shows the result of the cluster analysis on the RS
data, and measurement points with increased stiffness, for one
of the four samples. This sample was from the batch of tissue
that contained fat with a higher amount of saturated fatty acids
(group E). The result for the other sample from the same batch
was similar. The fat in the two samples from the other batch
was less stiff (figure 6, group D), and could not be efficiently
discriminated by TRM (figure 7, group D).

4. Discussion

Earlier studies have shown that RS and TRM are individually
promising techniques for characterizing tissue content. In
this study we have taken an important step toward combining
RS and TRM for more exact tissue characterization. We
have developed a new multivariate approach to compare the
biochemical content and stiffness of tissue by using PCA,
HCA, linear regression and ROC curves. The approach
was evaluated by measurements on porcine abdominal tissue.
The results showed that the approach can provide valuable
information about how the RS and TRM data are related.
This information will be needed to efficiently combine the
methods and to construct a diagnostic algorithm in future
studies comparing healthy and diseased human tissue.

Swine share anatomic and physiological properties with
humans that make them suitable for use in biomedical research
[35]. Porcine abdominal tissue was chosen because it is
composed of two well-investigated tissue types [34], fat and
muscle tissue, that could be visually identified. Furthermore,
abdominal tissue contains relatively large homogenous areas
of the same tissue type, but also heterogeneous areas. This
allowed measurements to be performed both on single tissue
types and on mixes of different types, which constituted a
good basis for comparing the RS and TRM data without
performing a histological analysis of the tissue samples. It
was expected that the stiffness of the fat and the muscle tissue
would differ. The samples were carefully cut to achieve a
flat surface of sufficient size. This facilitated the manual
adjustment of the distance between the RS probe and the
surface. Erroneous TRM results due to surface roughness [9]
were also avoided. The needles, which were used to fasten
the tissue, may have affected the stiffness measurements.
However, no measurement points were positioned close to
the needles, i.e. within the spatial measurement range of the
TRM. In this way possible artifacts from the needles were
minimized. Four tissue samples from two different batches
were considered sufficient to develop an approach to analyze
the data since statistically significant results were obtained.

6
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The TRM measurements were performed before the RS
measurements (figure 1). The reason was that the laser
irradiation may affect the stiffness of the tissue, e.g. via
dehydration, whereas the TRM was unlikely to induce any
changes of the biochemical content.

The tissue characteristics were first described by using
the RS data to divide the measurement points into groups with
similar tissue. The tissue description given by TRM was less
detailed and allowed less tissue discrimination than that given
by the RS. Cluster analysis of the RS data is an efficient tool
to distinguish different tissue types [18]. HCA enables an
unsupervised automatic division of the measurement points
into a selected number of groups. The number of groups
that is appropriate cannot be determined in advance [36]. In
general, more details are revealed when the number of groups
is increased, but larger tissue structures may then be disguised.
After comparing cluster analyses using 2–9 groups, five groups
were chosen in this study. The Raman spectral data showed
that the measurement points were divided into five distinct
groups (figures 2 and 3). In particular, D and E were clearly
separated in the PC scores plot (figure 3). These groups were
merged using fewer than five clusters in the HCA. Choosing
more than five clusters did not aid the comparison between
TRM and RS since the mean stiffness of the new subgroups
did not differ significantly.

Visual inspection of the samples (figure 8) agreed with
interpretations of the mean spectra (figure 2). TRM was
expected to discriminate fat from muscle tissue due to
differences in stiffness. However, it only separated one
type of fat (group E) from the muscle tissue. The spectral
data showed that group E contained a larger proportion of
unsaturated fat than group D. This agreed with the stiffness
measurements showing that group E was stiffer than group
D since saturated fat is harder than unsaturated fat at room
temperature [37]. The regression analysis (table 1) showed that
the biochemical content explained a large proportion (67%),
but not all, of the stiffness parameter S. This indicated that
there was stiffness variation that could not be explained by
RS, and that TRM and RS give complementary information
for tissue characterization.

The diagnostic accuracy for identifying group E was
satisfactory using TRM. However, the other groups could not
be distinguished efficiently by TRM (figure 7). The Raman
spectral data showed marked differences between groups A–
D (figures 2 and 3). This suggests that RS added valuable
information to TRM to aid in the differentiation into tissue
groups A–D.

If the measurement volumes of the two sensors had
been more equal, a better model agreement (table 1) may
have been obtained. RS fibre optic probes measuring the
backscattered light have penetration depths of the order of
100 μm [8], whereas the sensing depth of the TRM probe
has been estimated to be about 2.5–4.5 mm at an impression
depth of 0.6 mm [20]. The lateral measurement areas also
differ; they are estimated to be ∼0.2 mm2 for the RS probe
[25] and ∼20 mm2 for the TRM probe [20]. The areas with
mainly muscle tissue visually appeared more heterogeneous
than the areas with fat (figure 8). In heterogeneous areas TRM

measured on several different tissue types at once (upper part
of figure 8), due to its relatively large sensing volume. This
probably impaired TRM’s ability to distinguish between them
(figure 6). Measurement points with increased stiffness that
did not belong to group E seemed to be positioned close to
areas with high fat content (figure 8). The increased stiffness
may have been due to the adjacent fat, which was not sensed
by the RS probe. Four of these points were assigned to
group A, which was interpreted as pure muscle tissue. For
the future development of a combined probe, the sensing
volume of the two methods could be equalized by using an RS
probe with larger penetration depth and a smaller TRM probe
tip. TRM can use probe tips in a variety of sizes. Systems
using tips with diameters from 10 μm to 5 mm have been
presented [4, 38], although few instruments are commercially
available. RS spatially offset probes can sense deeper into
the tissue. Matousek et al have demonstrated transcutaneous
measurements of human bone in vivo [39].

We have shown that the approach presented in this study
could extract which biochemical components affected the
stiffness of porcine abdominal tissue. This is promising for
future studies on human tissues. By gaining insight into the
correlation between stiffness and biochemical composition a
deeper understanding of the nature of pathological tissues may
be attained.

5. Conclusion

This study shows that RS measurements of the biochemical
content provide additional information to TRM stiffness
measurements on porcine abdominal tissue for discriminating
different tissue types. The RS and TRM data can be
successfully compared through multivariate analysis of the
RS data, linear regression analysis and the use of ROC
curves. Detailed information about biochemical components
that affect the stiffness can be extracted. This information
could be used to efficiently combine the RS and the TRM
methods, and to gain a better understanding of diseases that
affect tissue stiffness. The results are promising for further
development of an instrument combining RS and TRM to be
used for intraoperative diagnosis of, e.g., prostate cancer.
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Abstract. The tactile resonance method (TRM) and Raman spectroscopy (RS)

are promising for tissue characterisation in vivo. Our goal is to combine these

techniques into one instrument, to use TRM for swift scanning, and RS for

increasing the diagnostic power. The aim of this study was to determine the

classification accuracy, using support vector machines, for measurements on

porcine tissue and also produce preliminary data on human prostate tissue. This

was done by developing a new experimental setup combining micro-scale TRM —

scanning haptic microscopy (SHM) — for assessing stiffness on a micro-scale, with

fibre optic RS measurements for assessing biochemical content. We compared the

accuracy for using SHM alone versus SHM combined with RS, for different degrees

of tissue homogeneity. The cross-validation classification accuracy for healthy

porcine tissue types using SHM alone was 65–81%, and when RS was added it

was increased to 81–87%. The accuracy for healthy and cancerous human tissue

was 67–70% when only SHM was used, and increased to 72–77% for the combined

measurements. This shows that the potential for swift and accurate classification

of healthy and cancerous prostate tissue is high. This is promising for developing

a tool for probing the surgical margins during prostate cancer surgery.

Keywords: tactile resonance method, Raman spectroscopy, prostate cancer, support

vector machines, tissue characterisation

Submitted to: Journal of Medical Engineering & Technology

Abbreviations

κ curvature parameter

E Young’s modulus

MTS micro tactile sensor

PZT lead zirconate titanate

PBS phosphate buffered saline

RBF radial basis function

ROI region of interest

RS Raman spectroscopy

SHM scanning haptic microscopy

SVM support vector machines

TRM tactile resonance method

1. Introduction

Surgical removal of the prostate is the recommended treatment for patients suffering

from high-risk localised prostate cancer [1]. To minimise the risk for cancer

recurrence it is important that all cancerous tissue is removed [2]. This is a challenge

for the surgeons, because minimal nerve damage is imperative for recovery of erectile

function, and they have no instrument for probing the surgical margins [3]. Cancer
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can generally not be detected by the eye. Therefore, there is a great need for a

tool that could detect remaining cancer [3]. The tactile resonance method (TRM)

and Raman spectroscopy (RS) are two techniques that are promising for in vivo

characterisation of prostate tissue [4, 5]. Each has certain disadvantages that limit

its usefulness. Our research focuses on combining these two methods to benefit from

their strengths while minimising their disadvantages.

TRM mimics the perception of palpation and gives an objective measure of

stiffness. It is based on the principle that the contact impedance of a vibrating rod

changes when it is applied against an additional load. A change of the vibrational

frequency is required to keep the phase shift constant during an application of the

sensor to a sample. The frequency shift is proportional to the density and Young’s

modulus (E) of the sample [6]. The TRM can be used with a variety of sensor sizes.

For medical applications, TRM sensors have been developed with diameters ranging

from 1.0 to 5.0 mm [4, 6]. A recent development has been the invention of scanning

haptic microscopy (SHM), which uses a micro tactile sensor (MTS) [7]. The MTS

can be made with sensor tips ranging from 0.1 μm to 1.0 mm. This has made it

possible to visualise the elasticity distribution over the surface of sliced tissues of

porcine heart muscle [8], porcine vascular tissues [9, 10] and human prostate [11],

on a micro scale.

RS is a powerful technique for probing the biochemical contents of native

tissue [12]. Its principle is to expose the tissue to strong monochromatic light from

a laser to make molecular bonds vibrate. The Raman scattered photons obtain

a wavelength shift corresponding to the difference between the initial and final

vibrational energy levels. Every molecule has a unique set of vibrational frequencies,

hence every tissue type gives rise to a unique Raman spectrum. Numerous in vitro

studies have attained high accuracies for identifying cancerous tissue using RS [12].

However, development of clinical applications has been delayed due to a lack of

adequate fibre optic probes [13]. The main disadvantages of RS are the shallow

penetration depth of current fibre optic probes [14], that surrounding light interferes

with the signal, and that strong laser illumination may harm the tissue [15].

By combining TRM and RS we can make use of the fast and gentle scanning

capability of TRM to localise lesions suspected to be cancerous. These can then be

probed by RS, and a diagnostic algorithm can be used to determine the pathology

from the combined data.

Support vector machines (SVM) can be used for reliable tissue classification.

They are collections of algorithms used for data analysis and pattern recognition [16].

The method has been used on RS data to classify different types of tissues and to

detect cancer [17]. The SVM algorithm calculates the hyperplane that maximises

the separation between groups. It maps the data set into a higher-dimensional space

to achieve nonlinear separation, and it works well on data sets with many variables.

Therefore, we here apply SVM to the multitude of variables generated from the

combination of TRM and RS.
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An important step towards an in vivo application is to develop an efficient

tissue classification procedure. In a previous study [4], we combined TRM and

RS measurements using a TRM probe with ∼ 20 mm2 sensing area. Further

investigations on a smaller scale were suggested. The aim of this study was

to investigate the accuracy of characterisation of porcine prostate tissue, and

also produce preliminary data on human prostate tissue, by developing a new

experimental setup combining SHM and fibre optic RS and apply SVM on the

combined data for the first time.

2. Material and methods

2.1. Sample preparation

The prostate gland was removed from eight, healthy, approx. six-month-old boars

that were slaughtered at the local abattoir. A veterinarian removed the prostates

with attached urethras directly after slaughter. They were enclosed in plastic

bags and refrigerated until transportation. Five tissue samples were cut from each

prostate. They were covered with tissue freezing medium (TFM-5 (red), Triangle

Biomedical Sciences Inc., Durham, USA) and immersed in liquid nitrogen for at

least 30 s. After the samples had been frozen three holes (� = 1 mm) were drilled

as position landmarks. Each sample was cut into two 500 μm thick sections using

a microtome (Cryo-Star HM 560 M, Microm, Walldorf, Germany). Adjacent to

both sides of each section a specimen of 5 μm thickness was cut, which was stained

for histologic analysis with hematoxylin and eosin according to standard procedure.

The 500-μm sections were stored in −80 ◦C < 6 months, until measurements were

performed. Prior to measurements they were short-term stored in the freezer at the

biomedical laboratory (−20 ◦C). All the histology specimens were scanned using a

scanning microscope (ScanScope CS, 20× objective, Aperio, Vista, CA, USA).

Samples from four of the prostates were used for tests to optimise the

measurement procedure. Ten arbitrary samples were taken from each of the four

remaining prostates. Half were used for further optimisation tests, leaving 21

samples for the final measurements. To minimise tissue degradation the prostates

were kept in sealed containers and refrigerated until snap-freezing. Furthermore,

the protective fascia surrounding the prostates was removed just before the snap-

freezing. All samples were snap-frozen within two days after slaughter.

A 67-year old man with prostate cancer of Gleason score seven and stage pT3

had his prostate surgically removed. One 5-mm and one 8-mm punch were used to

take four samples from the prostate in regions suspected to contain both healthy

and cancerous tissue. The samples were snap-frozen in liquid nitrogen within 30

minutes after surgery. The preparation followed the same procedure as for the

porcine samples. Only three of the 500-μm sections contained cancerous tissue and

were included in the study.

Permission to use animal samples was obtained from the Swedish Board of
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Agriculture. The study was approved by the ethics committee of Ume̊a University.

The participating patient gave informed written consent.

