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Abstract

Prostate cancer (PCa) is the most common cancer type among men in Sweden. The
most prevalent curative treatment for PCa is radical prostatectomy (RP), i.e., complete
surgical removal of the prostate. Unfortunately, cancer cells are found near the resection
surface in 35 % of the RP patients. This indicates an increased risk of PCa reccurence.

Our main objective is to develop a novel medical instrument for detecting PCa. The
idea is to combine the techniques of Raman spectroscopy (RS) and the tactile resonance
method (TRM) into one integrated instrument. The TRM would provide a swift and
gentle survey of the region of interest, while the RS adds detailed information of the
molecular content where malignancy is suspected. The dual mode instrument could be
well suited for detecting and locating tumour cells in the surgical margin during RP. The
studies included in this thesis are important steps towards this objective.

Paper A investigated how the two data sets from each of the technologies could be
compared and combined for tissue characterisation. The data set of RS was a spectrum
with peaks characteristic to the sample's molecular content. The TRM output variable
was a scalar value related to the sample sti�ness. The data sets could be compared and
combined by applying principal component analysis (PCA) to the RS spectra followed by
an hierarchical cluster analysis (HCA). A linear regression analysis showed that the PCs
explained 67% of the sti�ness variations. HCA was used to classify each RS measurement
into groups consisting of similar measurements. The TRM's sensitivity and speci�city
of classifying these groups were evaluated by ROC curves and the area under the curve
(AUC). The harder group could successfully be discriminated from the softer groups
(AUC = 0.99).

Paper B used support vector machines (SVM) as a method to classify and di�erentiate
porcine and human prostate tissue types using the combined data sets. Prostate tissue
is highly inhomogenous, with streaks of small anatomical structures. The analysis was
evaluated within areas of three levels of homogenity, to avoid mismatching the measured
tissue. The tissue homogenity was evaluated within the RS measurement area and the
tissue type was set to the main histological content. Areas in which no single tissue
type surpassed the threshold level were excluded from the analysis. The cross-validation
accuracy for determining the tissues types within homogenous (main tissue type > 83%)
porcine samples was 82% using TRM data alone. It increased to 87% while using the
combined data sets of TRM and RS. For discerning healthy and cancerous human prostate
tissue, the cross-validation accuracy was 67% and 77% for TRM alone versus TRM and
RS combined.

Paper C covered a number of design considerations which have to be addressed during
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the combination of TRM and RS. The e�ects of attaching an RS probe into a tubular
TRM element were investigated. We investigated the temperature increase caused by the
laser illumination from the RS and its e�ect on the TRM measurement parameter ∆f .
We also investigated if and how RS could be performed under ambient light.

A thin RS probe and a small amount of rubber latex was preferable for attaching the
RS probe inside the TRM sensor. The temperature rise of the TRM sensor due to a �bre-
optic NIR-RS at 270 mW during 20 s was less than 2 ◦C. The variation of ∆f during a 5 ◦C
temperature change was approximately 20 Hz. This is small compared to previous in vitro

TRM studies. 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 of these studies indicate how the hardware and and software could be
combined into one integrated probe for prostate cancer detection.
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Chapter 2

Abbreviations

AUC area under the curve
∆f frequency shift
d impression depth
E Young's modulus
F impression force
HCA hierarchical cluster analysis
IR infrared
NIR near infrared
NIR-RS near infrared Raman spectroscopy
NS nerve sparing
NVB neurovascular bundle
PC principal component
PCA principal component analysis
PCa prostate cancer
PSA prostate speci�c antigen
PSM positive surgical margin
PZT lead zirconium titanate
ROC receiver operating charateristic
RP radical prostatectomy
RS Raman spectroscopy
SDVM second-derivative variance method
SVM support vector machine
TRM tactile resonance method
VM variance minimization
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Chapter 3

Introduction

3.1 General introduction

Prostate adenocarcioma or prostate cancer (PCa), as it is more commonly called, is the
single most common form of cancer among men in Sweden and the USA [1, 2]. PCa
was the cause of death for 2424 men in Sweden during 2009, and 10317 Swedish men
received a PCa diagnosis during that year [1]. The most prevalent curative treatment for
PCa is radical prostatectomy (RP), i.e., complete surgical removal of the prostate. The
surgeon tries to remove as little extra tissue around the prostate as possible during RP.
Many delicate physiological structures are situated close to the prostate. The surgeon
often strives to achieve a trifecta, i.e., obtain a cancer-free outcome without the adverse
e�ects of urinary incontinence and erectile dysfunction [3].

During the last decade, thanks to deeper knowledge about the surrounding tissue and
new procedures such as the nerve-sparing technique, a closer resection has reduced the risk
of adverse e�ects while maintaining a constant level of cancer-free outcome. Nevertheless,
a positive surgical margin (PSM) is found in about 11-38% of the RP patients at the
post-operative analysis of the resected prostate. A PSM indicates an elevated risk that
the PCa will return [3].

Our main objective is to develop a novel medical instrument for detecting PCa. The
idea is to combine the techniques of Raman spectroscopy (RS) and the tactile resonance
method (TRM) into one integrated instrument. The TRM would provide a swift and
gentle survey of the region of interest, while the RS adds detailed information on the
molecular content where malignancy is indicated. The dual-mode instrument could be
well suited for detecting and locating tumour cells in the surgical margin during RP. The
studies included in this thesis consist of important steps towards this objective.
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8 Introduction

3.2 Prostate anatomy and pathology

The prostate gland is part of the male reproductive system. It surrounds the urethra
right below the bladder (Figure 3.1). Normally, the prostate is the size of a walnut,
about four by two cm. The prostate grows during puberty due to the increase in the
testosterone level. The prostate starts growing again at the age of 50, an age in which
the testosteron level starts to decline. The prostate gland consists of about thirty smaller
glands, acini, which each connects to the urethra. Fibromuscular tissue surrounds the
the prostate. The glands consists of epithelial tissue and stroma. The �uids are emptied
into a series of ducts, or passageways, which eventually empty into the prostatic portion
of the urethra. The inside of the ducts, which transport the prostate secretions, is called
the lumen, and it is lined with epithelial tissue. Over time, the prostate �uids can be
calci�ed and form prostate stones in the lumen [2, 4].

Figure 3.1: Sagittal view of the male reproductive anatomy [5].

Posterior and superior of the prostate gland are the two seminal vesicles, vesicula
seminalis or glandula vesiculosa (Figures 3.1 and 3.2). They produce the largest part of
�uid that will become the semen and secret it into the vas deferens that runs through the
prostate and empties into the urethra. Inferior to the prostate are the two bulbourethral
glands (Figure 3.1), or Cowper's glands as they are called in the male anatomy. They
are the size of peas and produce a clear, viscous lubricant �uid that is part of the semen
[2, 4]. The external urinary sphincter consists of a horseshoe shaped muscle structure. It
is situated around the urethra inferior to the prostate, and encapsules the bulbourethral
glands. Neurovascular bundles (NVB) are situated near or in the fascia surrounding
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the prostatic capsule, the exact location varies between individuals. The fully-functional
NVBs are important for the erectile and urinary functions [3, 6].

Figure 3.2: Prostate with seminal vesicles [7].

As a man grows older, his prostate grows larger. By the age of 60, many mens'
prostates are enlarged by two to four times. This might cause urinary problems, a symp-
tom similar to those of PCa [2]. In the USA, PCa is most often diagnosed by a medical
examination before the patient su�ers any symptoms [8, 9]. Most Swedish patients are
diagnosed with PCa due to symptoms, but many are diagnosed by screening even though
screening is not a Swedish praxis [10]. An elevated level of prostate speci�c antigen (PSA)
in the blood is often the �rst sign of PCa. A digital rectal exam performed by a physi-
cian can also tell if the patient has an early-stage PCa. These methods are not absolute
and have a high rate of false positives. Benign conditions, such as infection or prostate
enlargement, can cause a false PCa diagnosis. A de�nitive diagnosis is determined by
biopsy. Several biopsy samples are taken by inserting hollow needles into the prostate.
A histopathological analysis is performed to determine the presence and progress of PCa
[8].

