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Abstract

Every year, 1.7 million woman are diagnosed with breast cancer worldwide. Breast Conserving Surgery (BCS)
— where not the whole breast but only the tumour is dissected — is the most common and preferable treatment
for these woman. However, 20 to 55% of the patients’ needs a second surgery because of positive margins. A
dissected tumour has a positive margin if it lacks a border of 2mm healthy tissue at any point. Currently, no
instruments are available to provide intraoperative distinction between adipose and muscle tissue with real-
time feedback. This thesis evaluates a ‘smart’ electrosurgical knife, which uses Diffuse Reflectance Spectroscopy
(DRS) to discriminate between tumour and adipose tissue to assess margins intraoperative with real-time
feedback.

Previous research has shown that DRS can discriminate between tumour and adipose tissue. [I] In
addition, electrosurgical cutting in adipose tissue does not affect the measured DRS spectra. [2] This thesis
focuses on detecting muscle tissue under a layer of adipose tissue with DRS while cutting the adipose tissue
using an electrosurgical knife.

An answer to this research question is provided based on four experiments. All experiments are performed
on pork muscle- and adipose tissue. DR spectra are measured with multiple probes and a ‘smart’ electrosurgical
knife. PNSas software is used to acquire the spectra and fit the data. First, the influence of electrosurgical
cutting and coagulation is described. This is accomplished by examining the shape and size of the cut and
measuring DR spectra. Second, the transition from adipose to muscle tissue was identified in the resulting DR
spectra. In addition, chromophore concentrations are retrieved from the fit data. The second experiment was
repeated on cut muscle tissue. Moreover, the DR spectra obtained while cutting with an electrosurgical knife
are presented.

It is shown that for both electrosurgical cutting and coagulation, increasing the power setting leads to
an increase in deviation from the pure DRS spectra. In general, deviations are observed in cut or coagulated
muscle tissue compared to adipose tissue. No trends are found for the cutting or coagulation depth and with
when increasing the power setting. For muscle tissue, a coagulation zone is observed after electrosurgical
coagulation. The depth of the coagulation zone increases for higher power settings.

The transition from adipose to muscle tissue is clearly visible in the DR spectra for pure tissue. A
significant difference between the two tissues was found in the fat-water ratio (p = 1.28¢73°), St0, percentage
(p = 4.81e71°), blood percentage (p = 9.93e~7) and b (p = 0.014). For cut adipose tissue, the DR spectra
still provided a clear transition from adipose to muscle tissue. Again, a significant difference between muscle
and adipose tissue was found for fat-water ratio (p = 3.32e73%), St0, percentage (p = 3.23e7%7), blood
percentage (p = 2.36e7°) and Mie scattering (p = 2.84e78) in this experiment. The signal of the
measurements obtained while cutting was too noisy to obtain statistically significant results.

Overall, the results of this thesis provide additional evidence in favor of the effectiveness of the ‘smart’
electrosurgical knife in BCS. The ability to measure DR spectra and obtain a significant difference between
muscle and (cut) adipose tissue is a crucial step forward in the development of the ‘smart electrosurgical knife’.
The results set forth in this thesis show that no conclusion can be drawn on the possibility of detecting the
tumour while cutting. If so, the ‘smart’ electrosurgical knife could be of great benefit for tumour margin
assessment in BCS.
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|. Introduction

[.1. Problem statement

Cancer is a major cause of morbidity and mortality, with approximately 14 million new cases and 8 million
cancer-related deaths in 2012. This disease affects people all over the world. The number of new cases is
expected to increase to 24 million by 2035. [3] Surgery remains the most important, effective and widely
used treatment modality by curing approximately 45% of all patients with solid tumours. [4] [5] [6]
However, a major problem in surgical treatment remains the difficulty to remove the complete tumour,
leaving behind tumour-positive margins (see Figure 1, right), metastatic lymph nodes, and/or satellite
tumour nodules. [4]

From an oncological perspective, it is most important to remove the complete tumour tissue and
some of the healthy tissue to ensure no tumour tissue is left behind. This is called ‘margin with clearances’
or a negative margin, where the dissected tumour is completely surrounded by a healthy tissue layer of at
least 2 mm thickness, see Figure 1, left. [7] [8] On the other hand, from a functional or/and cosmetic
perspective minimizing the elimination of noncancerous tissue is more crucial. [7] Statistical data indicates
that complete resection is the single most important predictor of patient survival for almost all solid
tumours. [4] [9] [10] After breast conserving surgery, 20% to 55% of all patients requires a second surgical
procedure to clear positive margins. [11] [12]. In lung, breast, prostate, colon, and pancreatic cancers, a
complete resection has a triple to fivefold improvement in survival rate compared to partial resection.
[13] [14] [15] [16] Additionally, re-excision is not always possible, as for example for soft tissue tumours
or colon cancer. [7]

Figure I: Left: a dissected tumour with a negative margin, surrounded by a healthy tissue layer > 2 mm thickness. Right: a dissected
tumour with a positive margin, the healthy tissue layer is < 2mm thickness [I]

There are several steps to analyse tumours pre-, intra- and postoperative. Preoperative procedures
include a range of non-invasive imaging modalities to detect tumours for surgical planning including CT,
MRI, SPECT, PET and ultrasound. Intraoperative, the most commonly used methods to guide resection of
a tumour —and its margins — are palpation and visual inspection. Both relying on the surgeon’s experience
and judgement. [17] The available intraoperative methods — for example ultrasound — to guide resection,
often discriminate incorrectly between malignant and normal tissue, causing positive tumour margin rates
up to 50% in some cancers [18] [19]. Positive tumour margins lead to a higher risk of local recurrence of
the tumour. [20] [21]



A method to analyse the tissue postoperative is a histologic examination. This process is called
frozen section and takes 20 to 30 minutes to complete. Hence, histologic examinations are relatively
expensive. Another disadvantage of this approach is that the number of sampling points is typically small
and the results are open to subjective interpretation. [7] [12] [22]

Preoperative methods to examine cancer tissue are relatively accurate but are difficult to use
intraoperative due to altered body positions and tissue manipulation. The histological analysis, which can
accurately locate the tumour, is time-consuming and therefore inadequate to use in situ. [7] Accordingly,
the surgeon still needs to rely on gross visual- and tactile inspection during surgery. [22] [23] Currently,
additional treatments for cancer such as radiotherapy, hormone therapy, chemotherapy and re-incisions
are used to reduce the likelihood of local occurrence. However, these treatments have a severe impact
on the quality of life of the patient by causing significant physical and emotional distress, and suboptimal
cosmetic outcome. [17] [24]

There is an aim to provide a tool that correctly discriminates between healthy- and tumour tissue
assisting the surgeon in improving an accurate clearance of cancer tissue. It needs to identify vital
structures and discriminate healthy tissue from diseased tissue in real — or limited — time. This is
particularly important for laparoscopic surgery because the surgeon lacks tactile information in this case.
[22] [25]

Diffuse Reflectance Spectroscopy (DRS) is a photonic technology that has been proven to accurately
distinguish tumour and healthy tissue based on surface measurements. [I] At Philips In-Body Systems, it
is thought that DRS could add value to the assessment of tumour margins. Integration of this technique
into the tip of an electrosurgical instrument — which is used to dissect the tumour — could give the surgeon
extra information to help clearing the margins and improving patient outcome. In addition, the surgeon
does not have to change between a cutting and a localization instrument any more. This thesis will be a
contribution to the evaluation of DRS as a technique to assess tumour margins, in the specific case of
breast tumours.

|.2. Research contribution
To evaluate the feasibility of DRS to discriminate between tissues in tumour margin assessment, already
some research is performed. De Boer et al. determined the best optical parameters within the extended
NIR region for discrimination between benign and malignant breast tissue. In addition, they investigated
the ability of these optical parameters to detect tumour margins when there is a mixture of benign and
malignant breast tissue present. [I] The relevant results of De Boer et al. for this thesis are:

In DR spectra, the lower wavelengths are primarily influenced by their absorption in blood and
higher wavelengths in fat and water. While the ultimate objective to design a tool to use
intraoperatively, contamination of blood at the resected site will impair the reliability of the visual
wavelengths, therefore the NIR region will be more suitable. In addition, the distinction between
benign and malignant tumour tissue is clearer in the NIR region. [I]

Besides the distinction that can be made between benign and malignant tissue by DRS on
adipose/water-ratio with a specificity of 100%, a mix between benign and malignant tissue can also
be detected. [1]
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In addition to the research of De Boer, Fleischer also contributed to the evaluation of DRS as being an
effective technique to assess tumour margins. She examined the influence of coagulation on DR spectra,
a relationship that becomes relevant when using electro surgery to cut tissue. The most relevant results
of Fleischer’s thesis for this report are:

e Coagulation in brain, liver and chicken breast tissue increases scattering multiple times and
reduces the photon penetration depth compared to non-coagulated tissue. When the DR spectra
are altered, it is possible to treat the coagulated tissue as a distinct layer. [26]

o For coagulated tissue, a decrease in the large slope in the VIS region is present in the DR spectra.
For heart, liver, lung and muscle tissue, increased peak values can be observed in the NIR region
for normalized spectra. The fat measurements show a small rise in intensity for the 600-1100 nm
plateau, but virtually no changes in the NIR region.

‘Adipose tissue
shows virtually no
changes in the
NIR region of the
DRS spectrum
when coagulated.

[J. Fleischer]

‘It is possible to
distinguish between
healthy, tumor and
mixed tissue with
DR spectra on a
fat/water-ratio.

[L. Boer]

Figure 2: Indication of the knowledge gap this thesis project addresses (magnifying glass) in relationship to other research done by Philips
In-Body Systems and the Dutch Cancer Institute

The results of De Boer and Fleischer are promising for DRS to be able to distinguish between healthy and
tumour tissue. However, the main question that arises is whether these two results still have a positive
outcome when they are combined. In other words, is it still possible to distinguish between healthy and
tumour tissue through a layer of cut or coagulated tissue due to the use of an electrosurgical knife? This
question will be answered in this master thesis breaking down the problem into the following sub-
questions:

I. What changes in adipose and muscle tissue can be identified when cutting or coagulating with an
electrosurgical knife at various settings?

a. What is the size of the cut when using an electrosurgical knife to cut and coagulate?



b. What is the size and shape of the coagulated tissue zone when using an electrosurgical knife
to coagulate?

c. How does electrosurgical cutting affect DR spectra?

d. How does electrosurgical coagulation affect DR spectra?

®

What are the characteristics in the DR spectra of pure adipose tissue!
b. What are the characteristics in DR spectra for pure muscle tissue?
It is possible to see the transition in DR spectra from adipose to muscle tissue without any
electrosurgical influence?
How does the fiber distance of the probe influence the spectra?
e. Can chromophore concentrations provide a means to quantify the distinction between
adipose and muscle tissue?

What are the characteristics of cut adipose tissue in the DR?

What are the characteristics of cut muscle tissue in DR spectra?

It is possible to see the transition in DR spectra from cut adipose to muscle tissue?

It is possible to see the transition in DR spectra from adipose to muscle while cutting?

Can chromophore concentrations provide a means to quantify the distinction between
adipose and muscle tissue while cutting?

o oo o

|.3. Thesis outline

This thesis consist of seven Sections, as can be seen in Figure 3. All Sections are visualized by a grey box
and a box with a blue border refers to a Chapter. The first Section contains the theoretical part including
the first three chapters about breast cancer, spectroscopy and electro surgery. The second Section
describes the observations made during multiple Breast Conserving Surgeries (BCS). In addition, pictures
obtained by the pathologist are discussed. Section Il starts with Chapter 5, describing the steps of a BCS.
Followed by Chapter 6, explaining the use of the electrosurgical knife in practice. It ends with describing
the pathology of an ablated breast tumour in Chapter 7.

To answer the research question of this thesis, experiments are performed. All experiments are described
in Section lll. The influence of electro surgery on tissue is described in Chapter 8. In Chapter 9,
experiments are performed where the transition from muscle to adipose tissue can be observed in DR
spectra. In addition, the influence of a change in fiber distance is discussed. Chapter 10 and | | will bring
the experiments in a more clinical setting by measuring DR spectra on cut tissue and measuring DR spectra
while cutting respectively.



Section |V, validates the performed experiments by a Monte Carlo simulation. In addition, some
theoretical background is given on Monte Carlo simulations. Section V contains some small experiments
on the influences of variables that will change when the experiments will be performed in clinical setting.

Finally, Section VI and VIl cover the overall discussion and the conclusion and recommendation.
These Sections will discuss the results of the experiments and give a conclusion on the research questions
described in the introduction. An evaluation of the smart electrosurgical knife is then complete.
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Figure 3: Visual overview of the outline of this master thesis.
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2. Breast cancer

Breast cancer is the most common cancer for woman worldwide. [27] It affects woman of all ages and
the lifetime risk of developing invasive breast cancer — where the cancer cells spread further then their
origin —is 12 to13%. In the United States of America, 0.25 million woman are diagnosed with breast cancer
every year. [28] The rate of survival after 5 years is high (89%) for breast cancer, compared to other
cancer types. [29] In general, this cancer type is diagnosed in a relatively early stage. The most common
symptom of breast cancer is a lump or mass in the breast. However, thickening, swelling, distorting,
tenderness, skin irritation, redness, nipple abnormalities or spontaneous discharge can also be symptoms
of breast cancer. [30] More statistical information about breast cancer — and a comparison to other types
of cancer — can be found in the previously performed literature study. [29]

2.1. Pathology
Breast cancer is the collective noun of 20 subtypes of cancer in the breast. The two main overarching
groups are carcinomas and sarcomas. Carcinomas arise from the structural and functional units of the
breast, the lobes and ducts. These origins can be seen in Figure 4 for both normal as abnormal tumour
cells. Sarcomas arise from the stromal components of the breast (i.e. the connective tissue). However,
sarcomas account for less than 1% of all primary breast cancers and are therefore rare.

Normal lobule

Normal duct

DCIS

) Syl ‘Abnormal
. cells

¥ = Fatty tissue

Figure 4: A breast with lobes, ducts, lobules and fatty tissue on the left. In the middle, normal and LCIS infected lobules. On the right,
normal and DCIS infected ducts. [2]

Carcinomas can be divided into in situ lesions and invasive lesions. Both can be seen in a microscopic view
in Figure 5. In situ carcinomas are also called pre-invasive lesions: the malignant cells are still enclosed in
the ductal or lobular tree of the breast. The membrane surrounding the ducts and lobules has not (yet)
been penetrated by cancer cells. This can be seen in Figure 5 (left) by the clear border that encapsulates
the cancer nuclei. In situ carcinomas can become invasive carcinomas when the cancer cells infiltrate the
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outside of the lobules and/or ducts and grow into the connective tissue. In Figure 5 (right), the infected
connective tissue can be seen.

In situ carcinomas can be further subdivided into ductal carcinoma in situ (DCIS) and lobular
carcinoma in situ (LCIS). The distinction between DCIS and LCIS is made on the architectural and
cytological features of the cells. They differ in distribution and their risk at a bilateral disease. [3]

Figure 5: Ductal carcinoma in situ, DCIS (left) and invasive lobular carcinoma (right). Both are obtained by the Netherlands Cancer
Institute from a dissected breast tumour by a microscopic view of 20x and later magnified 20x digitally.

2.2. Treatments
There are two types of treatment available for breast cancer namely mastectomy and breast-conserving
surgery (BCS). The latter is also called partial mastectomy or lumpectomy. [31] BCS refers to the surgical
removal of the breast tumour, instead of removing the whole breast. This treatment is in all cases followed
by radiotherapy to eliminate the residual tumour cells. Woman diagnosed at a young age or with aggressive
or multiple tumours are more likely to be treated with mastectomy. [27] The main advantage of BCS over
mastectomy is preservation of the breast with improved cosmetic outcomes. [28]

The cancer stage at diagnosis is an important factor for the type of treatment a patient receives.
In 2014, 61% of the woman with a breast tumour were diagnosed in stage | or Il, 32% in stage lll and 5%
in stage V. The remaining 2% lacks in histologic information to discriminate between stages. In Figure 6,
the percentage of prescribed treatment for different breast cancer stages (I, Il, Ill and IV) can be seen. BCS
is the prescribed treatment for 6 1% of the patients with stage | or Il, this number declines to 21% for stage
[l and to 7% for stage IV. [27] Mastectomy is prescribed for 19% of the patients diagnosed with stage | or
I, 72% for stage Il and 15% for stage IV. When BCS is combined with radiotherapy, it is found to be as
effective as mastectomy. [31] [32] This master evaluates the feasibility of a ‘smart’ electrosurgical knife to
assess tumour margins in BCS. Therefore, the focus will be on BCS instead of mastectomy.

The survival rate of breast cancer depends on the cancer stage at diagnosis, hormone receptor
status, human epidermal growth factor receptor 2 (HER2) status and the tumour grade and histology.
These survival rates are 89% for 5-year, 83% for |0-year and 78% for |5-year.
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Figure 6: Female breast cancer treatment patterns (%) by cancer stage, 2013. [27]

Complications

Incorrect margin assessment is the most occurring complication in BCS. Some articles report nerve
injuries after the clearance of axillary lymph nodes for breast cancer. [33] No other significant
complications are mentioned in literature to the best of my knowledge. However, after breast cancer
treatment 25% to 60% of the woman develop chronic pain. Other adverse side effects of BCS include
numbness, tingling, or tightness in the chest wall, arms, or shoulders. In addition, psychological side effects
can occur, including psychological distress (30%), fear of disease recurrence, concerns about future health
and interruption of life plans often lead to anxiety and depression. [28]

2.3. Margin assessment

Surgery is the most important, effective and widely used treatment modality by curing approximately 45%
of all patients with solid tumours. [4] [5] [6] However, a major problem in surgical treatment remains the
difficulty to remove the complete tumour, leaving behind tumour-positive margins (see Figure |, right),
metastatic lymph nodes, and/or satellite tumour nodules. [4] The primary aim of margin assessment during
a BCS is to achieve a tumour free resection and thereby prevent local reoccurrence of the tumour. This
is called ‘margin with clearances’ or a negative margin, where the dissected tumour is completely
surrounded by a healthy tissue layer of >2 mm thickness, see the left of Figure 1. [7] [8] Statistical data
indicates that complete resection is the single most important predictor of patient survival for almost all
solid tumours. [4] [9] [10] After a BSC, 20% to 55% of all patients requires a second surgical procedure
to clear positive margins. [1 1] [12]. The secondary aim of BSC is a satisfactory cosmetic outcome. [7] To
achieve both aims, a guideline during surgery is a resection margin of 5 to |0mm. However, a size of the
tumour-free resection margin >Imm is unrelated to local recurrence. Therefore, there is no need to
excise a tumour with a large volume of adjacent breast tissue. [28]

A study of Krekel et al. demonstrated an excessive volume of breast tissue is excised in the
majority of patients during routine breast-conserving surgery. [28] For this study, 726 underwent a BCS
of which the excised specimen was calculated using histopathological reports. For 33.6% of the patients,
the excised volume was >85cm3, which reduces the cosmetic outcome. However, 98.8% of these patients

had a margin >10mm. In fact, for 54.9% an excised volume of 33.5] ¢cm3 would have been sufficient. In
most cases, the tumour was located non-central and close to the nearest margin. The study showed a
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higher rate for positive margins in palpable tumours (22.5%) compared to non-palpable tumours (17.4%).
[28]

Cosmetic results after BCS are satisfactory for 60 to 80% of the patients. Besides the volume of
the resected breast tissue, also the amount of radiotherapy, the site of the tumour in the breast, the type
of incision and postoperative complications influence the cosmetic outcome. However, the — large —
volume of the resected breast tissue is the major determinant of a poor cosmetic outcome. Volumes
>85cm3 result in a 50% rate of cosmetic failures, whereas <85cm3 result in only a 22% rate of cosmetic
failures. [28]

Instruments to assess tumour margins

In general, there are four methods available for margin assessment during a BCS: using a gamma probe, a
guidewire, imaging techniques or palpation and visual information. All can be seen in Figure 7. A more
comprehensive explanation about these methods can be found in the master thesis of Julie Fleischer. [2]

When using a gamma probe, small ion seeds are placed in — or as close as possible by — the tumour
prior to the surgical procedure. This placement is performed using an imaging method where the tumour
can be seen. The gamma probe — also known as a Geiger counter — is then used to find the ion seeds
during the procedure by listening to the counting of the gamma probe. The audio signal accelerates in
counts when the probe is closer to the ion seed.

A guidewire is another technique used for margin assessment. For this technique, a wire is placed
inside the tumour a priori to the procedure using an imaging method to provide guidance. This wire
reaches from the tumour to the outside of the patients’ breast. During the procedure, the surgeon can
follow this wire to the tumour and dissect the tumour at the end of the wire. Marks on the wire provide
the surgeon information about the distance to the end of the wire.

In literature, some imaging techniques are mentioned to be used for assessing margins
intraoperatively. The most widely used methods to improve the accuracy of tissue clearance in situ are
intraoperative imaging modalities being CT, MRI, US and fluorescence-guided surgery. [7] [28] These
image-guided surgeries provide the surgeon with new information such as the nature, location and
dimensions of the malignant tissue. [34] The effectiveness of cancer detection depends on the minimal
spatial resolution of the imaging technique. [8] A difficulty for these methods can be the lack of quantitative
data available about the biomechanical properties of soft tissues. This especially accounts for the in vivo
characterization of human organs due to high technical and ethical demands on these experiments. When
property measurements need to be taken, direct access to the organs is needed which can disturb or
prolong a usual surgical procedure. [23]

Palpation and visual information are used during every BCS to decide on the tumours location
and it’s margins in addition to the techniques mentioned above. However, when a tumour is palpable (i.e.
large enough or deviates from the surrounding tissue) it is possible to only use palpation and visual
information to assess its margins. Only pre-operative images are used to guide the surgeon to the tumours
location. Furthermore, the surgeons’ expertise helps him/her to distinguish between healthy and tumour
tissue.
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Figure 7: Methods to assess tumour margins in BCS. A: Gamma probe and interface (Medical Expo). B: lodine seeds which are placed in
the breast tumour to guide the resection. The length of one ion seed is 4.5mm. (Eckert & Ziegler) C: Guidewire, a wire is placed in the
breast to assist the resection towards the end of the wire where the tumour is situated. D: Breast tumour assessment with Ultrasound. The
arrow marks the incision and the dark round shape is the tumour. [28]

2.4. Discussion
The statistical numbers is this chapter indicate the importance of this research. In the United States of
America, 0.25 million woman are diagnosed with breast cancer every year. Of these women, 44.2% will
receive a BCS as can be seen in Table |. After surgery, 25% will be advised to have a second surgery due
to positive or close margins at the final pathology. This is — only in the United States of America — a group
of 27.500 woman needs a second surgery due to positive margins.

Table I: Percentage of women diagnosed with breast cancer at various stages. The percentage of woman receiving a BCS as treatment
per stage. The percentage woman receiving BCS from all patients diagnosed with breast cancer.

Diagnosed Prescription Percentage of total
women per stage BCS receiving BSC
1&11 61% 61% 37.2%
1] 32% 21% 6.7%
v 5% 7% 0.3%

The main problem in BSC is the margin assessment, as this fails in 25% of the surgeries. Therefore, the
guideline during surgery is a resection margin of 5 to 10mm. However, the study of Krekel reports a
margin >10mm for 98.8% of the patients. In addition, the tumour was located non-central and close to
the nearest margin in most cases. This indicates — despite the use of localization tools as a guidewire or a
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gamma probe — it is difficult to perform a margin assessment. An extra problem is the negative cosmetic
outcome for at least 33.6% of the patients in the study of Krekel.

The instruments currently available for localization of the tumour in BCS are the gamma probe, guide wire
and imaging techniques. Both gamma probe and guidewire are used often in clinical practice in the
Netherlands, according to F.J. van Duijnhoven and A.A. Hellingman both surgeons at The Netherlands
Cancer Institute. Both tools are useful for global localization, however it provides a relative distance to
the probe. For example, for the gamma probe the count decreases the longer the ion seed is inside the
patient. Therefore, there is no threshold on when the surgeon is — for example — 2mm from the tumour.
This makes a precise margin assessment impossible. In addition, the surgeon needs to alternate between
the probe — to locate the tumour — and the electrosurgical knife to dissect the tissue. Alternating costs
time and will make it difficult to return at the exact same spot with the new instrument. Another
disadvantage is the possibility of the incorrect placement of the ion seed(s). This will lead the surgeon to
the wrong place in the breast. The guidewire, provides — as the gamma probe — a global guidance however,
it does not help with assessing the margins of the tumour. In addition, the wire can be placed incorrectly
or in a difficult way to follow for the surgeon.

In literature, some imaging techniques used for margin assessment can be found. However, when
interviewing the surgeons in The Netherlands Cancer Institute they state these methods are not used for
intraoperative margin assessment. Van der Noordaa and Snider confirm this in literature. [35] [36] A
disadvantage of using imaging techniques such as ultrasound is a 2D image is provided which needs to be
translated to a 3D visualization by the surgeon. The 2D image needs to be ‘placed’ in the patient’s body
with the respect to the instrument in order to be useable for the surgeon. In addition, also alternations
between the imaging instrument and the electrosurgical knife are needed.
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3. Spectroscopy

Spectroscopy is an analysis of the interaction between matter and any portion of the electromagnetic
radiation, see Table 2. The interaction between matter and any portion of the electromagnetic radiation
can give rise to electronic excitations, (e.g. ultraviolet), molecular vibrations (e.g. infrared) or nuclear spin
orientations (e.g. nuclear magnetic resonance). [37] The kind of interaction, or energy transitions, depends
on the wavelength and frequency of the radiation. The wavelength (1) in meters is inversely proportional
to the frequency v in Hertz (or s~1) and is governed by the relationship

c
V= —

(1

where c is the speed of light in meters per second. When energy is absorbed, for example the absorption
of infrared radiation, molecules are excited to a higher state. [37]

Table 2: Electromagnetic spectrum showing the wavelength, frequency and energy transitions per radiation type. [38]

Radiation = Wavelength Frequency Energy transitions

Gamma rays < 103 nm > 1022 Hz  Nuclear transformations in atoms

X-rays ~103-10nm ~ 10'¢— 102 Hz Inner electron shell transitions in atoms (bond
breaking)

Ultraviolet ~10—-400 nm ~ 10'6— 1020 Hz Outer electron shell transformations in atoms

Visible light 380 — 750 nm

Infrared ~750—-106 nm ~ 10'""—10'%Hz Molecular vibrations

Microwaves ~103-10"'m ~10°- 10" Hz Molecular rotations and electron spin

(radar) orientation transitions

Radio waves ~10'-103m  ~10°—-10°Hz Nuclear spin orientation transitions

3.1. Light travel in tissue

When tissue is illuminated, three processes can occur to the outsourced photons: the light can be
absorbed, scattered or reflected as can be seen in Figure 8. Light that is reflected from the surface has
no effect besides decreasing the amount of light that can interact with the tissue chromophores. Scattering
increases the volume of the tissue in which photons of the incident light are distributed. It increases the
spot size of the light beam within the tissue and thus decreases the concentration of photons per unit
volume tissue. Absorption is the transformation of light energy to another form of energy, mostly heat or
vibrations, within the chromophores in the tissue. It decreases the light intensity of the light detected back
at the surface of the tissue.