2.2. Scanning haptic microscopy

Topography and elasticity mapping of the 500-μm tissue sections were measured

with SHM, which uses an MTS to scan the surface and measure the elasticity

distribution. The basic system configuration and its operation are well described

in previous studies [9, 10]. The system was originally developed by Murayama et

al [8] and is currently available as a customisable product named SHM (P&M Co.,

Ltd., Aizuwakamatsu, Fukushima, Japan).

The main part of SHM was composed of a precise XYZ stage and a Z-axis

actuator, which was attached on the Z-axis stage to manipulate the MTS. Two

cameras, one for monitoring the sensor tip with high magnification, and the other

for observing the sample and setting the measurement region of interest (ROI) with

low magnification, were mounted on the Z-axis stage. The samples were mounted

on the XY-axis stage for horizontal movement. Each axis was controlled using a

very fine stepping motor with a resolution of 0.01 μm.

The MTS is a highly sensitive resonator-based contact impedance meter capable

of estimating the elastic modulus of soft tissues in micrometer scale. It consists of

a cylindrical piezoelectric transducer made of lead zirconate titanate (PZT). The

PZT transmits a very weak longitudinal ultrasonic wave (frequency 100–200 kHz)

into a glass needle, which has a spherically shaped tip that makes contact with the

measurement object. A phase shift circuit is used to drive the MTS to obtain high

signal-to-noise ratio. Details of the composition, the electronics, and the detection

principle of the MTS are published in [7, 8, 18]. The articles show that the change

in the oscillation frequency Δf (Hz) for a certain indentation or Δf/δ (Hz/μm)

is highly correlated to E. Four different sensors were used in this study. They

consisted of PZT elements that were 15 mm long and 2 mm wide, onto which a

glass needle was attached (� = 1 mm, length 21–27 mm). The needles had tapered

ends with tip diameters between 53 and 65 μm. The best performance was obtained

for frequencies around 200 kHz (188.2–200.8 kHz).

Gelatin samples were used to calibrate Δf/δ to E at the end of each day

of measurement. Six samples (G9382 Gelatin from bovine skin Type B, Sigma-

Aldrich, St. Lois, MO, USA) with gelatin weight percentage ranging from 3 to

25% were prepared once a week. The gelatin was solidified in 53-mm Petri dishes

and stored at 5 ◦C for at least 90 minutes before measurement. The samples were

probed by SHM within three minutes in room temperature and then replaced in the

refrigerator for at least 30 minutes. Next, E was determined by depressing a flat-

ended steel rod (� = 2 mm) perpendicular to the gelatin surface and recording the

reactive force. A computer-controlled translation stage (NRT150P1, three NRT100,

BSC103, Thorlabs, Newton, NJ, USA) controlled the motion of the rod and recorded
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the vertical impression depth W, which was maximally 0.14 mm, with a step size

of 0.01 mm. The reactive force was read by a 0.01-g resolution electronic balance

(HT-600H, Elastocon, Bor̊as, Sweden), and a stable reading was acquired after 2 s.

E was calculated according to the theory by Sneddon [19] at W = 0.09± 0.05 mm

to ensure full contact. A linear model of E for all samples was fitted to the mean

Δf/δ (n = 100) value using a least-squares fit, and the equation for the resulting

line was used to calculate E for the corresponding tissue measurements.

2.3. Raman spectroscopy

A fibre optic RS probe [20] (Machida Endoscope Co., Tokyo, Japan) with an outer

diameter of 0.8 mm was connected to an RXN1 spectroscope with a continuous-

wave Invictus™ diode laser at 785 nm (both from Kaiser Optical Systems (KOSI),

Ann Arbor, MI, USA). The iC Raman™ software (version 2.0, KOSI) was used for

spectral acquisition from 100 to 3425 cm−1. The output effect to the samples was

adjusted to approximately 150 mW, corresponding to a laser input effect of 270 mW.

The integration time was set to 7 s. The diameter of the measurement area was

estimated to be 0.3 mm [21]. The system was calibrated for wavelength shift and

energy sensitivity using neon emission lines and a NIST traceable white-light source

(HoloLab Calibration Accessory, KOSI).

2.4. Combination of RS and SHM

The experimental setup and principle of measurement is shown in figure 1. The RS

probe was mounted on the Z axis of the SHM setup. An in-house developed program

written in labview™ (version 8.6, National Instruments, Austin, TX, USA) was

used to control the system.

A spatial calibration of the setup was performed using a printed grid with a line

thickness of 50 μm. First, the axes of the camera (LifeCam Cinema™, Microsoft,

Redmond, WA, USA) for setting the ROI were carefully aligned with the axes of the

stage. Second, the image distortion was established and removed by recording the

image and corresponding stage coordinates of nine grid line intersections. Third,

the positions of the MTS and RS probes relative to the camera were determined by

using a line intersection as reference mark. The high magnification camera (Dino-

Lite AM413TL, AnMo Electronics Corp., Hsinchu, Taiwan) of the SHM setup was

used to position the probes precisely above this mark. Because the RS probe was

large compared to the mark an RS mapping was conducted to improve the accuracy.

A cluster analysis of the spectra clearly showed the exact location of the mark. The

probe position accuracy using the camera to set the ROI was tested after calibration

and was of the order of 100 μm. The centre-to-centre distance between the MTS

and RS measurement areas was estimated to be within 20 μm.

After the samples were removed from the freezer they were put on top of a

filter paper soaked with PBS, which in turn was mounted on a microscope slide with
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Figure 1. A flow chart illustrating the measurement scheme: (a) Setting the ROI,

(b) SHM mapping of topography and elasticity, (c) RS mapping of the biochemical

contents.

low Raman background (Calcium Fluoride UV grade, Crystran Ltd., Poole, UK).

A simplified humid chamber was made by putting a rolled-up piece of a Kimwipe

paper (Kimtech Science Kimwipes, Kimberly-Clark Inc., Roswell, GA, USA) around

the sample. A pump system (Nemesys, cetoni GmbH, Korbussen, Germany) was

used to supply a constant flow of PBS to the Kimwipe during the measurements.

A flow of 0.23 μL s−1 was used. The distance from the RS probe to the sample was

continuously adjusted to be kept constant at 400 μm, which provides high spectral

quality [20], by using the topographic information acquired with SHM.

The ROI was chosen to be 3× 3 mm for all measurements on porcine prostate.

60 × 60 = 3600 measurement points were acquired with SHM using a 50-μm step

size, and subsequently 10 × 10 = 100 measurement points were acquired with RS

using a 300-μm step size. The step sizes were chosen to match the diameters of

the measurement areas. Measurements were started 15 minutes after the samples

were removed from the freezer. The measurement time was less than 45 minutes,

of which the SHM took approx. 30 minutes. The same measurement procedure was

used for the human samples. However, the ROI was adjusted to the sample size and

positioned to cover the regions with cancerous tissue. A total of 275 spectra and

9900 SHM measurement points were acquired from the human samples.

2.5. Data preprocessing and analysis

matlab® (version R2011b including Statistics Toolbox version 7.6, MathWorks

Inc., Natick, MA, USA) was used for all preprocessing and analysis. The

LIBSVM [22] library interface to matlab® (version 3.11) was used for the SVM

analysis. Algorithms not available in matlab® were written in-house. Eilers’

algorithm [23] was available for matlab® via the Internet. Two separate analyses
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were conducted, one for the porcine samples and one for the human samples.

2.5.1. Histologic analysis The scans of the tissue specimens were randomly

assigned and histologically analysed by two operators (authors S.C. and M.N.).

The area of measurement was localised by comparing the histology image to the

picture of the measured sample and to the stiffness map acquired by the SHM.

Using Photoshop® (version CS5, Adobe®, San Jose, CA, USA) the histology image

was rotated, scaled and sometimes skewed so the drill holes and the morphological

features overlapped. A grid with 50 μm spacing that defined the SHM measurement

points was then superimposed over the histology image. The tissue type of each

square of the grid was manually determined. For porcine prostate there were three

main tissue types: epithelium, lumen and stroma. For human prostate there were six

main tissue types: normal epithelium, cancerous epithelium, lumen, prostate stones,

normal stroma and cancerous stroma. Points that could not be determined were

excluded from the analysis. The quality of the histologic analysis was ascertained

by a board certified pathologist (author A.B.), with over 25 years of experience of

prostate histopathology. There was a relatively large uncertainty in the localisation

of the measurement area. Therefore, we performed the analysis of SHM data on

more homogeneous tissue regions by extracting the subset of measurement points

whose neighbours were of the same tissue type.

2.5.2. SHM The stiffness indicator Δf/δ, and an additional curvature parameter

κ (Hzμm−2), was calculated from the frequency shift data. The threshold for

surface detection was set to 10 Hz, and only a shift in the direction expected for

the current sensor triggered detection. A linear least-squares fit was performed to

the five consecutive data points starting from the point of surface detection. A

second-degree polynomial was fitted to the same data points. The coefficient for

the quadratic term, κ, was a measure of the curvature of the frequency-indentation

curve, and was related to nonlinear effects. Measurements for which < 3 data points

were available, or for which the coefficient of determination R2 < 0.9 for the linear

fit, were discarded.

2.5.3. RS For the porcine samples the raw Raman spectra were mainly composed

of signals from the tissue, the optic fibres in the RS probe [20], and the filter paper on

which the sample lay. To extract the useful Raman signal a number of consecutive

preprocessing steps were applied to the raw spectra:

(i) The Fingerprint spectral interval 600–1800 cm−1 was selected [12].

(ii) The background generated by the RS probe itself was estimated by measuring

on a microscope slide with low inherent background. It was then removed from

the raw spectra by applying the variance minimisation method [24].

(iii) Light smoothing was employed using Eilers’ algorithm with d = 2 and λ =

10 [23].
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(iv) The filter paper generated a number of sharp Raman peaks, which were

subtracted using the second-derivative variance minimisation method [24].

(v) The fluorescence background was subtracted by fitting a piecewise polynomial

to each spectrum [25].

(vi) The spectra were vector normalised so that their integrated intensities were

equalised.

Spectral peaks were tentatively assigned to specific molecular vibrations by using

the database [26].

For the human samples the Fingerprint interval could not be used due to strong

fluorescence caused by the ink applied to the surgical resection margin. Therefore,

the interval 2400–3425 cm−1 was selected, which has been shown to be rich in

diagnostic information [27]. Spectra saturated within this interval were removed

(n = 30) from the analysis. The raw spectra were smoothed (d = 2 and λ = 100),

background-reduced, and normalized using the algorithms mentioned above.

2.5.4. Classification We determined the tissue type of each RS measurement area,

which was 0.3 mm in diameter, by assigning it to the type most abundant within

the area. The tissue types for the human samples were grouped into either healthy

or cancerous tissue. Areas that did not contain more than a threshold percentage of

the same tissue type were excluded. Analyses were performed for three thresholds:

50%, 67% and 83%. The preprocessed RS data, the mean stiffness of each area,

and the mean value of κ for each area, were input to the SVM. Each input variable

was scaled to the interval [0 1] to give all attributes equal importance regardless of

numeric range. To manage the unbalanced data sets, weights were assigned to each

tissue type in proportion to their total abundance.

The approach for SVM classification suggested by Chen et al [28] with the

radial basis function (RBF) kernel was adopted. This approach suggests that the

kernel parameter γ and an additional penalty parameter C, which controls the trade-

off between complexity of the decision rule and frequency of error [16], can be decided

through a grid search in which the highest cross-validation accuracy is found. Cross-

validation is used to prevent overfitting the classifier to the training data. The data

set is randomly divided into a number of subsets, five is recommended by Chen et

al [28] and was used in this study. Each subset in turn is used as validation data

and the other subsets combined form the training data. The process is repeated

until each subset has been used as validation data, and the overall accuracy can

then be determined. Intervals from 2−15 to 23 and from 2−5 to 215 were searched

to determine the RBF width γ and the penalty factor C, respectively. A too high

value of C would overfit the support vectors, and a too low value would underfit

them.
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2.5.5. Statistics The Lillie test was used to evaluate data normality. The Kruskal-

Wallis nonparametric test followed by the Tukey-Kramer multiple comparison test

were used to assess significant differences in stiffness and κ values between the tissue

types. A p-value less than 0.05 was considered statistically significant.

3. Results

The data analysis was conducted on all three human samples and 14 of the 21 porcine

samples. Seven had to be excluded for the following reasons: to avoid damage to

the MTS, due to tissue adsorption on the MTS tip, or due to an inappropriate MTS

driving frequency. For three samples the measurement area could not be identified

on the histologic image.

3.1. SHM

The calibration measurements on gelatin showed that the stiffness indicator was

linear to E (R2 ≥ 0.99). Figure 2 shows a typical example of an elasticity mapping.

Tissue structures were clearly observed as differences in their elasticity (figure 2(c)),

where stroma corresponded to high elasticity regions and lumen mostly to low

elasticity regions.

For the porcine samples the median values of E and κ for epithelium, lumen and

stroma were significantly different (p < 0.05). There were relatively large overlaps

of the ranges of E and κ for the tissue types (figures 3 and 4). The stiffness data

was not normally distributed (p < 0.05), a positive skewness was observed. κ did

not follow a normal distribution.

For the human samples there were significant differences between the median

E and κ values (p < 0.05). Lumen was significantly softer than all other groups,

except for healthy epithelium (p < 0.05). Prostate stones were significantly stiffer

than cancerous epithelium, healthy stroma, and lumen (p < 0.05). The median κ

value for cancerous stroma was significantly higher than all other groups, except for

prostate stones. Furthermore, κ was higher for cancerous epithelium than lumen

and healthy epithelium (p < 0.05). The median values of E and κ are shown in

figure 5. There were large overlaps between the groups. E and κ were generally not

normally distributed within the groups.