PCa is treated in a number of ways. Active surveillance, or watchful waiting, is
recommended if it is a low-risk PCa. If the PCa is small and con�ned in the prostate
capsule no further treatment is needed than increased surveillance and regular check-
ups. PCa is usually a slow dicease, and the curative treatments come with a high risk of
negative side-e�ects.

A curative treatment is started when the PCa is more advanced. Radical prosta-
tectomy (RP) or radiation therapy, either external beam radiation or brachytherapy, is
the most common curative treatments o�ered when the decease is localized. External
beam radiation is the most common alternative in the USA, while RP is slightly more
common in Sweden [1, 8]. Hormone therapy, alone or in conjunction with radiation, is
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����� α �� 	�� ����	�� �����	��� �� β 	�� ����	�� ���	����

β = mxω − kx
ω
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kx =
2E

π1/2

Sc
1/2

(1− ν2)
���" 

mx =
ρSc

3/2

10(1− ν)
���# 

����� Sc �� 	�� ���	�	 �� �� 	�� ������ ρ �� 	�� ����� �����	�� E �� 	�� $����%�
������� �� ν 	�� &������%� �	�� �� 	�� ����� �	����� '� 	�� ���	�	 ������ �� Sc
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kx =
2E

(1− ν2)
r ����* 

mx =
ρπ3/2

10(1− ν)
r3 ����� 
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5.1.2 Human prostate tissue

RS and micro-TRM measurements were performed on human prostate tissue in Paper B.
Two prostate specimens, one 5-mm and one 8-mm punch, from a 67-year old man who
had his prostate removed, were obtained. Four samples were prepared for measurements
from these, and were snap-frozen in liquid nitrogen within 30 minutes from resection.
Three of these samples contain both healthy tissue and cancerous tissue of Gleason score
seven and stage pT3, and were included in the study. The samples were prepared using
the same procedure as for the porcine prostate tissue. The study was approved by the
ethics committee of Umeå University. The participating patient gave informed written
consent.

5.1.3 Gelatine

Gelatine samples were used to calibrate the tactile resonance sensor in Paper B. Bovine
gelatine (G9382 Gelatin from bovine skin Type B, Sigma-Aldrich, St. Lois, MO, USA)
was mixed in 3% to 25% weight percent once every week and stored at 5 ◦C. The gelatine
Young's modulus, E, of each sample was determined after each day of measurement.
The gelatine E was attained by impressing a cylindrical punch in steps of 0.1 mm and
recording the impression force. Three readings were performed within three minutes from
retrieval from cold storage. The impressions were performed by a three-axis translation
stage (NRT150P1, three NRT100, BSC103, Thorlabs, Newton, NJ, USA), the force was
read by a digital scale (HT-600H, Elastocon, Borås, Sweden), and the movement and
reading were implemented in LabVIEW (National Instruments, Austin, TX, USA).

5.1.4 Silicone

When investigating the temperature dependence of a TRM sensor in Paper C, a silicone
sample was used as measurement sample. The two-component silicone (Wacker-Chemie
GmbH, Germany) was prepared in a Petri dish (87 mm, height 13 mm) in a 4:3.5 ratio,
which yields a sti�ness of 192 mm ×10−1 (DIN ISO 2137, hollow cone 150 g) [28]. The
surface was coated with a thin layer of aluminium powder (Buehler, Lake Blu�, IL 60044,
USA) to prevent the sensor tip to adhere to the surface.

5.2 Data preprocessing

The RS spectra were analyzed in the �nger-print region of 400 cm−1 to 1800 cm−1.
The noise of the RS spectra were suppressed by applying Eilers' smoothing algorithm
[40]. The laser-induced �uorescent background was removed by the baseline correction
algorithm suggested by Cao et al. [41]. Subtraction of pre-recorded contaminant spectra
were performed using the SDVM and VM methods presented by Loethen et al. [35].
These algorithms were implemented in-house in MATLAB 2010a. The treated spectra
were vector normalized.
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Chapter 6

Results and discussions

6.1 Comparing RS and TRM data

In Paper A, the RS spectral data set could be compared to the TRM scalar data set by
reducing the RS data using PCA. Ten PCs of the RS spectral data were retained as they
explained >99% of the variation. The HCA agreed well to the visible structure of the
porcine abdominal tissue when �ve groups were chosen. Also, the sti�ness distribution
among the �ve clustering groups discriminated between soft and hard fat (Figure 6.1)
while fewer did not. More groups did not contribute either to the explanation of the
sti�ness variation nor to any visual clues about the tissue structure. Using up to nine
groups did not increase the number of signi�cantly di�erent groups compared to the �ve
in Figure 6.1.
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6.2. Combining RS and TRM data 27

micro-TRM reached an SVM cross-validation accuracy of 82.3% for porcine prostate areas
with at least 83% homogenity. When the RS data was added the accuracy increased to
87.3%. When less homogeneous areas were input to the SVM, the accuracy was lower.
The accuracy was 65.3% when the threshold was set to 50% homogenity using only
micro-TRM data, and 80.3% for micro-TRM and RS combined.

The same approach were able to discern between cancerous and non-cancerous human
prostate tissue. The micro-TRM SVM cross-validation accuracy was 66.9% for human
prostate tissue areas with at least 83% homogenity, and 77.0% for the combined RS
and micro-TRM data. The accuracy using a 50 %-homogenity threshold was 70.1% for
micro-TRM alone, and 73.0% for the combined RS and micro-TRM data.

Each individual sti�ness measurement area, with 50-µm diameter, was much smaller
than the RS area, with diameter 300 µm. The histological analysis was also performed
with the same resolution as the TRM. The sensitivity of the TRM would probably have
been higher if the sti�ness and histological information had not been averaged over the
larger RS area, as suggested by Figure 6.2. The de�nition of success might be di�erently
de�ned in future studies. The TRM's mission is to �nd high risk areas, a high sensitivity is
more important than a perfect speci�city, for the combined probe. The speci�city should
be provided by the addition of the RS data. One reason that the sti�ness resolution was
resampled and averaged in Paper B was that it was very hard to align the histological map
to the measured area with high enough accuracy. A challenge not helped by the fact that
the thin microscope slides collected for histological analysis often became stretched and
sheared when they were transfered to the slide, even though they were frozen. It is also
likely that the thicker samples, which were measured by the micro-TRM and RS probes,
became physically deformed during setup. A misalignment of 50 µm in either direction
would have misclassi�ed many of the small features and their surrounding tissues. A
suggestion for future studies would be to identify important features in the histological
image that should be detected and classi�ed by the probe. The probe could be evaluated
by its ability to sense them and by how accurate their position could be determined.
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Figure 6.2: (A) Histological image, (B) histological analysis and (C) micro-TRM sti�ness map.
Square side 300 µm.
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6.3. Design considerations for a combined instrument 29

�uorescent spectrum was gathered in narrow wavelength bands (Figure 6.5 E).
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Figure 6.4: Porcine RS spectra, 10 s in dimmed incandescent light and 200 mW using a 25-
mm shield unless otherwise stated. (A) Raw background spectrum using no shield; (B) raw
untreated spectrum; (C) raw background spectrum, 0 mW; (D) treated RS spectrum, normalized
and arbitrary scaled; (E) and spectrum obtained in darkness, normalized and arbitrary scaled.
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Figure 6.5: Raw contaminant spectra, 10 s, A-D under incandescent light. (A) Bright light,
35-mm shield; (B) dimmed light, no shield; (C) dimmed light, 25-mm shield; (D) dimmed light,
35-mm shield; (E) and �uorescent tube light.



