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Abstract: Using an intraoperative margin assessment technique during breast-conserving
surgery (BCS) helps surgeons to decrease the risk of positive margin occurrence. Diffuse
reflectance spectroscopy (DRS) has the potential to discriminate healthy breast tissue from
cancerous tissue. We investigated the performance of an electrosurgical knife integrated with a
DRS on porcine muscle and adipose tissue. Characterization of the formed debris on the optical
fibers after electrosurgery revealed that the contamination is mostly burned tissue. Even with
contaminated optical fibers, both tissues could still be discriminated with DRS based on fat/water
ratio. Therefore, an electrosurgical knife integrated with DRS may be a promising technology to
provide the surgeon with real-time guidance during BCS.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Breast cancer is the most common cancer among women worldwide and the incidence keeps
increasing [1]. The standard surgical treatment for early-stage breast cancer patients is breast-
conserving surgery (BCS), in which the surgeon aims to remove the tumor while maintaining the
natural shape of the breast as much as possible [2]. It has been shown that lack of direct view
over the surgical site or surgeon’s failure to determine the exact position of the tumor based on
preoperative images may lead to incomplete resection of the tumor and incidence of positive
margin [3]. Positive margins occur when the excised tumor is not surrounded by at least 2 mm of
healthy tissue. The incidence of positive margin during tumor surgery is a widespread problem
in clinical practice, but no standard solution has been developed yet [4]. In the case of positive
margin detection, re-excision surgery or extra radiation therapy and chemotherapy are required
[5-7]. Based on the literature, the occurrence rate for re-excision surgery ranges from less than
10% to around 50% [8].

While positive margin incidence can cause difficulties for patients and hospitals, pre-operative
localization of breast lesions, such as needle localization, intraoperative ultrasound, radio-guided
surgery, and also intraoperative assessments techniques, such as gross assessment, specimen
radiograph, frozen section, and cavity shave margins, seem to be promising techniques to
overcome these undesired outcomes [8]. However, all of these techniques have their limitations.
For instance, needle localization could be accompanied by affecting incision location, poor
cosmetic results, and could be more time consuming while causing more discomfort to the patient
[8,9]. Intraoperative ultrasound is an operator-dependent technique requiring extra markers for
lesions such as DCIS (Ductal Carcinoma In Situ) [8§—10]. In addition to the limitation in detecting
small, noncalcified lesions during radio-guided surgery and seed localization, the need to onside
nuclear support is associated with consuming more time, costs, and specialist workforce, which
is not possible for many facilities [8,11]. Furthermore, the currently available intraoperative
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margin assessment techniques are either not completely reliable in detecting small tumors and
DCIS, or can lead to the removal of excess healthy tissue, resulting in undesired cosmetic outputs
[8,9]. While applying these techniques decreases the occurrence rate of positive margin during
BSC, the occurrence rate remains yet high. Even after the use of the most promising technique
still 20% of patients need to go under re-excision surgery, showing that this problem remains
unsolved up to now. It seems that for overcoming this challenge emerging technologies need to
result in higher diagnostic accuracy in a more cost and time-effective way [12—15].

Recently, researchers proved that Diffuse Reflectance Spectroscopy (DRS) has the potential to
be used as a tumor margin assessment technique [12,13,16-25]. Each tissue has its own special
intrinsic light absorption and scattering for specific wavelengths which are known as “optical
fingerprint”. Using DRS in the 400-1600 nm spectral range, De Boer et al. showed the Fat/Water
ratio is a determinative factor to distinguish malignant tissue from healthy tissue and to determine
the exact border of the tumor [16].

Electrosurgery is mostly used during breast-conserving surgery (BCS). With electrosurgery,
a high-frequency alternating electrical current is used to cut or coagulate tissue [26]. During
this process, high-temperature heat is produced that may cause collateral tissue damage and
histological change. These changes can increase the scattering, decrease the depth of photon
penetration and alter its optical properties [26-29]. However, recently, Adank et al. showed that
the DRS system is capable to distinguish muscle tissue from adipose tissue even after cutting or
coagulating both tissues using an electrosurgical knife [3]. Based on these results, integrating
the DRS system into the electrosurgical knife seems to be a promising approach to provide
the surgeon with real-time oncological guidance during cancer surgery. Despite tissue altering
during electrosurgery, tissue debris formation is another undesired factor that may affect the
DRS measurements. Eschar formation on the electrode of the electrosurgical knife is the most
frequent happening, an unwanted event during electrosurgery [26]. Adank et al. also mentioned
that debris adhering to the optical fibers of the DRS system integrated into the active electrode of
an electrosurgical knife is suspected to deteriorate the DRS signal by altering the light behavior
and its optical properties.