3.2. RS

The mean spectra of the porcine tissue types showed the following differences

(figure 6):

• Changes in the collagen content seen in peaks at 1654 cm−1 (Amide I),

1448 cm−1 (Amide III), 935 cm−1 and 813 cm−1. Stroma showed the highest

collagen content and lumen the lowest.
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Figure 2. In the histologic analysis lumen is black, epithelium grey and stroma

white. The scale bars show 500 μm.
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Figure 3. A box plot of the E values for the different porcine tissue types. The

line in the middle of the box shows the median, and the bottom and the top of the

box show the 25th and 75th percentile, respectively. The whiskers extend to 1.5

times the interquartile range away from the top or bottom of the box, or to the

furthest observations from the box. Data points outside the whiskers are plotted

individually.

• Changes in the DNA content seen in the region 640–850 cm−1. Stroma showed

the highest DNA content and lumen the lowest.

• Changes in the lipid and fat content seen in the peaks between

1720 to 1790 cm−1. Lumen showed the highest content.

For the human samples it was found that the blue ink applied to the surgical

resection margin, which is standard clinical procedure, caused a very strong

fluorescent signal that often saturated the CCD detector and swamped the signal

from the tissue in the Fingerprint interval (figure 7). However, the fluorescence

decreased towards the high wavenumber region.



Combining SHM and fibre optic RS for tissue characterisation 12

κ
(H

z
μ
m

−
2
)

epithelium lumen stroma
(n=7964) (n=351) (n=4577)

−0.4

−0.2

0

0.2

0.4

0.6

Figure 4. A box plot of the κ values for the different porcine tissue types. The

line in the middle of the box shows the median, and the bottom and the top of the

box show the 25th and 75th percentile, respectively. The whiskers extend to 1.5

times the interquartile range away from the top or bottom of the box, or to the

furthest observations from the box. Data points outside the whiskers are plotted

individually.
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Figure 5. The medians of the E and κ values for the human tissue types.

e = epithelium, l = lumen, s = stroma, ce = cancerous epithelium, cs = cancerous

stroma, and st = prostate stones.

3.3. Classification

Table 1 shows the classification results for porcine tissue, and table 2 shows the

results for human tissue. The cross-validation accuracy was generally increased

for the more homogeneous tissue regions. Furthermore, by adding RS to SHM

the accuracy was substantially increased. The values of C and γ ranged from

1.3 to 33000 and 0.015 to 7.0, respectively, for porcine samples. For human tissue

C was between 140 and 33000, and γ was between 0.0017 and 7.7.
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Figure 6. The mean Raman spectra of the porcine tissue types. A difference

spectrum between stroma and lumen, which differed the most, is shown at the

top. Its intensity has been multiplied by four to enhance the differences. arb =

arbitrary units.
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Figure 7. The mean untreated spectra of all human and porcine measurements,

showing the magnitude of the ink-induced fluorescence in the human samples. arb

= arbitrary units.
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Table 1. SVM classification accuracies for determining porcine tissue types from

SHM and RS data. CVA = cross-validation accuracy, PA = prediction accuracy.

Homogeneity threshold > 50% (n=1221) > 67% (n=926) > 83% (n=519)

CVA PA CVA PA CVA PA

SHM 64.9 66.4 69.4 70.4 80.7 84.6

RS 80.2 100 82.9 100 86.9 96.3

SHM + RS 80.8 99.7 83.2 99.7 87.3 96.1

Table 2. SVM classification accuracies for distinguishing healthy and cancerous

human prostate tissue. CVA = cross-validation accuracy, PA = prediction

accuracy.

Homogeneity threshold > 50% (n=204) > 67% (n=190) > 83% (n=178)

CVA PA CVA PA CVA PA

SHM 69.6 73.5 67.4 71.6 66.9 72.5

RS 71.6 100 74.7 100 77.0 100

SHM + RS 71.6 100 76.8 97.4 77.0 100

4. Discussion

This study presents a new measurement setup capable of obtaining spatially resolved

SMH and RS data from the same locations, for investigations of relationships

between biochemical content and stiffness, which may be of interest in a broad

range of biomedical applications. By using the topographic information from SHM

the system enables RS scanning of samples with uneven surfaces. In this study

we measured porcine and human prostate tissue, and applied SVM to classify

healthy and cancerous tissue from the combined SHM and RS data. The combined

classification accuracy was 81–87% for healthy porcine tissue, and 72–77% for

healthy and cancerous human tissue, depending on the homogeneity of the tissue.

We have shown that the classification accuracy for using SHM alone is good, and

by adding RS to SHM the classification accuracy is substantially increased.

This study confirms the results of Jalkanen et al [29, 30] and Eklund et al

[31]. They used TRM sensors with diameters of 5 and 2 mm, respectively, whereas

this study mapped the elasticity on a micrometer scale. They concluded that

healthy stroma was stiffer than glandular tissue, i.e. lumen and epithelium, and

that prostate stones increased tissue stiffness. Furthermore, Jalkanen et al [30]

showed that cancerous prostate tissue was significantly stiffer than glandular tissue

(p < 0.05), whereas stroma and prostate stones could not be distinguished from

cancer. This agrees well with our findings, which in addition indicate that cancerous
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epithelium and healthy stroma are the most difficult tissue types to distinguish,

whereas cancerous stroma shows increased stiffness (figure 5). Tuxhorn et al [32]

observed an elevated amount of collagen and loss of smooth muscle in cancerous

stroma, which is a possible explanation for the increased stiffness observed in this

study. Using SHM, Murayama et al [11] mapped the elasticity of human prostate

and observed that the cancerous node (about 100 μm in diameter) was stiffer than

surrounding normal tissues. However, it was technically difficult to compare the

elasticity map to the histology image. Thus, the elasticity distribution could not be

further analysed [11].

In this study, the localisation of the measurement area on the histology images

was done manually. The histology specimens were often deformed, which made

it more difficult to overlap the morphological features of the histologic images

and the stiffness maps. Since the step size of the SHM mappings was merely

50 μm, a slight localisation error would have caused many measurement points

to be misclassified. To minimise the impact of this, we conducted the analysis of

SHM data on homogeneous tissue regions. We observed that the separation of E

for the tissue types then increased, and the deviations from normality decreased.

This confirmed that many points had been misclassified. For the SVM analysis

the measurement areas were 300 μm in diameter, so the localisation errors did not

affect the outcome as much. Still, higher classification accuracy may have been

attained with smaller localisation errors. In future studies an objective and more

accurate localisation may be provided by developing an algorithm that can assist in

identifying the measurement area.

Histology specimens from both above and below the measurement sample were

acquired to give a rough estimate of the tissue distribution across the sample. The

specimens that were cut below the measurement samples were of low quality. We

were only able to conclude that the cancerous tissue to some extent continued across

the human 500-μm sections. Thus, the histologic analysis conveyed information only

about the tissue type at the topmost layer of the tissue. The probes picked up signal

from deep-laying layers of tissue. The Raman spectra even contained peaks from

the filter paper under the tissue. Jalkanen et al [30] showed that the TRM was

sensitive to layers of tissue lying deeper than the impression depth in a weighted

tissue proportion model. In this study, it can therefore be suspected that since the

MTS was impressed about 40 μm, it also sensed even deeper layers.

Maintaining tissue moistness is fundamental for SHM measurements [10, 33].

In this study we used a simple but effective method in which the sample was

placed on a filter paper and surrounded by a shelter to which a constant flow of

PBS was supplied. Extensive tests were carried out to find an optimal amount

of flow to prevent tissue dehydration during the total SHM measurement time of

approx. 30 minutes. Six repeated SHM mappings were acquired on the same area

of 10 × 10 points on porcine prostate tissue during 30 minutes. The optimal flow

was determined by minimising the change in mean stiffness while maximising the
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correlation coefficients between the maps. In the final SHM mappings no general

trend of sample dehydration was observed in plots of E versus acquisition time.

However, dehydration/flooding may have contributed to the large spread of E. In

future studies the stability of the mappings and the quality of the data may be

enhanced by using a moisture chamber, or immersing the sample fully in PBS [10].

Gelatin was chosen as material for stiffness calibration because it is a biological

material easily prepared in a stiffness range comparable to that of prostate tissue.

A potential disadvantage of gelatin is that its stiffness is temperature dependent.

This effect was suppressed by storing the samples in a refrigerator and minimising

the time in room temperature to less than three minutes. No temperature effect

was observed in the SHM data. For two of the porcine prostate samples the gelatin

calibration from the previous day was used to calculate E because the MTS tip was

broken after the tissue measurement due to operator mistake.

The choice of using SVM for classification was made based on the amount of

variables and data, as well as the likelihood of non-separable classifications. SVM

is well suited to handle this type of data by using soft margins to deal with non-

separable classifications [16]. Furthermore, by using kernel functions the SVM is able

to handle a large amount of variables and large quantities of data. The classification

accuracy of SVM depends on the kernel function k(xi, xj). Several of the non-linear

kernels were tested, including the inhomogeneous polynomial kernel of the form

k(xi, xj) = (xi · xj)
d, the RBF of the form k(xi, xj) = e−γ‖(xi−xj)‖

2
, γ > 0, and the

sigmoid kernel of the form k(xi, xj) = tanh(γxi · xj + r), γ > 0, r < 0 where xi, xj

are data vectors and γ, d and r are kernel parameters. Tests showed that the best

results were given by the RBF kernel. This agrees with Sattlecker et al [17], who

compared different SVM kernels for classifying RS measurements on lymph node

samples from breast cancer patients.

From tables 1 and 2 we see that by using SHM alone the cross-validation

classification accuracy was 65–81%. Thus, stiffness measurements are valuable for

tissue characterisation and for localising stiff nodules. The nonlinear parameter

κ, which was a measure of the curvature of the measurement curve, had a large

positive impact on the accuracy achieved by SHM. There was a relatively large

separation of the κ values for the human tissue types, and we see from figure 5

that κ seems too add complementary information to E, especially for differentiating

healthy epithelium. This suggests that κ has a diagnostic value. Figure 5 also

indicates that the similarities of the E and κ values for healthy stroma and cancerous

epithelium may have been the main factor limiting the accuracy for distinguishing

healthy and cancerous tissue. The patient in this study suffered from prostatitis,

i.e. inflammation of the prostate gland, which is a common cause of false positives

in elastographic examinations of the prostate [5, 34]. The inflammation may have

increased the stiffness of the healthy tissue in this patient.

The classification accuracy increased substantially when RS was added to SHM

(tables 1 and 2). For the porcine samples it was over 80%, even when the most
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heterogeneous tissue regions were included. For the human samples the accuracy was

lower. The main reason was most likely the low quality of the Raman signal, which

was quenched by the fluorescence from the ink applied to the surgical margin. Even

though the fluorescence was decreased in the high wavenumber region (figure 7), the

spectral quality was lower and considerably more noisy than the spectra of porcine

tissue. Application of ink to the surgical margin is standard clinical procedure, and

used for investigating if there is any remaining cancerous tissue in the patient after

surgery [3]. Our findings show that the ink contaminates even tissue regions that

are not immediately adjacent to the margin and shows no visual signs of ink.

The classification accuracy using RS alone was similar to the accuracy using

SHM plus RS (tables 1 and 2). Although this indicates that for a hand-held probe

incorporating both techniques TRM would not add much value to the diagnostic

accuracy, the idea is to quickly scan the tissue with TRM and only use RS

at suspected lesions. In addition, the TRM sensor could give tactile feedback,

indicating when the surgeon touches the tissue. Whether the future diagnostic

algorithm should rely on the combined information or just the RS data will be

evaluated in further studies.

The high classification accuracies for combined SHM and RS measurements on

heterogeneous tissue regions indicate that the proposed combined instrument will be

strong for investigating tissue boundaries. Furthermore, the results indicate that the

rate of misclassification for homogeneous regions will be low. This is very promising

for an application where surgical margins are probed for the presence of cancer.

5. Conclusion

This study presents a new experimental setup for acquiring combined SHM and RS

data. We show that TRM and RS can successfully be used to identify different

prostate tissue types by using SVM. The results indicate accurate detection of

cancerous prostate tissue. This is promising for the development of an instrument

that combines these two methods for tissue characterisation during prostate cancer

surgery.
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971 87 Luleå, Sweden
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Abstract
Histopathology is the golden standard for cancer diagnosis and involves the characterization of
tissue components. It is labour intensive and time consuming. We have earlier proposed a
combined fibre-optic near-infrared Raman spectroscopy (NIR-RS) and tactile resonance
method (TRM) probe for detecting positive surgical margins as a complement to interoperative
histopathology. The aims of this study were to investigate the effects of attaching an RS probe
inside a cylindrical TRM sensor and to investigate how laser-induced heating of the fibre-optic
NIR-RS affected the temperature of the RS probe tip and an encasing TRM sensor. In addition,
the possibility to perform fibre-optic NIR-RS in a well-lit environment was investigated. A
small amount of rubber latex was preferable for attaching the thin RS probe inside the TRM
sensor. The temperature rise of the TRM sensor due to a fibre-optic NIR-RS at 270 mW during
20 s was less than 2 ◦C. Fibre-optic NIR-RS was feasible in a dimmed bright environment
using a small light shield and automatic subtraction of a pre-recorded contaminant spectrum.
The results are promising for a combined probe for tissue characterization.