The components, which absorb photons, differ in composition per tissue type, organs, even within tissue
types and in time. Water, oxyhemoglobin and de-oxyhemoglobin are the most relevant absorbers of
photons in tissue. Blood, saturated with or without oxygen molecules respectively oxyhemoglobin and

27



de-oxyhemoglobin, is the main absorber in the visual region of the spectrum: 390 to 700 nm, see Figure
9. [39] [40]

Reflection

Back scatter

Forward scatter

Figure 8: Light propagation through tissue: absorption, (back- and forward) scattering, reflection and refraction. [39]

The process of a photon changing direction inside the tissue is called scattering. Forward scattering is
when a photon travels more or less in the same direction, while backscattering refers to a photon
travelling in opposite direction of which it started. [39] In addition, reflection and/or refraction can occur
in tissue. When there is a mismatch between the indices of refraction of tissue and air, the direction of
the photon will change causing reflection at the surface. This same effect can occur inside the tissue where
the light can be reflected or refracted in phase transitions. [39]

400 nm 475 nm 510 nm 600 nm 700 nm

DeoxyHb

=

i

Figure 9: Light absorption. a) Absorption factor per wavelength for water, oxyHb and deoxyHb. b) Penetration depth per wavelength. [49]

3.2. Data acquisition
Spectral imaging datasets generally consist of two spatial dimensions (axial and lateral, x and y) and one
wavelength dimension (1) to make up a three-dimensional dataset shown in Figure 10. This spectral data
is acquired at every pixel in the image with a minimum of three different spectral bands. In addition to
regular spectral imaging, multispectral and hyperspectral analysis can be performed. The number of
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collected spectral bands in hyperspectral imaging is higher than in multispectral imaging, as can be seen in
Figure I |. Furthermore, the spectral bands are spaced close together, which makes it possible to construct
an optical spectrum from the data. This is not possible for multispectral imaging.
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Figure 10: Diagrammatic representation of spectral image data consisting of two spatial dimensions (x, y) and one spectral dimension (A).
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Figure 1 1: Left: hyperspectral imaging. Right: multispectral imaging. [42]

The most valuable strength of spectral imaging methods is the rapid delivery and collection of light via
optical fibers. [25] The acquired data can present specific quantitative biochemical and morphological
information of the examined tissues. [8] [12]

The main limitation of spectral imaging methods is the reduced contrast, spatial resolution and
penetration depth due to strong scattering of light in biological tissues and blood. [43] However, when
the device is used in situ, the light probe can be brought adjacent to the tissue, which makes it feasible to
illuminate lesions and detect them. [4]

3.3. Tissue characterization
In this paragraph the notation of Stephan L. Jacques is followed. [44] Optical techniques are dependent of
the spectral, angular and polarization characteristics of light scattered from the tissue. These
characteristics are used as biomarkers for specific medical applications: identifying tissue types, diagnosing
diseased tissues and discriminating between malignant and healthy tissues. Discrimination between
cancerous and healthy tissue is possible while scattering and absorption are highly dependent on the
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morphological and physiological state of the tissue. [45] The ability of light to penetrate a tissue and later
escape it for detection is key to diagnostic applications. [44]

In general, tissue properties relevant for optical imaging are: the absorption coefficient, u, [cm™],
the scattering coefficient g [cm™], the scattering function p(6,Y) [sr] where 8 is the deflection angle
of scatter and 1y is the azimuthal angle of scatter, and the real refractive index of the tissue, n'. As can be
seen below, the scattering coefficient is related to the reduced scattering coefficient y'. This also holds
for the anisotropy coefficient g. The scattering function is related to the anisotropy. [44]

Absorption Ha [em]
Scattering Us [cm-]
Scattering function p(6,¢) [sr']
Anisotropy g =<cos(0) >[-]

Real refractive index n' [-]
Reduced scattering ps = us(1 —g) [em]

Jacques presents these formulas to be able to generate optical properties from tissues at any wavelength
in the ultraviolet, VIS and NIR range, based on the amount of absorbing chromophores. [44] It is important
to take into consideration that the known optical properties of tissues in vivo are not always accurate
while variations can occur in blood content, water content, collagen content and fiber development. These
variations can occur, not only between persons, but also within the same person at different sites. [44] A
more elaborate description of the variables can be found in Appendix A.

Absorption coefficient

The absorption coefficient p, —which will be used to characterize tissues in the experiments — is described
by T. T is the transmitted or surviving fraction of the incident light after the incremental path length
0L [em]. In addition, dT/T per dL yields an exponential decrease in the intensity of the light as a function
of increasing path length L. The relation between p, and T is given by

10T
- _ - 2
Ha T 3L 2)
where T can be described as
T = g~Hal = 1(0~CL = g—4mn"'L/2 (3)
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In Equation (3), C is the concentration [mole L-'] and ¢ is the extinction coefficient [cm-! mole-'] for the
chromophore. The absorption coefficient 11, of the tissue is the sum of all absorbing chromophores within
the tissue. The individual absorption coefficient for each chromophore is proportional to the extinction
coefficient multiplied by the chromophore concentration. The absorption coefficient of the tissue is
described by

o = ln(lO)Z Ci&; . (4)

An example of this formula would be [46]

Ha = [blood] g% (2) + [water]ug ™" (2) + [fatlu,”* (2) ()

In Figure 12, the build-up of a spectrum using Equation (5) can be seen. The absorption coefficient (i1,)
per wavelength is used to construct the spectrum obtained by DR measurements. Left, the spectra of all
chromophores present in the measured tissue are combined regarding to their presence. The more
chromophore of a type are present, the more this spectrum will dominate the total spectrum. Right, the
chromophores present in the measured tissue can be seen separately. All chromophores have their own
characteristic peaks and dips at specific wavelengths whereby they can be recognized. Fat — for example
— has a characteristic peak between 1200 and 1400nm.
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Figure 12: Composition of the measured spectrum from scattering processes and the absorption by chromophores [46]
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3.4. Diffuse reflectance spectroscopy (DRS)

DRS is a spectroscopic technique to characterize tissue. Via a fiber optic probe, a broadband light source
is send to the tissue where it interacts with chromophores by (single or multiple) scattering or absorption.
[8] [47] [48] The scattered light that is detected at the tissue surface is gathered as a function of the
wavelength. The detected light holds information on the absorption and scattering coefficients of the
tissue. [48] Using mathematical models, information about the concentration and variation of
chromophores, the nuclear size, morphology and structure of the scatters or components present in
tissue can be extracted. Examples of these components are lipid membrane and collagen fibers. [47] [48]
In addition, the absorption coefficient of each molecule can relate directly to the concentration of its
absorber in the tissue. [8] This method requires two extra measurements: calibration of the wavelength
scale and correction for transmission and reflection losses. [12] [49]

During the development of pre-cancers, the characteristics of the diffuse reflected light change
due to biochemical and morphological changes in the tissue. There is a growth of the chromatin
concentration, nuclear size and shape, nuclear to cytoplasmic ratio, and metabolic activity. [50] Due to
these developments, cancerous tissue can be identified using DRS. [48]

DR spectra are described by the light travelling inside a light-scattering specimen. Kubelka and Munk [51]
made a model for this description based on the equations

—di = — (5§ + K)idx + Sjdx (6)
and
dj = —(S + K)jdx + Sidx @)

where i is the intensity of the light traveling inside the sample towards the un-illuminated surface, j
towards the illuminated surface, dx the differential segment along the light path, S the K-M scattering
coefficient and K the absorption coefficient.

These equations are applicable when the particle size is comparable to, or smaller than the
wavelength of the incident light, and the diffuse reflection no longer allows to separate the contributions
of the reflection, refraction, and diffraction (i.e. scattering occurs). [52]

3.4.1. Fitting the spectrum with PNSas
In this thesis, the DRS measurements are performed using a probe, which consists of optical fibers. The
probe has one detecting fiber and — at least — one fiber emitting light via a console. The detecting fiber
collects light for every wavelength in the VIS and NIR region and stiches it together to construct a raw
spectrum from 400nm to 1600nm. This setup can be seen in Figure 13.
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Figure |13: Experimental setup including a linear stage actuator, a probe, white light, VIS spectrometer, NIR spectrometer and a PC
including PNSas software.

PhotonicNeedle software (PNSas) is a program designed by Philips Research to estimate concentrations
of physiological parameters in scattering media such as biological tissue. The input of the model is a
(measured) raw spectra and an excel file and the outputs are an excel document with the chromophore
concentrations, a fit of the measurement and a plot of the measurement and the fit, as can be seen in
Figure 14.

Input Output
| R ct " PNSas —| |. Chromophore concentrations
2' XTW;PE " 2. Fit results (Nano spectra, na & us)
AR lE 3. Plot results

Figure 14: Visual representation of the input and output of PhotonicNeedle software, made at Philips In-Body Systems

The output of the PNSas — PhotonicNeedle software PNSas — model is constructed using a model
developed by Farrell [53]. This model describes a system as in Figure 8, where two fibers are in contact
with the tissue. One fiber emits light and the other detects the light. The light diffusion theory is used to
translate the measured spectrum into physiological parameters and scattering properties. Light diffusion
in tissue is determined by the scattering- (15) and absorption coefficient (i), which are described in
Appendix A. The determination of the measured spectrum by the absorption of chromophores and
scattering processed in tissue has a non-linear relationship. Farrell expresses the measured diffuse
reflectance intensity distribution I(r) like this

- a [ 1 1\ e HeffT1 1 , 1\ e Hefr T2 @®
109 = @ E 2 Cy + D)T (2,) gy + )T
AT | Uy Hery T ﬁz He b)\Hers T 7"}2

The definition of all variables used in Equation (8) can be found in Appendix B. The accuracy of the fit to
the measured spectrum is influenced by some assumptions made in the model. The assumptions are:
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The fluence due to highly forward directed scattering can be set equal to the fluence due to
isotropic scattering, as the set of parameters are changed from (ug, g) to (us(1 — g), 0). When
using the similarity principle [53] as described by Farrell, the outcome of the light scattering
depends only on ug = pg(1 — g) and y,.

The diffuse approximation used is correct as long as the absorption is small compared to the
scattering and as the mean free path, length is small compared to the source-detector distance.
The details regarding emission distribution and collection distribution of the fibers is excluded in
this model when the pencil beam is described as a single scatter source.

The reduced scattering coefficient is modelled as following,

-b

K = Ss00 [fmie (£) +a=fmo (j—o)] ©)

The scattering coefficients — which can also be extracted from the model — are: sgyq, the reduced
scattering amplitude at Ay, b is the Mie scattering slope and f;,;, the Mie-to-total reduced scattering
fraction assuming Mie and Rayleigh scattering as the two scattering regimes present for elastic scattering.
Elastic scattering is scattering when a photon changes direction but maintains its energy as opposed to
inelastic scattering when some energy is lost. 1; is set to 800nm and corresponds to a wavelength
normalization value. In Equation (8), @ describes the light intensity at the delivery fiber. This variable is
also considered a scattering coefficient.

Other chromophores — used in this thesis — that can be extracted from the model are: blood, water
haemoglobin saturation by oxygen (StO,), beta-carotene (b) and fraction of lipid in water plus lipid content
(I/(w + 1)). In addition collagen, methaemoglobin, histopathological ink, R(um), bilirubin, bile, collagen,
Pp9(uM), Catalase, CytoCOxi and CytoCRedu can be extracted. The characteristic DR spectrum of all
scattering coefficients and chromophores can be seen in Figure 15.
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Figure |5: Measured spectra (blue) and fitted spectra (red) of DR measurement. The fitted spectra is built up of characteristic spectra for
various chromophores, shown mirrored downwards.
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3.4.2. Sensing depth
When measuring the DR spectra of tissue, the sensing depth is of importance while this will influence the
spectrum if the tissue contains of more than one layer. A previous study at Philips Research concerning
the sensing depth of a probe with two fibers in a two layer model gave this function [54]

A — 4,
X — %Xg (10)

1+ exp d

f:A2+ —
X

Where f is the fat fraction, A; and A, are the fat amounts of the top and bottom layer respectively, x is
the position of the optical probe and x; is the interface of the two layers. dx is a parameter directly
related to the fiber distance. This model was used to successfully describe the fat percentage at various
distances while moving through two layers: a layer of mayonnaise (70% fat) on top of a layer of solid fat
(35% fat). Figure 16 presents the measured data in blue dots — including the variance in red bars — and
Equation (10) plotted in black.
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Figure 16: The amount of fat (%) as a function of the distance of the optical probe from its initial position. The estimated amount of fat
(the blue dots) is forming an S-curve. The red bars represent the variance of the fitted values derived from the calculation from the
calculation of the confidence interval. [54]

3.5. Discussion

In my literature study, DRS is compared to other techniques that could potentially be used for margin
assessment intraoperative in real-time. Compared to fluorescence and Raman Spectroscopy, DRS will give
less detailed information about the tissue. However, the data is easier and faster to obtain for DRS
compared to the other two methods. [25] [52] [55] According to experiments, Haka et al. conclude the
detail level of DRS is specific enough to discriminate between healthy and cancerous tissue. [12] In
addition, DRS is a minimally (or non-) invasive and non-destructive to the tissue. By altering the fiber
geometry, wavelength range and source-detector-separation, the technique can be fine-tuned for a
particular clinical use. [47] According to a review by Budlon et al. malignant and healthy surround tissues
can be distinguished based on the difference in blood oxygenation. [47]
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Disadvantages of DRS are the small penetration depth of <Imm [56] and the fact that the
surrounding light can affect the signal recorded from the detector.

The sensing depth — described by Philips research [54] — reports a depth of approximately half of the fiber
distance (FD) of the probe. It is assumed, the sensing zone of a probe containing two fibers has a banana-
like zone. In Figure 17 (left), a visualization of the sensing depth for different FD’s is made. A larger FD
will increase the sensing depth.

In addition, Figure 17 (right) shows the sensing zone of a probe on a two-layered tissue. When
the thickness of the layer changes, the percentage of sensed tissue for that layer will change. Formula (10)
describes this change in chromophore percentage. The experiments in Chapter 9, 10 and || will simulate
a situation similar Figure 16. Therefore, it is expected the transitions in chromophore concentrations in
Chapter 9, 10 and || will follow the same S-curve as for Equation (10). This only holds for tissue layers
with a difference in the chromophore concentration which is calculated.

emitting detecting emitting detecting emitting detecting emitting detecting
Iiirt "gtht light light light light light light

! 1
fa

! 1 ! 1
t tissue
sensing zone nsing z tissue

Figure |17: Sensing depth of a probe containing two fibers. Left: A larger fiber distance will increase the sensing depth. Right: the sensing
zone when the sensed tissue changes.

It is important to notice, the fitted spectra — as can be seen in Figure 15 — will be used in this thesis as
result of the measurements. However, all spectra need to be examined on their fit hence a wrong fit is
not included into the results. In addition, all spectra are normalized by setting the maximum value at one.
This is done while the intensity of the spectrum is relative.
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4. Electro surgery

Electro surgery is widely used across all surgical specialties. [57] It accounts for 80% of all cutting and
coagulation in surgeries performed today. [58] Weiser estimates a global volume of 234.2 million major
surgical procedures using electro surgery every year worldwide. According to the World Health
Organization, electro surgery is commonly used in dermatological, gynaecological, cardiac, plastic, ocular,
spine, ENT, maxillofacial, orthopaedic, urological and neurological surgical procedures as well as certain
dental procedures. [59] A more extensive explanation about electro surgery can be found in my literature
study. [29]

4.1. Basic principles of electro surgery

To be able to understand the mechanism of electro surgery, some basic physical principles need to be
introduced. These principles will be explained based on Equation I.l. The current (I) is the flow of an
electric charge. This electric charge flows through the wire in one direction: from negative to positive.
Current (I) is expressed in amperes (A) expressing the electric charge in Coulomb (6.24 - 108 charge
carriers) per second. The voltage (V) is the difference in electrical potential between two points in the
circuit which is measured in volts. The greater the voltage, the greater the flow of electrical current. The
last component in the equation is resistance (R) which determines how much current will flow through a
component. Resistance is expressed in Ohm () for a direct current, for an alternating current this
concept is called impedance. [60] The relation is given by [57] :

|4

Heat is produced when electrons encounter resistance when moving from one atom to a neighbouring
atom. Electrical current flow can only exist when there is a continuous circuit. An electrical circuit requires
a positive and a negative pole to ensure a flow of ions and/or electrons. [61] In the operating room, the
circuit consists of the patient, the electrosurgical generator, the active electrode and the return
electrodes, as shown in Figure 18. [60] [57] The electrical energy is converted into tissue heating when
the tissue resists the flow or part of the flow of current from the electrode.

4.2. Electrosurgical modalities
Electro surgery — sometimes called electrocautery — is a technology that almost all surgical specialties have
adopted. [62] [63] It achieves haemostasis — destruction and division of tissue — which limits blood loss in
comparison to a ‘normal’ or ‘cold’ knife. [63] [60] The different thermal effects on tissue are shown in
Table 3.
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Table 3: Thermal effects of electro surgery on biological tissue at various temperatures. [64]

Applied Thermal effects of electro surgery on tissue
temperature

37 - 40 None

> 40 Hyperthermia: initial tissue damage, edema formation,
depending on the duration of application, the tissue can
recover or die (devitalization)

> 60 Devitalization (destruction) of the cells, shrinkage of the
connective tissue through denaturation
100 Vaporization of the tissue fluid, depending on the

speed of vaporization:
- Tissue shrinkage through desiccation (drying out)
- Cutting due to mechanical tearing of the tissue
> 150 Carbonization
> 300 Vaporization (evaporation) of the entire tissue

Monopolar and bipolar electro surgery

Electro surgery is most commonly used monopolar, which means a single electrode is used and the circuit
is closed through a dispersive pad, or ground pad placed on the patient, as shown in Figure 8. The
electrical current passes through the body of the patient. When electro surgery is used bipolar, the current
only passes between the arms of the forceps as can be seen in Figure 18. [65] Monopolar electro surgery
can be used for cutting and coagulation, while bipolar electro surgery is limited to coagulating. Cutting of
tissue is also called dissection.
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Figure 18: Visual overview of electrical circuit of monopolar (left) and bipolar (right) electro surgery. Monopolar: the current flows from the

electrosurgical generator via the active electrode, which the surgeon holds, to the patient. It leaves the body at the return electrode making

a continuous circuit going back to the electrosurgical generator. Bipolar: the current flows from the electrosurgical generator to one of the
electrosurgical instrument forceps and flows back through the other forceps coagulating the tissue. [66]

Electrosurgical cutting and coagulation

The two types of current used in electro surgery are cutting current and coagulation current. Both use
the same frequency of 300 kHz to 5 MHz [67] A frequency above 10 kHz is crucial as the susceptible
tissues do not depolarize at frequencies below 10 kHz. This lower bound prevents acute pain, muscle
spasms and even cardiac arrests. [61] [63] The electrical waves of coagulation and cutting current are
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different, as can be seen in Figure 19. Coagulation current has a high voltage and is interrupted 30,000
times per second while cutting current has a low voltage is a continuous sinusoidal current.

Low Voltage High Voltage

PURE CUT BLEND 1 BLEND 2 BLEND 3 COAG
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50% off 60% off 75% off 94% off

Figure 19: Wave forms of electrosurgical units with different tissue effects. [60] [68]

Different waveforms have a different impact on the tissue. The cutting current quickly heats up individual
cells, which first leads to boiling and then causes cell rupture. The off time in a coagulation current allows
the cells to cool down when an interruption is present. [62] Another technique is blended cutting where
the number of interruptions and the voltage height differ from cutting and coagulation waveforms. This is
cutting with some coagulation effect, which produces more extensive charring and neighbouring tissue
damage as can be seen in Figure 20. In addition, increasing the voltage will enlarge the thermal spread and
charring in the tissue.

Blend . Coag’

L(yv Thermal Spread/Charring H@h

Low Voltage Hi'gh
Figure 20: Tissue charring and thermal spread are inversely related to voltage setting. [60] [66]

Coagulation types: fulguration and desiccation

There are two types of electrosurgical coagulation: fulguration and desiccation. For fulguration the current
travels across a gap, which is created by holding the electrode lightly above the tissue (2-5 mm), to reach
the tissue, as shown in Figure 21. This gap creates an ionized current path while it travels through the air
by ionizing nitrogen. The path looks like a miniature lightning strike. When the electrode is held too high
(5-10 mm) above the tissue, fulguration may produce a coagulum of charred blood over the tissue which
can leave bleeding tissue underneath the coagulum. In desiccation, a zone of coagulated tissue is produced
by having direct contact with the tissue as shown in Figure 21. [62] Fulguration can only coagulate tissue
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while desiccation can coagulate but also cut/dissect tissue. A clean incision in the tissue is made with
minimal coagulation, as can be seen in Figure 20. [63]

Figure 21: Left: fulguration, where the current travels across a gap to reach the tissue. Right: desiccation, direct contact between the tip of
the device and the tissue.

Impedance and resistance

The tissue properties determine its impedance, and therefore how easy- or difficult it is to use electro
surgery on this tissue. Tissues containing high ion concentrations, such as hydrated tissue, have a low
impedance while tissues with low ion concentrations, such as scarred tissue or fat have a high impedance.
A high impedance provides a high resistance to the current flow [61] In Table 4 the resistance properties
of different physiological tissues are showed.

Table 4: Resistance properties of different physiological tissues. [69]

Biological tissue Resistance in 103 MHz
Blood 0.16

Muscle, kidney, heart 0.2

Liver, spleen 0.3

Brain 0.7

Lungs 1.0

Fat 3.3

4.3. Electrosurgical instruments
An electrosurgical setup regardless needs an electrosurgical unit, which is connected to a power point
and converts the current in the right setting to the instrument. The setting and power are set at the
electrosurgical unit, which can be seen in Figure 22. In addition, the setting (monopolar or bipolar) is
regulated on the instrument itself by buttons or with foot pedals. When monopolar surgery is used, a
dispersive pad is used to transfer the current back to the electrosurgical unit.
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Figure 22: Left: Electrosurgical unit available at Philips In-Body Systems, which was used for the experiments described in this master
thesis. Right: Dispersive pad which is used to transfer the current back to the electrosurgical unit.

Electrodes

The most common electrodes — which can be seen in Figure 23 — will be discussed. For monopolar electro
surgery, various cutting electrodes are available: knife electrodes, needle electrodes, (wired) loop
electrodes, ball electrodes and hook electrodes. These electrodes come in different sizes and under
different angles, however they are all single tipped. This is different for bipolar electrodes, where the
current needs to travel from the instrument, through the tissue and coming back to the instrument. The
electrodes for bipolar electro surgery available are scissors, forceps and clamps. Similarly as for monopolar
electrodes, these come in various sizes and under various angles.

Figure 23: Monopolar and bipolar electrodes. Left (from the top to bottom) blade, ball, loop, needle, hook and wired loop electrodes. Right
(from left to right) clamps, forceps and scissors. [70] [71]

41



4.4. Strengths and weaknesses
There are certain advantages of electro surgery that contribute to its widespread adoption across all
surgical specialties. In comparison to the cold knife, electro surgery achieves haemostasis, which limits
blood loss. [63] This is useful when operating, as blood loss can deteriorate the surgeons’ sight. [57] [65]
To obtain optimal clinical effects and reduce potential complications, a thorough understanding of the
proper use of each energy modality is critical. [57]

Besides some advantages, electro surgery has the disadvantages of resulting in more collateral tissue
damage compared to scalpel surgery. Electro surgery can create histologic changes of the tissue at the
surgical margins. [65] These changes can make it more difficult to distinguish between healthy and
malignant neoplasms for histopathologic analysis. The blended cutting mode causes less thermal damage
than pure cutting.

4.5. Complications
Complications using electro surgery can happen in practice: 18% of the surgeons have personally
experienced a complication using electro surgery. The likelihood of complications depends on its
application. Of all different medical specialties, gynaecologists have reported the most personal
misadventures (33.3%) compared to other subspecialists. [72] However, when used properly, unintended
injuries are rare. [57]

Table 5, shows a number of complications identified during a survey conducted among 620
members of the Society of University of Otolaryngologists by Smith et al. The group of respondents
performed 99.664 surgeries in a year, 324 of which resulted in an injury. The occurrence of these
complications together is 0.32%. The most common complications are unanticipated direct burns (0.22%)
which include applying electro surgery to the wrong structure, accidently turning the instrument on,
insulation failure and direct coupling. An injury can develop when the pencil is accidently turned on when
somebody steps on the pedal. Using a pencil with a button could avoid this kind of hazard. [62] [60] [59]
If the generator is put on when the electrode is near to another metal instrument like a trocar, this
instrument can be energized and cause an injury. This hazard is called direct coupling. [60] [66] Applying
electro surgery to the wrong tissue or structure might cause collateral damage, for example when
operating too close to a (major) nerve. In addition, the heat from the electrosurgical instrument that
spreads through the tissue can cause injuries. [62] In addition, the electrosurgical current can diffuse
through the body and concentrate in unintended ways, which can cause injuries. Currents are more likely
to run through blood vessels, which have a low impedance and are less likely to travel through fat tissue,
which has a high impedance, as shown in Table 4. [62]

Other complications that can occur are capacitate coupling (0.05%), electromagnetic interference
(0.03%), an improperly applied return electrode (0.01%), fires (0.01%) and hair loss at the incision site
(0.001%). When the current flows through a metallic retractor or instrument, it is called capacitive
coupling. [73] Alternate site burns can develop due to high current density at an improperly applied ground
electrode. [62] This occurs when devices attached to the patient are in direct contact with the ground
surface or a metal object that is insufficiently insulated. [63] [60] [59] The latter is called electromagnetic
interference. Fortunately, modern generators are better isolated hence mitigating this risk. In addition,
interference with older pacemakers can lead to asystole and cardiac arrest. [63]

Besides the direct injuries that can occur, it is thought that 5% of the smoke that is produced
during electro surgery is made up of potentially harmful chemicals and cellular debris. [63] [60]
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Table 5: Different complications mentioned in electro surgery for 99.664 cases with 324 complications. [73] The percentage (xly) are x:
occurrence in 99.664 cases, y: occurrence in 324 complications.

Complications Occurrence \

Improperly applied return electrode 13 (0.01% /4.01%)
Unanticipated direct burns: accidently | 219 (0.22% / 67.6%)
turned on, applied to wrong structure,

insulation failure, direct coupling

Capacitive coupling 48 (0.05% / 14.8%)
Electromagnetic interference: 32 (0.03% / 9.8%)
In contact with other metal object

Fires Il (0.01% /3.39%)

Hair loss at an incision site as a result | (0.001% /0.31%)
of a cutting electrosurgical instrument

4.6. Discussion
In the experiments performed for this thesis, a monopolar electrosurgical knife was used. This type of
electro surgery is chosen while this was the type available at Philips Research. In addition, monopolar
electro surgery is used in The Netherlands Cancer Institute where three surgical procedures were
attended for this research. However, when a prototype of a ‘smart’ electrosurgical knife is made, both
monopolar and bipolar instruments should be taken into consideration.