Chapter 7

Summary and

General Conclusions

7.1 General summary and conclusions

The RS spectra and the TRM sti�ness readings acquired at the same spots were com-
pared by reducing the spectra by PCA. Five types of the porcine abdominal tissue were
identi�ed: muscle, muscle+fat, fat+muscle, soft fat, and hard fat. The signi�cantly
sti�er hard fat could successfully be discriminated by the TRM. The other four groups,
with more similar sti�nesses, was discriminated by the RS.

The complete data sets of the RS spectra and TRM sti�ness were input to an SVM
algorithm. Three types of porcine prostate tissue were identi�ed by a �ve-fold cross-
validation. Also, cancerous tissue was discerned from healthy on four samples from one
human prostate using the same protocol.

Several important conditions have been identi�ed regarding the design of a combined
probe. Material and a method for attaching an RS probe inside a TRM has been eval-
uated. The e�ects and implications of combining a heat-producing �bre-optic RS probe
into a temperature-sensitive TRM sensor have been evaluated and criteria have been iden-
ti�ed. Conditions and a method allowing the combined probe to perform successfully in
non-dark environments have been investigated and developed.

The results in this thesis indicates that a probe combining the RS and TRM tech-
nologies is possible. The next, natural step would be to implement these results in a
desktop, prototype combination probe.
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Chapter 8

Future work

8.1 The future

This licentiate thesis indicates that a sensor for detecting PCa can be made by merging
the two techniques of Raman spectroscopy and tactile resonance technology into one
combined probe.

Future projects should be to build a cantilever beam desktop prototype probe that
contains the �bre-optic RS probe inside the tactile resonance sensor. Evaluation of the
prototype on non-human tissue and human prostate tissue would be a natural next
step. Other methods than SVM might also be evaluated during the development of
an automated diagnostic algorithm. Yet another development would be to develop a
hand-held prototype, and to equip the prototype with integrated force sensors.

33



34 Future work



����������

��� �����	
���	
��� ������ ����	���� �� 
��	�� ��� �����	
���	
��� �����

��� �� �� ����� ��� �� �����
��� ���������� �� ������� ��	 ����������� ���� ���
���� ��	�� � ���
� ����� �����

� � !� "�

�#�$����� %� �&���		� �� %� '�
���(� )� ���*��� �� �� �+�		�����+� ,� ��
-�����$��.� /� )�������� ��� 0� )����
�� 1,�
���2� 
+3���	 (�3��
 �� �����	
#�
�������(�4 !+�	����3 ��� #�5	�( ��� ��
 	��36��( ���
�7+����
�8 ��������

�������� 2�	� 99� ��� �� ##� :;<==� ���=�

�>� �� ����

�� ��� �� ����

��� ������� ��� ����������  � ��� ?�5�� ��� �

�9� ����(���� @�((��
� A����� ��2B 0�	�4(�	�C�����(�C5	����
23� �!�	�����
%2��	�5	�4 ���#4DD��((��
�$���(������3D$���D0�	�4)�	�C�����(�C5	����
23

��� ��6E� ���	.��5+3� �� ���$�	��5�3� ?�6@� F��� �� G�+��+
� @� @��
���������
� ���
'� G� ?���
���
� 1%����(���	 	���(��
 �* �����	 #�
������(��8 �������� ��������
2�	� 9�� ���  � ##� ��=<� =� ���;�

�;� ����(���� @�((��
� A����� ��2B 0�	�43�������#�3� �!�	����� %2��	�5	�4
���#4DD���$���#������3D$���D0�	�4��������#�3

�:� %(����� @���� �������� ������ ����� � ������� � � %�	����4 %(����� @����
�������� �����

�=� %� )� �� ��	*� /� @� ������ /� �� '�.����� �� )� ���(#
��� %� H� �I%(���� /� ��
H�	�� �� �� ����
� @� ��
�� �� �+�

�+
� -� %���$
� @� �������
� ��� /� %�
�(���� 1%(����� ����� 
������ 3+���	��� *� ��� ��	� ��������� �* #�
���� �����4
E#���� �����8 ��! � ������ "������ ��� ����������� 2�	� ��� ��� �� ##� ;�<=:� �����

���� �� ?��&�2���� �� ����5	�(� %� ��3	+��� ��� '� H�����
�� 1�+(�+ 3���� ����6
(���� ��� �	���2� 
+2�2�	 �� � #�#+	�����65�
�� ����� �* (�� $��� #�������		�
�+�5	� #�
���� ������8 �������� �������� 2�	� 9;� ��� >� ##� � �<�>�� �����

���� J� 0+� �� �� )�+	� ��� ?� �+�� 1@����(#��� �����	 #�
�������(��8 ��������

������� 2�	� ����� ##� �<� � �����

 9



�� ����������

���� �� 	� 
������ �� ������� �� �� �� ������ �����������	 
���� ����������	�
��� ��� �� ������  !����! "��##� �$$��

���� %� ���!&�� '� ���� ��  �(�� �� '� )#&���� *+�!��,�-��!. /0�� -��0� 1�� 2#�
�� � ����3#!2.� ��� ����#!�-��4 ������� ������� 3�.� 55� ��� ��� --� 56��756���
�$$8�

��5� "� ����� �� ������ ��  � ����..� �� �� 9:� ��  � +� 
����� '� ���� �� +� "� ��
����&�� *)&� 2#� �1 ��� #-�!���#!�-; �� ������1; �� ���� -��#���! ����!�!�,
��� �� 3�����4 ������� ������� �� ������� 3�.� <=� ��� �� --� �$�7�$<� �$$��

��8� +� )�..�1#��� �� +���� )� ��0�� �� ��&���  � ��2!&� �� +���� �� >� 
����
*	�� #-�!��. ������ �1 -��#��� !�!��� !� ��� ��.�!2.� ������ 0� 2#��
�� 2����� #����� &�#��-�&�.��;?4 ��� �������������� 3�.� �$�� ��� 5� --� 5<57
5<<� �$�$�

���� @� @� )2!&��� ������ ������ � ����� ���������� ������� ��� ����������� ��� �������

���������� ��� ��� ��..���&�� �">A� �$$6�

��6�  � +&��3�,��#�� �� 	� 	�!&��#,����2�� *	�� #-�!���#!�-; 1�� �&� ��,
��!���� �1 !�!��# �� -��!�!��#�4 ������� �� ���������� ������� 3�.� �� ��� �� --�
��76$� �==8�

��<� "� ����� �� ���##� �� ����..� +� '��,"������ +� ����&�� 	� "��#�� ��
�� ������ *)&� 2#� �1 ��� #-�!���#!�-; �� ��:�������� 0������ ��:����� -��,
#���! ����!�!���� !�.. .���#�4 ������� ������� �� ������� 3�.� =�� ��� ��� --�
����7��6$� �$$8�

��=� �� B� ��;� ���������������	� �� ������������ �� ��� �����	 ��� ������������ �� ���� 

������������� ��������� �� ��	������ �#� ��� ��� %���� +!B��,'�.. ���� ���,
-�;� >�!�� �=5��

��$� C�  � D���&.� �� A� ���#������2�  � A�.2��� %� +2�;�� "� '..0���� ��
�� C��� *)!��.� ��#���!� #��#��# �� ����!����4 ������� �� !������ "����������

��� ���������	� 3�.� ��� ��� 5� --� ���7�6�� �$$=�

���� �� C�� �� %� )��2�2�� *��� �!��.� #��#�� .��� �&� &2�� &�� �� ��# --.�,
!����#�4 ������ ��� ��������� �� ��	������ 3�.� �8� ��� �� --� =7�8� �==��

����  � A�.2��� )� �E!�.2��� �� C�  � D���&.� * ��#����� #��#�� 1�� ��#2������
�1 �����!2.� -��##2��,�3.2���� �� � �� 3���� -��,�;� ����.�4 ��	���������� !�� 

��������� 3�.� ��� ��� �� --� �887�6� �$$$�

���� "� '..0���� �� D������ C�  � D���&.� )� �E!�.2��� ��  � A�.2��� * --.�����
��#���!� ��������; 1�� �����!2.� -��##2�� �� &2��#�4 ��	���������� !������ 

����� 3�.� �8� ��� 5� --� �$8�7�8� �$$5�



References 37

[24] V. Jalkanen, B. M. Andersson, A. Bergh, B. Ljungberg, and O. A. Lindahl, �Ex-
planatory models for a tactile resonance sensor system-elastic and density-related
variations of prostate tissue in vitro,� Physiological Measurement, vol. 29, no. 7, pp.
729�45, 2008.