Keywords: tactile sensor, Raman spectroscopy, biological tissue

(Some figures may appear in colour only in the online journal)

Abbreviations

� f Frequency shift
f Non-contact resonance frequency
NIR Near infrared
PCa Prostate cancer
PSA Prostate specific antigen
PSM Positive surgical margin
PZT Lead zirconium titanate
RP Radical prostatectomy
RS Raman spectroscopy
TRM Tactile resonance method

1. Introduction

The golden standard of tissue characterization is microscopic
histopathology. Complementary methods emerge as technol-
ogy advances. Among several emerging methods, Raman spec-
troscopy (RS) and the tactile resonance method (TRM) show
individually promising results for tissue characterization. RS
has been shown to differentiate tissue types in terms of their
molecular composition, and is also able to classify epithelial
cancers and pre-cancers [1, 2]. TRM has been used to inves-
tigate lymph nodes, liver cirrhosis and skin hardness [3–5].
Both fibre-optic near-infrared Raman spectroscopy (NIR-RS)

0957-0233/12/065901+08$33.00 1 © 2012 IOP Publishing Ltd Printed in the UK & the USA
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and TRM have shown promising results for prostate cancer
detection and diagnosis [6, 7]. Jalkanen et al suggested that
TRM could be combined with other techniques to increase
the diagnostic accuracy of prostatic diseases [8]. A combina-
tion of the TRM and RS technologies would be beneficial in
many fields of tissue characterization. Both have certain draw-
backs that might impair their clinical performance, but their
combination may compensate for the drawbacks. RS can be
performed relatively fast but does not give immediate results,
and the measurement area is small when using fibre-optic RS.
TRM senses tissue stiffness, but tissue structures with equal
stiffnesses might be of different compositions and necessary
to discern. A recent study by Candefjord et al [9], in which
RS and TRM were compared by concurrent measurements of
the same tissue sample, suggested that an integration of the
two techniques would be beneficial for quick and accurate bi-
ological analysis. TRM could be used to immediately discern
regions containing tumours and other stiffer tissues, while RS
could be used discriminately on stiffer tissue to determine the
molecular content. Together, these techniques are promising,
e.g., for intraoperative examination of surgical margins as well
as for histopathological analysis in general.

A combined tactile and RS probe, as suggested by
Candefjord et al [9], consists of a tube-shaped ceramic
piezoelectric element as the TRM sensor, and a thin fibre-
optic RS probe. A number of important basic factors are then
necessary to consider when designing a combined probe. It
is important to investigate how the individual measurement
parameters could be affected by each other and the methods
used while fabricating the combined instrument. For example,
fibre-optic NIR-RS is a very precise technique, but to maintain
a good signal-to-background ratio, a shorter measurement time
has to be balanced against a higher laser output power. This is
because the RS signal quality improves with higher laser power
and longer integration time, while a high laser output power
might cause tissue damage due to heating or photo-chemistry
[10]. Moreover, a shorter measurement time is preferable for
a hand-held device.

Another obstacle is that the Raman scattering is a weak
phenomenon. Only one out of 106 incident photons obtains
a frequency shift [11]. This means that it is sensitive to
surrounding light, and therefore fibre-optic RS is usually
performed in dark environments. As a clinical instrument, the
combined probe has to perform in bright environments such
as an operation room. The effects of the surrounding light
must therefore be suppressed in the design of the combined
instrument.

The fibre-optic RS probe, suggested to be used in the
combined instrument, is constructed with a filter and a
lens attached to the probe tip [12]. These attachments will
be heated by the transmitted laser [10]. The induced heat
might be transmitted to the TRM sensor, which might be a
cause of concern as the piezoelectric element is affected by
temperature variations [13]. Moreover, the combined clinical
probe would be used in environments where the temperature
cannot be exactly controlled. These variations may be caused
by fluctuations of the ambient temperature, measurement
samples of different temperatures, or heat induced by the
exciting laser of the fibre-optic RS [10, 14].

It is suggested that the TRM sensor will be cemented
inside the cylindrical RS probe. However, this can affect
the TRM parameter, the resonance frequency, which changes
when a mass is attached to the resonance sensor system [13].

The aim of this study was to take the concept of the
combined probe further by identifying the specific drawbacks
in the above-mentioned situations and to overcome them by
identifying feasible solutions.

2. Material and methods

2.1. Silicone and porcine samples

When investigating the temperature dependence of a TRM
sensor, a silicone sample was used as a model system.
The silicone (WackerSilGel 612, Wacker-Chemie GmbH,
Munich, Germany) was prepared in a Petri dish (∅87 mm,
height 13 mm) in a 4:3.5 ratio, which yields a stiffness of
192 mm × 10−1 (DIN ISO 2137, hollow cone 150 g) [15].
The surface was coated with a thin layer of aluminium powder
(Buehler, Lake Bluff, IL 60044, USA) to prevent the sensor
tip from adhering to the surface [8].

When the impact of ambient light was investigated,
porcine tissue, muscle + fat, was chosen as a biological
sample. Cut pork loin fillet was purchased at the local store
and kept frozen at −23 ◦C. Single cuts were thawed at 6 ◦C
the day of measurement and each muscle tissue sample was
cut 12 mm thick with approximately 40 and 50 mm sides.

2.2. Cylindrical tactile resonance sensor element

The TRM sensor intended for the combined probe is a
lead zirconium titanate (PZT) ceramic: 15 mm long, 5 mm
outer diameter and 2.8 mm inner diameter (Morgan Electro
Ceramics, Bedford, OH, USA). It consists of a tube-shaped
PZT element coated with a thin, conductive film. The
conductive film is cut in two separate regions, one for driving
the vibration of the PZT element and another for picking up
the vibration frequency (figure 1).

2.3. Fibre-optic RS probe

A fibre-optic probe (Machida Endoscope Co., Tokyo, Japan)
was connected to a Kaiser Optical System Raman spectroscope
(RXN1/0002134, USA). The optical fibres of the probe consist
of pure fused silica [12]. The 785 nm laser light is delivered by
one central fibre, and the scattered laser light is collected by
eight surrounding fibres [12]. The RS probe ends with a 10 cm
long steel pipe, in which the optical fibres are embedded. Two
probes were used, one with an outer diameter of the steel pipe
0.8 mm and one 1.2 mm. Both RS probes have a filter and
a lens attached at the tip [12]. The 0.8 mm fibre-optic probe
was used for measurements performed in bright environments.
Laser powers between 100 and 270 mW, and integration times
between 5 and 20 s were used. The laser powers refer to the
power at the source. The output power was approximately 50%
of the source power for both probes.
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I

II

Figure 1. Left: side view of a tube-shaped piezoelectric element
coated with thin conductive film. Right: cross-sectional view with
thin a steel pipe (black line) cemented in the middle by filling the
cavity half-full with rubber latex. Pick-up electrode (I) and drive
electrode (II).

2.4. RS data pre-processing

The Raman spectra were analysed in the fingerprint region
of 400–1800 cm−1 [16]. The laser-induced fluorescent
background was removed by the baseline correction algorithm
by Cao et al [17]. Subtraction of the pre-recorded contaminant
spectrum was performed using the variance minimization
method presented by Loethen et al [18]. These algorithms were
implemented in-house in MATLAB R© (v. R2010a, MathWorks
Inc., Natick, MA, USA). The treated spectra were vector
normalized.

2.5. Cementing a steel pipe in the PZT element

A thin steel pipe (medical injection needle), with outer
diameter 0.8 mm, was used as a substitute for the actual
RS probe when examining the optimal amount of rubber
latex. The steel pipe was cemented in the hollow centre of
the PZT element by filling the tube completely, 100%, or
only half-full, 50%, with rubber latex (WackerElastisil RT622,
WackerChemie GmbH, Munich, Germany) (figure 1). The gain
and phase of the PZT-element response were monitored using
a network analyser (Agilent E5100 A 10–300 kHz network
analyzer, Santa Clara, CA, USA). The peak frequency shift
and the Q factor of the resonance peak at 114 kHz were
investigated. The resonance peak’s quality factor is described
by the Q factor, equation (1) [19], where fr and fl are the
frequencies at which the gain is −3 dB of the peak gain:

Q =
√

fr × fl

fr − fl
. (1)

The peak frequency and Q factor averages and standard
deviations were determined.

2.6. Rise of temperature due to laser illumination

The temperature of the RS probe tip, the RS steel casing and a
PZT element mounted around the RS probe was measured with

I II

Figure 2. Left: photograph of the 6 mm prototype light-protective
shield in use. Right: Raman probe with the shield retracted (I) and in
use (II). The tip-to-sample distance is kept constant (dashed line).
Aluminium disks with outer diameters of 25 or 35 mm are not
shown.

an infrared camera system (ThermaCAMTM Researcher, FLIR
Systems AB, Stockholm, Sweden) during RS measurements.
The laser power was set from 20 to 270 mW, and repeated for
10 and 20 s measurement times. A thin layer of Teflon tape was
wrapped around the steel probe to increase the emissivity. A
thick layer of Teflon tape was used to attach the PZT element
around the RS probe. Both the recorded heating and cooling
data were fitted to the model described by equation (2), using
the Curve Fitting Toolbox v.2.2 in MATLAB R©:

T = a · e−t/τ + b, (2)

where T(◦C) is the temperature after time t(s) since the laser
was switched on or off. The parameter τ is the thermal time
constant and represents the time for the temperature to reach
1−1/e, i.e. 63%, of its initial value. The parameter b was
set to room temperature, 30 ◦C, when modelling the cooling
curve for powers of 240 mW and higher. For these powers, a
higher measurement range in the IR camera was used, which
did not record temperature values below 30 ◦C, and it was
physically improbable that the probe would ever get cooler
than its surroundings.

2.7. Impact of ambient light on RS

Enclosed inside a PZT element, the RS probe would be
shielded from surrounding light when the combined probe
is pressed against the measurement sample. A prototype light-
protective shield was mounted as a sleeve on the outside of
the RS probe (figure 2). The sleeve had an inner diameter
3 mm and outer diameter 6 mm. Aluminium disks with outer
diameters 25 and 35 mm were attached to the sleeve to increase
the shielding size. Three different bright environments were set
up: direct incandescent light (252 lux), indirect incandescent
light (15 lux) and indirect fluorescent light (82 lux). The direct
light was provided by a 60 W incandescent light bulb situated
approximately 80 cm away from the RS tip and sample. The
indirect incandescent light was set up by directing the light
to the white inner ceiling. The indirect fluorescent light was
provided by two 28W/830 Lumilux Warm White fluorescent
light tubes directed to the white inner ceiling. The illuminance
for each light setting was measured at the sample using
a digital light meter (DVM1300—LUXMETER, Velleman R©

Inc., Gavare, Belgium).
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Figure 3. Maximal temperatures at the hottest sites during RS
measurements.

The light shields were evaluated in measurements on
porcine muscle tissue. RS was performed in all three light
settings with laser powers between 100 and 270 mW at both 5
and 10 s integration times. Spectra were also collected without
laser to acquire the contaminant spectra due to the surrounding
light, and in dark at all settings to obtain dark spectra for
comparison. Five replicate spectra were collected and mean
spectra were calculated. These spectra were baseline corrected;
the contaminant spectra were removed and then normalized.
Raw and treated spectra were evaluated and compared to dark
spectra by visual inspection.

3. Results

3.1. Cementing a steel pipe in the PZT element

The mean ± SD peak frequency for an empty PZT element
was 114 149 ± 54 Hz (n = 9). It was shifted the least when
the 0.8 mm diameter steel pipe was cemented into the PZT
element using 50% rubber latex, 114 056 ± 58 Hz (n = 4)
compared to 113 853 ± 65 Hz (n = 5) for 100% rubber latex.
Similar results were found for the Q factor. The Q factor for an
empty PZT element was 133.1 ± 10.5 (n = 9). It was 99.2 ±
9.2 (n = 4) for 50% and 81.0 ± 4.1 (n = 5) for 100% rubber
latex.

3.2. Rise of temperature due to laser illumination

The IR camera images showed that the tip of the RS probe
was heated more than any other part when the laser was active
(figures 3 and 4(a)). The surrounding PZT element was heated
less than 2 ◦C at the highest laser power setting, 270 mW, and
longest integration time, 20 s, and the heating occurred closest
to the RS probe tip (figure 4(b)).

The RS steel probe was quickly heated and rapidly cooled
(figure 5). The average heating thermal time constant, τ h, was
6.8 ± 1.6 s (mean ± SD) and the cooling thermal time
constant, τ c, was 4.2 ± 1.0 s. The temperature of the steel
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Figure 4. Temperature image of (a) the RS probe after 10 s at
240 mW and (b) the PZT element after 20 s at 270 mW. Average
temperatures were calculated within the dashed rectangles.
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Figure 5. Representative curve for heating and cooling at the steel
probe end. Measured temperature ( × ) at setting 200 mW 20 s,
during heating (−) (τ h = 7.2 s) and cooling (−−) (τ c = 5.3 s)
modeled by equation (1).

probe dropped to 30 ◦C or below for all settings after 8 s, and
to 27 ◦C or below after 13 s.

3.3. Impact of ambient light on RS

The ‘sleeve’ shield with 6 mm outer diameter failed to prevent
the detector from saturation at 10 s integration time for all
laser powers but succeeded at 5 s. The additional 25 and
35 mm shields both prevented saturation in direct light at both
5 and 10 s integration times. Still, the RS spectra contained
too much noise to allow a viable Raman spectrum to be
extracted (table 1). Dimming the light by using indirect light,
either incandescent and fluorescent, lowered the intensity of
the contaminant spectra markedly even without any 25 or
35 mm shield (figures 6(b) and (e)). This made it possible to
process the collected spectra and extract viable Raman spectra
(table 1).
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Table 1. Outcome from the visual inspection of the RS spectra for 5 and 10 s integration time settings when evaluating three light-protective
shields (6, 25 and 35 mm) and three illumination settings (252, 15 and 82 lux). The results are reported as ‘Success after proc.’ if the spectra
were successfully treated by the algorithms; ‘Saturated detector’ if no spectrum could be extracted; ‘Too high bkg’ if considerable
background artefacts remained after treatment; or ‘Bkg peaks remaining’ if sharp peaks from the background remained after treatment.