Electrosurgical cutting and coagulation have different waveforms and therefore a different impact
on tissue. This will be confirmed in Chapter 8, where the influence of electrosurgical cutting and
coagulation on tissue are tested. However, in my literature study it is concluded that there are no rules
on when to use which modality. In addition surgeons use different modalities and powers for the same —
parts of the — surgical procedure. Which modality is used depends on the surgeon’s knowledge and
expertise. In the experiments in this thesis, electrosurgical cutting and coagulation is used with a power
setting of 50, 60, 70 and 80 Watt. These are the most commonly used settings for monopolar electro
surgery. [60]

Complications during the use of electro surgery are rare (<0.32%). [73] However, when they
occur it is most of the time due to improper use of the instrument. It is thought that electrosurgical
devices are poorly understood among medical professionals. [74] This lack of electrosurgical knowledge
may negatively affect the outcome of an operation and hence safety of the patient. [75] To obtain optimal
clinical effects and reduce potential complications, a thorough understanding of the proper use of each
energy modality is critical. [57]

To minimize the occurrence of complications during electrosurgical procedures and make
surgeons aware of the differences between electrosurgical cutting and coagulation better training should
be provided. More research could be performed on the influence of using different modalities in electro
surgery to substantiate this new training.
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5. Breast conserving surgery

This chapter describes the workflow of a BCS to examine if the integration of a ‘smart’ electrosurgical
knife could be beneficial for tumour margin assessment. Three surgical procedures were attended on April
12, 2017 at the Netherlands Cancer Institute to gather information about the current procedure. The
procedure is described in several steps of which the duration is measured. The focus will be on the specific
step of the procedure where a ‘smart electrosurgical knife’ could be an advantage compared to the current
situation.

5.1. Workflow BCS

A BCS can be coarsely divided into four steps: the preparation of the patient, the localization of the
tumour, dissecting the tumour and closing the patient. At the attended surgical procedures a gamma probe
and ion seeds were used to localize the tumour. All steps of the BCS will be discussed and a timeline of
the three procedures will be shown. The focus at the explanation of these steps will lay on the localization
of the tumour and assessing the margins of the tumour. The preliminary steps to the surgical procedure
including placing the ion seeds, the anaesthesia, and sterilization of the surface will be neglected.

Preparation of the patient: Before the first incision is made, the gamma probe is used to globally
localize the tumour(s). With this knowledge, marks on where to make the incision are made at
the breast. In addition, the surgeon can make use of the images made prior to the procedure to
predict the location of the tumour. When the surgeon is confident about his/her marks, the first
incision is made with a scalpel.

Localization of the tumour: After the first incision with the scalpel is made, the ES knife will be
used for further dissection. The surgeon is guided towards the tumour by alternating the use of
the gamma probe for localization of the tumour and the use of the ES knife to dissect the tissue.
When the surgeon thinks he/she is close to the tumour — by taking into consideration the
preliminary images made and acceleration of the audio signal of the Geiger counter — the tumour
is dissected.

Dissecting the tumour: Estimation of the tumour margin is performed by visual inspection,
palpation and using the gamma probe. However, all these methods provide a relative distance to
the tumour. Therefore, the decision of dissecting the tumour is made based on the expertise of
the surgeon. After dissecting the tumour, the tissue is examined ex vivo to visually inspect the
margins. Then two markers are placed on the dissected tissue to provide information to the
pathologist on the orientation of the dissected tissue in the body.

Closing the patient: After the dissection of the tumour, some small staples are placed on the
location of the dissected tissue. These staples are used to guide the radiation posterior to the
surgical procedure. After placing the staples, the patient is closed.

All steps described above were timed during the visit at The Netherlands Cancer Institute. Three
procedures were attended, which included five breast tumour dissections. In Figure 24, all steps are
showed in minutes. In addition, the number of alternations between the gamma probe and the
electrosurgical knife in the ‘searching tumour’-step are stated in parentheses. The time for ‘preparing the
patient’ differs from 17 to 30 minutes, for ‘searching the tumour’ from |1 to 26 minutes, ‘inspecting the
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tumour’ took 2 to 5 minutes and ‘closing the patient’ differed from 7 to 20 minutes in time. The alterations
between the instruments variated between 3 and 17.

Duration BCS in minutes per step

Procedure | [9] N I
Procedure 2 [7] [N I
Procedure 3 [17] NG I
Procedure 4 [16] I I
Procedure 5 [3] [N I
0 10 20 30 40 50 60 70 80
B Preparation patient M First incision Searching tumor Inspecting tumor M Closing patient

Figure 24: Bar chart of the workflow of a BCS. Five BCS’s described per step in minutes. The numbers in parentheses [x] represent the
number of alternations between the Gamma probe and the electrosurgical knife.

5.2. Discussion
In this chapter, the workflow for BCS is described. One must take into consideration these observations
rely on three surgical procedures. Differences in workflow between surgeons, hospitals and countries can
are present and therefore the description of a workflow will always be incomplete.

As described in step 2 of the BCS, the global and specific localization of the tumour is currently
performed by using a gamma probe. This probe has some disadvantages: it provides a relative distance to
the ion seed. Therefore, if the ion seed is placed incorrectly the probe will guide the surgeon to the wrong
place. In addition, localization of the tumour can only be done by alternating between instruments (gamma
probe and electrosurgical knife).

Advantages of a ‘smart electrosurgical knife’ (i.e. an electrosurgical knife with sensing capabilities
to determine a tumours’ location at — at least — 2mm in front) would be: providing the absolute distance
to the tumour from 2mm, no alternation needed between instruments and focusing on the tumour itself
instead of a ion seed or guidewire. Besides saving time, not having to alternate between instruments also
enables the surgeon to stay focused on his/her operating site. However, for global localization another
instrument than a ‘smart’ electrosurgical knife is needed.

The localization of the tumour takes approximately a third of the surgery time for BCS. However,
making the assumption that this time will decrease — a lot — when a ‘smart’ electrosurgical knife is used
would be incorrect. The majority of the time included in the step ‘localizing tumour’ is needed to reach
the tumour. With the knowledge gained in this master thesis, no estimation can be made on the time a
‘smart’ electrosurgical knife would reduce in a BCS. However, it needs to be taken into account that an
increasing amount of dissected tissue will increase the time closing the patient in a satisfying way regarding
to the cosmetics.
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6. Usage electrosurgical knife

The aim of this master thesis is to evaluate a ‘smart’ electrosurgical knife. Therefore, it is important to
examine the use of the electrosurgical knife in a BCS in clinical practice. The settings and positioning of
the electrosurgical knife and the cutting techniques will be discussed. These insights are helpful for the
design of the experimental setups in this thesis.

6.1. Settings electrosurgical knife

The electrosurgical unit used for the surgical procedures attended at the Netherlands Cancer Institute is
a Covidien ForceTriad. Monopolar electro surgery is used in both cutting (blended) and coagulation
(fulguration) setting with a power of 35 Watt. Cutting was used for dissecting close to the skin and
coagulation for cauterization of blood vessels. For dissecting adipose tissue — neither close to the skin nor
close to a vessel — the cutting setting was used most of the time, however sometimes the coagulation
setting was used. The surgeons declared there are no ‘rules’ for what settings to use in this case. More
information about the use of electro surgery can be found in my literature study. [29]

6.2. Positioning and cutting techniques
The electrosurgical knife is held as a pencil, as can be seen in Figure 25. When needed, the knife is rotated
in the hand. The tissue is held under a slight tension by pulling on the skin with surgical retractors. In
general, the electrosurgical knife is used perpendicular to the tissue for dissecting in depth. However,
sometimes another angle was made between the tissue and the knife to dissect a — for example — small
piece of adipose tissue.

The cuts made by the surgical knife where short, compare to a scalpel. Long cuts are split in short
pieces when an electrosurgical knife is used. This is mostly because of the tissue that sticks to the blade
of the knife when long cuts are made. Short cuts result in a rough surface after dissection. The bottom
right picture in Figure 25 shows the dissected tissue does not have a clean cut at the borders. In literature,
no information is found about the velocity of cutting during electro surgery.

Before the surgery, a clean cutting blade was put on the electrosurgical knife. Figure 26 shows the
cutting blade after the surgery. Especially on the tip of the blade, ablation can be seen. After using the
cutting blade, it is thrown away. The electrosurgical knife is brought to the central sterile supply
department to be sterilized and used again for another surgery.

6.3. Discussion
The pictures in Figure 25 show the use of the electrosurgical knife in practice. Some differences can be
observed when comparing electrosurgical cutting and ‘cold’ cutting. First, when a scalpel is used, a straight
cut is made instead of splitting the cut up in smaller pieces for electrosurgical cutting. Second, blood loss
during electrosurgical cutting is limited. This is the main advantage of electrosurgical cutting. Both
electrosurgical cutting and ‘cold’ cutting are performed on tissue under tension. In literature, it is stated
spectra change when pressure is applied. This is possibly due to alteration of tissue morphology and blood
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flow. [76] [77] Tension could affect DRS results as applying pressure does. However, as pressure is not
the same as tension, research should be performed to examine the influence of tension on DR spectra.

Figure 25: Five examples of the use of an electrosurgical knife while cutting. (All pictures at the top, bottom left and middle) The cuts are
made when the tissue is held under a slight tension using hands or forceps. The instrument has a perpendicular orientation with respect to
the tissue. All show a pen-grip with various rotations. The bottom right picture shows the dissected tumour tissue.

Figure 26: Ablation present on the electrosurgical knife after the surgery.

A difference between electrosurgical cutting and coagulation was seen when attending the surgical
procedures. When cutting, the knife was held upon the tissue and the tissue split. The knife was held some

mm above the tissue for coagulation. Charring developed on the tissue and more smoke was produced
compared to electrosurgical cutting.

For the surgeries attended, electrosurgical cutting and coagulation was alternate and a power
setting of 35 Watt was used. No explanation was given on when to use coagulation or cutting. Similar, the

specific power setting was chosen while this power setting is always used for this surgery. No explanation
on the used power setting was given.
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/. Pathology breast cancer

Besides the visual ablation caused by electrosurgical cutting and coagulation, the effects of ablation on
microscopic level are unknown. In this chapter, pathological samples of a dissected tumour with ablation
is examined on the effects of ablation on microscopic level.

7.1. Pathological samples

Table 3, shows the thermal effects of electro surgery on biological tissue for various temperatures. For
this research, it was wondered if these thermal effects could also be seen in microscopic view on tumours.
The microscopic views used in this chapter are obtained at the pathology department of the Netherlands
Cancer Institute. The pathologist rarely sees thermal ablation — which occurs for electrosurgical cutting
or coagulation — on tumours. Figure 27 shows a dissected breast tumour from a microscopic view (20x).
The blue marks are placed by a pathologist and refer to tissue where thermal ablation can be seen. In
general, a tumour under microscopic view can be recognized by an increase in number of cells together
with enlarged nuclei.

Figure 27: Microscopic view of a dissected breast tumour showing thermal ablation. This view is magnified 20x by a microscope. The blue
marks are made by the pathologist to indicate thermal ablation.

Thermal ablation on the tumour makes it more difficult to distinguish between healthy and tumour
tissue compared to non-ablated tumour tissue. VWhen thermal ablation on the tumour is present, the
following changes can be seen:

e The nucleus becomes blurry
e The connective tissue becomes deep red
e The endothelial becomes ropy and streaming effects occur
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Figure 28 and Figure 29 are all digital magnifications of Figure 27. They show the effects described above
for thermal ablation in the black boxed regions. However, it is not easy to distinguish between ablated
and non-ablated tumour cells. A pathologist should examine each individual case, before a conclusion can
be drawn.

Figure 28 shows DCIS and normal breast tissue. The tumour cells are not — yet — broken through the
border of the ducts. A high density of dark purple dots — which represent the nuclei — is identified as the
ducts. The ducts are individual units which can be recognized by the round shape and the small border of
connective tissue around it. The connective tissue is pink and has a long structure. In addition, the
connective tissue possesses nuclei which can — again — be identified as dark purple dots. In the corner in
the bottom right of the figure, a blood vessel with red blood cells can be seen.

The ablated tissue in Figure 28 can be seen in the back boxes among others. The nuclei are blurry
in some parts and a few spots of deep red connective tissue can be seen.

Figure 28: Magnified view of Figure 27. The black box shows the effects of thermal ablation on tumour cells. This view is magnified 20x
by a microscope and 20x digitally.

Figure 29, shows a DCIS however now at the border of the dissected tissue similar to Figure 28. The
ducts and the connective tissue can be identified in the same way as described for Figure 28. In the black
box effects of ablation can be seen including blurry nuclei. In this figure, the dark red connective tissue is
more present compared to Figure 28. In addition, some dark brown parts are visible at the border of the
dissected tissue. This is charring of the tissue due to electrosurgical cutting or coagulation.
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Figure 29: Magnified view of Figure 27. The black box shows the effects of thermal ablation on tumour cells. This view is magnified 20x
by a microscope and 20x digitally.

7.2. Discussion
Differences are present between ablated tumours and non-ablated tumours in microscopic view. The
pathologists stated that ablation on the tumour makes it more difficult to distinguish between healthy and
tumour cells. This could be an additional reason to achieve negative margins at a tumour resection, next
to prevent local reoccurrence of the tumour. A ‘smart’ electrosurgical knife could be able to detect a
tumour at a certain distance and thereby preventing the tissue from being ablated. It is not known if
electrosurgical cutting or coagulation causes the ablation in these samples.

It needs to be considered that the black boxes depicted in Figure 28 and Figure 29 show ablated
tissue however, the surrounded tissue can also be ablated. The pathologist has verified the tissue inside
the black boxes, as ablated tissue.
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8. Influence of electro surgery
on tissue

To understand the effects of electro surgery on tissue, the size and shape of tissue exposed to electro
surgery is examined. The tissue concerning a BCS is tumour tissue and adipose — fat — tissue. In the
experiments, porcine fat and muscle tissue will be used to simulate these tissues. Various settings as cutting
and coagulating at a power of 50, 60, 70 and 80 Watt are used. Besides the visible differences due to
electro surgery, also the tissue composition can change. DRS can measure the latter one.

It is known that a distinction can be made between adipose and tumour tissue by DRS. [1] In this
experiment, the changes in DR spectra due to electro surgery will be examined. Based on the experiments
performed in the thesis of Julie Fleischer [2] it is expected that:

e Cutting and coagulation will have different visual effect on muscle and adipose tissue
e Cutting and coagulation will have different effect on DR spectra for muscle and adipose tissue
e Higher current will result in more visual effects and a bigger difference in DR spectra

All assumption will be considered in comparison to pure tissue.

8.1. Materials

Specimens

Pork belly (Figure 30) bought at the Albert Heijn is used as specimen to cut/coagulate on. This porcine
tissue exists of muscle (red) and adipose (white) tissue, both can be seen in Figure 31. Ten different pieces
of tissue are used, on half of the pieces only cutting is performed, on the other half only coagulation is
performed. The tissue has a thickness of approximately 10 mm.

Figure 30: Pork belly (Albert Heijn) used for the experiment
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Figure 31: 40x magnification of adipose tissue (left) and muscle tissue (right) of pork belly.

Instruments

A monopolar electrosurgical knife (Reliant) is used to cut and coagulate the porcine tissue. In addition, a
disposable scalpel (Swann-Morton, Sheffield, England) is used to cut the tissue for a side view examination
by the microscope. Tweezers are used to pick up the tissue ones it is cut in small bars.

For measuring the DR spectra, a small probe with a maximum fiber distance of 3mm was used.
The probe can be seen in Figure 33.

Figure 32: Monopolar electrosurgical knife (Reliant). Various blades can be attached to the knife, for this experiment the blade in the
figure was used.

Figure 33: Small probe with a maximum fiber distance of 3mm. The fiber distances used were 2mm and 3mm.
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Equipment

The setup for this experiment can be seen in Figure 34. The monopolar electrosurgical knife is connected
to an electrosurgical unit Force Fx (Valleylab, Boulder, United States). The electrical current flows from
this unit, through the knife to the porcine tissue. The tissue is cut or coagulated by the current from the
monopolar electrosurgical knife. The current flows from the electrosurgical unit, through the body, then
leaves the tissue at the dispersive pad and returns to the electrosurgical unit. The cutting and coagulated
power settings used are 50, 60, 70 and 80 Watt. These are the most commonly used settings for
monopolar electro surgery. [60]

To be able to cut and coagulate in a controlled setting, a linear stage actuator controlled by an
ESP300 Universal motion controller (Newport, Irvine, United States) is used. This stage makes cuts of 2
mm deep and is situated | mm above the tissue while coagulating. The time of cutting and coagulation was
timed at | second. After | second, the linear stage actuator was moved upwards again.

After cutting or coagulation, DR measurements are made. A probe is held on the cut or coagulated
tissue. The probe emits white light and detects light via a VIS and NIR spectrometer. Both transfer the
detected light per wavelength to the PC with PNSas software. The PC stiches the spectra together to
make it a continuous spectrum from 400 to 1600nm. Following, the tissue was cut in thin slices with an
scalpel. This made it possible to examine the tissue under a microscope (Leica, Wetzlar, Germany). The
maximum and minimum cutting width and depth and the maximum and minimum coagulation width and
depth were measured.

Step |: Electrosurgical cutting and coagulation Step 2: DR measurements

white light
N
spectrometer

e

PC with PNSas

linear stage actuator
electrosurgical

fiber splitter

NIR
probe tip spectrometer

Step 3: Cutting the tissue and measuring the shape and size of the electrosurgical cut with a microscope

Coagulated pork  disposable scalpel Sections of Leica microscope PC with microscope
belly tissue coagulated pork images
belly tissue

Figure 34: Setup experiment. Step |: Cutting the tissue using an electrosurgical unit - connected to the electrical outlet - linked to the
electrosurgical knife and to the dispersive pad. Step 2: Measuring the DR spectra with a probe which has a white light source and a VIS
and NIR spectrometer to detect the light. A PC with PNSas software transforms the detected light into a spectrum. Step 3: Cutting the
pork belly tissue in thin slices to examine its shape and size under a microscope (Leica, Wetzlar, Germany).
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8.2. Method

The dependent variables for the first experiment are: the cutting depth (Dt) in mm, coagulation depth
(Dg) in mm, cutting width (Wt) in mm, coagulation (W g) width in mm and the coagulation zone (Zg). All
dependent variables can be seen in Figure 35. These variables are used to examine the visual effects of
electro surgery. It is important to consider that the electrosurgical knife was held 0.2mm within the tissue
when cutting or coagulating. This 0.2mm is included in the Dt and Dg measurements.

Figure 35: Dependent variables depth (Dx), width (Wx) and coagulation zone (Zx), the x can be replaced by a ‘t’ for cutting or a ‘g’ for
coagulation. The depth of the incision with the knife was 0.2mm for all incisions. Dx includes this 0.2 mm incision length. Wx is measured
in the middle of the incision.

The independent variables were the tissue type and the power of the electrosurgical unit. Four different
power amounts are used: 50, 60, 70 and 80 Watt. The tissue types used are muscle tissue and adipose
tissue. Each different experimental condition is performed 30 times, which ended up in a total of 240
experiments as can be seen in the condition matrix. As approximately 25 cuts can be made on | piece of
porcine tissue, therefore |0 pieces of porcine tissue are needed. The cut is made with a constant velocity,
duration and depth with the linear stage actuator and is performed through adipose and muscle tissue in
the same cut. The experiment was performed twice, first for electrosurgical cutting and then for
coagulation of the tissue.

Both trials — cutting and coagulation — were randomized by the command randperm in MATLAB.
First all cutting trials were performed, then all coagulation trials. By randomizing the trials, variables which
could influence the results, like difference in specimen and heating of the knife after multiple cuts are
cancelled out.

Table 6: Condition matrix with two different tissues (muscle and adipose tissue) and four different powers (50, 60, 70 and 80 Watt). A
total of 8 conditions and 30 experiments adds up to 240 trials.

t=30 50W 60W 70W 80W
‘Muscletissue ECII ECI2 ECI3 ECl4

Adipose tissue EC2| EC22 EC23 EC24
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After electrosurgical cutting and coagulation of the tissue, the DRS spectrum was measured. This is the
dependent variable of the experiment. This spectrum is obtained using PNSas. To start the measurements,
a probe with known fiber distance(s) is used. The signal is calibrated by performing a measurement on a
reflectance standard (Spectralon Diffuse Reflectance Standard, Labsphere, North Sutton USA). The white
reflectance standard reflects the light uniformly over the probe surface, and this spectrum was used as
the system response to compensate for the spectral shape of the light emitted by the lamp and the
wavelength dependent sensitivity of the detector as well as any wavelength-dependent sensitivity in the
optics and gratings of the system. This calibration step was followed by a background measurement in
order to minimize the impact of the ambient light, dark current, and electric offsets of the detector. The
integration times — with a minimum of 0.1 second and a maximum of | second — were set on 0.5 second
for VIS and | second for NIR. A larger integration time increases the accuracy of the measurement. After
this steps, the measurements can be made.

The spectra are saved in a .mat file and can be used to plot spectra in MATLAB from this file. When
plotted, the maximum of the spectra is set at one to normalize the spectra. This is done as the intensity
of the spectrum is relative. Interesting regions in the spectrum can be pointed out, from which a specified
chromophore percentage can be extracted. The chromophore percentages provide information about the
changes in composition of the tissue.

After measuring the DR spectra, the tissue was examined under a microscope (Leica, Wetzlar,
Germany) on a scale of 2.5x. First all cutting/coagulation lines were examined from a top view. Later, after
making incisions in the tissue with a scalpel, the side views were examined. A top view can be seen in
Figure 35 on the right, and a side view can be seen in on the left.

8.3. Results

8.3.1. Size and shape of cut tissue

In Figure 36, cuts made in pork belly tissue can be seen in a section and a top view. The cut is normally
V-shaped with a large opening at the surface of the tissue ending in a sharp tip within the tissue. It can be
seen that less charring is present in the adipose tissue versus the muscle tissue. In addition, there exists
no coagulation zone in both muscle and adipose tissue. In Figure 36 — left and middle — there are no big
differences in the cutting depth. However, the cutting seems a bit larger for the muscle tissue. The right
picture in Figure 36 contradicts the observation of the cutting width made for the left and middle picture,
while here the cutting width for adipose tissue seems to be larger than for muscle tissue. To examine
these assumptions, 120 measurements are performed on cut muscle tissue and 120 measurements on cut
adipose tissue.

Figure 36: Section of muscle pork belly tissue (left) and adipose pork belly tissue (middle) and a top view (right). All include a cut with an
electrosurgical knife.
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The cutting depth (Dt) for muscle and adipose tissue can be seen in the left plot in Figure 37. The cuts
are made using various powers from 50 Watt to 80 Watt. The mean of Dt is 0.72mm for muscle tissue
and 0.65mm for adipose tissue. The average Dt increases for increasing powers for muscle tissue, but for
adipose tissue the average Dt stays approximately the same for increasing powers. The maximum Dt is
I.5mm for muscle tissue and |.4mm for adipose tissue. The minimum Dt is 0.27mm for muscle tissue and
0.28mm for adipose tissue.

The cutting width (Wt) for muscle and adipose tissue can be seen in the right plot in Figure 37.
As described above, the cuts are made with powers ranging from 50 to 80 Watt. The mean Wt for muscle
tissue is 0.82mm and for adipose tissue is |.16mm. Both for muscle and adipose tissue, no relation can be
seen between the Wt and the power. The maximum Wt is [.52mm for muscle tissue and 2.27mm for
adipose tissue. The minimum Wt is 0.3 Imm for muscle tissue and 0.29mm for adipose tissue.

Dt in mm for cutting in red (EC11-14) and white (EC21-24) tissue Wt in mm for cutting in red (EC11-14) and white (EC21-24) tissue

125 &

2

)

-
2:2 |
I
I
I
I
I
I
I
I

et

————mv

B
-

et
S

depth [mm]

depth [mm]

| L
oLs

-

I
I
! i
L i
1

e

I
1
I
I
’ :
1
04 ik i ir

fsinenen

I

I

|

I

I

! €L
s

0.2
EC11 EC12 EC13 EC14 EC21 EC22 EC23 EC24 EC11 EC12 EC13 EC14 EC21 EC22 EC23 EC24
Conditions Conditions

Figure 37: Dt (cutting depth) left and W't (cutting width) for using the cutting setting on 50 Watt (ECI 1, 21) to 80 Watt (ECI4, 24) on
muscle (EClx) and adipose tissue (EC2x)

8.3.2. Size and shape of coagulated tissue
In Figure 38, pork belly tissue is coagulated which can be seen from a section and a top view perspective.
When these figures are examined in contrast with Figure 36 it can be seen that the ‘incision’ is less clear
for coagulation than for cut tissue. More charring is present for both muscle and adipose tissue and a
coagulation zone is present around the ‘incision’ in the muscle tissue. The incisions in Figure 38 have
approximately the same size and shape. Again, 120 measurements are performed on coagulated muscle
tissue and 120 measurements on coagulated adipose tissue to examine these assumptions.
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Figure 38: Section of coagulated pork muscle pork belly tissue (left) and adipose pork belly tissue (middle). On the right, a top view of
coagulated pork belly tissue (2x). The coagulation is present in the muscle and the adipose tissue.

The coagulation depth (Dg) for muscle and adipose tissue can be seen in the left plot in Figure 39. The
coagulation is performed using various powers from 50 Watt to 80 Watt. The mean Dg for muscle tissue
is 0.43mm and for adipose tissue is 0.7 Imm. The average Dg increases for increasing powers for muscle
tissue until 70 Watt, for 80 Watt the average Dg decreased to 0.45 mm. For adipose tissue, the average
Dg stays approximately the same for increasing powers. The maximum Dg is .16 mm for muscle tissue
and 1.56 mm for adipose tissue. The minimum Dg is 0.20mm for muscle tissue and 0.23mm for adipose
tissue.

The coagulation width (W g) for muscle and adipose tissue can be found in the right plot in Figure
39. The mean W g for muscle tissue is 0.88mm and for adipose tissue is |.12mm. The average W g increases
for increasing powers for muscle tissue until 70 Watt, for 80 Watt the average Wg decreased to 0.91
mm. For adipose tissue, the average W g also seems to increase. However, the average W g value of EC22
for 60 Watt is higher than the value for EC23 for 70 Watt. The maximum Wg is |.67mm for muscle tissue
and 2.03 mm for adipose tissue. The minimum Wg is 0.40mm for muscle tissue and 0.4 mm for adipose
tissue.
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Figure 39: Dg (cutting depth) left and W g (cutting width) for using the coagulation setting from 50 Watt (ECI [, 21) to 80 Watt (ECI4,
24) on muscle (EClx) and adipose (EC2x) tissue
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In Figure 40, the coagulation zone (Zg) can be seen. There is no Zg for adipose tissue, which results in a
mean of Omm. The mean Zg for muscle tissue is 0.43mm. The average Zg increases for increasing powers
for muscle tissue from 0.35mm, 0.39mm, 0.46mm to 0.54mm. The maximum Zg is 1.05mm and the
minimum Zg is 0.20mm, both for muscle tissue.
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Figure 40: Zg (coagulation zone) for using coagulation setting from 50 Watt (ECI I, 21) to 80 Watt (ECI 4, 24) on muscle (ECIx) and
adipose (EC2x) tissue

8.3.3. DR spectra cut tissue

In the addition to the description of the shape and size of the cuts, the change in configuration of the
tissue can be described. This has been done by the use of DR spectra. A probe with a fiber distance of
2mm and 3mm is used for these measurements. The probe can be seen in Figure 33. The influence of
electrosurgical cutting at various power settings can be seen in Figure 41. This figure shows DR spectra
of cut tissue with a power of 50, 60, 70 and 80Watt and the DR spectra of pure tissue. All experimental
conditions, as described in Table 6 have 30 measurements which can be seen in Appendix C. In Figure 41,
the means of these measurements are presented.
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Figure 41: DR signals of pure and cut muscle tissue (left) and pure and cut adipose tissue (right). Both plot show DR spectra of all power
settings used (50, 60, 70 and 80 Watt). All spectra presented are the mean spectra of multiple measurements: 30 measurements for
cutting and 5 measurements for pure tissue. All obtained measurements can be found in Appendix C.
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Muscle tissue
The characteristics of a spectrum of muscle tissue can be seen in Figure 41 (left). The characteristics
marked by an asterisk indicate qualitative landmarks for haemoglobin tissue. [78]

a (low) double peak between 500nm and 600nm which represents the oxygen within the
muscle*

Peak at 700 nm with a small valley just before the peak around 650nm*

A gradually decreasing slope after 700nm

A valley and peak at 1000nm and | 100nm

A second valley and peak at 1200nm and 1300nm

When comparing the DRS signals of cut and pure muscle tissues along a varying power setting, it can be
seen that the overall shape of the spectrum does not change. However, deviations are present, especially
in the NIR region. In the VIS region, the peak at 500nm and at £650nm has a lower intensity for cut tissue.
When increasing the power of the cut, the peaks lose intensity. In the VIS region, the whole spectrum is
elevated. Again, the higher the power the more deviation is present compared to the pure tissue spectrum.