[25] S. Omata and Y. Terunuma, �Development of new type tactile sensor for detecting
hardness and/or software of an object like the human hand,� in Solid-State Sen-

sors and Actuators, 1991. Digest of Technical Papers, TRANSDUCERS '91., 1991

International Conference on, jun 1991, pp. 868�871.

[26] V. Jalkanen, �Hand-held resonance sensor for tissue sti�ness measurements - a the-
oretical and experimental analysis,� Measurement Science and Technology, vol. 21,
no. 5, p. 055801, 2010.

[27] Y. Murayama and S. Omata, �Fabrication of micro tactile sensor for the measurement
of micro-scale local elasticity,� Sensors and Actuators A: Physical, vol. 109, no. 3,
pp. 202�207, 2004.

[28] A. Eklund, A. Bergh, and O. A. Lindahl, �A catheter tactile sensor for measuring
hardness of soft tissue: measurement in a silicone model and in an in vitro human
prostate model,� Medical and Biological Engineering and Computing, vol. 37, no. 5,
pp. 618�24, 1999.

[29] V. Jalkanen, B. M. Andersson, A. Bergh, B. Ljungberg, and O. A. Lindahl, �Prostate
tissue sti�ness as measured with a resonance sensor system: a study on silicone and
human prostate tissue in vitro,� Medical and Biological Engineering and Computing,
vol. 44, no. 7, pp. 593�603, 2006.

[30] Y. Murayama, C. E. Constantinou, and S. Omata, �Development of tactile mapping
system for the sti�ness characterization of tissue slice using novel tactile sensing
technology,� Sensors and Actuators A: Physical, vol. 120, no. 2, pp. 543�549, 2005.

[31] Y. Murayama, S. Omata, T. Yajima, Q. Peng, K. Shishido, D. M. Peehl, and C. E.
Constantinou, �High resolution regional elasticity mapping of the human prostate,�
in Proceedings of the 29th Annual International Conference of the IEEE EMBS, no.
1557-170X (Print), 2007.

[32] Y. Murayama, C. Constantinou, and S. Omata, �Micromechanical sensing platform
for the characterization of the elastic properties of the ovum via uniaxial measure-
ment.� Journal of Biomechanics, vol. 37, pp. 67�72, 2004.

[33] P. Hallberg, A. Eklund, T. Bäcklund, and C. Linden, �Clinical evaluation of appla-
nation resonance tonometry: a comparison with goldmann applanation tonometry,�
Journal of Glaucoma, vol. 16, pp. 88�93, 2007.

[34] P. Matousek, �Inverse spatially o�set raman spectroscopy for deep noninvasive prob-
ing of turbid media,� Applied Spectroscopy, vol. 60, no. 11, pp. 1341�1347, Nov 2006.



�� ����������

���� �� �� �	
��
� �� ����� �� �� ���	��� �� �� �� �������� �� �� �
�� 	�!�
"�
#	���
�������
 �����#
  �� �!���	  
��	� $	� �%�	 ��
� �&
#���' �%(���#�
��	�) ������� ����	
������ �	'� ��� 	� �� &&� *+*,*+�� -�� *../�

��0� 1� �(�� �� �� 2� 3�''�� �� "4��#�&�' #	 &	
� ��'5����) ����� ���� �	�	�
�	'� *� &&� /��,/�6� *.7.�

��+� 8��8� 8��� �� 8��2� ��� "�9��:-; � '�(���5 $	� �%&&	�� �
#�	�  �#��
��) ���

�
�����	���� �� ��	�������	 ��	��� ��� ��������� � �	'� *� &&� *+;7,*+;*+� *.77�
�	$�<��
 ����'�('
 �� ���&;==<<<�#��
��%�
�%��<= #>'�='�(�� �

���� 8� 1�%� 8� 8���� �� 8� ��� "� &��#��#�' �%��
 �	 �%&&	�� �
#�	� #'����?#���	�)
�������
��	���� �	'� 7� 	� 7� &&� 7,70� *.7.�

��6� 8� 8	��
� �� :� :�&�@�� "�%&&	����
#�	� 
�<	�@��) ������� ���
����� �	'� *.�
	� �� &&� *+�,*6+� 766��

�/.� 4� 1� A�'
��� "� &
�$
#� � 		��
��) ����	���� ������	
� �	'� +�� 	� 7/� &&� �0�7,
�0�0� *..��

�/7� �� 8�	� �� B� 4��5�� �� B� �
����@%'%� �� A� 3
(
�� 1� ���� 2� �� C��@%�� :� -�
���@� �� ���@� �� 3� �%
�� �� ��(��� �� �� 8� ��

 �� "� �	(%��  
��	�
$	� �%�	 ��
� (�#@��	%� �%(���#��	 	$ ����%
 D%	�
�#
#
�) ���
��� �� �����

����	
������ �	'� ��� 	� 6� &&� 7766,7*.�� *..+�

�/*� �� B	 �#��� C� B�������� 1� ���	� �� 1� C�����	� "9 &�	�
 
� �� ��'5��� 	$ �
 �#�	 �� � &�	(
�) ������� ��	���� �	'� /�� 	� 6� &&� 70��,7060� *..6�

�/�� 2� �� A�
�'
� �� -� �'�#����� �� 2� �� ��	!�	� ��	
����	��� 	� ����������

�������
���� *� 
�� �� ��
�	; �#��
 �# 4�
��� *...�

�//� ���3� 8�
 �� 8��2� ��� "8	 (��� �:-� <��� :���	%� �
��%�
 �
'
#��	 �����
�
��
��) � ���	�
� � 	
��	���� �
�� ��%��
� � �%!!�
�� �� �	$� 8	 &%���� 9� �%5	�
-� ��@���
��� �� �%� �� �� ���
�� A��� �&���
� �
�'� = 1
��
'(
��� *..0�
�	'� *.+� &&� �7�,�*/�

�/�� �� 8��
$>	��� B� �� �
�� �� E� �� �����'� "C
#�	'	��
� $	� '	#�'�!���	 ��
����	��� 	$ &�	����
 #�#
��) ���
��� �� ������� �������
��� ��� ���������� &&�
7,76� *..6�

�/0� �� A@'%�� 8� ���F� C� �G#@'%�� �� ��
���	� �� E� �����'� "A��'%���	 	$
�&&'����	 �
�	��	� �
�	�� $	� �����	#%'�� &�
��%�
  
��%�
 
�; �
�%'�� $�	 
#'��#�' �� � ����	 ��%��
��) ������� ��� ���������� �������
��� ��� �����	��� �
�	'� /7� &&� 76.,76+� *..��



Part II

39



40



Paper A

Combining �bre optic Raman

spectroscopy and tactile resonance

measurement for tissue

characterization

Authors:

Stefan Candefjord, Morgan Nyberg, Ville Jalkanen, Kerstin Ramser, and Olof A. Lindahl

Reformatted version of paper originally published in:

Measurement Science & Technology, vol. 21, 125801 (8 pp.), 2010.1

c© 2010, IOP Publishing Ltd, Reprinted with permission.