Results (10 s) Results (5 s)

Illumination Laser power 6 mm shield 25 mm shield 35 mm shield 6 mm shield 25 mm shield 35 mm shield

Incandescent 270 mW Saturated Too high bkg Too high bkg Too high bkg Too high bkg Too high bkg
(252 lux) detector
Incandescent 200 mW Saturated Too high bkg Too high bkg Too high bkg Too high bkg Too high bkg
(252 lux) detector
Incandescent 100 mW Saturated Too high bkg Too high bkg Too high bkg Too high bkg Too high bkg
(252 lux) detector
Incandescent 270 mw Success Success Success Success Success Success
(15 lux) after proc. after proc. after proc. after proc. after proc. after proc.
Incandescent 200 mW Success Success Success Success Success Success
(15 lux) after proc. after proc. after proc. after proc. after proc. after proc.
Incandescent 100 mW Too high bkg Success Success Too high bkg Success Success
(15 lux) after proc. after proc. after proc. after proc.
Fluorescent 270 mW Bkg peaks Bkg peaks Bkg peaks Success Success Success
(82 lux) remaining remaining remaining after proc. after proc. after proc.
Fluorescent 200 mW Success Success Success Success Success Success
(82 lux) after proc. after proc. after proc. after proc. after proc. after proc.
Fluorescent 100 mW Success Success Success Success Success Success
(82 lux) after proc. after proc. after proc. after proc. after proc. after proc.
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Figure 6. Relative intensities of raw contaminant spectra obtained in
different light settings using different light shieldings. (a) 35 mm
shield, 252 lux incandescent light; (b) no shield, 15 lux incandescent
light; (c) 25 mm shield, 15 lux incandescent light; (d) 35 mm shield,
15 lux incandescent light and (e) no shield, 82 lux fluorescent light.
0 mW 10 s for all spectra.

The 25 mm shield decreased the intensity of the raw
spectra to 25% compared to the unshielded spectra obtained in
indirect incandescent light (figure 6(c)), and the 35 mm shield
decreased it to 15% (figure 6(d)).

Raman spectra were successfully extracted from the
contaminated spectra by the algorithms when using the
25 or 35 mm shields and indirect light. The 25 mm
shield reduced the intensity of the raw contaminant spectra
(figure 7(c)) compared with the unshielded spectra
(figures 6(b) and 7(a)). This allowed RS to be performed
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Figure 7. Raman spectra of porcine muscle for 10 s and 15 lux
incandescent light. (a) Raw background spectrum using no shield,
reduced by 10 000 counts; (b) raw spectrum, 200 mW, 10 s, 25 mm
shield; (c) raw background spectrum using 25 mm shield; (d) treated
spectrum, 200 mW, 10 s, 25 mm shield, normalized and arbitrary
scaled and (e) dark spectrum (0 lux), 200 mW, 10 s, normalized and
arbitrary scaled.

using settings that are assumed clinically acceptable (200
mW, 10 s) in a dimmed but relatively bright environment
(15 lux), yielding an acceptable raw spectrum (figure 7(b)). By
subtracting pre-recorded background spectra and performing
baseline correction, the normalized RS spectra obtained in
light become very similar to baseline-corrected and normalized
RS spectra recorded in the dark (figures 7(d) and (e)). The
results for 5 s integration times were similar.
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4. Discussion

This study investigated several topics important for the design
of a combination probe for tissue characterization using RS
and TRM. More specifically, they were:

• the effect of attaching a 0.8 mm diameter fibre-optic RS
probe into a tube-shaped TRM sensor,

• the magnitude and timescale of the laser-induced heating
of the RS probe tip and

• the feasibility to perform fibre-optic RS in bright
environments with the following factors in mind:

∗ the RS laser power,
∗ the RS integration time,
∗ the light shield size,
∗ the type of the surrounding light and
∗ a set of background-reducing algorithms.

Throughout this study, laser power and integration times
were chosen to reflect the actual settings that might be used
in a clinical situation. Moreover, temperature intervals and
surrounding light settings were chosen to mimic real-life
situations.

4.1. Cementing a steel pipe in the PZT element

The uses of piezoelectric ceramics as tactile sensors have
previously not incorporated a rigid piston inside a cylindrical
resonance sensor element. Earlier sensor elements have been
flat and rectangular [20, 21] or cylindrical with attachments on
the outside of the element [15, 22, 23].

Thin steel pipes, in the form of medical injection needles,
were used to model the RS probe, because the final 10 cm of the
RS probe is embedded in a stainless steel tube. Development
of an earlier TRM instrument has shown that rubber latex is
appropriate for mounting PZT elements in the sensor housing
[22]. The resonance frequency and the Q factor changed when
a steel pipe was attached inside the cylindrical PZT element.
The two properties were affected correspondingly by the size
of the steel pipe and the amount of rubber cement. The largest
effect was noted when using the steel pipe of a greater diameter,
as shown in a previous study [24]. This was probably because
it made the layer of compliant rubber cement thinner, and
therefore stiffer, between the inner wall and the rigid steel
pipe. The steel pipe appeared to act as reinforcement to the
cement, as noted when the steel pipes were removed, leaving
the cement in the PZT element. In this study, the amount
of rubber latex filling was investigated further for a 0.8 mm
diameter steel pipe. A larger amount of rubber latex changed
the resonance frequency and Q factor more when the larger
steel pipe was attached. The amount of rubber latex was less
influential when attaching the smaller steel pipe. This study
showed that when an RS probe is integrated into a cylindrical
PZT element, the free space between the RS probe and the
inside of the PZT element should not be completely filled
with rubber cement if small changes in the base frequency and
signal quality are to be measured.

4.2. Rise of temperature due to laser illumination

The RS tip might cause heat-induced damage to a biological
tissue if it becomes too hot. The temperature for thermal
damage is different for almost every tissue type and
macromolecule [25]. However, DNA and RNA typically
withstand temperatures up to 85 ◦C without damage according
to Bischof and He [26]. This agrees with data for DNA and
RNA presented by Despa et al for a 10 s mid-dermis exposure
at 80 ◦C [25]. The temperature of the RS tip remained lower
than 75 ◦C if higher laser powers than 200 mW were avoided
(figure 3). Although tissue damage at temperatures in the range
of 60–70 ◦C has been reported [27, 28], no adverse effects or
tissue damage were noted during RS using this experimental
setup, other than a slight dehydration of the tissue at the
measurement spot. Furthermore, the RS tip is not intended to
touch the tissue directly. Its optimum distance is approximately
0.4 mm from the tissue [10]. In the combined probe, the RS
tip will be encased by the TRM tip, preventing direct contact
by the RS tip with the tissue. The temperature of the RS probe
tip quickly rose and fell when the laser shutter was opened and
closed (figure 5). In a combined instrument, the RS modality
is intended to be used sparingly. The combination allows for
a fast probing using the TRM alone, and RS is only used
when the possibility of a tumour is found. This means that
there is plenty of opportunity to disperse the induced heat. The
temperature of the steel probe dropped to 30 ◦C or below for
all settings after 8 s, and to 27 ◦C or below after 13 s. The IR
camera system visualized the temperature along the length of
the RS probe. It became evident that the heat production was
located at the tip of the RS probe. This was even more evident
in the IR image of the steel probe without the PZT element
(figure 4(a)). The heat spreads along the RS steel probe and
transfers to the TRM sensor. Due to the larger specific heat
capacity of the PZT element, the temperature rise is smaller
and will not exceed 5 ◦C (figures 3 and 4(b)). Assuming a
specific heat capacity of 0.35 J (g K)−1 [29], one can estimate
an approximate temperature of the PZT element. The actual
laser output power was approximately 47% of the set laser
power. The lost power is probably converted into heat at the
end filter and end lens. If 100 mW is converted during 10 s,
then the 1.6 g PZT element would rise maximally 1.8 ◦C due
to the transfer of 1.0 J energy as heat.

4.3. Impact of ambient light on RS

Besides all other restrictions that have to be considered, it
should also be possible to use a combined probe in a bright
environment. The usefulness of a clinical instrument would
otherwise be limited.

The surrounding light has to be removed from the
signal. To succeed with this, the quality and intensity of the
surrounding light are very important. A shield helps when
the light is not too bright to begin with. A combination of
algorithms and a pre-recorded contaminant spectrum of the
surrounding light are necessary for extracting a good Raman
spectrum.

The relatively low probability that a photon will
be scattered by the Raman principle has at least two

6
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consequences: the ratio between Raman scattered light
and incident light is low, and the RS detectors are very
sensitive to light. The former is remedied by using intense
monochromatic light. The elastically scattered monochromatic
light is prevented from reaching the detector by an edge filter,
and elastically scattered monochromatic light would not really
impose a problem per se. Stray light from surrounding bright
environments can quickly drench the weak Raman signal
in the RS spectrum. Biological tissue is translucent to 785–
1100 nm light [30, 31]. The 6 mm diameter light-protective
shield performed well when obtaining Raman spectra from
the solid silicone sample in a preliminary test but yielded
almost no effect with porcine tissue samples. Therefore, more
than a simple 6 mm shield is needed. Scaffidi et al recently
showed a proof of concept when they applied subtraction
of situation-specific background spectra [32]. Also, it is not
necessary to illuminate the biological sample with the brightest
of lights during the RS measurement. The laser power was
limited to 270 mW to avoid overheating the fibre-optic probe.
Measurement times of 5–10 s were assumed appropriate to
mimic a future clinical situation. Different light situations
were set up by directing the incandescent light either directly
towards the biological sample or towards the inner ceiling. The
use of fluorescent light was also investigated.

When not using light directed directly at the tissue sample,
acceptable RS spectra were obtained using a laser power of
200 mW for 10 s or less (table 1 and figure 7). The CCD
detector became fully saturated when incandescent light fell
directly onto the sample, unless protected by the 25 mm light
shield. The effect of the light shield could be estimated while
using indirect incandescent light, which yielded approximately
22 000 CCD counts around 1600 cm−1 (figure 6(b)). The
25 mm light shield lowered the intensity to 5500 CCD
counts and the 35 mm light shield yielded 3200 CCD
counts (figures 6(c) and (d)), which correspond to 25% and
15%, respectively. This shows that the larger light shield
substantially lowers the amount of surrounding light that
reaches the detector. It also suggests that the shield diameter
could be made smaller than 25 mm if decreasing the intensity
of the surrounding light would avoid detector saturation.
The pre-recorded spectra caused by the surrounding light
were successfully subtracted from the RS spectra by the
algorithm suggested by Loethen et al when the light was
not direct (figure 7). The bright, direct light caused high
amplitude, random noise that was not sufficiently blocked
by the 35 mm light shield, even though it prevented the
detector from being saturated. Decreasing the intensity of the
incandescent light, and shielding the probe with a 25 mm light
shield, allowed the combined algorithms suggested by Cao
et al and Loethen et al to subtract all traces of contamination
from the mixed spectrum to such an extent that it became
virtually identical to a spectrum obtained in complete darkness
(figures 7(d) and (e)).

At 200 mW laser power and 10 s integration time, which
allowed for RS with surrounding light, the temperature of the
RS probe tip was increased to 70 ◦C, but the temperature rise
of the PZT element was barely noticeable. This small change
in temperature was lower than the temperature variations for

which the Venustron system’s reliability has been previously
investigated [24]. The theoretical maximum temperature rise
due to the dissipated power and the thermal heat capacity of
the PZT element was also moderate (<2 ◦C). The RS laser
power and integration time are therefore not restricted by
adding a TRM device. However, the laser power has to be
restricted to avoid the RS probe tip from burning the tissue
as the tip’s temperature increased to over 100 ◦C when set to
270 mW laser output. The temperature rise is not high enough
to destroy the TRM sensor by passing the Curie temperature
or other important piezoelectric parameters [33]. The heating
of the RS probe might restrict the choice of material used
to manufacture the combined probe near the RS probe tip.
Furthermore, the RS probe tip would never come in direct
contact with the investigated tissue as it is to be encased inside
a TRM sensor.

Jalkanen [34] has shown that it is feasible to develop
a hand-held instrument for measuring the prostate tissue
stiffness using the tactile resonance technique. Together with
the findings in this study, this would be the basis to say that it
would be possible to build a hand-held device that combines
RS and TRM.

5. Conclusion

The results of this study showed that a combination of the TRM
and fibre-optic RS is feasible. The study also reveals important
restrictions and limitations that have to be considered in the
design of a working prototype.

It can be concluded that the impact of cementing an RS
probe, here modelled as a thin steel pipe, is minimized when
a small amount of rubber cement is used. The heat induced
by the RS laser causes an acceptable small temperature rise in
the PZT element, and the heat is quickly dissipated. The heat
induced in the RS tip by the laser may possibly be kept below
a damage-inducing level while using RS settings appropriate
for acquiring usable RS spectra in bright environments. In a
combined instrument, it is recommended to wait until cooling
is attained. A final conclusion was that it was possible to
perform RS in relatively bright environments by carefully
designing the surrounding light and using light shields of
appropriate size. This study successfully evaluated a set of
background-reducing algorithms that removed the remaining
effects of the bright environment. Considering these results in
the design of the probe, we suggest that it may be possible
to integrate RS and TRM in a combined instrument for tissue
characterization.
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Optical fibre probe NIR Raman measurements in

ambient light and in combination with a tactile

resonance sensor for possible cancer detection

Morgan Nyberg,abc Kerstin Ramserabc and Olof A. Lindahl*abcd

First measurements on a combined instrument with a thin fibre optic Raman probe mounted inside a

hollow tactile resonance sensor have been performed in ambient light on porcine tissue. The ambient

fluorescent light was removed successfully from the spectra. The stiffness and the biomolecular

composition of the tissue were analysed.

Introduction

Prostate cancer (PCa) is a high prevalence disease among men.

It was estimated that 89 300 men died from PCa in Europe in

2008 and 382 300 men were diagnosed with PCa.1 In 2010, the

expected number of PCa diagnoses in the US was 217 730 cases

with 32 050 lethal outcomes.2 Radical prostatectomy, i.e.

surgical removal of the prostate, is a common choice of PCa

treatment.3 A positive surgical margin, i.e. tumour cells at the

surgical surface, indicates an elevated risk of PCa reoccurrence.4

The methods used presently, such as online frozen section

histopathology, lack in sensitivity.5 Permanent section analysis

is too labour intensive and time consuming to be used during

surgery and hence, complementary methods that prevent

positive surgical margins directly would be valuable.4,5

Raman spectroscopy and the tactile resonance method

(TRM) have each shown to be able to discern and localise PCa in

tissue.6,7 Both modalities have their own benets and draw-

backs. Our idea is to reduce the drawbacks and keep the

benets of each method by combining the two modalities into

one integrated probe. Previous studies have shown that the

datasets of Raman spectroscopy and TRM can be combined and

that they complement each other.8,9

Raman spectroscopy provides detailed information of the

biochemical tissue content and can be used to identify and

grade cancerous prostate cells.6,10–12 Raman scattering is a weak

optical phenomenon; the acquired tissue spectrummight easily

be drenched by ambient light and is therefore usually

performed in the dark. In a situation such as the surgical room,

ambient light and short measurement times are desired

prerequisites. Another drawback is that to investigate the

complete surgical margin many measurements are required as

the measurement area for optical bre Raman spectroscopy is

small, i.e. around <1 mm2.8,13 As a further consequence, the

sample will be irradiated with laser light for long times and

there is a risk of creating photo-induced effects or drying out of

the sample.