Therefore, in this research, the characteristics of debris attached to the optical fibers integrated
into the electrosurgical knife are investigated, as well as the effect of the type of debris on the
DRS signal deterioration and the Fat/Water ratio.

2. Materials and methods
2.1. Sample preparation

To integrate the electrosurgical knife and the DRS system, disposable active blade shape electrodes
(Hangzhou Valued Med Tech Co., China), stainless steel tubes (with outer @ 500 um and inner
@ 400 um) and acrylate coated optical fibers (@ 240 um) were used. The stainless steel tubes
with a length of 1 cm have been welded to the sides of active electrodes as shown in Fig. 1(A),
using a laser welding machine. Optical fibers were polished and cleaned to smooth the surface
and avoid any roughness. Optical fibers, one connected to the halogen light-source (Avantes,
The Netherlands) and one collecting the diffusively reflected light at the surface of the tissue
connected to the spectrometer, were placed inside the welded metallic tubes at a 3 mm distance
from the center of the emitting fiber to the center of the collecting fiber. Then, the active electrode
was placed on the electrosurgical knife.

The optical fibers were connected to a Philips custom-designed diffused reflectance spectroscopy
setup (Philips Research, Eindhoven) consisting of a halogen broadband light source (Avantes,
The Netherlands) and spectrometers including one spectrometer designated to collect the light
in the 400-1000 nm spectral range (Maya2000 Pro, Ocean Optics, USA), and one spectrometer
that collects light in the 900-1700nm spectral range (NIRQuest 512, Ocean Optics, USA). The
design and application of the diffused reflectance spectroscopy setup have been described in
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Fig. 1.

A) The design of the electrosurgical knife integrated with DRS (fiber-fiber

distance =3 mm). B) Characterizing the debris formed on the tip of optical fibers due to
electrosurgery. C) The used setup to measure the intensity of light passing through the
clean and used optical fibers. D) The setup to investigate the DRS signal deterioration after
electrosurgery with three different sets of optical fiber, Clean Fiber (unused fiber), Muscle
Fiber (contaminated with muscle tissue), and Fat Fiber (contaminated with adipose tissue)
on three different surfaces (white reference, porcine muscle, and porcine adipose tissue).
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more detail in previous publications [3,20,30]. The measured spectra were used as the input
for a Philips custom-developed software. The software uses a nonlinear Levenberg—Marquardt
inversion algorithm to fit a curve on the measured spectrum and extract the concentration of the
chromophore from the fitted data [20].

Before starting the DRS measurements, the system is calibrated to minimize the influence of
the ambient light and correcting the system response by placing the tip of the optical fibers at
a fixed distance of 2 mm on top of the white reflectance standard,(WS-1-SL, Labsphere Inc.,
USA). Subsequently, the spectral response of white reference was measured, followed by a
background measurement. The DRS system and calibration process applied in this research have
been described previously [20,30,31].

As mentioned before by using the Fat/Water ratio of the breast normal tissue (Fat/Water
ration>1) and tumor tissue (Fat/Water ration<1), it is possible to distinguish the normal tissue
from tumor tissue with high sensitivity and specificity [16]. By considering this, porcine adipose
tissue was chosen to simulate the healthy breast tissue as both tissues have a Fat/Water ratio of
higher than 1. Also, porcine muscle tissue with a Fat/Water ratio of lower than 1 was selected to
simulate the breast tumor tissue which also has a Fat/Water ratio lower than 1. Briefly, similar as
in Ref. [3] in all the experiments, the healthy breast tissue and tumor tissue were simulated by
porcine adipose tissue and porcine muscle tissue, respectively.