1http://dx.doi.org/10.1088/0957-0233/21/12/125801

41



42



IOP PUBLISHING MEASUREMENT SCIENCE AND TECHNOLOGY

Meas. Sci. Technol. 21 (2010) 125801 (8pp) doi:10.1088/0957-0233/21/12/125801

Combining fibre optic Raman
spectroscopy and tactile resonance
measurement for tissue characterization
Stefan Candefjord1,2, Morgan Nyberg1,2, Ville Jalkanen2,3,
Kerstin Ramser1,2 and Olof A Lindahl1,2

1 Department of Computer Science and Electrical Engineering, Luleå University of Technology, Luleå,
Sweden
2 Centre for Biomedical Engineering and Physics, Luleå University of Technology and Umeå University,
Luleå and Umeå, Sweden
3 Department of Applied Physics and Electronics, Umeå University, Umeå, Sweden

E-mail: stefan.candefjord@ltu.se

Received 10 June 2010, in final form 5 October 2010
Published 15 November 2010
Online at stacks.iop.org/MST/21/125801

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

0957-0233/10/125801+08$30.00 1 © 2010 IOP Publishing Ltd Printed in the UK & the USA
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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.
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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)
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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).
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Figure 3. A scatter plot of the scores of PC 1, 2 and 4 for all RS
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is shown by the different markers.
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Figure 6. The mean stiffness of groups A–E calculated from the
TRM measurements. The standard deviations are shown by the bars.
The asterisk (∗) denotes significantly separated groups (p < 0.05).

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
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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.
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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 characterization 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 with the TRM using

scanning haptic microscopy (SHM) for assessing stiffness on a micro-scale, and 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 65–82%, and when RS was added it was increased

to 80–87%. The accuracy for healthy and cancerous human tissue was 67–70% when

only SHM was used, and increased to 73–77% 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 characterization

Submitted to: Meas. Sci. Technol.

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 localized prostate cancer [1]. To minimize 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 can generally
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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 characterization 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 minimizing

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 visualize 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 localize 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 maximizes 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.

An important step towards an in vivo application is to develop an efficient
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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 characterization of porcine prostate tissue, and also produce preliminary data on

human prostate tissue, using SVM on micro-scale SHM measurements and fibre optic

RS measurements 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 optimize the measurement

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

prostates. Half were used for further optimization tests, leaving 21 samples for the

final measurements. To minimize 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

Agriculture. The study was approved by the ethics committee of Ume̊a University.

The participating patient gave informed written consent.
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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 customizable 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 ∆f (Hz) for a certain indentation or ∆f/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 ∆f/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 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
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(a) Camera (c) RS(b) SHM

ROI

MTS

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.

all samples was fitted to the mean ∆f/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
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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

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 R2010a including Statistics Toolbox version 7.3, MathWorks Inc.,

Natick, MA, USA) was used for all preprocessing and analysis. The LIBSVM [22]

library interface to matlab® (version 3.0) 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 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 analyzed by two operators (authors S.C. and M.N.). The area of



Combining SHM and fibre optic RS for tissue characterization 8

measurement was localized 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 localization 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 ∆f/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 minimization method [24].

(iii) Light smoothing was employed using Eilers’ algorithm with d = 2 and λ = 10 [23].

(iv) The filter paper generated a number of sharp Raman peaks, which were subtracted

using the second-derivative variance minimization method [24].

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

each spectrum [25].

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

equalized.
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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.

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
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(a) Histology image (b) Histologic analysis (c) Stiffness
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Figure 2. In the histologic analysis lumen is black, epithelium grey and stroma white.

The scale bars show 500 µm.

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
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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.
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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.

and lumen the lowest.

• 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
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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.
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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.

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 65.3 65.2 69.5 69.8 82.3 84.6

SHM + RS 80.3 100 83.5 99.6 87.3 98.1

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.

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 1.1 to 19000 and 0.023 to 4.8,

respectively, for porcine samples. For human tissue C was between 50 and 33000, and

γ was between 0.0013 and 8.0.

4. Discussion

In this study SVM was applied to classify porcine and human prostate tissue from SHM

and RS measurements. The combined classification accuracy was 80–87% for healthy

porcine tissue, and 73–77% for healthy and cancerous human tissue, depending on the
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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 70.1 71.6 68.4 71.6 66.9 72.5

SHM + RS 73.0 100 73.7 100 77.0 98.9

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 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 analyzed [11].

In this study, the localization 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 localization

error would have caused many measurement points to be misclassified. To minimize

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 localization errors did not affect the outcome as much. Still, higher classification

accuracy may have been attained with smaller localization errors. In future studies an

objective and more accurate localization may be provided by developing an algorithm

that can assist in identifying the measurement area.
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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 minimizing the

change in mean stiffness while maximizing the 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 minimizing 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
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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 65–82%. Thus, stiffness measurements are valuable for tissue

characterization and for localizing 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

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 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

The combination of SHM 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 characterization during prostate cancer surgery.
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Abstract 
Radical prostatectomy is often the treatment of choice for prostate cancer. The long-term outcome is 

indicated by the presence of positive surgical margins (PSM). A combined fibre-optic near-infrared 

Raman spectroscopy (NIR-RS) and tactile resonance method (TRM) probe for detecting PSM has been 

proposed 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, to investigate how laser-induced heat of 

the fibre-optic NIR-RS affected the temperature, and to investigate how temperature variations affected 

the TRM measurement parameter, Δf. In addition, the possibility to perform fibre-optic NIR-RS in a well 

lit environment was investigated. 

A thin RS probe and a small amount of rubber latex was preferable for attaching the 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. The variation of Δf during a 5 °C temperature change was approximately 20 Hz. This 

is small compared to previous in vitro TRM studies. 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. 

 
List of abbreviations 

Δf Frequency shift 

f0 Non-contact resonance frequency 

NIR Near infrared 

PCa Prostate cancer 
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PSA Prostate specific antigen 

PSM Positive surgical margin 

PZT Lead zirconium titanate 

RP Radical prostatectomy 

RS Raman spectroscopy 

TRM Tactile resonance method 

 

1. Introduction 

Many men suffer from prostate cancer (PCa). For 2008 it was estimated that 89 300 men in Europe died 

from PCa and 382 300 men were diagnosed with the disease [1]. The 2010 estimates for the US are that 

32 050 men will die from PCa and that 217 730 men will be diagnosed with PCa [2]. No doubt, prostate 

cancer is an important disease to fight. However, except for histopathology, no existing methods have 

sufficient accuracy to correctly detect and diagnose cancer in the prostate [3]. 

Prostate cancer treatment consists mainly of three tracks: active surveillance, radiation therapy, or radical 

prostatectomy (RP), i.e. complete surgical removal of the prostate. The long-term outcome for RP depends 

highly on the successful removal of all tumour cells [4]. During and after RP, the surgical margin is 

examined for the existence of cancer. The last decade has seen a reduction of the surgical margin while 

maintaining the clinical outcome, with the positive result of fewer side effects. Positive surgical margins 

(PSM) are still found in 35% of RP patients, which often predict future reoccurrence of elevated PSA or 

PCa [4]. Interoperative histopathology, by frozen section analysis, has not yet been standardized to our 

knowledge [5]. 

There is a great need for a method that can identify cancerous tissue during RP [4]. Among several 

emerging methods, Raman spectroscopy (RS) and the tactile resonance method (TRM) show individually 

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 

combination of the TRM and RS technologies would be beneficial since both have certain drawbacks that 

might impair their clinical performance, but working together may compensate for the drawbacks. 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 biological analysis. Together, these techniques are promising for intraoperative 

examination of the surgical margin as well as for PCa diagnosis in general. 

A combined tactile and RS probe, as suggested by us [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 effect 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 handheld device. 

Another obstacle is that the Raman scattering is a weak phenomenon. Only one out of 10
6
 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 
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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 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 mm 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, 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). 