Adipose tissue
The characteristics of a spectrum of adipose porcine tissue can be seen in Figure 41 (right). The
characteristics marked by an asterisk indicate qualitative landmarks for adipose tissue. [78]

A (high) double peak between 500nm and 600nm with a higher intensity than for muscle tissue
A plateau from 600nm to 1100nm

A double peak around 1050 nm*

A large peak between 1200nm and 1400nm*

An increasing slope of a peak from 1400nm*

Again, the overall spectrum of the adipose tissue without cutting in Figure 4| does not change a lot after
the tissue has been cut. All characteristics are still present for cut tissue for all power settings. In addition,
thee deviation after cutting is less for adipose tissue compared to muscle tissue. The double peak between
500nm and 600nm and the peak starting from 1400nm have a lower intensity in the spectra of cut tissue.
The plateau between 600nm and |100nm has a higher intensity in the NIR region — from 700nm —
however, it has a lower intensity between 600nm and 700nm in the VIS region.

8.3.4. DR spectra coagulated tissue
Figure 42, shows the spectra of coagulated muscle (left) and adipose (right) tissue. Power settings of 50,
60, 70 and 80 Watt are included and plotted next to the spectrum of pure tissue.
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Comeparing the DR spectra of cut muscle tissue, in Figure 41 (left), to coagulated muscle tissue, in
Figure 42 (left), coagulation results in more deviation in the spectrum. This deviation is present within the
whole spectrum, although all characteristics are still present. In the VIS region, all peaks — the double peak
between 500 and 600nm and the small peak at 650nm — are flattened. In the NIR region, all peaks are still
present however; the spectra of coagulated muscle tissue are elevated compared to the spectrum of pure
tissue. This is equivalent to the changes in the cut muscle tissue.

DRS signals of pure and coagulated muscle tissue ’ DRS signals of pure and coagulated adipose tissue
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Figure 42: DR signals of pure and coagulated muscle tissue (left) and pure and coagulated adipose tissue (right). Both plot show DR
spectra of all power settings used (50, 60, 70 and 80 Watt). All spectra presented are the mean spectra of multiple measurements: 30
measurements for cutting and 5 measurements for pure tissue. All obtained measurements can be found in Appendix C.

In the DR signal of coagulated adipose tissue in Figure 41 (right), all characteristics of pure adipose tissue
can be found. The deviation of the coagulated adipose tissue compared to pure adipose tissue is very little.
The second peak between 500 and 600nm is elevated and the double peak around 100nm is flattened.

8.4. Discussion

Measurements

Observing the Dt, Dg, Wt and W g for various settings gave some important insights. First, for both
cutting and coagulation there was no relation between the increasing power setting and an increasing
depth or width of the cut. These results correspond to the findings of Julie Fleischer. [2] There was a
relation observed between the increasing power setting and the Zg in muscle tissue. This results complies
with the findings by Taheri et al. [67] For adipose tissue, no coagulation zone was observed. In general,
the Wt and W g was higher for adipose tissue compared to muscle tissue. The same holds for Dg.

The average Dt including power of 50 to 80 Watt is 0.72mm for muscle tissue and 0.65mm for adipose
tissue. However, the depths can deviate from 0.27mm to |.5mm in muscle tissue and from 0.28mm to
I.4mm in adipose tissue. These numbers are relevant when considering the clear margin needed for a
BSC. Currently, a guideline during surgery is a resection margin of 5 to |0mm. However, the size of the
tumour-free resection margin (>Imm) is unrelated to local recurrence. If the threshold of detection for
a ‘smart’ electrosurgical knife of a tumour would lay at 2mm, it would be possible to not detect the tumour
at 2.Imm distance and then cut with a maximum depth of |.5mm or |.4mm. This would result in a margin
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of 0.6mm in muscle tissue and 0.7mm for adipose tissue. More research should be performed on the
cutting depth for electrosurgical cutting and coagulation at different power setting to draw a conclusion
about the margin depth that should be regulated. The same holds for coagulation with a mean Dg of
0.43mm for muscle tissue and 0.7Imm for adipose tissue. The depth can deviate from 0.20mm to |.I6mm
in muscle tissue and from 0.23mm to 1.56mm in adipose tissue. Therefore, a using a margin of 2mm could
also jeopardize the resection margin of >|mm.

Accuracy measurements

To make the cuts and coagulation of the tissue more precise, a linear actuator was used. This made it
possible to make cuts and coagulate with a specific depth of 0.2mm. An additional benefit of using the
linear actuator is the minimization of vibrations and barely no variation in cutting angle while cutting.
However, the tissue used was not flat. For every measurement, the knife was placed on the tissue without
pressing on the tissue. From there the knife was put in the right setting and pushed 0.2mm down by the
linear actuator. The non-flat surface of the tissue can decrease the accuracy of the measurement.
However, by using the linear stage actuator, the experiment was limited to holding the knife parallel to
the tissue instead of perpendicular. This is different from the use in the clinic as described in Chapter 6.

The measurements itself where performed with a microscope (Leica, Wetzlar, Germany). The
calibration was done by putting a ruler into the image and adjusting the scale. Measuring Dt and Dg was
done by measuring the deepest point of the cut to the surface of the tissue. This measurement was most
of the time easy to perform. However, measuring Wt and W g can have a decreased accuracy while the
measurements points where less straightforward. The width was measured by taking the average width
of the cut. In addition, the cut or coagulation layer was not always that clear, which makes the
measurements prone to subjectivity. The accuracy of the measurements is estimated to be = 0.1 mm. The
coagulation zone was measurable in muscle tissue due to the change in colour, which can be seen in Figure
40. However, the coagulation zone is not uniform, which makes it more difficult to measure this correctly.
The coagulation zone was therefore measured at the deepest point of the cut. Although, again the
transition between layers was not always clear which makes the measurements prone to subjectivity.
Repeatedly, the accuracy of the measurements is estimated to be + 0.1 mm.

It needs to be considered that the measurements in this thesis are performed on adipose and
muscle tissue of a pork instead of adipose human tissue and tumour tissue. These tissue types were easy
and cheap to obtain and do not have ethical restrictions for experiments as human tissue does. The
measurements — both for performed on the microscope and the DR spectra — are therefore not directly
related to a breast conserving surgery. DRS measurements of human tumour tissue can be found in
research of Boer et al. among others. [|] Different types of adipose tissue in DR spectra are discussed in
Paragraph 13.4.

DR spectra

In general, there appears more deviation in the DR spectra for coagulated muscle tissue compared to cut
muscle tissue. This corresponds to the visual changes in cut and coagulated muscle tissue during the
experiments. The cut muscle tissue has less charring and no coagulation zone, while coagulated muscle
tissue contained charring and has a coagulation zone. When comparing cut and coagulated muscle and
adipose tissue, the adipose tissue appears to be more similar to the pure adipose tissue than the muscle
tissue is with pure muscle tissue. This —again — corresponds with the visual changes during the experiments
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where muscle tissue showed charring and a coagulation zone and adipose tissue did not. Increasing the
power of the cut in muscle tissue increases the deviation of the spectra compared to the spectra of pure
tissue. For coagulated muscle tissue, this effect is less clear.

No clear trends can be discovered when comparing Dt, Dg, Wt and Wg to DR spectra of cut
or/and coagulated muscle tissue and adipose tissue. However, the Dt, Dg, Wt and W g values of adipose
tissue differ less — for various power settings — compared to these values of muscle tissue. This can be
connected to the DR spectra where more deviation is present in cut and coagulated muscle tissue
compared to cut and coagulated adipose tissue.

Accuracy DR measurements

To create an experiment with a high accuracy, the experimental conditions where held constant. The
measurements where performed including as little light as possible, the same probe with a FD of 3nm was
used and the probe was held by the linear stage actuator to prevent vibrations and variations in the angle
between the probe and the tissue.

Conditions that can have decreased the accuracy of the DR spectra are the following. First, the
tissue was placed in the freezer for multiple days if not directly used. This was necessary to be able to
perform all depth and width measurements and DRS measurements on the same tissue. Second, it was
intended to place the probe — without any pressure — on the tissue. However, while measurements are
performed in the dark, this cannot be confirmed with certainty. Therefore, the measurements can be
performed pressing on or not touching the tissue entirely, which could affect the accuracy of the
measurement. Third, before a measurement is made, the surrounding light is measured to extract this
from the detected light. However, if a measurement is made too quickly, this process can be interrupted.
Both the second and third condition are thought to be the reason that single DR spectra are not similar
to the other spectra in the same plot.
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9. Tissue interaction: no cutting

To improve margin assessment in breast conserving surgery, the electrosurgical knife should be able to
differentiate between tumour tissue and adipose tissue. For this experiment, the transition between the
adipose and muscle tissue will be examined regarding the DR spectra. In Chapter 8, the differences
between the DR signal of adipose and muscle tissue are described.

First, the transition in raw DR spectra will be discussed. With thin layers of adipose tissue,
measurements could be made upon tissue layers laying on muscle tissue. Raw spectra of muscle tissue, a
layer of 0.4mm, 0.8mm, |.2mm, |.6mm and 2mm adipose tissue are shown. The transition of DR spectra
from muscle tissue to adipose tissue will be observed. Second, the variation in this transition will be
discussed regarding a change in FD of the probe. Measurements are performed with probes having FDs
of 3.25mm, 3.75mm, 5mm and 6.2mm. Third, the regions in which the transition is most dominant will be
described. These transitions can be linked to transitions in chromophore concentrations, as described in
Paragraph 3.4.1. The change in chromophore concentrations are plotted to examine which change in
concentration is most powerful. Chromophore concentrations where a significant difference between
muscle and adipose tissue is found are discussed. These curves are expected to be as described in
Paragraph 3.4.2.

9.1. Materials

Specimens

For this experiment porcine adipose and porcine muscle tissue was used. The porcine muscle tissue was
received from LifeTech and the adipose tissue of ‘Slagerij Lelieveld’. These specimens, Figure 43, will
represent the clinical setting of a tumour within the breast, the porcine adipose tissue represents the
human adipose tissue and the porcine muscle tissue represents the tumour tissue. The muscle tissue was
cut into slices of 1.5 cm in the lab. The adipose tissue was cut in slices of 0.4mm when frozen at the
butcher. Both specimen where frozen when not used. When used for measurements, the specimen was
outside of the freezer for at least two hours to thaw.

Figure 43: Specimen used for the experimental setup in Chapter 9, 10 and | |. Layers of adipose tissue with a thickness of 0.4mm on top
of muscle tissue with a thickness of 1.5cm.
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Instruments

Three types of probes where used to achieve various fiber distances. The ‘large’ probe was used for the
fiber distances of 3.25mm and 3.75mm. To achieve a larger fiber distance, two small probes where
attached to each other, therefore fiber distances of 5mm and 6.2mm could be made. The ‘large’ probe
can be seen in Figure 44 and the combination of the probes can be seen in Figure 45.

Figure 44: ‘Large’ probe with fiber distances of 3.25mm (bottom left) and 3.75mm (bottom right). At the top, a side view of the probe is
shown. Bottom left and right are front views of the probe, made with a microscope (Leica, Wetzlar, Germany) on 2.5x.

Figure 45: Two probes attached to each other in a side view (top), fiber distances of 5mm (bottom left) and 6.2mm (bottom right) can be
made with this combination. Bottom left and right are front views of the probe, made with a microscope (Leica, Wetzlar, Germany) on
2.5x.
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A disposable scalpel (Swann-Morton, Sheffield, England) and a stainless steel meat-knife (Albert Heijn, The
Netherlands) were used to cut the tissue into slices. Tweezers are used to pick up the layers of fat tissue.
The tissue was placed on petri dishes when making the measurements.

Equipment

In Figure 46 the setup of this experiment is shown. The specimen to be examined is muscle tissue with
multiple fat layers of 0.4mm upon it. A probe with fiber distances 3.25mm and 3.75mm is connected to
two white light consoles and a VIS and NIR spectrometer to detect the light coming from the tissue. The
latter two are connected to a laptop where the PNSas software uses these inputs to create DR spectra.
Before starting the measurements, the signal was calibrated on a white thing. The software uses the
calibrated signal and stiches the VIS and NIR signal together. A linear stage actuator is used to place the
probe precisely on the tissue and to exclude vibrations. Both would be more difficult when using a hand
instead of the linear stage actuator to hold the probe.

The PNSas software requests some settings, which were an integration time of 0.5 sec for both
the VIS and NIR measurement.

white light
console |

y white light
console Il

VIS spectrometer

electrosurgical
knife 7

linear stage actuator

PC with PNSas

fiber splitter

probe tip

NIR spectrometer

Figure 46: Experimental setup including a linear stage actuator, a probe, white light, VIS spectrometer, NIR spectrometer and a PC
including PNSas software.

After obtaining the spectra, also the chromophore concentrations per measurement can be read from the
XlsOut file. Calculating the significance between the measured chromophore concentrations at the muscle
tissue (Omm) and adipose tissue (2.4mm) was done in excel. Both rows of chromophore concentrations
are used in the command T.TEST where a two-tailed distribution and a heteroscedastic t test is performed.
Heteroscedasticity is used when the two datasets have a difference in variance.

9.2. Method

The dependent variable, the one that is measured in this experiment, is the DRS signal. This signal will
change due to variations in the independent variables, which can be seen in Table 7. The independent
variables are the depth of the fat layer upon muscle tissue and the fiber distance of the probe. In addition,
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some of the variables will be controlled to secure they will not influence the results. The controlled
variables in this experiment are the angle of the probe relative to the tissue, the muscle tissue and fat
layers, which stay the same for the whole experiment.

To acquire the spectra as showed in this chapter, some steps were performed. A calibration was
performed — as discussed in Paragraph 8.2 — and the integration time were set on 0.5 second for VIS and
| second for NIR. After retrieving the spectra, they were normalized by setting the maximum value at
one.

Table 7: Condition matrix with 24 different experimental conditions, 30 trials per condition and the independent variables fiber distance
and depth of the fat layer (upon muscle tissue). The dependent variable is the DR spectrum.

‘ n=30 0 0.4 0.8 1.2 1.6 2.0

‘ 3.25mm ECIlI | ECI2 ECI3 | ECI4 | ECI5 | ECI6
‘ 3.75mm EC21 | EC22 | EC23 # EC24 | EC25 | EC26
‘ 5mm EC31 | EC32 EC33  EC34 | EC35 | EC36
‘ 6mm EC4] H EC42 EC43 EC44 | EC45 | ECA46

9.3. Results

9.3.1. Raw spectra of pure tissue
In Figure 47, the DRS signals of a tissue transition from muscle tissue to adipose tissue with a FD of 6.2mm
can be seen. All signals in this plot are the mean of 30 measurements for each condition. All measurements
can be found in Appendix D. The red line represents the mean of the spectral measurements performed
upon the muscle tissue. The blue line represents the mean of the spectral measurements performed upon
2.4mm of adipose tissue layers. The other lines represent the transition from muscle to adipose tissue.
Every layer has a thickness of 0.4mm. A visualization of this setup can be seen in Figure 48.

The transition from a typical DRS signal for muscle tissue makes a transition towards a typical
DRS signal for adipose tissue when increasing the depth of the adipose tissue layer. This transition starts
from a layer depth of 0.8mm. The transition posterior to 0.4mm runs smoothly in the NIR region (from
700 to 1600nm). For the VIS region, the transition is less noticeable while the shape of the plots are
different. However, also in the VIS region the transition from 0.8mm to 2.4mm is present.

Besides the transition of the plots, some observations can be made. Around 700nm, both Omm
and 2.4mm do not have a dip however all plots in between do have a dip here. The graph of 0.4mm has a
lower intensity around 1000nm and between | 100 and 1400nm. Therefore, all other graphs — in transition
between Omm and 2.4mm — are in between these two plots and the graph of 0.4mm is not.

All characteristics for pure muscle and adipose tissue — described in Paragraph 8.3.3 — can be
found in the plot for Omm (muscle tissue) and 2.4mm (adipose tissue). However, the plateau between 600
and 1100nm is more flat in Figure 47 compared to Figure 41 (right) where the pure adipose tissue is
measured.
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Figure 47: DR signal of the transition from muscle tissue (Omm) to adipose tissue (2.4mm) in steps of smaller layers of 0.4mm adipose
tissue upon the muscle tissue. The spectra in this figure are the means of 30 measurements per condition. All measurements from which
these means are constructed can be found in Appendix D. A FD of 6.2mm was use to obtain these DR spectra.
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Figure 48: Visualization of the specimen used for the experiment. The 0 line is the transition from muscle tissue to adipose tissue. Every
layer on top of the muscle tissue is an addition of 0.4mm of adipose tissue.

9.3.2. Raw spectra of pure tissue with various fiber distances
In Appendix D, all measurements described in Table 7 are shown. Besides the transition with a FD of
6.2mm — as described in Paragraph 9.3 —also FDs of 3.25mm, 3.75mm and 5mm are shown. For all figures,
30 measurements where performed and a mean is plotted in the same figure. Therefore, the transition
from muscle tissue (Omm) to an adipose tissue layer of 2.4mm can be seen. Again, the transition is made
from muscle tissue to adipose tissue within steps of 0.4mm adipose layers, as can be seen in Figure 48.

When comparing the figures, it can be seen that the plots of all fiber distances make a visible transition
from muscle tissue to adipose tissue. The first change in spectra can already be seen at 0.4mm for all FDs.
However, this transition is not identical for all fiber distances. For a FD 3.25mm and 3.75mm the double
peak between 500 and 600nm has a higher intensity than for a FD of 5mm and 6.2mm. For all FDs, the
transition from pure muscle to pure adipose tissue results in an increase in the height of the double oxygen
peak between 500nm and 600nm. However, this peak has a higher starting point for the FD of 3.25mm
and 3.75mm.
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Another difference that can be seen in the plots is the increase in intensity of the 500nm to 700nm
region for larger FDs. For muscle tissue, this region exists of a valley followed by a peak. However, this
transforms into two small peaks for adipose tissue. In addition, the peak around 900nm and the peak from
1000nm to 1200nm have a higher intensity for bigger FDs.

The transition for all spectra starts at 0.4mm where a deviation in spectra can be seen compared to pure
muscle tissue. However, spectra of different FDs retrieve their equilibrium at different points. A FD of
3.25mm and 3.75mm retrieves its equilibrium — the typical adipose tissue spectrum —at |.2mm. For a FD
of 5mm this happens at 2mm and for a FD of 6.2mm no major changes are observed after at |.6mm.

9.3.3. Chromophore concentrations

As described in Paragraph 3.4.1, the DR spectra are fits composed of percentages of chromophore
concentrations in the tissue. Therefore, peaks with a high intensity in the DR spectra will most likely
conclude in a higher percentage of chromophore concentration for that specific condition. In the DR
spectra described in Paragraph 9.3 and 9.3.2, a high peak between 1200nm and 1400nm is observed for
adipose tissue. This peak is not yet present for muscle tissue. Considering this peak to be composed of
adipose lipids, it can be assumed the fat/water ratio will change in the transition from muscle to adipose
tissue.

In Figure 49, the chromophore concentration for the transition from muscle tissue (Omm) to adipose
tissue (2.4mm) is shown. All boxplots include 30 measurements per condition. The title of the plots
represents the chromophore condition described in the plot: fat-water ratio (upper left), oxygen
saturation (upper right), Mie scattering (bottom left) and blood (bottom right). All measurements are
performed with a FD of 6.2mm.

The fat-water ratio present an average ratio of less than 10% at Omm while at 2.4mm the average
ratio is higher than 90%. Comparing the measurements at Omm and 2.4mm, a p-value of 1.28¢ 3% is found.
It is common to describe a difference with a p-value <0.05 as significant. Therefore, the change in fat-
water ratio is called significant. The p-values of the chromophore concentrations extracted from the
PNSas model can be found in Table 8. Other chromophore concentrations with a significant difference
between the muscle and adipose tissue are St0,, blood percentage and b. All are obtained with a FD of
6.2mm. For St0,, a difference in concentrations can be seen comparing Omm — with an average
concentration of 26% - to 2.4mm with an average concentration of less than 10%. However, the
concentration St0, starts to increase from Omm to 0.4mm and then declines from 0.4mm to 2.4mm. The
p-value of St0, is 4.81e 715 and therefore the difference between muscle and adipose tissue for St0, is
called significant. Observing the blood concentration in the transition from muscle to adipose tissue, a
decline in concentration can be seen. The change in percentage is smaller than for the fat-water ratio,
from a maximum of 0.5% to 0% and the dissemination of the data is high for Omm, 0.4mm and 0.8mm.
Still, the p-value of 9.93e~7 is significant. The plot describing the chromophore concentration of b for
Omm to 2.4mm shows no visible differences. However, the p-value is 0.014 and therefore the difference
between the values at 0Omm and 2.4mm is significant. When observing the values in the XIsOut, differences
in the concentrations for b are visible at 1 - e~ 10,
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Figure 49: Chromophore concentrations for the transition from muscle tissue (Omm) to adipose tissue (2.4mm). All boxplots include 30
measurements per condition. The title of the plots represents the chromophore condition described in the plot: fat-water ratio (upper left),
oxygen saturation (upper right), Mie scattering (bottom left) and blood (bottom right). All measurements are performed with a FD of

Other coefficients that can be extracted from the PNSas model are a, Sggg and F,,;.. The concentrations
of these scattering coefficients can be seen in Appendix E. Sgoo does not change for muscle and adipose
tissue, they are stationary at 0.3% and 4% respectively excluding a few deviations. The concentration of
a starts at 10% for muscle tissue, then the values drop for 0.4mm and 0.8mm with a minimum of 7%. From

I.2mm, the average concentration of a is at 10% again. The concentration Mie scattering starts and ends

with an average of | at Omm and 2.4mm respectively. However, between Omm and 2mm values lower
than | are measured. These values are not taken into account for calculation of the p-value as this
calculation only distinguishes between the values at Omm and 2.4mm. With p-values of 0.285, 0.05 and
0.36 for a, s800 and F,,;, respectively these chromophore concentrations are not found significant.

Table 8: P-value of chromophore concentrations from the PNSas model. All p-values are obtained by comparing the Omm values (upon
muscle tissue) to the 2.4mm values (upon 6 layers of adipose tissue) from the XlsOut excel sheet. The difference in chromophore

Chromophore
concentration
Fat/water-ratio

Sto,
Fmie
b

a
Blood

s800

1.28e73°
4.81e™1°

P value

0.3605
0.014
0.285

9.93¢~7

0.050

concentrations is called significant for a p-value <0.05. The p-value is calculated as 2 tailed and heteroscedastic.
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9.4. Discussion

DR spectra

This chapter focused on the transition from pure muscle tissue to pure adipose tissue — in layers of 0.4mm
— without cutting. The transition — showed in Figure 47 — is clearly visible. Especially when focusing on the
characteristics for muscle and adipose tissue, described in Paragraph 9.3. However, minimal changes
between the spectrum of pure muscle and pure adipose tissue can be seen when comparing the spectra
in Chapter 8 to the spectra this chapter. A change is the intensity of the plateau between 600 and | 100nm
in this chapter. This is due to the use of another type of muscle and adipose tissue. In Chapter 8, pork
belly tissue was used while this is a cheap type of tissue containing both adipose and muscle tissue in one
piece. This specimen is readily available at the super market. For the experiments in this chapter, larger
pieces of muscle tissue were needed to provide a solid basis with a controlled height. In addition, very
thin layers of adipose tissue were needed to simulate the transition from muscle to adipose tissue. These
thin layers of 0.4mm could only be cut from sowbelly tissue.

Excluding the minimal changes in DR spectra between the types of muscle and types of adipose
tissue, the overall transition from muscle to adipose tissue can be clearly seen. This is a satisfying starting
position, which gives the confidence to proceed with the experiments including cutting. The transition can
be observed for all FDs used. As described in Paragraph 3.5, it would seem logical that the transition
occurs faster for small FDs compared to large FDs. This is true for the plots in Appendix E.

When a peak has a higher intensity in a plot, it can make it easier to distinguish between — in this case
muscle and adipose — tissues. In clinical setting, it is important to have a high accuracy of your
measurements. The regions with a high intensity and the regions where there is a considerable change in
spectrum will therefore be of importance for this research. In Figure 47 the peak between 1200 and
1400nm has a high intensity. This peak refers to the fat concentration in the tissue. This clear transition
can also be seen when looking at the chromophore concentrations.

Chromophore concentrations

PNSas software makes it possible to extract various chromophore concentrations from the
measurements. Comparing all transitions in Figure 49 and the p-values in Table 8, the fat-water ratio is
definitely the best variable to distinguish between muscle and adipose tissue. The transition for a FD of
6.2mm is smooth which could help identifying the distance to the tumour surrounded by adipose tissue
in a tumour margin assessment. In addition, St0,, b and blood percentage can also be used while a
variation between muscle and adipose tissue is also present here. All show a significant difference with a
p < 0.05. However, the difference between the values at Omm and 2.4mm is not visible in the plot for b.
This is caused by the differences in values at 1-e~1°. For making a distinction between two tissues in
clinical practice, a high accuracy is desirable. Therefore, larger difference between values is superior to
smaller differences.

De Boer et al. studied the differences in chromophore concentrations in pure adipose human
tissue and pure muscle human tissue. [1] She points out three optical parameters as the best parameters
for discrimination between benign and tumour tissue; fat-water ratio, St0, and Mie scattering with a p-
value of < 1.0x 1077, 0.004 and 1.3 x 1077 respectively. De Boer does not describe a significant
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difference for b and blood concentration in contrast with the results obtained in this thesis. In addition,
she describes a significant difference for Mie scattering which had a p-value < 0.05 in this thesis. These
differences can be due to the differences in tissue human versus pork), the treatment of the tissue
(unknown versus multiple hours in the freezer), fiber distances (I.5mm versus 6.2mm) and number of
measurements (169 versus 30). All data in parentheses contains information about the experiment of de
Boer et al. on the left and information about the experiments in this thesis on the right. De Boer et al.
performed another experiment on the change in chromophore concentrations in healthy and benign
breast tumour tissue in vivo and ex vivo. [79] The included chromophore concentrations were fat-water
ratio, St0,, b, Mie scattering and blood. No significant difference between the values obtained in vivo and
ex vivo was found. These results would imply the results obtained in this experiment would not change
significant if obtained in vivo.