2.2. Debris characterization

To create the samples (contaminated optical fibers) using the electrosurgical knife with integrated
DRS, ex vivo porcine muscle and adipose tissue, an electrosurgical unit (Valleylab, Medtronic
plc, USA) and a dispersive pad were used. The electrosurgical knife was used for 30 seconds, in
blend mode combined with a power of 60W, to cut porcine muscle and adipose tissue. For further
analysis, the contaminated optical fibers were taken and used for the characterization (Fig. 1(B)).
In the text, Clean Fiber, Muscle Fiber, and Fat Fiber refer to the unused optical fiber, the optical
fiber contaminated while cutting the porcine muscle tissue, and the optical fiber contaminated
while cutting porcine adipose tissue, respectively.

After sample preparation, the used optical fibers (without connectors) were analyzed on
morphology by optical microscopy (Keyence VHX-5000, Keyence Corporation, Japan) and
scanning electron microscopy (SEM) (JSM-7500F, JEOL Ltd., Japan). For SEM analysis, the
optical fibers were coated with a layer of gold using a gold sputter. The samples were placed
under both microscopes and different magnifications were used to obtain images of specific
parts of interest. The ImagelJ software (version 1.52a, National Institutes of Health, USA) [32]
was used to measure the diameter of the optical fibers from the images obtained with optical
microscopy, before and after use.

To determine the debris chemical composition, the used optical fibers were analyzed on
composition by energy-dispersive spectroscopy (EDX) (Noran system SIX, Thermo Scientific,
United States). In this technique based on the interaction of a source of X-ray excitation and a
sample, the elemental composition of the sample can be investigated [33]. It is suspected that
the high temperature produced while working with the electrosurgical knife might cause the
melting of the acrylate coating around the core of the optical fiber, which could lead to melted
acrylate flowing over the tip of the fiber. To investigate the presence of acrylate traces in the
debris formed on the tip of the fibers after use, Raman spectroscopy has been used. A confocal
Raman microscope (inVia, Renishaw plc., United Kingdom) with laser light of 752 nm was used
to produce the clearest Raman spectrum. First, a spectrum from the acrylate coating was taken
and the specific vibration peak related to the acrylate coating was determined. A map of the
Raman shift from the entire surface of the optical fiber was made. The whole map was searched
for specific vibration peaks corresponding to the acrylate coating determined before. As the
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surface of the optical fiber was not smooth due to debris formation, the Raman Spectroscopy was
used to search for the acrylate vibration in different layers of the debris.

2.3. Light intensity analysis

In order to quantify the influence of the formed debris on the light transmittance through the
optical fiber, the intensity of the light passing through the optical fibers was measured, using
a light source (same light source used for DRS measurements) connected to the optical fibers
and a high sensitivity thermal laser sensor (NOVA II, Ophir Optronics Solutions, Israel) on the
distal side, in front of the optical fiber tip. The light intensity of the optical fibers before and after
applying electrosurgery was read from the display of the laser sensor, measured in power (UW),
as shown in Fig. 1(C).

2.4. DRS signal deterioration

To measure the effect of electrosurgery on the performance of the optical fibers integrated into
the electrosurgical knife, the optical fibers at both sides of the blades were attached to the DRS
console as described before, and the signal was recorded. For DRS measurements, three sets of
DRS integrated knives were prepared for making each Clean Fiber, Fat Fiber, and Muscle Fiber
(three knives to prepare each type of fiber). One of the optical fibers was used as the emitter
of light and the other optical fiber was used to collected the light. First, the DRS console was
calibrated in the wavelength ranging from 400 to 1600 nm, using clean optical fibers on a white
reference (Control group) as described before. With every three sets of each Clean Fiber, Muscle
Fiber, and Fat Fiber, three spectra were obtained from white reference, porcine muscle tissue, and
porcine adipose tissue separately (three spectra per surface)(Fig. 1(D)). In total nine spectra per
optical fiber (Clean Fiber, Muscle Fiber, Fat Fiber) per surface (white reference, muscle tissue,
adipose tissue) obtained. In Fig. 5. the average spectrum of these nine spectra with the SD for
each type of optical fiber and each surface is shown.