 

 

Figure 1. (Left) Side view of a tube-shaped piezoelectric element (red colour) coated with thin conductive film 

(gray). (Right) Cross sectional view with thin a steel pipe (black line) cemented in the middle by filling the cavity 

half-full with rubber latex (pink). Pick-up electrode (I), and drive electrode (II). 



A combined tactile and Raman probe for detection of prostate cancer – Design considerations 

4 

 

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 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 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. 

2.4. RS data pre-processing 

The Raman spectra were analysed in the finger-print region of 400 cm
-1

 to 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
®
 

(v. R2010a, MathWorks Inc., Natick, MA, USA). The treated spectra were vector normalized.  

2.5. Cementing a steel pipe in the PZT element 

Thin steel pipes (medical injection needles), with outer diameter 0.8 mm or 1.2 mm, were used as 

substitutes for the actual RS probes when examining the optimal amount of cement and RS probe size. 

The steel pipes were 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 was monitored using a network 

analyser (Agilent E5100 A 10 kHz – 300 kHz Network Analyzer, Santa Clara, California, USA). The peak 

frequency shift and Q factor of the resonance peak at 11.5 kHz was 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 

 

 

r l

r l

f f
Q

f f





.          (1) 

 

 

 
An extended study was performed for the 0.8 mm probe, where 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 an infrared camera system (ThermaCAM™ Researcher, FLIR Systems AB, 

Stockholm, Sweden) during RS measurements. The laser power was set from 20 mW to 270 mW, and 

repeated for 10-s 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®. 

 
/tT a e b    (2) 

where T (°C) is the temperature after the 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 
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initial value. The parameter b was set to room temperature, 30 °C, when modelling the cooling curve for 

effects of 240 mW and higher. For these effects, 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 

probewould ever get cooler than its surroundings.  

2.7. Temperature dependence of the PZT element 

A ready-made TRM system (Venustron®, Axiom Co., Ltd., Koriyama Fukushima, Japan) was used to 

evaluate how temperature affected the TRM parameters, the non-contact resonance frequency (f0) and the 

frequency shift (Δf). The TRM sensor system was confined in an insulated container together with a 

silicone sample to evaluate the effect of the ambient temperature. When the effect of the sample 

temperature was evaluated, the system was kept at room temperature while the sample temperature was 

changed. The temperature was increased by a field-effect transistor mounted inside a block of aluminium 

with 10 cm sides. Two digital thermometers with 0.1 °C resolution, (TFA Lab Thermometer IP65 models 

LT-101 and LT-102, PRC TFA Dostmann GmbH & Co. KG D-97877 Wertheim, Germany) monitored the 

temperature. One was located near the resonance sensor and the other inside the silicone sample. The 

parameters f0 and Δf were recorded during impression into a standard silicone sample at several 

temperatures. The ambient temperature was increased from 22.7 °C to 28.4 °C by steps of 0.5 °C, and the 

temperature was considered stable when both the ambient and sample temperature readings were stable 

for 60 s. In another series, the sample temperature was set to 13.6 °C, 22.5 °C, 28.5 °C, or 36.9 °C while 

the resonance sensor system was kept at room temperature. The mean frequency shift was derived at 

impression depths 0.1 mm, 0.25 mm, 0.50 mm, and 0.75 mm (n = 10). 

2.8. 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 inner diameter 3 mm and 

outer diameter 6 mm. Aluminium disks with outer diameters 25 mm 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® Inc., Gavare, Belgium).  

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-s 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. 
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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 Hz ± 54 Hz (n = 9).  It was shifted 

the least when the narrower steel pipe was cemented into the PZT element, yielding 114 056 Hz ± 58 Hz 

(n = 4) using 50% rubber latex and 113 853 Hz ± 65 Hz (n = 5) for 100% cement. The largest change of 

the peak frequency appeared when the larger steel pipe was cemented with 100% rubber latex (figure 3). 

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. 

 

 

 

 

 
 

Figure 3. Change of resonance frequency and Q factor when cementing a steel pipe into the PZT element. 

Differences between  an empty element and (a) 50% , 0.8-mm diameter steel pipe, (b) 100%, 0.8-mm, (c) 50%, 

1.2-mm, and (d) 100% amount of rubber latex and 1.2-mm diameter steel pipe. 

 
 

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 in the figure. 
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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 4 and 5(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 5(b)). 

 
 

 

 
Figure 5. 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. 

 
Figure 4. Maximal temperatures at the hottest sites during RS measurements. 
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The RS steel probe was quickly heated and rapidly cooled (figure 6). The average heating thermal time 

constant, τh, was 6.8 s ± 1.6 s (mean ± SD) and the cooling thermal time constant, τc, was 4.2 s ± 1.0 s. 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.   

3.3. Temperature dependence of the PZT element 

The temperature of the silicone sample affected f0 of the PZT element, but less than the ambient 

temperature (figure 7). A linear regression analysis of the base frequency to the sample temperature Ts 

yielded f0 = -4 Ts + 59 025 Hz (R
2
 = 0.97, p < 0.01). The ambient temperature Ta affected the base 

frequency as f0 = -43 Ta + 59 913 Hz (R
2
 = 0.99, p < 0.01). The average Δf, at maximally 1 mm impression 

depth, was less than 20 Hz when the ambient temperature changed 5 °C. Δf appeared to change more when 

the temperature of the sample changed (figure 8). The standard deviation of Δf at sample temperature 

13.6 °C was large because the temperature did not remain stable (figure 8). Also, Δf could not be 

adequately determined when the complete system was heated to 27.1 °C because the temperature did not 

remain stable. 

 
Figure 6. Representative curve for heating and cooling at the steel probe end.  Measured temperature (x) at 

setting 200 mW 20 s, during heating (-) (τh = 7.2 s) and cooling (- -) (τc = 5.3 s) modeled by equation 1. 



A combined tactile and Raman probe for detection of prostate cancer – Design considerations 

9 

 

 
 

 
 

 
Figure 8. Frequency shift, Δf, at impression depths d1-5; 0.10 mm, 0.25 mm, 0.50 mm, 0.75 mm, and 

1.00 mm. Circles for varying ambient temperature, crosses for sample temperatures 13.6 °C, 22.5 °C, 

28.5 °C, and 36,9 °C at constant ambient temperature. (n = 10.) Vertical lines indicate ± 1 SD. 

 
Figure 7. Resonance frequency, f0, of the PZT element when (x) varying only the sample temperature 

with constant ambient temperature or (o) when varying both the ambient and sample temperature 

together. Dashed line extrapolated. 



A combined tactile and Raman probe for detection of prostate cancer – Design considerations 

10 

 

3.4. 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 effects but succeeded at 5 s. The additional 25-mm 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 9(b) and (e)). This made it possible to process the 

collected spectra and extract viable Raman spectra (table 1). 

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, 35-mm) and three illumination settings (252, 15, 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 

effect 

6-mm 

shield  

25-mm 

shield 

35-mm 

shield 

6-mm 

shield  

25-mm 

shield 

35-mm 

shield 

Incandescent 

(252 lux) 

270 

mW 

Saturated 

detector 

Too high 

bkg 

Too high 

bkg 

Too high 

bkg 

Too high 

bkg 

Too high 

bkg 

Incandescent 

(252 lux) 

200 

mW 

Saturated 

detector 

Too high 

bkg 

Too high 

bkg 

Too high 

bkg 

Too high 

bkg 

Too high 

bkg 

Incandescent 

(252 lux) 

100 

mW 

Saturated 

detector 

Too high 

bkg 

Too high 

bkg 

Too high 

bkg 

Too high 

bkg 

Too high 

bkg 

Incandescent 

(15 lux) 

270 

mw 

Success 

after proc. 

Success 

after proc. 

Success 

after proc. 

Success 

after proc. 

Success 

after proc. 

Success 

after proc. 