The plots of St0,, Mie scattering, blood and o show a dip or a peak which deviates from the
logical transition between muscle and adipose tissue. An explanation of this dip or peak could be the mix
of muscle and adipose tissue in the sensing zone of the probe, compared to the pure muscle tissue at
Omm and the almost pure adipose tissue at |.2mm.

Fiber distance

To be able to see the transition between muscle and adipose tissue, a large FD will provide the smoothest
transition. Therefore, the FD of 6.2mm is used in further chapters to be able to provide the most
information about the transition. However, there are some aspects that will influence the FD that will be
chosen for clinical use. First, when the fibers are connected to the electrosurgical knife — as is currently
done — the FD cannot deviate too much from the width of the knife. The knife which was used for the
experiments in Chapter 8 and |1 had a width of 2.5mm. When using the same cutting blade, an FD of
6.2mm would mean the fiber is places |.8mm next to the blade. A second aspect, is the margin of 2mm
used for a clear margin in breast cancer. For a FD of 6mm, the tumour tissue cannot be detected after a
depth of 0.8mm. A margin of 0.8mm would be designated as a positive margin and therefore lead to an
extra surgery. Ideally, the muscle tissue can be detected from a decrease in fat-water-ratio at 2mm.
Therefore, a probe with a FD of more than 6.2mm is needed.

Accuracy experiments

For these experiments, it was chosen to use layers of 0.4mm thickness to simulate the transition between
muscle and adipose tissue in a controlled way. However, this advantage of having a controlled setting also
involved some drawbacks. It was not possible to use pure adipose tissue, while this falls apart when it is
cut this thin. Therefore, sowbelly was used while this had — similar to adipose tissue — a high fat percentage.
However, it was observed that sowbelly layers react differently to electrosurgical cutting than pure
adipose tissue. This can be due to the layer structure of the tissue and/or the difference in tissue. In
addition, using layers of tissue made it possible that air can come between the layers. This was prevented
as much as possible by using tissue forceps to push the air to the sides of the piece of tissue and then from
under need the layers of sowbelly.

Two different probes where used for the experiments in this chapter. The first one, used for FDs
of 3.25mm and 3.75mm, is a normal probe. The second one, used for creating FDs of 5mm and 6.2mm,
where two probes taped together. There was no probe available with a FD larger than 3.75mm, therefore
taping two probes together was an possibility to obtain a larger FD. However, this ‘handmade’ probe can
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affect the accuracy of the measurement while the probes can move relative to each other and there is a
possibility the fibers are not in one straight line. In addition, comparing the measurements for a FD of
3.25mm and 3.75mm and a FD of 5mm and 6.2mm can give a biased view while the accuracy of the latter
— ‘homemade’ — probe is less compared to the former — real — probe. Looking back, it would have been
better to also perform measurements with the ‘homemade’ probe with a FD of 3.25mm or 3.75mm to be
able to compare these measurements to the ones made with the real probe.
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|0. Tissue interaction: cut
tissue

In Chapter 9, the transition in DR spectra from pure muscle tissue to pure adipose tissue is described.
The results are satisfying: the transition in DR spectra can be seen clearly and a significant difference in
chromophore concentration is present for fat-water ratio, St0,, blood and b. In this chapter, the
experiment will be repeated, however now cut adipose tissue is used. This will provide a step forward
towards the clinical setting. Similar to Chapter 9, adipose tissue layers will be used to be able to control
the depth of the tissue layer.

In Paragraph 8.3.3 and 8.3.4, the changes in DR spectra for cut tissue are discussed. The overall
shape of the graph did not change for cut adipose tissue compared to pure adipose tissue. Although
another type of adipose tissue is used compared to Chapter 9, it is expected to see the changes for cut
adipose tissue again in this experiment. Changes regarding the variation in adipose tissue type are discussed
in Paragraph 13.4. The influence of electrosurgical cutting in adipose tissue — described in Paragraph 8.3.3
and 8.3.4 —are:

o the VIS region has a lower intensity for cut adipose tissue compared to pure adipose tissue;
including the double oxygen peak between 500nm and 600nm and the plateau from 600nm until
700nm.

e The NIR region has a higher intensity for cut adipose tissue compared to pure adipose tissue;
including the plateau from 700nm to | |00nm and the dip at 1200nm.

e The peak after 1400nm has a lower intensity for cut adipose tissue compared to pure adipose
tissue.

10.1. Materials

Specimens

For this experiment porcine adipose and porcine muscle tissue was used. The porcine muscle tissue was
received from LifeTech and the adipose tissue from ‘Slagerij Lelieveld’. These specimens, Figure 43, will
represent the clinical setting of a tumour within the breast, the porcine adipose tissue represents the
human adipose tissue and the porcine muscle tissue represents the tumour tissue. The muscle tissue was
cut into slices of 1.5 cm in the lab. The adipose tissue was cut in slices of 0.4mm when frozen at the
butcher. Both specimen where frozen when not used. When used for measurements, the specimen was
outside of the freezer for at least two hours to thaw.

Instruments
Three types of probes where used to achieve various fiber distances. The large probe was used for the
fiber distances of 3.25mm and 3.75mm. To achieve a larger fiber distance, two small probes where
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attached to each other, therefore fiber distances of 5mm and 6.2mm could be obtained. The large probe
can be seen in Figure 44 and the combination of the probes is shown in Figure 45.

Equipment

After the tissue is being cut with an electrosurgical knife connected to an electrosurgical unit, the spectra
can be measured. A setup for the cutting of tissue can be found in step | of Figure 34. In Figure 46, the
setup used to obtain a DR spectrum is shown. Besides cutting in the adipose tissue layers, no changes
were made in the setup compared to the setup described in Chapter 9.

10.2. Method

The dependent variable — the variable measured in this experiment — is the DRS signal. This signal will
change due to variations in the independent variables, which can be seen in Table 9. The independent
variables are the depth of the adipose tissue layer upon muscle tissue and the fiber distance of the probe.
In addition, some of the variables will be controlled to secure they will not influence the results. The
controlled variables in this experiment are the angle of the probe relative to the tissue, the muscle tissue
and adipose tissue, which stay the same during the entire experiment. In this experiment, the
chromophore concentrations are obtained in the same way as described in Chapter 9 as the calculation
of the p-values.

To acquire the spectra as showed in this chapter, some steps were performed. A calibration was
performed — as discussed in Paragraph 8.2 — and the integration time were set on 0.5 second for VIS and
| second for NIR. After retrieving the spectra, they were normalized by setting the maximum value at
one.

Table 9: Condition matrix with 24 different experimental conditions, 30 trials per condition and the independent variables fiber distance
and depth of the fat layer (upon muscle tissue). The dependent variable is the measured DR spectra.

‘ n=30 0 0.4 0.8 1.2 1.6 2.0

‘ 3.25mm ECII | ECI2 | ECI3 | ECI4 | ECI5 | ECI6

‘ 3.75mm EC21 | EC22 | EC23 | EC24 | EC25 | EC26

‘ 5mm EC31 | EC32 | EC33 | EC34 | EC35 | EC36

‘ 6mm EC41 | EC42 | EC43 EC44 | EC45 | EC46
10.3. Results

10.3.1. Raw spectra of cut tissue
Figure 50, shows the transition from muscle tissue (Omm) to cut adipose tissue (2.4mm). The
measurements are obtained with a FD of 6.2mm. The transition is executed in steps of 0.4mm, with
adipose tissue layers of the same thickness. A visualization of this setup can be seen in Figure 48. The red
line represents the mean of the spectral measurements performed upon the muscle tissue. The blue line
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represents the mean of the spectral measurements performed upon 2.4mm of adipose tissue layers. The
other lines represent the transition from muscle to adipose tissue. All spectra in Figure 50 are the mean

values of the 30 measurements performed per experimental condition. All measurements and their means
values can be found in Appendix F.

The spectrum for muscle tissue (Omm) has the same characteristics as the muscle tissue described in
Paragraph 8.3.3. When comparing it to the transition from pure muscle to pure adipose tissue — in Figure
47 — three differences can be seen in the spectra for muscle tissue. The double oxygen peak between 500
and 600nm and the peak between 1200 and 1400nm have a lower intensity. However, the small peak at
650nm has a higher intensity. Changes are present in the VIS spectrum comparing cut adipose tissue — in
Figure 50 — to pure adipose tissue in Figure 47. All peaks and dips present in the spectrum of pure adipose
tissue are flattened in the spectrum for cut adipose tissue. In the NIR region, a small peak at 1400nm is
present which was not present for pure adipose tissue.

The steps of 0.4mm in between the graphs of Omm and 2.4mm provide a gradually transition
between the two extremes.
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Figure 50: DR signal of the transition from muscle tissue (Omm) to cut adipose tissue (2.4mm) in steps of smaller layers of 0.4mm cut
adipose tissue upon the muscle tissue. All spectra are mean values of 30 measurements, which can be found in Appendix F. A FD of
6.2mm was use to obtain these DR spectra.

For this experiment, measurements are performed using four different FDs: 3.25mm, 3.75mm, 5mm and
6.2mm. These measurements can be found in Appendix F. The observations for various FDs without
cutting — described in Paragraph 9.3.2 — are listed below.
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All FD show a visible transition from muscle to adipose tissue from 0.4mm

All FD show an increase in the height of the double oxygen peak when making the transition

from muscle to adipose tissue

Differences in transition for FDs are
Double peak between 500 and 600nm has a higher intensity for 3.25 and 3.75mm
Increase in intensity of the peaks between 900 and | 100nm, around 1300nm and after
1400nm for 5 and 6.2mm

Comparing the spectra of cut tissue to non-cut tissue, it can be noticed that the observations on all regions
still hold, except for the oxygen peak between 400 and 600nm. The DRS plots of non-cut tissue for FD 5
and 6.2mm show less intensity in the 400 to 600nm region. However, for cut tissue the oxygen peaks in
the same area totally disappear for FDs of 5 and 6.2mm.

The raw spectra of cut tissue make the following transitions from muscle to adipose tissue: all spectra
start changing from 0.4mm. The plot regarding the FD of 3.25 and 3.75mm, transformed to adipose tissue
at 0.8mm. The spectra measured with a FD of 5mm are stable at |.6mm and the FD of 6.2mm still changed
from |.6mm to 2mm. The increase in the length of the transition for larger FD was already observed in
Chapter 9.

10.3.2. Chromophore concentrations
In Paragraph 3.4.1, all chromophore concentrations available in PNSas are described. Three chromophore
concentrations provided a significant difference between pure muscle and pure adipose tissue: fat-water
ratio, St0,, Mie scattering (f;n;c) and blood percentage. These chromophore concentrations will be
discussed again, however now for cut tissue.

In Figure 51 (upper left), the fat-water ratio can be seen for muscle tissue (Omm) and for every
0.4mm layer of adipose tissue added to come up to 2mm of adipose tissue. The transition from 10% at
Omm to 100% at |.2mm can be seen clearly. After 1.2mm, the ratio reaches an equilibrium of 100%. The
deviations in the plots are larger compared to non-cut tissue. A p-value of 3.32e 737 is calculated for the
difference in fat-water ratio for muscle and adipose tissue. This p-value is < 0.05 and therefore called
significant.

In addition, the percentage St0, is shown at various distances from the muscle tissue. Similar to
the graph representing the St0, percentage for non-cut tissue, a clear distinction can be made between
muscle tissue (30%) and adipose tissue (>60%). However, the graphs for cut and non-cut tissue look
different. Both start around 30% for muscle tissue, but the graph for non-cut tissue ends at <10% for
adipose tissue and the graph for cut tissue ends at >60%. The difference between muscle and adipose
tissue is still significant with a p-value of 3.23e 727,

The percentage of Mie scattering (f;,,;¢) for this experiment can also be seen in Figure 51 (bottom
left). A distinction between muscle (0.825%) and adipose tissue (>0.9%) can be made on the mean values
in this plot. However, the deviation of the measurements is large. Therefore, it is more difficult to clearly
distinguish between muscle and adipose tissue, compared to the fat-water ratio plot. Comparing Figure
51 to Figure 49 — showing chromophore concentrations for pure tissue — a different shape of the plot
representing Mie scattering is observed. For pure tissue, a dip between Omm and 2.4mm is observed
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though for cut tissue the curve has an ~-shape. The p-value of Mie scattering is 2.84e~8 and therefore
significant.

The last significant difference between muscle and adipose tissue is found in the blood
concentration. Again, the shape of the plot for blood concentration is different for cut tissue — in Figure
51 — compared to non-cut tissue in Figure 49. It starts at <0.2% at Omm in muscle tissue and ends at >0.5%
for 2mm in cut adipose tissue. The p-value of the change in blood concentration is 2.36e~°.

Chromophore concentations at various distances from muscle tissue with a FD of 6.2mm on cut adipose tissue
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Figure 51: Chromophore concentrations obtained measuring the transition from muscle (Omm) to cut adipose tissue (2mm) in layers of
0.4mm. The transitions for fat-water ratio (upper left), StO2 (upper right), Mie scattering (bottom left) and blood (bottom right)
concentrations are shown. The FD used to obtain these measurements is 6.2mm and all experimental conditions are performed 30 times.

The other chromophore concentrations present in PNSas did not provide a significant difference between
muscle and cut-adipose tissue. This result is similar to the non-significant p-values described for pure
tissue. The p-values for the fat-water ratio, St0,, Fy;. (Mie Scattering) and blood percentages are
decreased relative to the p-values for the measurements on pure tissue in Chapter 9.

In Appendix G, the fat-water ratio can be seen for a FD of 3.25mm, 3.75mm, 5mm and 6.2mm.
For 6.2mm, the graph reaches its equilibrium at |.6mm for cut tissue. This is earlier than for non-cut tissue
where it reaches its equilibrium at 2mm. For the other FD, this acceleration in reaching the equilibrium —
compared to the Figure in Appendix E for pure tissue — is not present.
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Table 10: P-value of the difference between muscle and cut adipose tissue for the chromophore concentrations: fat-water ratio, St0,,
Finie and blood percentage.

Chromophore P value
concentration
Fat/water-ratio 3.32¢739
Sto, 3.23e~%7
Foie 2.84e8
Blood 2.36e7°

10.4. Discussion

Raw DR spectra

For implementing DRS into an electrosurgical knife for better margin assessment, it is important to be
able to distinguish between adipose and tumour tissue when cuts are made. In Chapter 8, the influence of
electrosurgical cutting on muscle and adipose tissue is described. In Chapter 9, it was found it is possible
to distinguish between muscle and adipose tissue with DRS. This chapter takes a step forward towards
the real case by measuring DR spectra on cut tissue.

The DR spectra in this chapter still show the characteristics for muscle or adipose tissue, as they
did for non-cut tissue. This makes it possible to distinguish between muscle and adipose tissue, which is
needed for the ‘smart electrosurgical knife’. The transition from muscle to adipose tissue starts (0.4mm)
and ends at the same layer (l1.6mm) as it did for non-cut tissue using a FD of 6.2mm. However, more
deviation is present for cut tissue, especially between 1000 and 1200nm and between 1200 and [400nm.
This can be seen in Appendix F, where all measurements are shown. The largest visible dissimilarity is the
disappearance of the oxygen peak between 400 and 600nm for cut tissue with a FD of 5 and 6.2mm.

Chromophore concentrations

All plots in Figure 51 show a difference between muscle (Omm) and cut adipose tissue (2mm). This is
needed to distinguish between the two tissues for margin assessment. Comparable with the plots for non-
cut tissue, the fat-water ratio shows the largest difference between muscle and adipose tissue. Therefore,
this concentration seems the best option to look at in clinical practice. Besides examining the mean values
of all plots, it is important to take into account the deviation of the measurements. Large deviations will
make it difficult to achieve a high accuracy for tumour boundary detection.

When examining the St0O, plot of non-cut tissue in contrast with the cut tissue, a non-expected
observation is made. Both have the same values for muscle tissue (30%) however, for adipose tissue the
non-cut plot gives <10% and the cut tissue >60%. While St0, represents the hemoglobin saturation by
oxygen this would imply the haemoglobin is saturated by cutting the tissue with an electrosurgical knife.
This result is counterintuitive with the known effect of cutting on blood, namely the conversion of
haemoglobin to methaemoglobin. Haemoglobin has oxygen bind to it and this connection is lost after
heating when the iron group — to which oxygen binds — changes and therefore cannot uptake oxygen
anymore. [80]

A distinction between muscle (0.825%) and adipose tissue (>0.9%) can be made within the f,;.
plot. For non-cut tissue, the difference between muscle and adipose tissue was not found relevant. In
addition, the shape of the graph is different for cut tissue compared to non-cut tissue. A difference in
outcome for cut and non-cut adipose tissue will decrease the accuracy when used in clinical practice.
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Therefore, this chromophore concentration is found not satisfactory for margin assessment. In addition,
the plot shows a large deviation in the measured values. For margin assessment, the difference between
muscle and adipose tissue needs to be unmistakable.

The chromophore concentrations of St0,, Mie scattering and blood have in common that they
all are measured in the VIS region. Changes in this part of the spectrum can thus change these
concentrations. As some charring can be present when cutting tissue — as can be seen in Figure 38 — this
can affect the DR spectra in the VIS region.

The transition from muscle to cut-adipose tissue in fat-water ratio increases in length when a larger FD is
used. This can be seen in Appendix G for cut tissue and in Appendix E for pure tissue. The observation
seem logical while the sensing depth of the probe increases for larger FDs.

Accuracy experiments

Similar to the considerations described in Paragraph 9.4, the use of sowbelly and a ‘homemade’ probe will
decrease the accuracy of the experiments. In addition to these considerations, a non-controllable aspect
was used for the experiments in this chapter: electrosurgical cutting. As in Chapter 8, the cuts were made
using a linear stage and the same setting and depth for every cut. However, while tissue is not entirely
pure it can react differently to the same cut. In addition, electrosurgical cutting is not well visible in adipose
tissue, which made it difficult to distinguish between cut and non-cut tissue. Another variable that changed
— except for the tissue type — is its tissue form. Thin layers of 0.4mm where used instead of a thick layer.
This could have affected the behaviour of the tissue during electrosurgical cutting.
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| 1. Tissue interaction: while
cutting

Chapter 8 and 9 describe the possibility to distinguish between muscle and adipose tissue for non-cut and
cut tissue. Both confirm the feasibility of margin assessment with DRS. However, in practice the ‘smart
electrosurgical knife’ is intended to distinguish between adipose and tumour tissue while cutting.
Therefore, this chapter will simulate this action. Compared to Chapter 8 and 9, the experiments in this
chapter are the least controlled, while electrosurgical cutting is a technique that entails uncertainties.

11.1. Materials

Specimens

Both specimen, muscle and adipose tissue of a pork, where obtained from LifeTech. The specimen where
cut in slices of 3cm to be able to use them for the experiments. For cutting the specimen, a meat knife
(Albert Heijn) was used. Both specimen where frozen when not used. When used for measurements, the
specimen was outside of the freezer for at least two hours to thaw.

Instruments

To cut and obtain DRS measurements, an electrosurgical knife (Reliant) was used which can be seen in
Figure 52. This knife is adjusted by Philips Research in order to obtain DRS. Two fibers are placed along
the blade encapsulated in metal to protect them from the heat of the current. The tips of the fibers are
exposed, as these need to emit or detect light.

Figure 52: Electrosurgical knife (Reliant) including two fibers along the blade of the knife to be able to obtain DRS measurements. Left, the
knife with two knobs to choose the setting. Right, a microscopic picture of the tip of the blade including the fibers.

Equipment

The setup in this experiment is a combination of the setups in Chapter 8, 9 and 10. The monopolar ‘smart’
electrosurgical knife is connected to an electrosurgical unit Force Fx (Valleylab, Boulder, United States).
The electrical current flows from this unit, through the knife to the porcine tissue. The current leaves the
tissue at the dispersive pad from where it returns to the electrosurgical unit. The power setting used is
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80 Watt. To be able to cut and coagulate in a controlled setting, a linear stage actuator controlled by an
ESP300 Universal motion controller (Newport, Irvine, United States) is used. During cutting, DR
measurements are made. The ‘smart’ electrosurgical emits white light and detects light via a VIS and NIR
spectrometer. Both transfer the detected light per wavelength to the PC with PNSas software. The PC
stiches the spectra together to make it a continuous spectrum from 400 to 1600nm.

th ite light
y

electrosurgical
knife
i

electrosurgical unit

VIS spectrometer

PC with PNSas

i 5 NIR spectrometer
knife tip

linear stage actuator

Figure 53: Experimental setup including an electrosurgical unit, dispersive pad, a linear stage actuator, an electrosurgical knife, white light,
VIS spectrometer, NIR spectrometer and a PC including PNSas software.

I1.2. Method
For this experiment, the independent variable is the depth of the knife while cutting. At Omm, the knife is
at the top of the muscle layer. All > 0mm represent the knife being in adipose tissue, at the mentioned
distance from the muscle tissue. All < Omm represent the knife being in the muscle tissue. This setup can
be seen in Figure 48.

The ‘smart’ electrosurgical knife used to cut the tissue and obtain the DR spectra, can be seen in
Figure 52. This instrument has a FD of 3mm. No other instruments were available to perform the same
actions — electrosurgical cutting and measuring DR spectra — at ones. Therefore, no other FDs are used.
The power used for electrosurgical cutting is set at 80Watt. The knife is placed in the adipose tissue at
3mm from the muscle tissue. A measurement is taken, after which the ‘smart’ electrosurgical knife cut for
| second. Next, the knife moved 0.4mm downwards and the process was repeated. After 10
measurements — at -0.6mm in the muscle tissue — the measurements stops and the knife is brought to its
starting position. The knife is cleaned with alcohol to remove the ablation on the cutting blade.
Subsequently, the knife is placed at another spot in the tissue and the whole experiment is performed
again. In total, 20 sets of measurements were made.

To acquire the spectra shown in this chapter, some additional steps are completed. A calibration
is performed — as discussed in Paragraph 8.2 — and the VIS and NIR integration time are set on 0.] second.
After retrieving the spectra, they are normalized by setting the maximum value at one.

All spectra are examined on the correctness of the fit. A fit is ‘bad’ if a low or no signal is present, if
the scattering coefficient is lower than the signal, or when the fit does not follow the measured spectrum.
The conditions used to eliminate a spectrum are showed in Appendix I. All experimental conditions of
Table || are measured 20 times. However, after examining the correctness of the fit, not all spectra were
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considered correct. The amount of correct fits are: 17, 19, 18, 15, 12, 8, 8, 6, |, 0 in order from ECI | to
EC20. As ECI19 and EC20 — both representing the measurements in muscle tissue — only provided one
correct fit, no statistical relation could be calculated for the measurements in muscle tissue.

Table I |: Condition matrix with 10 different experimental conditions, 20 trials per condition and the independent variables fiber distance
and depth of the fat layer (upon muscle tissue). The dependent variable is the measured DR spectrum.

n=20 3.0 26 22 1.8 1.4 10 06 02 -0.2 -0.6

3mm ECII | ECI2 | ECI3 | ECI4 | ECI5 | ECI6 | ECI7 | ECI8 | ECI9 | EC20

11.3. Results

I1.3.1. Raw spectra obtained while cutting
Figure 54, shows two sets of spectra obtained while cutting with a ‘smart’ electrosurgical knife. The left
figure presents spectra, which are considered ‘good’. All spectra — except for “0.2mm’ and ‘-0.6mm’ —
show characteristics of adipose tissue as described in Paragraph 8.3.3. The spectra obtained in muscle
tissue — named ‘-0.2mm’ and ‘-0.6mm — have a lower signal compared to the other signals. In addition, the
spectra do not show characteristic peaks for either muscle or adipose tissue. It can be observed that an
increasing depth of the knife results in a lower signal measured.

The right plot in Figure 54 presents spectra, which are considered ‘bad’. The fits of these spectra
were correct for: ‘3mm’, 2.6mm’ and 2.2mm’. The other spectra were considered badly fitted. Examples
of bad — or incorrect — fits are shown in Appendix I. Again, the intensity of the signal decreases as the
depth of the ‘smart’ electrosurgical knife increases. The first four measurements — named ‘3mm’, 2.6mm’,
22mm’ and ‘1.8mm’ — show characteristics of adipose tissue as described in 8.3.3. The other six
measurements do not show characteristics of muscle or adipose tissue.

Mean values DRS spectra

In Chapter 8 and 9, a clear distinction could be made between muscle tissue and adipose tissue when
observing their characteristics. In Appendix H, all measured spectra — excluding and including the bad fits
— can be found. Figure 55 shows the mean of measured spectra after elimination of bad fits for EC16 to
ECI19. One needs to keep in mind that EC19 represents one measured spectrum instead of the mean of
multiple measured spectra. The mean spectra of ECI6 to ECI8 all show the characteristics for adipose
tissue mentioned in Paragraph 8.3.3 in the NIR region. In the VIS region, the peaks are flattened, similar
to the observations made for cut-adipose tissue in Paragraph 10.3. In the region between 1200 and 1400nm
— which represents the fat-water ratio — the spectra decreases in intensity when coming closer to the
muscle tissue. The spectrum of ECI9 shows one measurement performed at -2mm, which had a ‘good’
fit. This spectrum shows the characteristics of cut muscle tissue — described in Paragraph 8.3.3 — in the
NIR region. The lower double peak around 500nm — which is characteristic for pure and cut muscle tissue
— is flattened out.
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Good DRS signal obtained while cutting (FD=3mm) Bad DRS signal obtained while cutting (FD=3mm)
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Figure 54: DR spectra obtained while cutting with a ‘smart’ electrosurgical knife. Left shows measurements of spectra, which could be
fitted ‘good’. Left shows measurements of spectra, which resulted in a ‘bad’ fit.

Means of measured DRS signal while cutting (FD=3mm)
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Figure 55: Means of DR spectra of the transition from adipose (>0mm) to muscle (<Omm) tissue during cutting with an electrosurgical
knife. ECI16 to ECI9 are shown, excluding measurements with a ‘bad’ fit. The FD in this measurement is 3mm.

I1.3.2. Chromophore concentrations
As in Chapter 8 and 9, there will be zoomed in on the relevant chromophore concentrations to distinguish
between muscle and adipose tissue. For non-cut tissue, the chromophore concentrations which had a
significant difference between muscle and cut adipose tissue were the fat-water ratio, St0,, Mie scattering
(finie) and blood percentage. The most promising chromophore concentration to discriminate between
muscle and cut adipose tissue was found to be the fat-water ratio.