The TRM provides non-invasive and fast information on

tissue stiffness and has been used for numerous medical

applications.14 The principle of the TRM has been described in

previous studies.14,15 In brief, the tissue stiffness is proportional

to the TRM parameter dF/dDf.16 For instance, PCa tumours are

oen felt as harder lumps in the prostate and stiffer tissue

indicates malignancy. However, the TRM cannot discern

between malignant stiff tissue and benign stiff tissue such as

prostate stones and stroma.

By combining the two, detailed Raman spectroscopy can be

performed at points of interest, where the TRM has detected a

suspicious area. The result is likely to be a fast, reliable, and

minimally invasive method for detection of prostate cancer.

Here we present the rst prototype of a combined probe,

where a thin Raman probe was integrated inside a hollow tactile

resonance element. The aim of this study was to develop and

evaluate methods for performing Raman spectroscopy in

ambient light and to investigate the functionality of the proto-

type probe for combined Raman and tactile resonance

measurements.

Material and methods

Combined Raman spectroscopy and tactile probe

The TRM sensor consisted of a cylindrical ceramic PZT piezo-

electric element (5 mm outer diameter, 3 mm inner diameter,

15 mm length), a hemispherical plastic tip (2.5 mm radius)

covered by a thin hemispherical glass window (microscope
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cover slip Nr 1, Menzel-Gläser, Portsmouth, NH, USA), pick-up

and driving electronics (P&M Co., Ltd., Aizuwakamatsu,

Fukushima, Japan), and a strain gauge force transducer. The

unloaded TRM sensor frequency was 95.58 kHz.

A 0.8 mm optical bre NIR Raman probe (Machida Endo-

scope Co., Tokyo, Japan) was affixed inside the hollow TRM

probe. The optical bres of the probe consist of pure fused

silica.13 The laser light is delivered by one central bre, and the

scattered laser light is collected by eight surrounding bres.13

The RS probe ends with a 10 cm long steel pipe, with a lens and

a low pass lter for the collection bres and a band pass lter

for the excitation bre as described by Komachi et al.13 The

Raman probe was connected to a RXN1 spectroscope equipped

with a 785 nm cw Invictus laser diode (Kaiser Optical Systems,

Ann Arbor, MI, USA).

The combined probe was mounted on a XYZ-translation

stage (NRT150P1, three NRT100, BSC103, Thorlabs, Newton, NJ

USA) together with a CMOS camera (SPC230NC, Philips,

Amsterdam, Netherlands) (Fig. 1). The experimental setup was

controlled by in-house developed soware (LabVIEW� 8.6,

National Instruments, Austin, TX, USA).

The ambient light was provided by two uorescent tubes

(LUMILUX FH 28W/830, OSRAM GmbH, Munich, Germany)

reected by the white inner ceiling. The intensity of the ambient

light was measured close to the sensor probe and also beside

the experimental setup using a digital light meter (DVM1300 –

Luxmeter, Velleman, Gavere, Belgium).

Silicone and porcine samples

Silicone samples were used for calibration and to evaluate the

reproducibility of the TRM part of the combined sensor. They

have previously been used to study the reproducibility of tactile

sensors.7,17 Six silicone samples (Wacker SilGel 612, Wacker-

Chemie, Munich, Germany) with penetration values (DIN ISO

2137, hollow cone 150 g) ranging from 51mm� 10�1 to 235mm

� 10�1 had been prepared in Petri dishes (87 mm diameter, 13

mm height).7 The stiffest silicone sample had been prepared in

a smaller Petri dish (54 mm diameter, 13 mm height). The Petri

dishes were completely lled with silicone.

Porcine abdominal tissue was chosen as model tissue in this

study as it consists of visible discernible regions of fat and

muscle tissue. Porcine abdominal fat and muscle tissue were

expected to be discernible with both TRM and Raman spec-

troscopy.8 Five porcine samples were prepared from one single

package of porcine abdominal tissue acquired from the local

grocery store. A at, rectangular sample (approximately 30 �

40 � 14 mm) consisting of both fat and muscle tissue was cut

before each measurement series. The cut porcine sample was

brushed with saline solution (E404 PBS, Amresco, OH, USA)

approximately every h minute during the time of measure-

ment to prevent dehydration.

Measurement procedure on silicone samples

Six TRM measurements were performed in the centre of each

Petri dish to investigate the reproducibility of the TRM sensor.

The tactile sensor impression depth was 1 mm and the

impression speed was 0.2 mm per second. The tactile sensor tip

was raised an additional distance between impressions and a

recovery period of one minute was kept between consecutive

measurements.

Measurement procedure on porcine samples

The intensity of the ambient light was measured before the start

of each measurement series. Furthermore, two sets of reference

Raman spectra were acquired without the presence of porcine

sample. The Raman probe tip was positioned 10 cm above a

black non-reective paper. The rst set of spectra consisted of

three Raman spectra of the ambient light and the glass window

of the tactile sensor tip. The second set consisted of three

Raman spectra of the tactile sensor tip without the presence of

ambient light. The Raman spectra were acquired during 10 s

integration time and with a laser output power of 61.7 �

5.6 mW, as measured at the tactile sensor tip.

A 2 � 3 measurement grid was chosen for each porcine

sample to contain an equal number of fat and muscle points.

Three TRM measurements and three Raman spectra were

acquired at each point before the probe was moved to the next

point in the grid. The TRM measurements were acquired with

the same parameter choices and refractory period as for the

silicone samples. The Raman spectra were acquired immedi-

ately aer the last TRMmeasurement, with the same settings as

Fig. 1 Combined probe setup: (a) CMOS camera, (b) strain gauge force trans-

ducer, (c) optical fibre of Raman probe, and (d) TRM sensor tip. (Inset) Raman

probe tip and TRM tip, (e) Raman probe, (f) plastic, (g) hemispherical glass, and (h)

maximum tissue level at 1 mm impression depth.
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the reference Raman spectra. The tactile sensor tip was kept

impressed 1 mm into the tissue during Raman spectroscopy.

The tissue type of each measurement point was determined by

visual inspection to fat or muscle.

Processing of TRM data

The TRM data consisted of recorded impression force and

frequency of the tactile element. The force signal was calibrated

against an electronic balance (HT-600H, Elastocon, Borås,

Sweden). The tactile frequency shi Df was calculated as the

difference between the frequency of the unloaded tactile sensor

and the frequency during impression. The stiffness parameter

dF/dDf was calculated by a linear regression analysis of ten data

points close to the maximum impression depth.

Processing of Raman spectra

The Raman spectra was analysed in the 900–1785 cm�1 wave-

number region. Average spectra (n ¼ 3) were calculated for each

measurement situation.

The spectral locations of the peaks induced by the ambient

light were detected. This was done by rst subtracting the

Raman spectra of the tactile sensor tip obtained in the dark

from the one obtained in ambient light. The high peaks were

then detected by a threshold, arbitrarily set higher than the base

line. The ambient light peaks were then cut out of all Raman

spectra by setting their intensities to the nearest neighbour's

value.

The remaining spectral contribution of the ambient light

and the tactile sensor tip was then subtracted from the Raman

spectra using the SDVM-algorithm suggested by Loethen et al.18

The spectra were then lightly smoothed using Eilers' algo-

rithm for Whittaker smoothing (d ¼ 2, L ¼ 10),19 followed by a

polynomial base line reduction.20 The nal Raman spectra were

vector normalised.

Statistical methods

The average stiffness and standard deviation of the TRM

measurements were calculated within each group, as grouped

by the PCA and clustering of the Raman spectra. The non-

parametric Kruskal–Wallis test was used to test the difference

in stiffness between two groups. Statistical test results with

p < 0.05 were considered statistically signicant.

The processed Raman spectra were analysed using PCA. The

spectra were divided into 2 to 10 groups according to their PC

scores by a clustering algorithm using Ward's linkage based on

the Euclidian distances. Average spectra within the resulting

groups were then calculated. The nal spectra corresponding to

each group were assigned to molecular vibrations.11,21

Results

TRM silicone sample measurements

The TRM sensor gave similar results during repeated

measurements on silicone samples (Fig. 2). Stiffness values

corresponding to the sample penetration values are given in

Table 1.

Raman and TRM porcine sample measurements

Both Raman spectroscopy and TRM measurements were per-

formed at every measurement grid point within 90 min from

start of each measurement series. One measurement was

excluded from further analysis as the TRM failed to obtain a

reliable reading at that single measurement point.

Three high intensity peaks induced by the ambient uores-

cent light were located in the analysed wavenumber regions

985–993 cm�1, 1343–1353 cm�1, and 1537–1547 cm�1 (Fig. 3a).

These peaks could be automatically detected and replaced by

neighbouring values. This allowed the SDVM-algorithm to

remove the remaining unwanted contributions.

PCA of the processed Raman spectra revealed that the rst

PC explained 76% of the total variance whereas the rst ten PCs

explained 99%. Clustering of the PC scores in increasing

number of groups indicated that one group of spectra was

closely related within the group. The other Raman spectra

showed similarities in peaks but differences in regions without

peaks and were divided accordingly (Fig. 3a). The spectra were

nally divided into two groups on the basis of peak differences.

Average spectra of the two categories (Fig. 3b) showed marked

differences in the following peaks:

(1) Spectrum A had notable higher intensities at 1062 cm�1,

1297 cm�1, and 1440 cm�1. These peaks were assigned to:

skeletal C–C stretch lipids/n(C–C) trans; CH2 deformation

(lipid)/palmitic acid; and fatty acid band. Spectrum A also had

higher peaks at 1127 cm�1, 1655 cm�1, and 1735 cm�1 assigned

Fig. 2 TRM force and frequency shift readings of a silicone sample (n ¼ 6). The

stiffness value was evaluated at the cross-marked part.

Table 1 Silicone sample's average TRM stiffness values and standard deviations

(n ¼ 6). The silicone with penetration value 51 mm � 10�1 is the hardest

Penetration value

(mm � 10�1)

Stiffness

(10�5 N Hz�1)

51 9.23 � 0.31

84 2.05 � 0.09
117 8.75 � 1.03

168 1.93 � 0.37

192 0.69 � 0.19

235 0.30 � 0.06
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to: C–C stretching mode of lipids; amide I (C]O stretching

mode of proteins)/C]C lipid stretch; and esters/lipids.

(2) Spectrum B had higher intensities in 1002 cm�1, 1154

cm�1, and 1327 cm�1. These peaks were assigned to: phenyl-

alanine; C–C (and C–N) stretching of proteins/glycogen; and

collagen/nucleic acid/phospholipids, respectively.

The result from the TRM measurements showed that group

A was signicantly stiffer than group B ( p < 0.000011). The

stiffness values of the points classied as group B had less

variation, (1.65 � 0.70) 10�5 N Hz�1, than the stiffness values of

the points in group A, (9.74 � 7.2) 10�5 N Hz�1 (Fig. 4).

Discussion

Previous studies have shown that the datasets from Raman

spectroscopy and TRM give complementary information for

tissue characterisation.8,9 We have taken a new step forward by

integrating both methods into one probe. We have also devel-

oped and evaluated a method to perform Raman spectroscopy

in ambient light.

TRM measurements

The stiffness parameter was calculated near the maximum

impression depth to ensure that the stiffness was evaluated at

the same depth for all the TRM measurements. The stiffness

can be evaluated at an arbitrary impression depth, but uctu-

ations in the force readings are more pronounced at small

impressions.

The TRM measurements on silicone samples indicated that

this particular TRM sensor had less resolution for so samples.

This may explain the lower variation of the stiffness measure-

ments within the soer group. The overall repeatability of the

TRM sensor was good. The standard deviations of the calculated

stiffness for the silicone samples were low (Table 1), except for

the sample with penetration value 117 mm� 10�1 for which the

stiffness value also seemed out of place. The frequency shi for

this sample was not completely continuous.

The TRM sensor tip was partly covered by a thin glass sheet.

The glass had been heated and shaped into a hemisphere. The

impression depth was chosen to be 1 mm to allow the sensor tip

to maximise the contact area while avoiding pressing the sensor

tip deep enough for the sample to reach the glass edge (Fig. 1).

Although the range and resolution of this particular TRM

sensor could be improved by changing its dimensions, it is

evident that the hollow shape used here allowed for a bre

optical Raman spectroscopy probe to be integrated inside of the

TRM sensor. For comparison with our previous study,8 an

arbitrary threshold was set to divide the two groups according to

their stiffness values. By doing so, all but two measurement

points were classied correctly as fat or muscle.

Raman spectroscopy

While clustering the processed Raman spectra according to

their PC scores in increasing number of groups it became

evident that one set of spectra quickly became, and stayed,

separated in one group. This indicated that the biochemical

content of the measured points could be classied to mainly

belong to two different categories (Fig. 3a). The two categories

aligned with the tissue types are classied by visual inspection.

Group A and B corresponded to fat and muscle, respectively, in

all but one of the measured points. The major spectral peaks of

group A were assigned to lipids and fatty acids, which indicates

fat. Correspondingly, the spectral peaks of group B are assigned

to constituents present in porcine muscle tissue. The Raman

Fig. 3 (a) Processed Raman spectra (n¼ 30) of groups A and B. Down scaled raw

spectrum, black, shown for comparison. Dotted lines mark the location of

ambient light peaks. (b) Average spectra of group A (n ¼ 16) and B (n ¼ 14). The

inset is the difference spectrum.