Incandescent 

(15 lux) 

200 

mW 

Success 

after proc. 

Success 

after proc. 

Success 

after proc. 

Success 

after proc. 

Success 

after proc. 

Success 

after proc. 

Incandescent 

(15 lux) 

100 

mW 

Too high 

bkg 

Success 

after proc. 

Success 

after proc. 

Too high 

bkg 

Success 

after proc. 

Success 

after proc. 

Fluorescent 

(82 lux) 

270 

mW 

Bkg peaks 

remaining 

Bkg peaks 

remaining 

Bkg peaks 

remaining 

Success 

after proc. 

Success 

after proc. 

Success 

after proc. 

Fluorescent 

(82 lux) 

200 

mW 

Success 

after proc. 

Success 

after proc. 

Success 

after proc. 

Success 

after proc. 

Success 

after proc. 

Success 

after proc. 

Fluorescent 

(82 lux) 

100 

mW 

Success 

after proc. 

Success 

after proc. 

Success 

after proc. 

Success 

after proc. 

Success 

after proc. 

Success 

after proc. 

 

 The 25-mm shield decreased the intensity of the raw spectra to 25% compared to the unshielded spectra 

obtained in indirect incandescent light (figure 9(c)), and the 35-mm shield decreased it to 15% (figure 

9(d)). 
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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 10(c)) compared with the unshielded spectra (figure 9(b) and 10(a)). This allowed 

performing RS 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 10(b)). By subtracting 

pre-recorded background spectra and performing baseline correction, the normalized RS spectra obtained 

in light becomes very similar to baseline-corrected and normalized RS spectra recorded in the dark 

(figures 10(d) and (e)). The results for 5-s integration times were similar. 

 
Figure 9. 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. 
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4. Discussion 

This study investigated several topics important for the design of a combination probe for detecting 

prostate cancer using RS and TRM. More specifically they were: 

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

 the temperature dependence of the TRM parameters f0, and ∆f, 

 the magnitude and time scale of the laser-induced heating of the RS probe tip, 

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

mind: 

o the RS laser power, 

o the RS integration time, 

o the light shield size, 

o the type of the surrounding light, 

o a set of background-reducing algorithms. 

 

 
Figure 10. Raman spectra of porcine muscle for 10 s and 15 lux incandescent light. (a) Raw background 

spectrum using no shield, reduced by 10000 counts; (b) raw spectrum, 200 mW, 10 s, 25–mmshield; (c) raw 

background spectrum using 25-mm shield; (d) treated spectrum, 200 mW, 10 s, 25-mm shield, normalized and 

arbitrary scaled; (e) and dark spectrum (0 lux), 200 mW, 10 s, normalized and arbitrary scaled. 
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Throughout the 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 (figure 3). 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 

greater diameter. 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 noticed when the steel pipes were removed, leaving the cement in the PZT 

element. 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 (figure 3). This study showed that when an RS probe is integrated into a cylindrical PZT 

element, a probe with smaller diameter should be chosen if possible. Furthermore, 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 biological tissue if it becomes too hot. The temperature 

for thermal damage is different for almost every tissue type and macromolecule [24]. However, DNA and 

RNA typically withstand temperatures up to 85 °C without damage according to Bischof et al. [25]. This 

agrees with data for DNA and RNA presented by Despa et al. for a 10-s mid-dermis exposure at 80 °C 

[24]. The temperature of the RS tip remained lower than 80 °C if higher laser effects than 200 mW were 

avoided (figure 4). Furthermore, the RS tip is not intended to touch the tissue directly. Its optimum 

distance is approximately 0.4 mm from the tissue [10]. The temperature of the RS probe tip quickly rose 

and sank when the laser shutter was opened and closed (figure 6). 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 to the tip of the 

RS probe. This was even more evident in the IR image of the steel probe without the PZT element (figure 

5(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 

4 and 5(b)). Assuming a specific heat capacity of 0.35 J/(g K) [26], 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. Temperature dependence of the PZT element 

It is well known that piezoelectric materials are temperature sensitive, but to our knowledge the 

temperature dependence of the TRM parameter Δf has not been investigated previously.  
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Room temperature is seldom completely stable, and normal temperatures could easily vary between 22 °C 

and 28 °C. The temperature variation is also very likely to be induced by heat emanating from the RS tip, 

heated by the laser. The temperature variations induced by the RS laser illumination were investigated 

using RS settings assumed to be within the scope of clinical use. The resulting temperature variation of the 

TRM sensor was less than 5 °C. When the ambient temperature was varied 5 °C, the maximum Δf was less 

than 21 Hz (figure 8). This is a small amount compared to previous studies using the tactile resonance 

technique on prostate tissue and silicone standard samples at room temperature [8, 15, 21, 27]. 

The apparently large frequency shift when the sample temperature was varied, as suggested by figure 8, 

was more likely due to the softening of the silicone sample than a direct effect of the TRM sensor‟s 

temperature. This suspicion is supported by observing f0 in figure 7. Using the PZT element as an intrinsic 

thermometer, it is evident that the temperature of the TRM sensor did not deviate from the ambient 

temperature more than a small amount due to the temperature of the sample. This could be noted by 

observing that the rate of change for f0 due to the change of sample temperature alone, Ts, was about a 

tenth of that when the complete system‟s temperature was changed, Ta. 

One could argue that the use of a specific tactile sensor would yield results specific for that instrument as 

the magnitude of the frequency shift temperature dependence would be affected by the shape of the phase 

curve at the chosen driving frequency. Conversely, the results imply that it is possible to choose the tactile 

sensor general design so as not to be overly sensitive to temperature variations. 

4.4. 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 is 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 

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 nm – 1100 nm light [28, 29]. 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 [30]. Also, it is not necessary to illuminate the biological sample with the brightest of lights during 

the RS measurement. The laser effect 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 effect of 200 mW for 10 s or less (table 1 and figure 10). 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 9(b)). The 25-mm light shield lowered the 

intensity to 5500 CCD counts and the 35-mm light shield yielded 3200 CCD counts (figures 9(c) and (d)), 

which corresponds to 25% and 15%, respectively. This shows that the larger light shield substantially 
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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 10). 

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 spectra to such an extent that it became virtually identical to a spectra obtained in 

complete darkness (figures 10(d) and (e)). 

At 200-mW laser effect 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 was investigated. The theoretical maximum temperature rise due to the 

dissipated effect and the thermal heat capacity of the PZT element was also moderate (< 2 °C). The RS 

laser effect and integration time is therefore not restricted by adding a TRM device. However, the laser 

effect 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. This temperature rise is not high enough to 

destroy the TRM sensor by passing the Curie temperature or other important piezoelectric parameters 

[31]. The heating of the RS probe might restrict the choice of material used to manufacture the combined 

probe near the RS probe tip.  

Jalkanen [32] 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 a hand-held device that combines RS and TRM would be possible to build. 

5. Conclusion 

The results of this study showed that a combination of the TRM and fibre-optic RS is feasible. It 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 and that a thinner RS probe is preferred. The 

TRM parameter Δf is less temperature dependent than f0. Furthermore, 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 by the RS laser can 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. The 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 should be possible to integrate RS and TRM in a combined, hand-held instrument for 

prostate cancer detection. 

Acknowledgement 

This work was supported by grants from the Objective 2 Norra Norrland-EU Structural Fund and the 

Kempe Foundation. 