Comparing the chromophore concentrations described above for measurements during cutting,
only the fat-water ratio showed a difference between cut adipose and muscle tissue. Figure 56, shows the
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transition from adipose (> 0mm) to muscle (< O0mm). The measurements for adipose tissue (> O0mm)
provide a ratio > 83%. After examination of the fits, one measurement was found to have a good fit for
muscle tissue (> 0mm). The fat-water ratio in this fit is < 20%. Appendix ] provides a plot with the fat-
water ratio including the second best fit for muscle tissue (< Omm) and one including the second and
third best fit. Both show more deviation for the measurements in muscle tissue (< 0mm). The second
and third best fit were considered bad fits and are therefore not included in Figure 56. When including

these measurements, the means of these plots are 50% — for the second best fit — and 80% for the third
best fit.

fat-water ratio% at various distances, FD=3mm
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Figure 56: Fat-water ratio of the transition from adipose (>0mm) to muscle tissue (<Omm) during cutting. The FD is 6.2mm and all
experimental conditions are performed 30 times.

Appendix K, shows the chromophore concentrations of St0,, Mie scattering (f;,;.) and blood for the
transition from adipose (> 0mm) to muscle (< Omm) tissue. For pure and cut tissue, a curve in St0,
percentage was found for the transition from adipose tissue to muscle tissue in Figure 49 and Figure 51.
The chromophore concentrations obtained while cutting showed no curve. The deviations are large, from
50 percent to 100 percent. There is no trend in the means of the measurements. This holds as well for
the percentage Mie scattering (f;,,;¢) for the transition from adipose (> 0mm) to muscle (< 0mm) tissue,
also shown in Appendix K. The deviations are large, from 30 percent to 90 percent. Again, no trend is
discovered when comparing the means of the chromophore concentrations. Finally, also for the
percentage of blood no trend was found. The mean values of the boxplots do not show a curve and the
deviation is large: |15 to 65%.

1.4, Discussion

The experiments in this chapter are the mostly related to the clinical practice compared to all experiments
performed. In addition, these experiments are the least controlled as they include measurements during
electrosurgical cutting.
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Setup

In the setup, it was chosen to take steps of 0.4mm and use a power setting of 80 Watt. The former was
chosen while the average cutting depth measured in Paragraph 8.3.1 is 0.6mm including 0.2mm knife depth.
This results in an average cutting depth of 0.4mm. The power was set at 80 Watt as this is the highest
power used in the experiments in Chapter 8. In addition, this power setting provided the most deviation
in the DR plots compared to other power settings of 50, 60 and 70WVatt.

The ‘smart’ electrosurgical knife used for the experiments showed ablation on the knife after the
measurements. Figure 57 shows the cutting blade of the knife before (left) and after (middle) the
measurements. The right picture in Figure 57 displays a zoom of the ‘smart’ electrosurgical knife after the
measurements. Both knifes were cleaned with alcohol before the picture was taken however, still ablation
is present on the knife after cutting. This ablation could be a reason for the decrease in signal intensity
during cutting.

Figure 57: 'Smart' electrosurgical knife, before the measurements in Chapter || (left) and after the measurements in Chapter | |
(middle). Both were cleaned with alcohol. More ablation is found on the knife after the measurements. The right picture shows a zoom of
the knife after cutting.

DRS

The spectra obtained during the experiment contain incorrect fits. The correct fits all showed
characteristics for adipose tissue — described in Paragraph 8.3.3 — in the NIR region. In the VIS region, the
peaks are flattened, similar to the observations made for cut-adipose tissue in Paragraph 10.3. These
results are satisfying for measuring DR spectra during a margin assessment while cutting with an
electrosurgical knife. In addition, the region between 1200 and 1400nm — which represents the fat-water
ratio — showed a decrease in intensity when coming closer to the muscle tissue.

As a FD of 3mm is used it was expected, the spectra from < 1.4mm would show the transition
from adipose to muscle tissue. Nonetheless, no characteristics for muscle tissue or cut muscle tissue are
observed in the spectra. When increasing the depth of the knife, a decrease in the signal strength is
observed. This could be due to the ablation formed on the knife while cutting. When more ablation is
present on the cutting blade and the fibers, less light can be emitted or detected through the fibers. This
will result in a lower signal strength.

For the measurements in muscle tissue (< 0mm), only one spectra was fitted correctly. All other
signals were too weak to fit to. The spectrum with a good fit — and a normal signal strength — showed
characteristics of cut muscle tissue — described in Paragraph 8.3.3 — in the NIR region. The lower double
peak around 500nm — which is characteristic for pure and cut muscle tissue — was flattened out. Although
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the measurement in muscle tissue provides a satisfying result, it only relies on one measurement.
Therefore, no conclusion can be drawn and more experiments should be performed on this topic to do
so.

Chromophore concentrations

In Chapter 9, the fat-water ratio gave the impression to be the most accurate variable to make a distinction
between adipose and muscle tissue. However, the St0,, fni. and blood percentage still provided
significant p-values. In this chapter, the concentrations of St0,, f;n;. and blood do not provide a sufficient
distinction between adipose and muscle tissue anymore in the plot. Due to the lack of multiple
measurements in muscle tissue, no p-value could be calculated in this chapter.

It is possible to make a distinction between adipose and muscle tissue on the basis the fat-water
ratio. When measuring in adipose tissue, the ratio is >83%. From this high ratio, it can be stated that it is
possible to measure DR spectra while cutting adipose tissue. The fat-water ratio provides results for cut
adipose tissue similar to ratio in pure adipose tissue. After the distance of 0.2mm, only one spectra was
measured which had a good fit. This spectra provided a fat-water ratio of <20%. It was expected, the fat-
water ratio would decrease from < 1.4mm as a FD of 3mm was used. The results in Figure 56 do not
show a transition from adipose to muscle tissue. The lack of transition in chromophore concentration
corresponds to the measured DR spectra — in Figure 55 — were no transition is observed. A reason for
the lack of transition could be the spectra containing a mixture of muscle and adipose tissue were
considered as a ‘bad’ fit. More measurements should be performed to draw a conclusion on the feasibility
to distinguish between adipose and muscle tissue while cutting with an electrosurgical knife.

Accuracy measurements and ‘bad’ fits

Multiple fits were found incorrect. These wrong fits were due to three reason: a minimum signal, a lower
scattering coefficient compared to the signal and a fit that did not follow the measurement. All reasons
can be found in Appendix I. By increasing the depth of the measurement, the amount of ‘bad’ fits increased
as can be seen in Table 12. For the measurements in muscle tissue — at a depth of -0.2mm and -0.6mm —
only one fit was correct. The bad fits in this experiment can have multiple reasons.

First, the measurements were made during electrosurgical cutting. This action causes ablation on
the tissue, the blade and the fiber tips, which are placed next to the blade. Both ablation on the tissue and
on the fibers can reduce or weaken the signal. If ablation is present on the tissue, the ablation instead of
the tissue will be measured. If ablation is present on the fiber tip, less light is emitted to the fiber and less
light can be detected. Second, to obtain spectra while cutting a short time was set to acquire the
measurements. The VIS and NIR integration time were set on their minimum values of 0.1second. A higher
integration time would have minimized the noise on the measurements, which could have led to better
fits. Third, as is concluded in Chapter 8, electrosurgical cutting results in more deviation in muscle tissue
compared to adipose tissue. This could have contributed to the high amount of ‘bad’ fits in muscle tissue
compared to adipose tissue. At < 1.4mm it was expected to see characteristics of muscle tissue — or see
the transition from adipose to muscle tissue in the spectra — however, the number of correct fits decreases
after that point. Fourth, it is possible the fiber was not always in contact with the tissue. The depth of the
‘smart’ electrosurgical knife was controlled by a linear stage. However, the cutting depth for
electrosurgical cutting can variate. While the cuts and measurements where made in the adipose tissue, it
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was not possible to check the depth of the cut and/or the measurement. Therefore, it is possible
measurements are made when the fibers were not in contact with the tissue.

Table 12: Number of correct fits out of 20 measurements obtained while cutting with the electrosurgical knife.

Depth adipose Experimental No. correct

layer [mm] condition fits*

3.0 ECII 17
2.6 ECI2 19
2.2 ECI3 18
1.8 ECI4 I5
1.4 ECI5 12
1.0 ECI6 8
0.6 ECI7 8
0.2 ECI8 6
-0.2 ECI9 I
-0.6 EC20 0

After removing the ‘bad’ fits, only one measurement remained for measurements in muscle tissue. No
conclusions can be drawn on one measurement. Therefore, more experiments should be performed on
measuring DR spectra while cutting. In future experiments, the fibers should not be ablated during cutting.
This could be done by inserting a probe next to the electrosurgical knife after cutting at each step. As the
‘smart’ electrosurgical knife is intended to be used intraoperative, tissue debris and blood tend to
accumulate on the cutting blade. [81] This could also affect the measurements made by the ‘smart’
electrosurgical knife. A small study by Haj-Hosseini et al. showed a 500 pm thick blood layer alters the
spectral measurements with a fiber distance of 0.9 mm. [82] No conclusion can be drawn on the effects
of blood on the spectra from this small experiment. However, designing a prototype were the fibers are
not placed next to the cutting blade would dissolve this issue.

In additional research, should obtain more measurements compared to the amount of
measurements in this experiment. Therefore, more fits will be correct which could make a calculation on
significance possible. A consideration on the fit of the spectra is, that the examination of the correctness
of the fit is a subjective process. The tree types of errors in fits detected in this thesis are described in
Appendix |. The measurements in adipose tissue yielded to 6 to |9 measurements out of 20 per
experimental condition. The spectra all showed the characteristics of adipose tissue clearly. Therefore, it
can be concluded that electrosurgical cutting does not affect DR measurements in adipose tissue.
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| 2. Validation: Monte Carlo
simulation

Paragraph 3.3 presents the tissue properties required to characterize tissue with DRS. These properties
can be described through analytical and empirical models. However, their reliance on mathematical
assumptions and the exclusion of the effects of the shape and optical properties of the probe make them
limited. [83] [84]

A Monte Carlo (MC) simulation is a method to describe the absorption of the light by tissue. It
describes photon distribution within the tissue as probability distributions. In the case of moving photons
through tissue, the randomness of photons being absorbed or scattered (photon propagation) is simulated.
The advantage of this simulation — compared to experiments — is the possibility to vary the tissue geometry
and characteristics in a controlled way. In addition, it provides a high accuracy of the outcomes for
measurements taken near to a tissue boundary. Regular theories assume that tissue consists of one layer,
which is obviously false and inaccurate for the outcome. [84] In this thesis, a MC simulation is performed
to validate the experiments described. All tissues used are validated for pure tissue and for cut tissue.

12.1. Theory

The operation of the MC model will be described according to literature of Wang et al. and Landau et al.
[85] [86] First the inputs and outputs of the model are described. Second, the grid that is used to describe
the absorption at specific placed in the tissue is explained. Following, the probability density function used
in the MC model is described. Finally, the simulation and boundary events that can occur are defined.

Inputs and outputs

To run the MCML model, four variables are needed, which can be seen in Figure 58. First, the absorption
coefficient, which represents probability of photon absorption per unit infinitesimal path length. Second,
the scattering coefficient, expressing the probability of photon scattering per unit infinitesimal path length.
Third, the anisotropy factor g, being the average of the cosine value of the deflection angle 6. In addition,
the refractive indices of the tissue, top ambient medium (air) and bottom ambient medium (if exiting) are
needed. All values used as inputs during the experiment are described in Appendix L.

The MCML model then calculates the physical quantities of photon absorption: the fluence,
reflectance and transmittance of the tissue. The absorption will be used to reconstruct a spectrum, which
can be used to compare with the spectra measured in the experiments performed for this thesis.
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Figure 58: Visual representation of the inputs and outputs of the MC model.

Grid and coordinate systems

To simulate the photons’ scattering path in three dimensions, a grid is used to describe absorption at
specific places in the tissue. The absorption [//cm?3] is then described per local grid elements. A three-
dimensional homogeneous grid is setup in directions z, r and a, as can be seen in Figure 59. The grid
separations are d,, d,- and d, and the total number of elements in the z, r and a direction are N,, N, and
N, respectively. All measurements performed in this model are in cm. The simulation also records the
escape of photons at the top (and bottom) surface as local reflectance (and transmittance).

Figure 59: Cylindrical grid used at a MC simulation. Photons are launched into the tissue at the centre of the surface (black dot). The FD is
described in multiple of d,. [2]

Probability density function

A MC simulation relies on the random sampling of variables from well-defined probability distributions.
Consider a random variable needed by MC, for example the angle of deflection. A probability density
function defines the distribution of k over the interval (a, b). The probability density function is normalized
such that

b
f p(k)dk =1 (12)

a
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To simulate the light propagation, the value of k is a — repeatedly — randomly chosen number. A computer
provides a random variable p, which is uniformly distributed over the interval (0, ). The probability density
function for a photon tissue interaction is given as

p(s) = (uq + ps)e(Hat ks (13)

Simulation events

Photons are launched as a packet simultaneously along a pathway. Each packet is assigned a weight and is
launched orthogonally into the tissue at its origin. This is (0, 0, 0) in the Cartesian coordinate system. The
probability of photons being specular reflected is expressed by

_ (n1—n2)?
P (n1 4 n2)? (14)

Where n1 is the reflective index of the outside medium and n2 the reflective index of the tissue. The

photon weight is decreased by Rg,,.

W =1-Rg, (15)

The step size of the photon packet (s) is based on the a sampling of the probability distribution for a
photon's free path

—In(k)

s = (16)
Ha + Us

Once the step size s is specified, the photon can move in the tissue. The position of the photon packet is
described in the Cartesian coordinate system (x, y, z)

P = T X
by =77 (17)
Uy =T"Z

This position is updated when moving through the tissue. The updated position is described by
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X=x+ USs
y=y+ pys (18)

z=2z+ u,s

Once a step is taken by the photon, its weight will be weakened by absorption. A fraction of its weight
will be saved in the local grid element. This saved weight is calculated by

Ua
Ha + Us

AW =W —W (19)

The total weight that is saved in a local grid element is accumulated after every photon passage. In addition,
the total weight of the photon packet is updated by extracting the weight saved in the local grid element
from the total weight described in Equation (15).

Once the photon is moved, the packet can be scattered. A deflection angle 8- and an azimuthal
angle @ also depend on the random variable k. The deflection angle 8, is described as: [87]

2
1 1-g°
0 = cos 2‘g(1+g <1—g+2gk>) (20)

And the azimuthal angle i by

Y = 2nk 21

Boundary events

During a step, a photon can hit a boundary of the tissue. It can then either escape the tissue at the air/tissue
interface or be internally reflected by the boundary. The step size s splits into two parts (i.e. the distance
to the boundary surface s; and the remaining distance s,). After traveling the distance s;, the probability
of internal reflection is calculated. The probability of internal reflection depends on the angle of incidence

6

61 = cos™(luzl) (22)

The internal reflectance R(g,) is calculated by Fresnel's formula
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1 <Sin2(91 - 92)> N tan?(0; — 60,) (23)

Ry = =
60 ™ 2\sin2(6, +6,))  tan?(6; + 6,)

Where 6; and 6, are the refractive indices of the media. If the photon reflects internally, the photon
packet stays on the surface and its position must be updated by reversing the z component. At this point,
the remaining step size has to be checked to see whether it is large enough to hit the other boundary. If
so, the described process can be repeated. If not, the photon package will move with an updated step size
As

s Ha1 + Ust
Haz + Uso

As = (24)

When photon weight is under a specified threshold, it goes into a roulette process. This roulette process
has a pre-defined chance for selection to end propagation.

If the photon packet escapes the tissue, the tracing of the packet ends. The reflectance or transmittance
is updated by the amount of escaped photon weight. Figure 60, shows flowchart visualizing the process
described above. A more comprehensive explanation of Monte Carlo can be found in [84], [85] and [86].

12.2. Method
The model used for the MC simulation is the MCML model, a Monte Carlo model of steady-state light
transport in Multi-Layered tissue. The model was provided by Philips Research and the MATLAB code
was adjusted by Julie Fleischer and Akash Swamy. The model was used to validate the DR spectra of the
pure and cut tissues used for the experiments performed for this thesis. The input of the parameters used
by the model can be found in Table 13. In Appendix L, the input values for the parameters can be found.

Table 13: Overview of the input parameters for the MC model and the source used to find the correct value.

Input parameter Sources

Refractive Index Literature
Anisotropy Literature
Absorbtion coefficient (1) Fit software
Scattering coefficient (py) Fit software
Number of photons By choice
Depth layer By choice

Grid elements (d,, d,- and d,) By choice
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Figure 60: Flowchart for tracing photons in multi-layered tissues with the Monte Carlo simulation [85].

The Monte Carlo validation is performed for all types of tissue used in the experiments performed for
this master thesis. In addition, a validation is performed for the tissue types with electrosurgical cutting
effects. The tissue types are: muscle, muscle with cutting, pork belly, pork belly with cutting, adipose pork,
adipose pork with cutting, sowbelly layers and sowbelly layers with cutting. The influence of the various
types of adipose tissue on DR spectra are also described in Paragraph 13.4.

The measured signal — to which the simulated signal is compared — was the spectra most similar
to the mean spectra of all measured spectra for one condition.

To perform an adequate validation, the measured spectra and the simulated spectra need to be compared.
This is performed by using the Variance Accounted For (VAF). The VAF, is normally used to verify the
correctness of a model. However, in this case it is used to quantify the variance of the graphs. When two
signals are the same, the VAF will be 100%.

VAF = (1 _ M) -100% (25)
var(y;)
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The VAF was calculated in MATLAB by using the ‘var’ function. In this function, y; is the measured signal
and y; is the simulated signal. When the VAF percentage is higher than 95%, the model — and in this case
simulated signal — is classified as ‘good’.

12.3. Results

In this Paragraph, the Monte Carlo simulation of all tissues used in this thesis can be found. All are plotted
next to the mean of the DR spectrum measured for the same tissue. The simulated spectra for pure
muscle tissue — using a FD of 3mm — can be seen in Figure 61 (left). The overall shape of the simulated
muscle spectra is similar to the measured muscle spectra. The largest deviation can be seen in the VIS
region between 500 and 600nm. The VAF for this simulation is 97%. (var(y) = 0.1093 and var(y) =
0.1093) Figure 61 (right) shows the simulated spectra for cut muscle tissue. Again, the shape of the
simulated spectra is similar to the measured spectra. It seems, larger deviation is present between the
measured and simulated spectra. The double peak around 500nm is flattened out in the simulated
spectrum. The VAF for this simulation is 99.85%. (var(y) = 0.1322 and var(j) = 0.1374)

Measured spectra
—— Simulated spectra

Measured spectra

\ /V\ —— Simulated spectra

0.8
0.6

0.4

Reflectance spectra [a.u]
Reflectance spectra [a.u]

-0.2 -0.2
400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600
Wavelength [nm] Wavelength [nm]

Figure 61: DR spectra of muscle tissue (left) and cut muscle tissue (right). FD = 3mm. The blue spectrum is the measured spectrum and
the orang spectrum is the simulated spectrum by a Monte Carlo model.

The simulated plots for pork belly tissue and cut pork belly tissue can be seen in Figure 62. Both the
simulated spectra have a similar shape compared to the measured for the same tissue. Figure 62 (left)
deviates a bit for all wavelengths. The VAF of the simulation for pork belly tissue is 99.38%. (var(y) =
0.0848 and var(y) = 0.0781) Figure 62 (right) deviates from 700nm onwards; the most deviation is
found in the NIR region. The VAF of the simulation for cut pork belly tissue is 99.87%. (var(y) = 0.1172
and var(y) = 0.1129)
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Figure 62: DR spectra of pork belly tissue (left) and cut pork belly tissue (right). FD = 3mm. The blue spectrum is the measured spectrum
and the orang spectrum is the simulated spectrum by a Monte Carlo model.

Figure 63 show the Monte Carlo simulation for adipose pork tissue and cut adipose pork tissue. Both
simulated spectra show some deviation at all wavelengths. However, the overall shape of the spectra of
the simulation corresponds to its measured spectra for the same tissue. The VAF of the simulation for
adipose pork tissue is 99.88%. (var(y) = 0.1197 and var(y) = 0.1156) For cut adipose pork tissue, the
simulation has a VAF of 99.97%. (var(y) = 0.1097 and var(y) = 0.1078)
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Figure 63: DR spectra of adipose pork tissue (left) and cut adipose pork tissue (right). FD = 3.25mm. The blue spectrum is the measured
spectrum and the orang spectrum is the simulated spectrum by a Monte Carlo model.

In Figure 64, the Monte Carlo simulation for sowbelly pork tissue and cut sowbelly pork tissue can be
seen. The deviation in these plots is present in the whole spectrum. In the left plot, the measured data
has a higher intensity compared to the simulated data in the NIR region. In the right plot, this is the other
way around. The VAF of the simulation for sowbelly tissue is 99.43%. (var(y) = 0.0992 and var(y) =
0.1066) For cut sowbelly tissue, the simulation has a VAF of 99.9%. (var(y) = 0.1071 and var(y) =
0.1037)
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Figure 64: DR spectra of sowbelly layers (left) and cut sowbelly layers (right). FD = 3.25mm. The blue spectrum is the measured spectrum
and the orang spectrum is the simulated spectrum by a Monte Carlo model.

12.4. Discussion
This validation is performed to detect flaws in the measurements performed for this thesis. Normally,
simulations are run first and when the outcome provides accurate results, experiments are performed.
This is while experiments typically are most time consuming. Another example of using a simulation is to
test — or compare — two or more variables. In a simulation, the influence of specific variables can often be
tested in a more controlled way compared to an experiment.

MC Model

It needs to be considered that a MC simulation is an attempt to approach the reality. This model is created
by making some assumptions, which can be untrue. Therefore, small deviations between the measured
and simulated spectrum are acknowledged.

e Absorption (i,) is modeled as a continuous linear decrease of photon weight. After each step,
some of the weight is left behind. However, in tissue, absorption happens in one step. As a result
of this model, it is possible to track photon paths and therefore also the maximum photon
penetration depth. Nonetheless, the maximum photon depth should be considered as an
approximation as it is based on a linear decrease of absorption.

e In the model, tissue is modelled as totally homogeneous however this is never true for human or
animal tissue.

e The incident light beam is considered infinitely small and the photons all parallel to each other.
Nonetheless, when optical fibers are used the light beam has a circular surface. In addition, it will
emit the photons in various directions.

Simulated spectra and VAF values
While all simulations correspond to the measured spectra with a VAF value 2 97% the fits are considered
good enough. Accordingly, it can be concluded no major mistakes are made during the experiments and
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the measured spectra are good enough to draw conclusions on. In addition, the peak between 1200 and
1400nm for adipose tissue is clearly visible in all measured and simulated spectra. This peak influences the
fat-water ratio, which is considered the most relevant chromophore concentration to be able to
distinguish between adipose and muscle tissue.

Deviations between the measured and the simulated spectra are most likely due the
inhomogeneous tissue. The model assumes a homogeneous tissue; however, animal tissue is never
homogeneous. In addition, cutting tissue with an electrosurgical knife will change the tissue. However, it
is not certain the measured spectra of the cut tissue contains only information about the cut tissue and
not a mixture of both cut and non-cut tissue. The measured and simulated spectra for sowbelly were
assumed to show more deviation due to the tissue formation. The model considers an infinite tissue layer
while the sowbelly used in the experiment exists of 0.4mm layers. All other tissue types existed of a thick
layer of at least 2cm. Another aspect that could have affected the results is the possibility that air was
present between the layers.

The spectra in Figure 61 (left) seem to show less deviation compared to the spectra in Figure 61
(right). However, the VAF value is higher (2.85%) for the spectra in the right figure. The difference in the
VAF values could be due to rounding numbers in the var formula. In addition, not all deviation between
spectra is clearly visible in the plots.

Recommendations

More simulations would have been made when more time was available. First, the validation would be
performed for multiple layers. Then the transition between adipose and muscle tissue — as is measured in
the experiments — could have been validated. In a simulation, the depths of the adipose tissue layer(s)
could be adjusted in smaller amounts than for the experiments. As a result of that, the fat-water ratio per
0.Imm — or smaller — distance from the tissue could be described.

Second, multiple simulations would have been done instead of one per tissue type. While the basis
of the Monte Carlo simulation is a probability distribution, the outcome of the simulation will never be
exactly the same. When multiple simulations would be performed, the accuracy of the model will increase.
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| 3. Influence of clinical use

For this master thesis, experiments are performed regarding the characterization of tissue. To be able to
provide the most valuable output of the measurements, the experimental setup(s) are made constant.
However, when a ‘smart’ electrosurgical knife would be used in clinical practice, the setup and variables
regarding the experiment will change. These changes could influence the outcome of the measurements.
In this chapter, the differences between the experimental and clinical setting will be discussed. In addition,
the influence of these differences on the outcome of the measurements in Chapter 8, 9, 10 and || will be
examined. In the discussion, some recommendations for the design of the device will be given according
to the results found in the experiments performed in this chapter.

All experiments in this master thesis are performed under these conditions: the surrounding light
was minimalized, the electrosurgical knife or probe was held perpendicular to the tissue, pure muscle or
adipose tissue was used and when possible, a probe was used to measure the DR spectrum. Comparing
these experimental conditions to the clinical setting, some observations can be made. First, in the OR
surrounding light is always present. Often, spots are pointing at the place where the surgeon is dissecting.
Second, surgeons have different ways of holding the electrosurgical knife. Accordingly, it cannot be
assumed the electrosurgical knife will always be perpendicular to the tissue when cutting. Third, human
tissue is not always pure, as assumed in these experiments and the validation of the experiments. Test on
human tissue need to be performed to prove the accuracy of the knife in non-pure tissue. And fourth, the
fibers on the electrosurgical knife with sensing capabilities are affected by the coagulation and charring of
the tissue. Fibers that are affected by coagulation and charring can influence the outcome of the
measurements.

13.1. Surrounding light: darkness vs. light
One of the differences between the experimental setup in the lab and the clinical setting of the operating
room is the surrounding light. The experiments are performed in ‘complete darkness’, except for the light
of the two laptops used in the setup. Generally, in a clinical setting, the lighting is on and often a lamp is
focused on the operating site. The surrounding light is one of the variables that could affect the light
detection by the probe.

When performing an experiment, first a calibration is performed. This is a measurement with a
spectral response of a white reflectance standard (Spectralon) with known reflectivity. The measurement
is followed by a background measurement. The background measurement is extracted from all ‘real
measurement performed after the calibration to minimize the impact of the surrounding light. This step
allows correcting for the system response (e.g. spectral shape of the light source and wavelength-
dependent sensitivity in the optics and gratings and the detectors). The white reference measurement is
used to divide each spectral measurement on the tissue samples for which a background measurement is
subtracted yielding to the final reflectance measurement. [88]

Nachabe et al. describes the same setup as used to obtain DR spectra in the experiments for this
thesis. [88] He states the surrounding does not influence the measurements when a calibration is
performed a priori to the measurements. The PNSas software will use the calibration for correction of
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the surrounding light. As the PNSas software will use the calibration for correction of the surrounding
light, no experiments evaluating the surrounding light are performed.

13.2. Cutting angles

The second difference that is examined, is the use of the electrosurgical knife by the surgeon. As described
in my literature study there are no clear rules of the use of electrosurgical instruments and so the use can
differ per surgeon. [29] In Chapter 6, it can be seen, the electrosurgical knife is held in the same way as a
pencil. Just like people hold there pencil differently, every surgeon holds the electrosurgical knife in its
own way. In the previous experiments, the probes where always held perpendicular to the tissue.
Therefore, the influence of a changing cutting angle on the outcome of the measurements is not examined
yet.