Fig. 4 Group A (n¼ 15) and B (n¼ 14) average stiffness and standard deviations

from the TRM measurements.
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spectra assigned as fat showed less variance than the spectra of

muscle, which is not surprising since lipids are strong Raman

scatterers.

The high-intensity peaks induced by the uorescent ambient

light were suppressed by identifying their locations with a

threshold value and by replacing the intensity value with the

neighbouring values. This enabled application of the SDVM-

algorithm for further treatment of the spectra. The removal of

the peaks had the drawback of removing biochemical infor-

mation on the tissue in these regions. Stone et al. have per-

formed Raman spectroscopy of normal and pathological

prostate tissue. In the regions that were cut off here it is only the

CH3CH2-wagging mode of collagen at 1335–1345 cm�1 that

overlaps with Stone et al.'s analysis on prostate tissue.11 Hence,

we conclude that the analysis did not inuence the information

excessively. However, the Raman spectra of muscle were

noticeably inuenced by uctuations in the wavenumber

regions 1322–1413 cm�1 and 1531–1614 cm�1. It can be noted

that these wavenumber regions were in the region where the

intensity peaks induced by the ambient peaks had been cut off

(Fig. 3a). Perhaps these variations are remnants from the

removed peaks. However, excluding these regions from the PCA

and clustering analysis did not inuence the result of the

analysis on the model system used here. We recommend being

observant about information from these wavenumber regions

when using the proposed method in clinical studies. Changing

the ambient light might be an option if such a particular region

happens to be considered important for classication. It has

previously been shown that the impacts on spectral features

caused by the ambient light are different between different

types of light sources.22 Incandescent light, e.g. gives a smooth

and continuous spectral contribution without the sharp peaks

induced by uorescent light. It contributes continuously over all

frequencies and easily oods the Raman spectrometer to such

an extent that it becomes oversaturated. Although the uores-

cent light gives rise to sharp peaks with high intensities, it is

preferred as the intensities are much lower between the peaks.

The integration of the Raman probe inside the TRM sensor

also had the benet of keeping the Raman probe tip at a

constant distance from the sample surface, which is good as the

bre optic probe has an optimal focal distance, which affects

the overall spectral intensity.

The results of this study indicate that Raman spectroscopy

and the TRMmethod could be combined into one single probe.

The benets of each modality, e.g. the specicity of the Raman

spectroscopy and the speed of the TRM sensor, are preserved.

The disadvantages, e.g. the comparably long measurement time

of the Raman spectroscopy and the non-specicity of the TRM

method, are minimised. The methods presented in this study

for performing Raman spectroscopy in ambient light indicate

that the combined probe could be used in a clinical situation

e.g. a surgical room during radical prostatectomy.

Conclusions

Here we present for the rst time successful experiments with a

prototype probe where Raman spectroscopy has been combined

with the TRM. Both Raman spectroscopy and TRM measure-

ments could be performed using an integrated probe and gave

good results using a simple model system, i.e. fat and muscle

tissue from porcine abdominal tissue could be distinguished.

Raman measurements in an environment with the presence

of ambient light could be performed by acquiring reference

spectra and removing the spectral contribution of the ambient

light. Although care has to be taken in some few regions,

depending on the spectral features of the ambient light.

The results indicate that an integrated probe combining

Raman spectroscopy and TRM could be used for tissue char-

acterisation, e.g. during radical prostatectomy. First clinical

tests on prostate tissue will be performed soon.

List of abbreviation

Df Resonance frequency shi

F Impression force

NIR Near infrared

PC Principal component

PCA Principal component analysis

PCa Prostate cancer

TRM Tactile resonance method.
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For the first time, a dual-modality probe, combining Raman spectroscopy and tactile resonance 
technology, has been used for assessment of fresh human prostate tissue. The tactile resonance 
modality measures the tissue stiffness and may be used to discern harder nodules in softer 
tissue according to its stiffness contrast. The Raman spectroscopic modality yields the 
molecular content and may be used to discern benign and malignant tissue. The aim of this 
study was to investigate the potential of the dual-modality probe by investigating its ability to 
differentiate between different tissue types in prostate slices. Preliminary measurements on two 
prostates show that the tactile resonance modality was able to discern tissue with significantly 
high stiffness contrast (p < 0.05), but did not classify stroma as significantly stiffer than 
epithelial tissue. The Raman spectroscopic dataset was reduced by principal component 
analysis.  The spectral data was classified by hierarchical cluster analysis into one of four 
groups. However, the tissue content could not be clearly assigned to each group. Although 
general conclusions about methodology could be drawn more measurements are necessary to 
guarantee reliable statistics. 

(Raman spectroscopy, tactile resonance technology, prostate cancer, radical prostatectomy) 

1. Introduction 
Prostate cancer (PCa) is the most commonly diagnosed form of cancer in Europe with 382 300 men
receiving a PCa diagnosis in 2008. The situation is similar in the USA where 192 000 men were 
diagnosed in 2009 [1, 2]. The most prevalent curative treatment for PCa is radical prostatectomy (RP).
In Europe, RP made up 59 % of the curative treatments in 2000, and in the USA about 70 000 men 
were offered RP in 2003 [3].



The standard procedure is to have the resected prostate examined by permanent section analysis after 
surgery. There is an increased risk of PCa recurrence if tumour cells are found at the surgical margin,
because a positive surgical margin (PSM) is an indication that some cancerous cells might have been 
left behind. The surgeon tries to minimize the post-operative side effects by being careful not to 
damage surrounding nerves and blood vessels during the prostatectomy [4]. The surgery is planned 
pre-operatively according to biopsies but the final decision on what kind of nerve sparing technique to 
apply is determined during surgery [4]. It is reported that approximately 20% of RP procedures result 
in a PSM [3]. Frozen section analysis, where tissue biopsies are histologically analysed during 
surgery, have a low sensitivity for detecting PSM during radical prostatectomy [5]. It would be 
beneficial for the treatment of the patient to have an accurate and specific method of detecting possible 
PSM during surgery. 

 A dual-modality sensor has been developed for prostate cancer detection [6]. It combines a tactile 
resonance sensor that swiftly and gently assesses the tissue stiffness [7] and Raman spectroscopy that
reveals detailed information about the biochemical content of the tissue [8]. The intended application 
of this instrument is to use it during radical prostatectomy (RP) to examine the surgical margin. Tactile 
resonance sensor technology has been shown to successfully discern stiff and soft tissue in medical 
applications [7]. In particular, the tactile resonance sensor has been shown to discern cancerous 
epithelial tissue and normal epithelial tissue [9]. However, benign stiffer tissue, e.g. stroma and 
prostate stones, also yields higher tissue stiffness, and this is not distinguished from PCa by the 
resonance sensor technique [9, 10]. Fibre optic Raman spectroscopy has been shown to be able to 
discern benign and malignant prostate tissue [11, 12]. Together the two methods are the basis for a 
dual-modality probe intended for detecting PSM during radical prostatectomy [6]. The surgical margin 
of the prostate is to be scanned to locate stiffer areas using the tactile modality of the combined 
instrument. Harder nodules may indicate the presence of prostate cancer near the surface. The Raman 
spectroscopy modality is then applied at these locations to discern the boundaries between cancerous 
and non-cancerous stiff tissue. 

The aim of this study was to investigate the potential of the dual-modality probe by studying its ability 
to differentiate between different tissue types in prostate slices, as a first step towards detecting PSM 
during RP. 

2. Material  

2.1. Dual modality probe  
The dual modality probe combines a stiffness sensor based on resonance technology with a Raman 
spectroscope [6]. The stiffness sensor consisted of a strain gauge force transducer and a resonance 
sensor. The resonance sensor was a cylinder (5 mm outer diameter, 3 mm inner diameter, 15 mm 
length) made of PZT ceramic (Morgan Electro Ceramics, Bedford, OH, USA) with a hemispherical 
plastic tip (2.5 mm radius). A 1.5-mm hole was drilled through the plastic tip which was covered by a 
thin hemispherical glass window (microscope cover slip Nr 1, Menzel-Gläser, Portsmouth, NH, USA). 
The resonance sensor was set to operate with commercially available pick-up and driving electronics 
(P&M Co., Ltd., Aizuwakamatsu, Fukushima, Japan). The function of resonance sensors has been 
extensively described previously [13, 14, 15].  The Raman spectroscopic modality consisted of a fibre 



optic Raman probe (Machida Endoscope Co., Tokyo, Japan) [16] connected to an RXN1 Raman 
spectroscope (RXN1/0002134, Kaiser Optical Systems (KOSI), Ann Arbor, MI, USA). The 0.8-mm
pure silica Raman probe consists of one delivery fibre and eight collecting fibres and ends with a 10 
cm long steel pipe of 0.8-mm diameter. The Raman spectroscope was calibrated for energy sensitivity 
and wavelength shift with a calibration system (HoloLab Calibration Accessory, KOSI, Ann Arbor, 
MI, USA), and a reference spectrum of polystyrene (Petri dish) was acquired before each 
measurement series. The laser power was set to 140 mW, and the integration time was set to 3 x 10 s. 
The laser power at sample was measured before each measurement series with a handheld laser power 
meter (LaserCheck, Coherent, Inc., Santa Clara, CA, USA.). The combined probe was mounted to an 
xyz-positioning stage (NRT150P1, three NRT100, BSC103, Thorlabs, Newton, NJ, USA). The 
movement of the positioning stage and the setting of the measurement grid were done using an in-
house developed software (LabVIEW 8.6, National Instruments, Austin, TX, USA).

2.1. Prostate samples 
Ethical approval was given by the ethics committee of Umeå University (Dnr 03-423, Dnr 2013-94-
32M). Two prostates were donated, with written consent, by radical prostatectomy patients at the 
University hospital in Umeå. The first prostate came from a 73-year-old man with a PCa Gleason
score 8 stage pT3b. The second from a 59-year-old man with a Gleason score 7 stage pT2c PCa.

The resected prostate was immediately brought to the pathology department (approx. delivery time 5
min), where the prostate exterior was stained with tissue marking dye (Triangle biomedical sciences, 
Inc. Durham, NC, USA). Yellow ink was used at the prostate posterior, green at the right front side 
and red at the front left side. The prostate was transversally cut in slices of approx. 5-6 mm height. The 
thick prostate slice was immediately put on ice after it was prepared by the pathologist, and brought to 
the experimental setup.  

2.2. Gelatine samples
Five gelatine samples (G9382 Gelatine from bovine skin Type B, Sigma-Aldrich, St. Lois, MO, USA) 
with increasing stiffness were prepared in small Petri dishes (54 mm diameter, 13 mm height). The 
Petri dishes were completely filled with gelatine. The gelatine stiffness was increased by increasing 
the gelatine-to-water weight ratio (wt%). Samples with  5 wt%, 10 wt%, 15 wt%, and 20 wt% were 
prepared. The gelatine samples were refrigerated overnight at 7°C. 

3. Methods  

3.1. Prostate measurements
Once the prostate slice was brought to the experimental setup, it was pinned to a Styrofoam bed. For 
the first prostate, nine measurement points were chosen from a 3x5 rectangular grid with 15 grid 
points by excluding points near or on a needle or the urethra. For the second prostate, 10 measurement 
points were chosen from the grid. The grid was chosen to include measurements at the posterior part 
of the prostate because it is more likely to find a PCa tumour there.

Both a tactile measurement and a series of Raman spectra were acquired at each measurement point 
before moving to the next. 



3.2. Stiffness sensor 
The stiffness sensor’s frequency and impression force were recorded during a 1-mm impression and 
successive retraction at each measurement site. This impression depth was chosen to avoid reaching 
the edge of the covering glass of the sensor tip [6]. The tactile sensor’s 
[15], was calculated by a linear fit to 26 data points corresponding to the first 0.5 mm impression.  

The stiffness parameter was normalised by calculating a stiffness contrast parameter (SC) as the ratio 
between perceived stiffness differences from the average stiffness, dF/d f , of each prostate to 
account for general inter-prostate differences.

3.3. Raman spectroscopy 
The sensor tip was impressed into the tissue and kept at 1 mm impression depth immediately after the 
stiffness measurement. Thereafter, three consecutive Raman spectra were acquired during 10 s at 54 
mW laser power at sample, all while the sensor tip was kept impressed. 

Reference spectra of green, red, and yellow TMD had been obtained and prominent peaks located 
according to wavenumbers (Table 1). The fingerprint region of the tissue Raman spectra were 
examined. Absence of spectral contributions from the TMD would indicate that the cut tissue surface 
had not been inadveratly smeared with TMD. 

A portion of the Raman spectra were chosen for further analysis. The high-wavenumber region of 
2700 cm-1 to 3200 cm-1 was extracted and lightly smoothed by a Whittaker smoothing algorithm 
suggested by Eilers (d = 2, L = 10) [17], and an automated baseline reduction presented by Cao et al. 
was applied [18]. The datasets of the pre-processed spectra were then reduced by principal component 
analysis (PCA). A hierarchical cluster analysis (HCA), using Ward’s linkage and Euclidian distances, 
was applied to the reduced datasets. The HCA was run repeatedly while increasing the number of 
allowed clusters, from two to eight.  

Table 1. Prominent peaks of the TMDs.
TMD colour Peak location (cm-1) 
green 1539, 1341, 1285, 1213, 777, 741, 686 
red 1612, 1500, 1365, 1346, 1293,  
yellow 1598, 1400, 1258 

3.4. Gelatine reference
The stiffness sensor reading was correlated to the stiffness of gelatine mixtures of various strengths. 
The gelatine stiffness was measured before each prostate measurement. The stiffness of each gelatine 
mixture was evaluated at four points on the gelatine sample within two minutes after it was removed 
from the refrigerator. The stiffness sensor was set to automatically detect the surface. The impression 
depth was set to 1 mm, and the stiffness sensor base frequency was set to 95.88 kHz. The gelatine 
stiffness was also measured with a hardness tester using the Shore-000 scale (HPE II Shore, Bareiss 
Prüfgerätebau GmBH, Oberdischingen, Germany).