References 

[1] Ferlay J, Parkin D M, and Steliarova-Foucher E 2010 Estimates of cancer incidence and mortality 

in Europe in 2008 Eur. J. Cancer 46 765-81 (doi:10.1016/j.ejca.2009.12.014) 



A combined tactile and Raman probe for detection of prostate cancer – Design considerations 

16 

 

[2] Wolf A M D et al. 2010 American Cancer Society Guideline for the Early Detection of Prostate 

Cancer: Update 2010 CA Cancer. J. Clin. 60 70-98 (doi:10.3322/caac.20066) 

[3] Candefjord S, Ramser K, Lindahl O A 2009 Technologies for localization and diagnosis of 

prostate cancer J. Med. Eng. Technol. 33 585-603 (doi:10.3109/03091900903111966) 

[4] Yossepowitch O, Bjartell A, Eastham J A, Graefen M, Guillonneau B D, Karakiewicz P I, 

Montironi R, Montorsi F 2009 Positive surgical margins in radical prostatectomy: Outlining the problem 

and its long-term consequences, Eur. Urol. 55 87-99 (doi:10.1016/j.eururo.2008.09.051) 

[5] Ramírez-Backhaus M, Rabenalt R, Jain S, Do M, Liatsikos Em Ganzer R, Horn L-C, Burchardt 

M, Jiménez-Cruz F, Stolzenburg J-U 2009 Value of frozen section biopsies during radical prostatectomy: 

significance of the histological results World J. Urol. 27 227-34 (doi:10.1007/s00345-008-0360-2) 

[6] Crow P, Barrass B, Kendall C, Hart-Prieto M, Wright M, Persad R, and Stone N 2005 The use of 

Raman spectroscopy to differentiate between different prostatic adenocarcinoma cell lines Br. J. Cancer 

92  2166-70 (doi: 10.1038/sj.bjc.6602638) 

[7] Jalkanen V, Andersson B M, Bergh A, Ljungberg B, and Lindahl O A 2007 Spatial variations in 

prostate tissue histology as measured by a tactile resonance sensor Physiol. Meas. 28 1267-81 

(doi:10.1088/0967-3334/28/10/011) 

[8] Jalkanen V, Andersson B M, Bergh A, Ljungberg B, and Lindahl O A 2006 Prostate tissue 

stiffness as measured with a resonance sensor system: a study on silicone and human prostate tissue in 

vitro Med. Bio. Eng. Comput. 44 593-603 (doi:10.1007/s11517-006-0069-6) 

[9] Candefjord S, Nyberg M, Jalkanen V, Ramser K, and Lindahl O A 2010 Combining fibre optic 

Raman spectroscopy and tactile resonance measurement for tissue characterization Meas. Sci. Technol. 21 

125801-8 (doi:10.1088/0957-0233/21/12/125801) 

[10] Komachi Y, Sato H, Aizawa K, and Tashiro H 2005 Micro-optical fiber probe for use in an 

intravascular Raman endoscope Appl. Opt. 44 4722-32 (doi:10.1364/AO.44.004722) 

[11] Ferraro J R, Nakamoto K, and Brown C W 2003 Introductory Raman Spectroscopy. San Diego: 

Academic Press 

[12] Komachi Y, Katagiri T, Sato H, and Tashiro H 2009 Improvement and analysis of a micro Raman 

probe Appl. Opt. 48 1683-96 (doi:10.1364/AO.48.001683) 

[13] Cady W G 1946 Piezoelectricity, an Introduction to the Theory and Applications of 

Electromechanical Phenomena in Crystals. London: McGraw-Hill Book Company, Inc. 

[14] Motz J T, Hunter M, Galindo L H, Gardecki J A, Kramer J R, Dasari R R, and Feld M S 2004 

Optical fiber probe for Biomedical Raman spectroscopy Appl. Opt. 43 542-54 

(doi:10.1364/AO.43.000542) 

[15] Eklund A, Bergh A, and Lindahl O A 1999 A catheter tactile sensor for measuring hardness of 

soft tissue: measurement in a silicone model and in an in vitro human prostate model Med. Biol. Eng. 

Comput. 37 618-24 

[16] Beattie JR, Bell SE J, Borggaard C, Fearon A M, Moss B W 2007 Classification of adipose tissue 

species using Raman spectroscopy Lipids 42 679-85 (doi:10.1007/s11745-007-3059-z) 

[17] Cao A et al. 2007 A robust method for automated background subtraction of tissue fluorescence J. 

Raman Spectrosc. 38 1199-1205 (doi:10.1002/jrs.1753) 

[18] Loethen Y L, Zhang D, Favors R N, Basiaga S B G, and Ben-Amotz D 2004 Second-derivative 

variance minimization method for automated spectral subtraction Appl. Spectrosc. 58 272-8 

(http://www.opticsinfobase.org/abstract.cfm?URI=as-58-3-272) 



A combined tactile and Raman probe for detection of prostate cancer – Design considerations 

17 

 

[19] Agilent, (2001) Agilent E5100A/B Network Analyzer Function Reference. Agilent Technologies 

Japan, Ltd. Component Test PGU-Kobe 1-3-2, Murotani, Nishi-ku, Kobe-shi, Hyogo, 651-2241 Japan 

[20] Omata S and Terunuma Y 1992 New tactile sensor like the human hand and its applications Sens. 

Actuators A 35 9–15 (doi:10.1016/0924-4247(92)87002-X) 

[21] Hallberg P, Linden C, Lindahl O A, Backlund T, and Eklund A 2004 Applanation resonance 

tonometry for intraocular pressure in humans. Physiol. Meas. 25, 1053-65 

[22] Hallberg P, Linden C, Backlund T, and Eklund A 2006 Symmetric sensor for applanation 

resonance tomometry of the eye Med. Biol. Eng. Comput. 44 54-60 (doi:10.1007/s11517-005-0005-1) 

[23] Murayama Y, Constantinou C E, and Omata S 2005 Development of tactile mapping system for 

the stiffness characterization of tissue slice using novel tactile sensing technology Sens. Actuators A 120 

543-9 (doi:10.1016/j.sna.2004.12.027) 

[24] Despa F, Orgill D P, Neuwalder J, and Lee R C 2005 The relative thermal stability of tissue 

macromolecules and cellular structure in burn injury Burns 31 568-77 (doi:10.1016/j.burns.2005.01.015) 

[25] Bischof J C, He X 2005 Thermal stability of proteins Ann. NY. Acad. Sci. 1066 12-33 

(doi:10.1196/annals.1363.003) 

[26] Yarlagadda S, Chan M H W, Lee H, Lesieutre G A, and Jensen D W 1995 Low temperature 

thermal conductivity, heat capacity and heat generation of PZT J. Intell. Mat. Sys. Struct. 6 757-64 

[27] Eklund A, Lindén C, Bäcklund T, Andersson B M, and Lindahl O 2003 Evaluation of applanation 

resonator sensors for intra-ocular pressure measurement: results from clinical and in vitro studies Med. 

Biol. Eng. Comput. 41 190-7 (doi:10.1007/BF02344887) 

[28] Welch A J, Torres J H, Cheong W F 1989 Laser physics and laser-tissue interaction Tex. Heart 

Inst. J. 16 141-9 

[29] Krafft C, Steiner G, Beleiters C, and Salzer R 2009 Disease recognition by infrared and Raman 

spectroscopy J. Biophoton. 2 13–28 (doi:10.1002/jbio.200810024) 

[30] Scaffidi J P, Gregas M K, Lauly B, Carter J C, Angel S M, and Vo-Dinh T 2010 Trace Molecular 

detection via surface-enhanced Raman scattering and surface-enhanced resonance Raman scattering at a 

distance of 15 meters Appl. Spectrosc. 64 485-92 (doi:10.1366/000370210791211763) 

[31] Miclea C, Tanasoiu C, Amarande L, Miclea C F, Plavitu C, Cioangher M, Trupina L, Miclea C T, 

and David C 2007Effect of temperature on the main piezoelectric parameters of a soft PZT Ceramic 

Romanian Journal of Information Science and Technology 10 243-50 

[32] Jalkanen V 2010 Hand-held resonance sensor for tissue stiffness measurements – a theoretical and 

experimental analysis Meas. Sci. Technol. 21 055801-8 (doi:10.1088/0957-0233/21/5/055801) 

 