In this experiment, the outcomes of measurements taken in different cutting angles will be
compared. The perpendicular measurements where taken as a reference and compared to measurements
at a cutting angle of 30 degrees and 60 degrees.

Materials & methods

The specimen used for this experiment is similar to Chapter 9 and |0 where layers of adipose tissue
(Slagerij Lelieveld) are placed on muscle tissue (LifeTech). This setup can be seen in Figure 43. Three layers
of 0.4mm adipose tissue where placed on the muscle tissue for this experiment.

The instruments and equipment used are similar to Chapter 9. In addition, a protractor was used
to measure the angles and a coupling piece was put on the linear stage to hold the probe in the right
position. The angles used can be seen in Figure 65.

Figure 65: Variation in cutting angles. Left, a cutting angle of 60 degrees. Right, a cutting angle of 30 degrees.

The independent variables in this experiment are the cutting angles (90°, 60° and 30°) and the FD of the
probe. Each experimental condition is performed 30 times. The controlled variable is the tissue, which is
not changed during this experiment. The DR spectrum is the dependent variable, which was measured to
identify trends for the independent variables. The condition matrix for this experiment can be found in
Table 14.
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Table |4: Condition matrix with two independent variables: cutting angle (90°, 60° and 30°) and the fiber distance (6.2mm). All
experimental conditions were performed 30 times.

n =30

6.2mm  ECI | ECI2 | ECI3

Results

In Figure 66, the DR spectra can be seen of a layer of adipose tissue (I.2mm) upon muscle tissue using
three different measurement angles. The reference plot — Figure 66a — shows clear characteristics of
adipose tissue that are described in Paragraph 8.3.3. From 800 nm, all spectra in Figure 66 show
approximately the same spectrum. However, before 800nm, the spectrum of the condition of 60 degrees
— Figure 66b — varies from Figure 66a,c. Figure 66a,c show double peaks around 500nm and around 600nm.
However, these peaks are flattened in Figure 66b. In addition, the spectrum of Figure 66b shows less
deviation compared to the spectra in Figure 66a and c.

DRS signal apon a fatlayer of 1.2mm on muscle tissue, various angles
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Figure 66: DRS signal of |.2mm adipose tissue upon muscle tissue, FD=6.2. The probe was held in different angles: 30°, 60° and 90°. All
conditions are performed 30 times.
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Discussion

It was expected the outcome of the measurement would change for different angles, as the sensing zone
will detect a different zone when the angle is changed. This is visualized in Figure 67. For the experiment
it was chosen to use three layers of adipose tissue on top of muscle tissue. If only one type of tissue was
used, the sensing zone would only measure this type of tissue. When looking at Figure 67, it is expected
the DR spectra would change — if it would change — gradually from Figure 66a to Figure 66c. Figure 66b,
would be then be in the middle within this transition. However, this is not the case. Figure 66a and Figure
66c¢ are similar to each other and Figure 66b differs, especially in the VIS region. Around 500nm and 600nm
double peaks are visible in the spectra in Figure 66a and Figure 66c. These peaks are flattened out in Figure
66b. In addition, less deviation is present in Figure 66b compared to the other spectra.

emitting detecting emitting
light light light
l' ' l detecting
light -
emitting
Y A @ light
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N AL .30

fat tissue

[] sensing zone

Figure 67: Visualization of the sensing zone of probes in different angles (90°, 60° and 30°). The sensed zone will change for various
angles.

The differences between Figure 66a, Figure 66c and Figure 66b are particularly present in the VIS region.
This implicates changes in the chromophore concentration of — oxygenated — blood (Hb and Hb02) or
scattering coefficients (b, s800, fi,;. and @). In addition, the change surface contact of the probe could
have effected the results. It is possible, the probe was not fully in contact with the tissue for the cutting
angle of 30° and 60°. This will affect the diffusion of the light in the tissue and can therefore effect the
measured spectra.

In the Chapters 9, 10 and | I, it was concluded that the fat-water ratio is the most valuable variable
for making a distinction between muscle and adipose tissue. This ratio is extracted from the DR spectrum
at the peak between 1200 and [400nm. In this region, all plots of Figure 66 are similar. Therefore, the
change in spectrum will not influence the outcome of the measurements for the fat-water ration in this
thesis much.

When more experiments could be performed, they should be repeated for one type of tissue. Than the
influence of a changing angle could be examined without the potential influence of a double layer of tissue
for the DR spectra.
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13.3. Probe vs. knife
Another variable that could have influenced the outcomes of the measurements in this thesis is the use of
a probe compared to a ‘smart’ electrosurgical knife for obtaining DR spectra. The ‘smart’ electrosurgical
knife — which can be seen in Figure 52 — has integrated fibers next to the cutting blade. While these fibers
are close to the cutting blade, coagulation can be formed on the tip of the fiber(s). This is not the case for
the probe, as this instrument is not used to cut tissue with. Therefore, it is expected using a knife to
obtain measurements will give more noise and/or a less clear signal compared to a probe. To test this
hypothesis, the differences in spectra obtained by a probe and a ‘smart’ electrosurgical knife are examined.

Materials & methods

The specimen used for this experiment is similar to Chapter 8 where pork belly (Albert Heijn) was used.
The specimen — both muscle tissue and adipose tissue — were coagulated with 80 Watt. A probe and a
‘smart’ electrosurgical knife where used to obtain DR spectra. The probe — which can be seen in Figure
33 — has a FD of 3.25mm and the ‘smart’ electrosurgical knife — which can be seen in Figure 52 — has a FD
of 3mm.

The independent variables in this experiment are the instrument used to obtain the DR spectrum
(‘smart’ electrosurgical knife and probe) and the tissue type examined (muscle and adipose pork belly
tissue). The coagulation setting was held constant on 80 Watt. In Table 15, the condition matrix of this
experiment can be seen.

Table 15: Condition matrix with two independent variables: instrument used for measuring the DR spectra (‘smart’ electrosurgical knife
and probe) and the tissue type (muscle and adipose tissue). All experimental conditions were performed 24 times. * Both tissue types
were coagulated with a power of 80 Watt.

B

n =24 Knife Probe
Muscle* ECII ECI2
Adipose* ECI2 EC22

Results

In Figure 68 (upper left and right), the spectra of coagulated muscle tissue obtained with a ‘smart’
electrosurgical knife with a FD of 3mm and a probe with a FD of 3.25mm can be seen. The median of
both plots shows many similarities. The peaks around 500nm have a higher intensity for the probe and
the peak and dip around | 100nm show a higher intensity for the knife. Both plots show relative large
variations in spectra.

Figure 68 (bottom left and right) shows the spectra of coagulated adipose tissue obtained with a
‘smart’ electrosurgical knife with a FD of 3mm and a probe with a FD of 3.25mm. Similar to Figure 68,
both plots obtained by using a probe and a ‘smart’ knife show many similarities. In addition, the same
regions dominate as in Figure 68. The peaks around 500nm have a higher intensity for the measurements
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obtained by the probe while high intensity in the region from 1000nm to 1200nm is present for the
measurements obtained by the ‘smart’ knife.

Discussion

The results obtained in this experiment — for a ‘smart’ knife and a probe — do not show a major difference
in outcome. It was expected that the results obtained by the ‘smart’ electrosurgical knife would show
more deviation. This was not true for the results in this experiment. Nonetheless, for this experiment a
cleaned ‘smart’ electrosurgical knife is used. Little ablation or charring can be found on this knife. While
the measurements do not contain electrosurgical cutting, no ablation or charring is formed on the knife
during the measurements. The outcomes of this experiment can therefore not be compared to
experiments where the ‘smart’ electrosurgical knife is used to cut and obtain DR spectra.

All plots in Figure 68 show large variations between the trials. This is could be due to coagulation
among other things. However, the spectra clearly show the characteristics of muscle tissue and adipose
tissue in Figure 68 respectively. When there would be more time for experiments, a setup with a clean
and a dirty ‘smart’ electrosurgical knife could be used. The influence of dirty fibers could then be examined.

More experiments should be performed on how ablation on the fibers influences the spectrum
measurements to draw a conclusion.
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Figure 68: DR spectrum of muscle tissue (upper left and right) and adipose tissue (bottom left and right) measured with a knife
(FD=3mm) and a probe (FD=3.25mm). All conditions are measured 24 times, all in blue. The red line is the median of the graph.
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13.4. Types of fat

In the various experiments performed for this master thesis, three different types of adipose tissue are
used. To examine the influence of electrosurgical cutting and coagulation, pork belly was used. This is a
cheap type of muscle which can be obtained in the supermarket and contains both adipose and muscle
tissue. The adipose pork tissue — which is most comparable to human adipose tissue — was obtained at
LifeTech. To examine the precise transition from muscle to adipose tissue, layers of <Imm were needed.
A type of adipose tissue, which could be cut this thin, was frozen sowbelly. Therefore, sowbelly was used
for the experiments described in Chapter 9 and 10. All types of adipose tissue can be seen in Figure 69.

Materials & methods

The three types of adipose tissue used for this experiment can be seen in Figure 69, from left to right:
adipose pork tissue, sowbelly tissue layers and pork belly tissue. In Figure 44, the probe — which was used
to obtain the DR spectra — can be seen. The FD used is 3.25mm. All measurements were taken from non-
cut and non-coagulated adipose tissue.

Figure 69: Types of adipose tissue used. From left to right: adipose pork tissue, sowbelly tissue layers and pork belly tissue. Pork belly tissue
contains of both muscle tissue (red) and adipose tissue (white).

The independent variables in this experiment are the different types of adipose tissue that are used. The
fiber distance and the instrument used to obtain the DR spectra were controlled and the DR spectra itself
is the dependent variable which is ‘measured’. All variables can be seen in the condition matrix in Table
l6.

Table 16: Condition matrix with two independent variables: types of adipose tissue (pork fat, fat layers and pork belly) and the fiber
distance of 3.25mm. All experimental conditions were performed 20 times. * Pork belly tissue was measured 5 times.

_ Adipose pork Sowbelly Pork belly
n =20 . . -
tissue tissue layers tissue
3.25mm ECII ECI2 EC 13*
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Results

In Figure 70, the different spectra for adipose pork tissue (a), sowbelly tissue layers (b) and pork belly
tissue (c) can be seen. All show the characteristics of adipose tissue, described in Paragraph 8.3.3.
However, some regions dominate more in one plot compared to the other. In Figure 70a, the region
between 900 and | 100nm and the peak around 1300nm dominate more whilst the double peak at 500nm
has a lower intensity compared to the other plots. The plot in Figure 70b is weaker for the region between
900 and | 100nm and the peak around 1300nm. Around 500nm, the graph rises however; the double peak
is flattened out. The DR spectra obtained from pork belly tissue, seems the average between Figure 70a
and c. The region between 900 and |100nm and the peak around 1300nm dominate less than in Figure
70a but more than in Figure 70c. The region around 500nm dominates more than in Figure 70a, in addition
it has a clear double peak.

Discussion

In all three spectra of Figure 70 the characteristics of adipose tissue can be found. Nonetheless, differences
in the spectra can be seen. These differences are most likely because of the difference in tissue composition
while besides the change of tissue all variables are the same for the experiments. The most important
region — between 1200 and 1400nm — shows a peak for all spectra. This region represents the fat lipids,
and is crucial for the measurement of fat-water ratio. In Chapter 9, 10 and |1, it is concluded that the fat-
water ratio is the best variable to distinguish between adipose and muscle tissue. Therefore, the changes
in other parts of the spectra are less important. In addition, the measurements in Chapter 9 and 10 in fat-
water ratio could potentially have better outcomes if adipose or pork belly tissue were used while both
have a higher intensity between 1200 and 1400nm. Human adipose tissue is most similar to adipose pork
tissue when comparing it to the used adipose tissues visually. Therefore, it is expected that, the spectra
of human adipose tissue will correspond the most to the spectra of adipose pork tissue. In addition, the
characteristics described in Paragraph 8.3.3 for adipose pork tissue correspond to landmarks for adipose
tissue described by Schols et al. [78]

DRS signal for various types of fat without coagulation
Sowbelly layers

Adipose pork tissue Pork belly tissue

Diffuse reflectance [a.u.)

Diffuse reflectance [a.u.]
Diffuse reflectance [a.u.)

Figure 70: DR spectra of three types of fat. From left to right: adipose pork tissue (a), sowbelly tissue layers (b) and pork belly tissue (c).
All conditions are performed 20 times, except for pork belly tissue. This type was measured 5 times.

13.5. While cutting

The intention of this research is to evaluate the possibility to assess margins in a BCS with a ‘smart’
electrosurgical knife. Assessing margins could then be performed with the same tool as the tissue is cut
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with. Measuring DR spectra is a very delicate process with fibers that need to be handled with care.
Electrosurgical cutting produces a current with a high voltage from the knife to the dispersive pad. It is
expected electrosurgical cutting can disturb the signal measured to obtain a DR spectra. Appendix H
shows high peaks between 1000 and 1200nm and between 1200 and [400nm.

In this experiment, electrosurgical cutting and the measurement of DR spectra are performed at
the same time to examine the influence of electrosurgical cutting on the outcome of the measurements
in Chapter 1 1.

Materials & method

For the experiment, a setup similar to the setup in Chapter || was used. A layer of 2cm adipose tissue
(LifeTech) was placed upon a layer of 2cm muscle tissue (LifeTech). The electrosurgical knife — which is
showed in Figure 52 — was used for electrosurgical cutting and obtaining the DR spectra. The knife was
placed in the adipose tissue at a depth of 5mm measured from the surface. The timing settings in the
PNSas software were set on 0.] second for both VIS and NIR integration. Therefore, the DR spectra were
obtained as fast as possible during cutting.

There are no independent variables present in this experiment. The cutting time, measurement
time, tissue, cutting angles and fiber distance are controlled. The DR spectrum is the dependent variable
that is measured. The measurement was performed 40 times.

Results

Figure 71 shows 40 measurements of DR spectra obtained while cutting with an electrosurgical knife. The
spectra are not normalized in order to show any change in signal strength. Deviation is present throughout
the whole spectrum and is largest in the VIS region. Except for the decreased plateau between 800 and
1 100nm, all characteristics for adipose tissue — described in Paragraph 8.3.3 — are present in the mean
graph of Figure 71. However, some plots have no or less signal before 600nm in the VIS region.

Discussion

The most striking observation in Figure 71 is the large deviation of the measurements. The deviations can
be due to multiple causes. First, the VIS and NIR integration time was set as low as possible — on 0.1
second — which will increase the noise on the measurements. Second, it is thought electrosurgical cutting
will add noise to the signal by disturbing it with its current and heat production. To be able to distinguish
as accurate as possible between adipose and tumour tissue for tumour margin assessment, it is not
recommended to measure during cutting. Cutting will increase the noise on your measured signal and
therefore provide a less accurate estimate of the chromophore concentrations on which the distinction
between tissues is made.

In the VIS region, two extra effects are observed. First, even more deviation is present. This could
be due to the visual changes in the tissue caused by electrosurgical cutting. Second, some measurements
do not have a signal — or a very small signal — before 600nm. It is assumed the detection of light was too
early for these measurements, which leads to the detection of the emitting light from the source. None
of this light is absorbed, while it did not enter the tissue yet. Therefore, no signal is present in the
spectrum.
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Figure 71: DR spectrum of adipose tissue on top of muscle tissue obtained while cutting. The blue lines represent all 40 measurements
and the red — thicker — line represents the mean of all spectra. The spectra are not normalized in order to show any change in signal
strength.

Appendix H shows measurements obtained by while cutting, described in Ch12. High peaks between 1000
and 1200nm and between 1200 and 1400nm are observed in these plots. It was thought, these peaks were

present due to cutting. Therefore, it was expected to observe the same peaks for this experiment,
however this is not true.

13.6. Discussion

In this discussion, the influence of the surrounding light, cutting angles, types of adipose tissue and cutting
during measurements will be discussed. The focus will be on the region between 1200 and 1400nm in the
spectrum while the peak in this region corresponds to the fat-water ratio. The fat-water ratio is the
chromophore concentration concluded to be the most important when making a distinction between
adipose tissue and muscle tissue according to the experiments in Chapter 9, 10 and 1 1.

No experiments are performed on the influence of surrounding light to the measurements.
However, Nachabe et al. stated PNSas corrects for surrounding light when a calibration measurements is
performed. [88] Nachabe et al. used the same setup as used for the experiments in this thesis. Therefore,
it can be assumed surrounding light did not influence the measurements performed in this thesis and will
not influence the outcome in clinical practice.

Differences in DR spectra are observed for changing cutting angles. Especially the measurements
for 60° varied from the other measurements — 30° and 90° — in the VIS region. To draw a conclusion on
the influence of the cutting angle for DR measurements, more experiments for different angles should be
performed. Nonetheless, when observing the region between 1200 and 1400nm, all spectra show a peak.
This indicates the chromophore concentration of fat-water ratio will be present for all measured spectra.
The influence of a changing cutting angle — on the measurements and conclusions drawn in this thesis —
will therefore not be major. In addition, changing the cutting angle will not change the possibility of using

the ‘smart’ electrosurgical knife to distinguish between muscle and adipose tissue focusing on the fat-water
ratio.



There was no major difference in the DR spectra obtained using a ‘smart’ knife and a probe. It
was expected that the results obtained by the ‘smart’ electrosurgical knife would show more deviation.
However, this was not true observing the DR spectra. A reason for the lack of deviation could be the
little ablation and/or charring on the knife. More experiments should be performed on how ablation on
the fibers influences the spectrum measurements to be able to draw a conclusion.

The influence of a variation in adipose tissue is minimal for the region between 1200 and 1400nm
in DR spectra. In all spectra, a peak is observed which corresponds to the fat-water ratio. Therefore, the
difference in adipose tissue will not influence the conclusions made (e.g. fat-water ratio is the best
chromophore concentration to focus on for discrimination between adipose and muscle tissue).
However, the DR spectra of pork belly tissue were used as a reference to the other adipose spectra. The
characteristics for adipose tissue described in Paragraph 8.3.3, are made on the basis of the DR spectra
from pork belly tissue. Therefore, when DR spectra of adipose pork tissue and sowbelly layers were
observed, they were compared to pork belly. In clinical setting, human adipose tissue will be used. This
will — again — be slightly different in DR spectra compared to the other tissues. However, it is expected
human adipose tissue will include a peak between 1200 and 1400nm, which makes it possible to distinguish
between muscle and adipose tissue.

DR spectra obtained while cutting contained large deviations. This can be due to the
electrosurgical cutting itself and/or the minimization of the VIS and NIR integration time in PNSas. Both
can increase the noise on the measured signal, which makes it less accurate. Therefore, it is not
recommended to measure DR spectra during cutting. In the experiments in this thesis, no DR spectra are
measured during cutting. In clinical practice, the tool could be designed in such a way that performing
measurements during cutting is not possible.

This chapter describes the influence of a clinical setting on the outcomes of the measurements on the
basis of some small experiments. Besides the outcomes of the experiments, the experiments led to some
ideas about the design of a ‘smart’ electrosurgical knife.

Currently, the fibers to emit and detect light are designed next to the cutting blade of the smart
electrosurgical knife. To design a sustainable solution that should not be replaced often, it would be better
to place the fibers apart from the cutting blade. In this way, they will not be exposed to ablation or charring
and the fiber tips will stay clean. An interview with F.J. van Duijnhoven and A.A. Hellingman (both surgeons
at The Netherlands Cancer Institute) indicated there is no wish to measure the spectra during cutting but
only detect the tumour from <2mm distance. The detection of a tumour should be marked by a sound so
the surgeon does not have to change their sight. Perhaps it is possible to design a tool that could slide the
fibers forward to the tissue when wanting to measure the spectra and slide them backwards when cutting.
In addition, a design could include the restriction of measuring DR spectra when cutting.

When designing the ‘smart’ electrosurgical knife, it would be an advantage if the fibers were made
into an individual tool that could be placed on all — or most — electrosurgical knifes available. Then the
tool, including the fibers — which are delicate but not that expensive — could be a single-use object.
Therefore, the fiber-tool does not have to be sterilize proof and can be placed upon the electrosurgical
knife which is used multiple times.
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|4. Overall discussion

This discussion is a summary of all discussions described per chapter. In addition, links between these
discussions are established and an outlook regarding the development of the ‘smart’ electrosurgical knife
is presented.

Influence of electrosurgical cutting and coagulation on tissue

In Chapter 6, the use of the ES knife is described. It is observed that, there are no clear rules on how-
and when to use the ES knife for either cutting or coagulation during a BCS. Besides using coagulation for
closing blood vessels and cutting tissue close to the surface, surgeons use the setting they prefer at that
moment.

From the results of Chapter 8, no clear relation is observed between the increasing power setting
and an increasing depth or width of the cut for both cutting and coagulation. According to these results,
electrosurgical cutting and coagulation can be called an uncontrollable action of which the precise depth
and width of the cut cannot be predicted. A maximum and minimum cutting depth of 1.5mm and 0.27mm
respectively, are found for electrosurgical cutting with 50 to 80 Watt. Currently a guideline for margin
assessment is to keep a margin of 5 to 10mm. However, the size of the tumour-free resection margin
(>I'mm) is unrelated to local recurrence. When a ‘smart’ electrosurgical knife would be able to detect a
tumour from a distance of 2mm, this could be insufficient when a maximum cutting depth of [.5mm is
considered. For example, a situation where the ES knife fails to identify a tumour at 2.|mm could occur.
When a new cut with a maximum depth of |.5mm would be made, the clear margin is only 0.6mm.
Therefore, using a margin of 2mm could also jeopardize the resection margin of >Imm.

A relation between the increasing power setting and the coagulation zone in muscle tissue is
present, according to the results of Chapter 8. For adipose tissue, no coagulation zone is observed. In
addition, increasing the power setting increases the deviation of the DR spectrum from pure tissue for
both muscle and adipose tissue. The differences between electrosurgical cutting and coagulation and the
increase in deviation in DR spectrum would imply a distinction should be made on when to use which
setting. Additional research should be performed on the relationship between the settings of the
electrosurgical knife and its influence on the tissue. Guidelines on which setting should be used for BCS
could prevent a coagulation zone or too much deviation in DR spectra.

DR spectra for tissue transition

The experiments in Chapter 9, 10 and || examine the transition from muscle tissue to adipose tissue in
pure tissue, cut adipose tissue and while cutting respectively. The transition is described on the basis of
the characteristics of muscle tissue and adipose tissue are described in Paragraph 8.3.3. The experiments

in Chapter 9 and 10 provide a clear transition from muscle tissue to adipose tissue in Figure 47 and Figure
50.

It was expected, the measurements obtained while cutting would provide a similar transition in
DR spectra. However, the spectra obtained while cutting, showed characteristics of adipose tissue while
cutting in adipose tissue. Cutting in muscle tissue provided one correct measurement which showed
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characteristics of muscle. No transition from muscle and adipose tissue was visible in the DR spectra. The
reason of this lack in transition is not known. However, two aspects could have influenced the results.
First, when increasing the depth of the knife, a decrease in the signal strength is observed. This could be
due to the ablation formed on the knife while cutting. VWWhen more ablation is present on the cutting blade
and the fibers, less light is emitted or detected by the fibers. This will result in a lower signal strength.
Second, the DR spectra in cut muscle tissue — described in Chapter 8 — showed more deviation in the
spectra compared to cut adipose tissue.

Not all measured spectra are considered correct. Appendix |, shows three examples of errors
observed in measured spectra which are considered as a ‘bad’ fit. A fit is ‘bad’ if a low or no signal is
present, if the scattering coefficient is lower than the signal, or when the fit does not follow the measured
spectrum. Reasons for a bad fit could be the following: ablation on the knife reduces the signal, a — too —
short integration time was used, the probe or knife was not in contact with the tissue, the probe or knife
moved during the measurement or the surrounding light changed during the measurement.

Fiber distance

The results in Chapter 9, 10 and || show a deeper sensing depth when a larger FD is used. Therefore,
the transition from adipose to muscle tissue runs smoother for larger FDs in both DR spectra as well as
chromophore concentrations.

A significant difference in fat-water ratio was measured when comparing muscle to adipose tissue.
For a FD of 6.2mm, the detection of muscle tissue under an adipose tissue layer is possible from [.2mm
— for non-cut tissue — and from 0.8mm for cut tissue. When cutting — with a FD of 3mm — a significant
change in spectra was obtained from 2mm distance. More research should be performed on the specific
sensing depth at certain FD’s to choose the right FD for the ‘smart’ electrosurgical knife, taking into
consideration the clear margin needed for BSC. In addition, the FD cannot be set too large as a large FD
will decrease the obtained signal strength. The design of the ES knife should also be taken into
consideration when choosing a FD.

Chromophore concentrations

For this master thesis, all chromophores available in the PNSas model were observed for changes in
measurements comparing muscle to adipose tissue. The fat-water ratio is concluded to be the most
valuable variable to focus on when making a distinction between muscle and adipose tissue. This variable
provided a significant outcome for non-cut tissue (p = 1.28e73%) and cut tissue (p = 3.32e~3%). De Boer
— who examined the difference in chromophore concentrations for non-cut tissue — also came up with
these conclusions. [I] The small p-values show a significant difference for muscle and adipose tissue. A
significant difference is important in order to have a high accuracy of your measurements in clinical setting.

The measurements obtained while cutting did not provide a significant outcome as there was only
one correct measurement obtained in muscle tissue. The fat-water ratio for the measurements in adipose
tissue while cutting showed values similar to the concentrations for pure and cut adipose tissue. However,
no transition in fat-water ratio is present. The only correct measurement in muscle tissue while cutting,
did provide a fat-water ratio similar to the ratios for pure and cut muscle tissue.
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The conclusions in this master thesis are based on muscle and adipose tissue. A next step would
be to examine the same test on human adipose tissue and tumour tissue. A difference in tissue can change
the chromophore concentrations, and therefore the outcome of the results.

Margin assessment

An argument to discontinue this research could be that the focus is too much on the secondary aim of
BCS namely the cosmetic outcome by minimizing the clear margin. Instead, large margins could be made
to minimizing the reoccurrence of the disease. In my opinion, this is not true because of the following
arguments. First, instead of locating the tumour, ion seeds or a guidewire are currently localized. In
addition, the relative distance is measured instead of the absolute distance. A ‘smart’ electrosurgical knife
would provide the absolute distance to the actual tumour. Another advantage is the minimization of
ablating the tumour as ablation on the tumour encumber the detection of it by a pathologist.

Second, a study of Krekel [28] reports a margin >10mm for 98.8% of all patients receiving a BCS.
Although the guidelines of a clear margin are 5 to 10mm. In addition, the tumour was located non-central
and close to the nearest margin in most cases. This indicates — despite the use of localization tools as a
guidewire or a gamma probe — that it is difficult to perform margin assessments. An additional problem is
the negative cosmetic outcome for at least 33.6% of the patients in the study of Krekel.

Third, increasing the amount of dissected tissue will increase the wound and therefore increase
the healing time for the patient. Therefore, dissecting with a smaller margin will also stimulate the healing
process.

Validation

All simulations performed with the MC model correspond to the measured spectra with a VAF value 2
97%. Accordingly, it can be concluded no major mistakes are made during the experiments and the
measured spectra are good enough to draw conclusions on. In addition, the peak between 1200 and
1400nm for adipose tissue is clearly visible in all measured and simulated spectra. This peak influences the
fat-water ratio, which is considered the most relevant chromophore concentration to be able to
distinguish between adipose and muscle tissue.