3.5. Prostate histopathological analysis
The prostate sample was immersed in formalin after approx. one hour of measurements and brought 
back to the pathologist. The thick prostate slice was cut in half to be accommodated onto large 
microscopy slides. The halved prostate samples were embedded in paraffin and sliced in 4-μm slices 
using a rotary microtome. The thin slices were stained using standard hematoxylin-eosin staining. 
Each of the thin prostate slices was divided for placement onto a regular sized microscope slide. The 
use of regular sized slides was necessary because the slides were digitized by a scanner (Pannoramic 
250 – Manual Brightfield Scan, 3DHISTECH Kft, Budapest, Hungary). The four digital histological 
scans were manually combined together using image software (GIMP 2.8.6, www.gimp.org). The 
previously obtained image of the prostate sample, containing the measurement grid, was overlaid and 
aligned onto the histological image by manual scaling and rotation. Consequently, the locations of the 
measurement points were translated onto the histological image.

3.6. Statistics 
The Kolmogorov-Smirnoff test was used to test for normality. Hierarchical cluster analysis, using 
Ward’s linkage and Euclidian distances, were used to form groups. The non-parametric Kruskal-
Wallis multiple comparison test was used to test for differences between hard and soft locations. 
Statistical test results with p < 0.05 were considered statistically significant.

4. Results 

A total of 19 measurements were performed on two prostates. Each measurement series was 
performed within approximately one hour after each prostate arrived at the pathology department.  

Both prostate slices developed swellings that distorted the otherwise flat surface. On the first prostate, 
one smaller structure appeared on the right and one larger on the left (Figure 1A). Two structures of 
approximately equal size appeared on the second prostate (Figure 2A). 

4.1. Prostate samples 
A region with PCa was found above and to the right of point 1 on the first prostate and near and at
point 6 on the second prostate (Figures 1 and 2). The histopathological analysis revealed that 
measurements mainly had been performed on tissue containing predominantly stroma on the first 
prostate and mainly on epithelial tissue on the second prostate (Tables 2 and 3). High grade PIN 
(prostate interepithelial neoplasia) was found in both prostate slices. 





5 -0.64 1c Benign prostate hyperplasia of epithelial tissue.

6 -0.11 1a Stroma, no prostatitis 

7 -0.14 1c Stroma, prostatitis, and high grade PIN. 

8 1.64 1b Dilated duct and stone. 

9 -0.48 1a Stroma and minor prostatitis. 

Table 3. Histopathological analysis and stiffness contrast at the measurement locations on the second 
prostate.

Location Stiffness
Contrast

Raman 
HCA 
group

Histopathology 

1 94 Epithelia.

2    -0.63 2c High grade PIN and epithelia. 

3    -0.75 2d High grade PIN and epithelia. 

4    -0.38 2c Epithelia.

5    -0.36 2c High grade PIN and epithelia. 

6     0.89 2b Mainly PCa and epithelia.

7    -0.60 2a Epithelia.

8     0.81 2a Epithelia and PIN. 

9     0.74 2d Epithelia.

10    -0.66 2b Epithelia.

4.2. Prostate stiffness
The stiffness contrast of the two prostates yielded two distinct groups with different stiffness, one 
group with SC > 0 and a second with SC < 0 (Figure 3). These groups were confirmed by the HCA. 
The multiple comparison tests on the groups formed by the HCA revealed that they were significantly
different (p < 0.05).  The average stiffness of the first prostate was 9.6 ± 7.7 μN/Hz and 3.0  ± 2.3 
μN/Hz for the second. The stiffness of the two prostates was significantly different (p < 0.05). 



Figure 3. Stiffness contrast for measurement on prostate 2 (labelled 1-10) and measurement on 
prostate 1 (labelled 11-19). The stiffness contrast of zero corresponds to the average tissue stiffness in 
the respective prostate slice.

4.3. Raman spectroscopy
The raw Raman spectra were afflicted with a high fluorescent background. The Raman spectroscopic 
datasets of each prostate were analysed separately. The pre-processed Raman spectra in the high-
wavenumber region of 2700 cm-1 to 3200 cm-1 were separated into four groups by the HCA (Figure 4).  

Figure 4. HCA of the pre-processed Raman spectroscopic data in the high-wavenumber region. (A) 
Prostate no.1 with groups 1a-d. (B) Prostate no. 2 with groups 2a-d. 

5. Discussion 

The cut prostate slices did not remain flat. Instead, the tissue swelled and formed hills on the cut 
surface. The swelling started immediately after the specimen was cut and continued throughout the 
measurement. The swelling was local to the front of the prostate for the two specimens. The location 
of the swellings coincided with areas of epithelial nodules surrounded by stroma, visible in the 
histological microscope images (Figures 1B and 2B). This supports the idea that the swelling is caused 
by internal pressure withheld within capsules of less elastic tissue. The pressurized tissue is able to 
expand when the constraining tissue is cut. Apparently this is a common situation but the phenomenon 



has not been brought up in previous studies in stiffness measurements with resonance sensors. 
Furthermore, the occurrence of this swelling was much less common during a previous study [19], but
the swelling was much less pronounced. A notable difference between the current study and the 
previous study is that the measurements in the current study were performed on the side which faced 
the prostate interior while the opposite was chosen during the previous study [19]. The interior side 
was chosen in this study because it did not become smeared with TMD when it was cut loose from the 
prostate. This observation may not explain the differences in the swelling phenomenon, but it may
have been present but suppressed in the previous study because the side prone to swelling was pinned 
down to the Styrofoam in the previous study. The functionality of the stiffness sensor is optimal when 
the tip is impressed perpendicular to the surface. Small deviations, less than 10 degrees, from 
perpendicularity are no concern but larger deviations affect the stiffness measurements [20]. 

The prostate slices were cut approx. 5-6 mm thick. This was according to the current procedure at the 
pathology department because the slices later were to be dehydrated by formaldehyde before they 
were mounted in paraffin. Ideally, for stiffness measurements, the slices should have been thicker to 
better replicate the intended clinical situation in which a whole prostate glands would be studied.

Differences in stiffness are located during prostate palpation. It is reasonable to believe that prostate
stiffness varies between individual, healthy prostates, and even in each prostate over time. Jalkanen et 
al. presented the idea of the stiffness contrast [21]. In that study, the stiffness contrast of a 
measurement was calculated as the difference to the average normal healthy tissue stiffness in a 
prostate slice. The approach in the present study differs in that the tissue content is not known before 
the calculation of the stiffness contrast. In this study, the stiffness contrast was calculated from the 
average of all stiffness readings obtained from each individual prostate. This could be comparable with 
the situation in the operating room where ten initial stiffness readings of the current prostate would set 
a stiffness baseline.  

In this study, the measurement points were clustered according to their stiffness contrast by an HCA,
and the points were formed into an increasing number of groups, from two to five. The measurement 
points with negative stiffness contrast were significantly discerned from the points with a positive 
stiffness contrast. No other significant groups were found. Points 6 and 7 on the first prostate formed a 
non-significant group when more than three groups were allowed, and they had the least stiffness 
contrast of all points.

The thick prostate slices were divided to fit onto regular sized microscope slides for the digitised 
histopathology.  Unfortunately, the left half of the first prostate was mounted upside down in the 
paraffin (left half, Figure 1B). Therefore the histological analysis of that part of the sample had to be 
done approx. 5 mm below the measurement surface. It is reasonable to believe that larger tissue 
structures might remain the same throughout 5 mm of tissue. However, the results from the 
histological analysis of that part of the prostate have to be considered to be less sure. Any 
misclassification of tissue has a larger impact on Raman spectroscopy measurements since the method
only detects superficial tissue composition. It is estimated that the fibre optic Raman spectroscopy 
probe collects information to a depth of 0.5 mm [22], while it is reasonable to estimate that the dual-
modality probe picks up information from 2 mm into the tissue during a 1-mm impression. A stiffness 
sensor with a 5-mm diameter tip has a sensing depth of 2.5-5.5 mm into the tissue during a 1-mm 
impression [23, 24].



The histopathological analysis revealed that the measurements on the first prostate were performed 
mostly on stroma, and those on the second prostate were almost entirely on epithelial tissue (Figures 1 
and 2, Tables 1 and 2). The concept of unsupervised stiffness contrast calculation seems to be less
ideal in a situation like that. The stiffness contrast normalises the stiffness readings and facilitates 
comparison between individual prostates and pooling of data from individual prostates with different 
baseline stiffness. Care must be taken so that if the baseline is set by measurements on entirely 
homogenous tissue, small variations will become enhanced. Furthermore, if two baselines are set on 
two different set of homogenous tissues, then the difference in objective stiffness reading for each 
tissue type will be decreased. In such a case, the perceived stiffness within each prostate will remain 
but the strength of pooling the data will diminish.  

The stiffness sensor did include the measurement performed on PCa, point 6 on the second prostate, in 
the group discriminated by having a higher positive stiffness contrast. It also discriminated point 1 on 
the second prostate, which was located near the PCa. The measurements performed near the area with 
PCa in the first prostate, points 1 and 2, did not yield a high positive stiffness contrast. The stiffness 
measurements of stroma of the first prostate were not discerned as having a higher stiffness by the 
unsupervised stiffness contrast. This was probably caused by the lack of softer measurement points 
included in the calculation of the baseline stiffness of the first prostate, while measurements performed 
on ducts yielded a higher stiffness than those of stroma. The first prostate consisted of mostly stroma 
and the second of mostly epithelial tissue. The stiffness of the two prostate slices were significantly 
different. Hence, the dual-modality probe has shown its capability to discriminate between stroma and 
epithelial tissue. 

The Raman spectra were acquired as three consecutive spectra with a brief pause between them 
instead of one longer measurement. This approach was chosen to decrease the risk of heating the 
stiffness sensor. The fibre optical Raman probe develops heat during active use. This has been shown 
previously and is assumed to be caused by the Raman probe tip filters [25].

When the resected prostate arrives at the pathology department, the surface is stained by tissue 
marking dye (TMD). The procedure ensures that the orientation of the prostate slices is preserved; the 
choice of TMD is arbitrary. The TMD is Raman active and might contaminate the Raman spectra. A 
previous study noticed that black TMD contributed with a high amount of fluorescence, and 
sometimes completely saturated the Raman spectra [22]. Prior to the clinical tests, the Raman spectra 
of different TMD were recorded, see Figure 5. Thereafter, TMD with less impact on the Raman 
spectra were chosen. The prostate was carefully cut into slices to avoid smearing TMD onto the cut 
surface. The yellow dye had a prominent sharp peak at 1598 cm-1 which did not appear in the tissue 
spectra. This was a strong indication that the tissue surface had not been contaminated by yellow dye. 
Correspondently, it was concluded that the tissue was not contaminated by green dye as the most
prominent peak of the green dye at 1539 cm-1 was not found in the tissue spectra. A large peak was 
found at 1346 cm-1 in both the tissue spectra and the spectrum of the red tissue dye, but neither of the 
other prominent peaks of the red dye at 1500 cm-1 or 1293 cm-1 was found in the tissue spectra. All 
spectra were therefore considered uncontaminated by any TMD.  

The spectra obtained of the fresh human prostate tissue were afflicted with a high fluorescent 
background. The common fingerprint region, approximately 300 cm-1 to 1800cm-1, was therefore not 
chosen for further analysis because of the high fluorescence contribution. Koljenovic et al. have shown 



that the high wavenumber range of 2700 cm-1 to 3100 cm-1 contains valuable biochemical information 
of human tissue yielding the same classification results as the standard fingerprint range of 400 cm-1 to 
1900 cm-1 [26]. This region is less affected by fluorescence and is a viable option when there is a high 
fluorescent background in the spectra. Therefore, a high-wavenumber region of 2700 cm-1 to 3200 cm-

1 was chosen in this study for further analysis.

The HCA of the reduced Raman spectroscopic dataset formed four groups of the measurements 
performed on each prostate (Figure 4). The most separated group on the first prostate consisted of the 
single measurement point 4 obtained at a location where a seminal vesicle duct was embedded in 
stroma afflicted with lots of prostatitis. Points 2, 5, 7 formed a group and consisted of tissue of mixed 
content. The two least separated groups, consisting of points 1, 6, 9 and 3, 8 consisted mostly of 
stroma with little or no prostatitis. The histopathological analysis of the second prostate revealed that 
all measurements except the one on PCa had been performed on epithelial tissue with or without high 
grade PIN; the groups could thus not be explained by different tissue content. A more complete 
histopathological analysis of the tissue content above and below the thin histological sample might 
contribute information about tissue content and thus explain both the stiffness contrast and the Raman 
spectroscopic results.

6. Conclusion  
For the first time, the in-house designed dual-modality probe has been used for measurements on 
slices of fresh human prostate tissue.

The tactile resonance sensor modality could be used for assessing tissue stiffness. The stiffness 
contrast parameter was used for classifying tissue by HCA. The stiffness sensor could detect locations 
on fresh human prostate tissue slices with significantly different stiffness contrasts (p < 0.05). The
stiffness sensor discriminated between prostate slices containing mostly stroma and those containing 
mostly epithelial tissue, and the stiffness  was significantly different (p < 0.05). 

Raman spectroscopic measurements could be performed with the dual-modality probe for tissue 
classification. However, the tissue classification could not fully be explained by the tissue content yet. 
The tissue fluorescence of fresh human prostate was high. Therefore, a high-wavenumber region was 
used for analysis.   

In order to achieve the full clinical value and understanding of the data, more measurements are
needed. Furthermore, measurements on whole prostates instead of prostate slices would better 
replicate the use of the dual-modality probe in a clinical setting.
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