More simulations would have been made when more time was available. First, the validation would
be performed for multiple layers. Then the transition between adipose and muscle tissue — as is measured
in the experiments — could have been validated. In a simulation, the depths of the adipose tissue layer(s)
could be adjusted in smaller amounts than for the experiments. As a result of that, the fat-water ratio per
0.Imm — or smaller — distance from the tissue could be described.

Future development of the ‘smart’ electrosurgical knife
In order to evaluate the ‘smart’ electrosurgical knife, the benefits and considerations of this new
technology will be discussed.

First of all, the ‘smart’ electrosurgical knife will impact the current workflow of a BCS. Making it
possible to assess margins while holding the knife will minimize the alterations between the knife and a
localization instrument. This will decrease the surgical time and also making it easier to measure and cut
at the same location as the surgeon does not have to move his/her hand. Currently ion seeds or a

116



guidewire are used for tumour detection. Both can be misplaced and therefore not lead to detection of
the tumour. In addition, a ‘smart’ electrosurgical knife will provide the absolute distance instead of a
relative distance as is provided when using ion seeds. The distance can be quantified by looking at the
chromophore concentrations instead of the spectra. The possibility of ablating the tumour, as shown in
Chapter 7, will decrease when it is possible to measure the absolute distance to the tumour.

While the results for making a distinction between muscle and adipose tissue are promising, the
‘smart’ electrosurgical knife cannot be used in clinical practice yet. The measurements performed during
cutting did not provide satisfying results yet. More experiments should be performed on measuring DR
spectra during cutting, without the influence of ablation on the fibers. Additional research on signal
processing filters can potentially address this issue. In addition, changing the tissue from pork to human
tissue could have an effect on the outcome of the measurements. It needs to be taken into account that
global localization is still needed as a ‘smart’ electrosurgical knife cannot guide the surgeon towards the
tumour from a distance >2mm.

The advantages described above, the promising results and the positive feedback from
practitioners should be an encouragement to continue the development process of the ‘smart’
electrosurgical knife. The next step would be to repeat the measurements of DR spectra during cutting
however, without the influence of ablation on the fibers.

Design

During this project, the design of the ‘smart’ electrosurgical instrument was omitted. However, the insights
obtained in the course of this project are valuable to the subsequent design process. In the current design,
fibers to emit and detect light are placed next to the cutting blade of the smart electrosurgical knife.
Because of ablation or charring in the vicinity of the electrosurgical knife, the fibers can be damaged.
Damaged fibers will provide a signal with more noise. The design could be improved when placing the
fibers apart to make sure the fibers will not be damaged due to electrosurgical cutting.

In an interview with F.J. van Duijnhoven and A.A. Hellingman (both surgeons at The Netherlands
Cancer Institute), both woman indicated they do not wish to measure the spectra during cutting. Perhaps
it is possible to design a tool that could slide the fibers forward in order to measure the spectra, and slide
them backwards when cutting. In addition, a design could include the restriction of measuring DR spectra
when cutting. When detecting a tumour, the ‘smart’ electrosurgical knife should provide signal, e.g. a
sound or vibration to make sure the surgeon does not have look away from the operating site.

When designing the ‘smart’ electrosurgical knife, it would be an advantage if the fibers were made
into a separate tool that could be placed on the electrosurgical knife. Then the separate fiber tool could
be a single-use object. Therefore, the fiber-tool does not have to be sterilisable and can be placed upon
the electrosurgical knife which is used multiple times.
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|5. Conclusion

To conclude this master thesis, the research question described in the Introduction will be answered.

l. What changes in adipose and muscle tissue can be identified when cutting or coagulating with
an electrosurgical knife at various (50, 60, 70, 80 Watt) settings?

Electrosurgical cutting and/or coagulation affects tissue. No relationship was observed between the cutting
depth or width and an increasing power. The width of the cut is larger than the depth of the cut for both
cutting and coagulation in muscle- and adipose tissue. An average depth of 0.72mm and 0.65mm was
measured for cutting muscle tissue and adipose tissue respectively. For coagulation, the average depth
measured was 0.43mm for muscle tissue and 0.7 Imm for adipose tissue. A coagulation zone was only
observed in muscle tissue after coagulating. The coagulation zone has an average depth of 0.43mm. All
values can be found in Table 17.

Electrosurgical cutting and coagulation does not only influence the tissue visually, but also affects
the composition of the tissue. Change in composition can be seen in DR spectra where measurements on
pure tissue are compared to measurements on cut or coagulated tissue. According to the results in this
Chapter 8, cutting and coagulation in muscle and adipose tissue does not change the overall shape of the
spectrum. However, cutting decreases the intensity of the peaks in the visual region between 500 and
600nm and at 700nm for muscle tissue. These peaks decrease in intensity when cutting with higher power
settings. Coagulation also decreases the intensity of the peaks in the visual region for muscle tissue. The
peak at 700nm has a lower intensity and the double peak between 500 and 600nm disappears when
increasing the coagulation power. For adipose tissue, less deviation is observed for both cutting and
coagulation compared to muscle tissue. The small deviation present is not limited to specific regions but
is present in the whole spectrum. The deviation increases for an increasing power in electrosurgical
cutting, for coagulation, no trend is observed.

Table 17: Cutting and coagulation depth and width for muscle and adipose tissue, measured in the experiment described in Chapter 8. A
coagulation zone is only observed in muscle tissue.

Cutting Coagulation

Muscle | Adipose Muscle @ Adipose
tissue tissue tissue tissue
Min. 0.27mm  0.28mm | 0.20mm | 0.23mm
Depth Avg.  0.72mm 0.65mm 0.43mm 0.7 Imm
Max. |.5mm l.4mm I.16mm | [.56mm
Min. 0.3Imm  0.29mm | 0.40mm 0.4Imm
Width Avg. 0.82mm | |.1émm | 0.88mm [.12mm
Max. 1.52mm  2.27mm  1.67mm  2.03mm

Min. - - 0.20mm  Omm
g::s:h Avg. - - 0.43mm  Omm
Max. - - 1.05mm  Omm
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The DR spectra measured in Chapter 8 are used to describe characteristic peaks for pure adipose and
pure muscle tissue. In pure adipose tissue, five characteristics can be found in the DR spectrum:

A double peak between 500 and 600nm with a higher intensity compared to muscle tissue.*
A plateau from 600 to | 100nm.*

A double peak at 1000nm.

A large peak between 1200 and 1400nm.

A new peak starting from 1400nm.

Pure muscle tissue can also be recognized by five characteristics in the DR spectrum:

A low double peak between 500 and 600nm.

A peak at 700nm with a small dip just before this peak.
A gradually decreasing slope after 700nm.*

A peak and dip at 1000 and | 100nm.*

A second peak and dip at 1200 and 1300nm.*

The characteristics marked by an asterisk indicate qualitative landmarks for haemoglobin — in muscle tissue
— and for adipose tissue. [78] The difference between a DR spectrum for pure adipose and pure muscle
tissue are apparent by comparing the aforementioned characteristics. In this thesis, the differences
between the two spectra are not quantified. However, when looking at the chromophore concentrations,
a quantified difference between pure muscle and pure adipose tissue can be seen. The difference between
pure muscle and pure adipose tissue is significant for the fat-water ratio (p = 1.28e73%), St0, percentage
(p = 4.81e7%°), blood percentage (p =9.93¢”7) and b percentage (p = 0.014). The other
chromophores in PNSas do not provide a significant difference between pure muscle and pure adipose
tissue.

Changes in fiber distances influence the measured spectra. First, the transition between muscle and
adipose tissue — which can be seen for all fiber distances — elapses faster for small fiber distances compared
to large fiber distances. The transition is elapsed at |.2mm for an FD of 3.25mm, at 1.6 for a FD of 3.75mm,
at 2mm for a FD of 5mm and at |.6mm for a FD of 6.2mm. Second, the results in this thesis show some
changes in the spectra for different fiber distances. For the smaller FDs — 3.25mm and 3.75mm — the
double peak between 500 and 600nm has a higher intensity. For a FD of 5mm and 6.2mm an increase in
intensity for the region between 500 and 700nm, around 900nm and between 1000 and 1200nm was
observed. Changes in the obtained spectra due to a change in FD need to be considered when designing
a ‘smart’ electrosurgical knife.

119



Cutting does not change the overall shape of the DR spectra for both muscle and adipose tissue according
to the results in Chapter 8. However, changes that can be seen are:

A decrease in intensity in the regions between 500 and 600nm and at 700nm for muscle tissue.
An increase in intensity in the region between 900 and | 100nm.
More deviation in the regions between 1000 and 1200nm and between 1200 and 1400nm.

When observing the transition from muscle to adipose tissue, the elapse of the transition begins and ends
at the same distance from muscle tissue for both cut and non-cut tissue.

The difference between a DR spectrum for cut adipose and pure muscle tissue are apparent by
comparing the aforementioned characteristics, similar as for pure muscle- and adipose tissue. This
difference can be quantified looking at the difference in chromophore concentrations when comparing
pure muscle and cut adipose tissue. The difference can be seen best in the fat-water ratio (p = 3.32e739),
St0, percentage (p = 3.23e727), blood percentage (p = 2.36e~°) and F,,;, percentage (p = 2.84e7%).
The other chromophores in PNSas do not provide a significant difference between pure muscle and pure
adipose tissue.

The spectra obtained while cutting did not provide a clear transition from adipose to muscle tissue
as observed for pure and cut tissue. Measurements in adipose tissue (> Omm) provided spectra containing
characteristics of adipose tissue and measurements in muscle tissue (< 0mm) provided spectra containing
characteristics of muscle tissue. Additionally, all spectra obtained in muscle tissue — except for one — were
rejected due to ‘bad’ fits. As no transition between muscle and adipose tissue can be seen and only one
measurement was obtained in muscle tissue, no conclusion can be drawn on the possibility to discriminate
between muscle and adipose tissue while cutting.

120



|6. Recommendations

While writing this master thesis, some gaps of knowledge were identified. In addition, — if the research on
‘smart’ electrosurgical knifes is continued — some ideas for further research are determined.

It is concluded it is possible to distinguish between muscle and adipose tissue for non-cut tissue and cut
tissue. The focus for further research should be on the fat-water ratio as this chromophore concentration
discriminates between muscle and adipose tissue with the highest accuracy compared to the other
variables. The DR measurements obtained while cutting did not provide a significant distinction between
muscle and adipose tissue. Further research should be conducted to address the transition from muscle
to adipose tissue while cutting. The experiments in Chapter | | should be repeated excluding the influence
of ablation on the fibers. This could be done using a ‘smart’ needle to measure the DR spectra after the
cuts are made. The results obtained for pure and cut tissue, together with advantages of the ‘smart’
electrosurgical knife described in Chapter |4 make me believe this research should be continued.

Some uncertainties — which came to thought during this master thesis — should be examined when
continuing the research. Do changing cutting angles influence the DR spectrum? How does blood effect
the DR spectrum in the region between 1200 and 1400nm? Is it possible to distinguish between adipose
and muscle tissue for coagulated tissue or during coagulation? Does tension affects DR spectra?

Another step in further research is the design of a prototype, integrating the requirements for a
‘smart’ electrosurgical knife. More interviews should be conducted asking the users all requirements. In
addition, the suggestions for a design made in Chapter 14 could be integrated. After a prototype is made,
the experiments described in this thesis could be repeated. The results obtained in this thesis can then
serve as reference values for the prototype. If these results are satisfactory, a next step could be taken by
performing measurements on a phantom breast of adipose tissue including a ‘tumour’ made of muscle
tissue.

A future step — when the ‘smart’ electrosurgical knife has proven its feasibility and accuracy to detect a
tumour in adipose tissue — could be to use the knife for other applications. Experiments using DRS for
the detection of lung and colon cancer are already performed and provide promising results. [89] [90]
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Appendices

Appendix Reference Description

A §3.3 Description on tissue properties relevant for optical imaging
B §3.5 Definition of all variables used in Equation (8)

DR spectra of pure, cut and coagulated muscle tissue and
C §8.5 : ;

pure, cut and coagulated adipose tissue.
D §9.3 DR spectra of the transition from pure muscle to adipose

tissue with FD’s: 3.25, 3.75, 5 and 6.2mm.
Chromophore concentrations of the transition from pure
E §9.5 muscle to adipose tissue for a, s800 and F,,,;.. The fat-water
ratio for FD’s of 3.25, 3.75, 5 and 6.2mm.
All DR spectra obtained for the transition from muscle to cut

F §10.3 adipose tissue for FD’s of 3.25, 3.75, 5 and 6.2mm.
G §10.4 The fat-water ratio for the transition from pure muscle to cut
’ adipose tissue for FD’s of 3.25, 3.75, 5 and 6.2mm.
All DR spectra obtained while measuring during cutting with
H §11.3 and without removing the ‘bad’ fits. The mean values of all
) measured spectra during cutting excluded the ‘bad’ fits in one
plot.
I §11.4 Examples of ‘bad’ fits: a low signal, low scattering, a bad fit.
Chromophore concentrations (fat-water ratio, StO, and
] §11.4 Fnie) measured for the transition from muscle to adipose
) tissue while cutting including the second best and third best
fit.
Chromophore concentrations (St0, and F,;,;,) measured for
K §11.4 the transition from muscle to adipose tissue while cutting
including the one ‘good’ fit.
L §12.1 Values used as inputs for the Monte Carlo model
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Appendix A
Referred to in Paragraph 3.3. A more elaborate description of tissue properties relevant for optical
imaging: the absorption coefficient, 1, [cm™], the scattering coefficient u; [cm™], the scattering function
p(6,) [sr'], anisotropy coefficient g, refractive index of the tissue n' and the reduced scattering
coefficient p'.

Reduced scattering coefficient

For prediction of tissue scattering and the behaviour of light diffusion in the wavelength range of 400 to
1300 nm, two equations are used which are equally good according Jacques. [44] One description of the
reduced scattering coefficient is given by

-b
us = a (#mm)) 2e)

where A is the wavelength, normalized by a reference wavelength of 500 nm. The b characterizes the
wavelength dependence of g which is called the scattering power. Alternatively, the reduced scattering
coefficient can be described by

ﬂ, —4 /1 —bpmie -b
, _ A B A 27
Hs (1) = a (fray (500 (nm)) + (1 fray) (500 (nm)) ) 7

where the coefficient is dependent on the separated contributions of the Rayleigh and Mie scattering at
the reference wavelength. Mie scattering describes the scattering of light meeting objects with a similar
size to the wavelength whereas Rayleigh scattering describes the elastic scattering of light by particles
much smaller than the wavelength. More information about Rayleigh and Mie scattering can be found in
[92].

Scattering and anisotropy
The scattering coefficient is usually measured by a collimated transmission measurement (T,). It is
described by the formula

Us = L’ (28)

where L is the thickness of the tissue. To be able to measure p; a thin sample, of approximately 100 pm
(the scale of one mean free path: meanfreepath = 1/uy), is required. An underestimation of y; can
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occur when the tissue sample is desiccated or the tissue is non-heterogenic. In addition a too large angle
of collection of the light will lead to an underestimation of p.

The same complications can occur when preparing a sample for measuring g, of which the sample
needs to be thin. The measurement of p(8) using goniometry concerns measuring the angular scattering
of light of a thin sample.

Tissue scattering properties can be controlled by compressing, stretching, dehydration, coagulation of the
tissue and by immersion with biocompatible chemical agents and photochemical and —thermal clearing.
[43] Controlling these properties can be important when wishing to decrease the light scattering of the
tissue to improve the imaging depth and quality. It can also increase the precision of spectroscopic
information of deep tissue layers and blood. [43]

Refractive index
To describe the complex refractive index n,

n=n'+jn" (29)

the real refraction index n’, the imaginary refractive index n'’ and the absorption coefficient u, = 4mn'’ /A
are required. The real refraction index describes energy storage and hence affects the speed of light in a
medium. The imaginary refraction index describes energy dissipation and specifies the absorption
coefficient.

Absorption coefficient

The absorption coefficient y, is described by T, the transmitted or surviving fraction of the incident light
after the incremental path length dL [cm]. In addition, dT/T per dL yields an exponential decrease in the
intensity of the light as a function of increasing path length L. The relation between pu, and T is given by

10T
- _ - 30
Ha T 3L (30)
where T can be described as
T = e—Hal = 10~%CL = e—4nn”L//1_ (31
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Appendix B

Referred to in 3.5. Definition of all variables used in Equation (8)

Farrel described the measured diffuse reflectance intensity distribution I(r) as

a1 1\ e Hefr M 1 1\ e Hefr T2
1) = @ [ ey + ) (2 (g + 2) ]
(r)=a am |, Heff 7 fiz 1 Zp )\ Heff 7 —2

)
Where

Ui = Hg + g
2
Z I
b 3u;
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Appendix C

Referred to in Paragraph 8.5. DR signals of pure muscle tissue, cut muscle tissue, pure adipose tissue, cut
adipose tissue, coagulated muscle tissue and coagulated adipose tissue. All measurements performed are
showed in these plots including a plot of the mean in red.

Diffuse reflectance [a.u.]

o . n
400 600 800 1000 1200 1400 1600
Wavelenght [nm]

Figure 72: DRS signal of muscle tissue without cutting or coagulation. Five measurements are performed which are plotted in blue. The
average of all measurements is plotted in red.
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Figure 73: DRS signal of muscle tissue with a cut performed at 50 Watt (top left), 60 Watt (top right), 70 Watt (bottom left) and 80
Wiatt (bottom right). All experimental conditions are performed 30 times, plotted in blue. The average is plotted in red.
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Figure 74: DRS signal of adipose tissue without cutting or coagulation. Five measurements are performed, plotted in blue. The average is

Diffuse reflectance [a.u.]
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plotted in red.
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Figure 75: DRS signal of adipose tissue with a cut performed at 50 Watt (top left), 60 Watt (top right), 70 Watt (bottom left) and 80
Watt (bottom right). All experimental conditions are performed 30 times.
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DRS signal of coagulated muscle tissue with various power settings
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Figure 76: DRS signal of coagulated muscle tissue performed at 50 Watt (top left), 60 Watt (top right), 70 Watt (bottom left) and 80
Watt (bottom right). All experimental conditions are performed 30 times.
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Figure 77: DRS signal of coagulated adipose tissue performed at 50 Watt (top left), 60 Watt (top right), 70 Watt (bottom left) and 80
Watt (bottom right). All experimental conditions are performed 30 times.
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Appendix D

Referred to in Paragraph 9.3 DR spectra of the transition from pure muscle to pure adipose tissue with
FD’s: 3.25, 3.75mm, 5mm and 6.2mm.

DRS signal with a FD of 3.25mm at various distances from the muscle tissue upon fat layers
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Figure 78: DRS signal of muscle tissue with layers of fat upon it, a probe with a fiber distance of 3.25mm is used. The title of every plot
represents the thickness of the fat layer upon the muscle tissue for that measurement. All experimental conditions are performed 30
times, plotted in blue. The average is plotted in red.

DRS signal with a FD of 3.75mm at various distances from the muscle tissue upon fat layers
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Figure 79: DRS signal of muscle tissue with layers of fat upon it, a probe with a fiber distance of 3.25mm is used. The title of every plot
represents the thickness of the fat layer upon the muscle tissue for that measurement. All experimental conditions are performed 30
times, plotted in blue. The average is plotted in red.
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DRS signal with a FD of 5mm at various distances from the muscle tissue upon fat layers

3 Oomm 3 0.4mm 3 0.8mm 3 1.2mm
25 %10 25 > 10 2 10 2 10

T2 = = £ 3
) E s 15 s,
@ @ @ @
Q o o Q
c 15 1= 1= 1=
] o o o
s s 5 s
® i) i) ®
= = = =
2 8 B 3
o @ @ @
&) 3 3 3
£ E £ 05 E
005 a a a

0 . 0 0 0

400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600

Wavelenght [nm] Wavelenght [nm] Wavelenght [nm] Wavelenght [nm]
5 %10 1.6mm ) 10° 2.4mm

Diffuse reflectance [a.u.]

L
400 600

800
Wavelenght [nm]

1000 1200 1400 1600

Diffuse reflectance [a.u.]

Diffuse reflectance [a.u.]

0
400

0
400

600 800 1000 1200 1400 1600

Wavelenght [nm]

600 800 1000 1200 1400 1600
Wavelenght [nm)]

Figure 80: DRS signal of muscle tissue with layers of fat upon it, a probe with a fiber distance of 5mm is used. The title of every plot
represents the thickness of the fat layer upon the muscle tissue for that measurement. All experimental conditions are performed 30

times, plotted in blue. The average is plotted in red.

DRS signal with a FD of 6.2mm at various distances from the muscle tissue upon fat layers
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Figure 81: DRS signal of muscle tissue with layers of fat upon it, a probe with a fiber distance of 6.2mm is used. The title of every plot
represents the thickness of the fat layer upon the muscle tissue for that measurement. All experimental conditions are performed 30

times, plotted in blue. The average is plotted in red.
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Appendix E
Referred to in Paragraph 9.5. The first plot shows the fat-water ratio of the transition from pure muscle
tissue to pure adipose tissue for multiple fiber distances: 3.25, 3.75, 5 and 6.2mm. The transition in
concentration runs more smoothly for increasing fiber distances. The second plot represents
chromophore concentrations from coefficients not providing a significant difference between muscle and
adipose tissue: o, Sggg and Fy,ie
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Figure 82: Chromophore concentrations for Fat/Water ratio at various distances from the muscle tissue. The different FDs used are
3.25mm (upper left), 3.75mm (upper right), 5mm (bottom left) and 6.2mm (bottom right). All conditions include 30 measurements.
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Chromophore concentations at various distances from muscle tissue with an
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Figure 83: Chromophore concentrations of scattering variables b, alpha and s800 at various distances, Omm, 0.4mm, 0.8mm, [.2mm,
1.6mm, 2mm and 2.4mm from muscle tissue with a FD of 6.2mm. All conditions include |5 measurements.
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Appendix F

Referred to in Paragraph 10.3. All DR spectra obtained for the transition from muscle to cut adipose

tissue for FD’s of 3.25, 3.75, 5 and 6.2mm.

DRS signal with a FD of 3.25mm at various distances from the muscle tissue upon coagulated fat layers
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Figure 84: DR spectra of the transition between muscle tissue (Omm) and adipose tissue layers (from 0.4mm). The title represents the
depth of the adipose layers. The FD used is 3.25mm. All experimental conditions are performed 30 times.
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Figure 85: DR spectra of the transition between muscle tissue (Omm) and adipose tissue layers (from 0.4mm). The title represents the
depth of the adipose layers. The FD used is 3.75mm. All experimental conditions are performed 30 times.
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DRS signal with a FD of 5mm at various distances from the muscle tissue upon coagulated fat layers
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depth of the adipose layers. The FD used is 5mm. All experimental conditions are performed 30 times.

DRS signal with a FD of 6.2mm at various distances from the muscle tissue upon coagulated fat layers
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Figure 86: DR spectra of the transition between muscle tissue (Omm) and adipose tissue layers (from 0.4mm). The title represents the

Figure 87: DR spectra of the transition between muscle tissue (Omm) and adipose tissue layers (from 0.4mm). The title represents the
depth of the adipose layers. The FD used is 6.2mm. All experimental conditions are performed 30 times.
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Appendix G

Referred to in Paragraph 10.4. The fat-water ratio for the transition from pure muscle to cut adipose
tissue for FD’s of 3.25, 3.75, 5 and 6.2mm.

Chromophore concentations at 0 to 2mm from muscle tissue with FD of 3.25, 3.75, 5 and 6.2mm with coagulation
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Figure 88: Chromophore concentrations of the fat-water ratio from Omm (muscle tissue) to 2mm (cut adipose tissue) for various fiber
distances (3.25mm, 3.75mm, 5mm and 6.2mm).
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Appendix H
Referred to in Paragraph | 1.3. All DR spectra obtained while measuring during cutting with and without
removing the ‘bad’ fits. The plot including bad fits shows peaks with a high intensity. Additional, the mean
values of all measured spectra during cutting excluded the ‘bad’ fits in one plot.

Figure 89: Measured spectra obtained of the transition from adipose (>0mm) to muscle (<Omm) tissue during cutting with an

DRS signal with a FD 3mm at various distances from the muscle tissue upon fat layers
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Figure 90: Measured spectra obtained of the transition from adipose (>0mm) to muscle (<Omm) tissue during cutting with an

DRS signal with a FD 3mm at various distances from the muscle tissue upon fat layers
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4 Means of measured DRS signal while cutting (FD=3mm)
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Figure 91: Means of all measured spectra obtained of the transition from adipose (>0mm) to muscle (<Omm) tissue during cutting with
an electrosurgical knife excluding the bad fits. The spectrum of (-2mm) is the only spectrum measured in muscle tissue with a good fit.
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Appendix |

Referred to in Paragraph | 1.4. Examples of ‘bad’ fits: a low signal, low scattering, a bad fit. A fit is ‘bad’ if:
a low or no signal is present, if the scattering coefficient is lower than the signal, or when the fit does not

follow the measured spectrum. In order to compare the spectra, a ‘good’ fit is added.
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Figure 92: Fits of DR measurements. Top left shows a good fit. Top right shows a low signal. Bottom left shows a scattering coefficient
lower than the measured spectra. For the VIS region, this will provide fitted spectrum which does not reflect the measured spectrum.
Bottom right shows a wrong fit. The measured spectrum shows large deviations which make the fit in it unusable.
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Appendix |
Referred to in Paragraph |1.4. Chromophore concentrations (fat-water ratio, St0, and F,,;,) measured
for the transition from muscle to adipose tissue while cutting including the second best and third best fit.
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Figure 93: Chromophore concentrations measured for the transition from muscle tissue to adipose tissue. Fat-water ratio (top left), Mie

scattering (top right), StO, (bottom left) and blood (bottom right) concentration. The second best fit for [-2mm] is included.

| 44



fat-water ratio% at various distances, FD=3mm
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Figure 94: Chromophore concentrations measured for the transition from muscle tissue to adipose tissue. Fat-water ratio (top left), Mie
scattering (top right), StO, (bottom left) and blood (bottom right) concentration. The second and third best fit for [-2mm] are included.
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Appendix K
Referred to in Paragraph |1.4. Chromophore concentrations of St0,, Mie scattering (F;.) and blood
while cutting.
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Figure 95: StO2 (top left), Mie scattering (top right) and blood percentage (bottom) of the transition from adipose (>0mm) to muscle
tissue (<Omm) during cutting. The FD is 6.2mm and all experimental conditions are performed 30 times.
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Appendix L
Referred to in Paragraph 12.1. Values used as inputs for the Monte Carlo model. The absorption and
scattering coefficient were retrieved from the DR spectra.

Refractive Fiber

Description tissue  Anisotropy

Index distance
Pork belly 0.9 1.44 3mm
Fat tissue 0.9 1.44 3.25mm
Sowbelly 0.9 1.44 3.25mm
Muscle tissue 0.89 1.46 3mm
Cut pork belly 0.89 1.44 3mm
Cut fat tissue 0.89 1.44 3.25mm
Cut sowbelly 0.89 1.44 3.25mm
Cut muscle tissue 0.9 .46 3mm

Figure 96: Values used as inputs for the MC model for various tissue types: anisotropy, refractive index and fiber distance.
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