The nine measured spectra were used as the input for a Philips custom-developed software.
The software uses a nonlinear Levenberg—Marquardt inversion algorithm to fit a curve on the
measured spectra and extract the concentration of the chromophore from the fitted data for each
surface and each optical fiber [20]. More information regarding the algorithm used for fitting
a curve on the DRS spectrum and calculating the concentration of the chromophores can be
found in references [20,31]. The average concentration of the chromophores (+ SD) was used to
analyze and report the results. The measured optical fit parameters are the amount of blood%
(as a percentage of total hemoglobin concentration which is 150 g/liter in normal human blood),
scattering at 800 nm, amount of collagen, the total amount of fat and water (fat + water) and the
fraction of fat. From the last two parameters, the amount of fat as Fat% and the amount of water
as Water% and Fat/Water ratio were calculated [22].

To investigate how the contaminated optical fiber can affect the measurements, for each
surface (white reference, muscle tissue, adipose tissue) the statistical analysis performed on the
concentration of each chromophore using one-way ANOVA test.

2.5. Statistical analysis

All the experiments were repeated three times. One-way ANOVA was used to investigate
whether the samples are significantly different or not. P-values smaller than 0.05 were considered
significant.
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3. Results

3.1. Debris characterization

The optical fibers used on the tissue (Muscle Fiber and Fat Fiber) became black after being used
with an electrosurgical knife (Fig. 2, top Side view row). From the side view of the optical fibers,
it can be determined that the head of the optical fiber becomes black with an average length
of 0.43 cm for Fat Fiber and 0.9 cm for Muscle Fiber. The diameter of the clean optical fiber
obtained from the SEM images is 238.9 + 1.95 um with an acrylate coating with 10 um width on
each side. The Muscle Fiber and Fat Fiber diameter changed to 223.7 +4.5 and 216.6 + 9.2 um,
respectively, with a nonsignificant difference between the two fibers (p =0.19).

Clean Fiber Muscle Fiber Fat Fiber

|

Side View

Optical
Microscope

SEM

S 100 pm e R S.okv 1ex  m 100 pm

Fig. 2. The shape and morphology of the optical fibers before and after electrosurgery,
investigated by optical microscopy (second row) and scanning electron microscopy (SEM,
third row).

Meanwhile, based on the optical microscopy and SEM images (Fig. 2), less debris was
formed on the tip of Muscle Fiber than Fat Fiber. While cutting porcine muscle tissue with the
electrosurgical knife, tissue burning and carbonization was significant. However, after cutting the
porcine adipose tissue, there was more melted fat on the optical fiber and surface of the electrode
than burned tissue. Also, there were more traces of unburned biological tissue on the electrode
and the metallic tubes of the knife used for cutting adipose tissue compared to those used for
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cutting muscle tissue. This is also observed for the Fat Fiber, which has some fat like pieces
attached to it as shown in Fig. 2.

When using EDX to map the chemical composition it was found that a Clean Fiber consists of a
core made of silica or SiO» (Si (silicone), in blue color, and O (Oxygen) in green and an Acrylate
based coating which contains C (Carbone) shown in red color (Fig. 3, top row). After applying
the electrosurgical knife the surface of both contaminated fibers gets red meaning the carbon
is covering the optical fibers (Fig. 3, middle and bottom row). The density of the green color
(presenting oxygen) and blue cover (presenting Si) decreases, showing that the contamination is
covering the surface of the core. For both used optical fibers (Muscle Fiber and Adipose Fiber)
there are traces of the Sodium (Na), Magnesium (Mg), Potassium (K) on the top. Furthermore,
the EDX of Muscle Fiber confirms the existence of Iron (Fe) on the tip.

Fig. 3. EDX (energy-dispersive spectroscopy) results taken from the tip of Clean Fiber,
Muscle Fiber, and Fat Fiber.

The side view picture of a used optical fiber is shown in Fig. 4(A). Based on this picture, it
can be determined that the acrylate coating has vanished for approximately 500 ym from the tip
of optical fiber. Raman spectroscopy of the clean optical fibers shows three main peaks, one at
1377, 1618 and 1782 Raman shift (cm™"), respectively (Fig. 4(B)). Next, the Raman map taken
from three different layers of the top surface of the Muscle Fiber and Fat Fiber was searched
for the peaks found for acrylate coating. However, neither those peaks nor any other specific
peak than the common silica glass was found in these three layers of the debris, indicating that
vanished acrylate coating did not play a role in debris formation.

3.2. Light intensity analysis

The intensity of the light passing through the clean optical fiber and the used optical fibers
measured using a light source and laser sensor showed that the average power loss for the Muscle
and Fat Fiber is 45.64%+2.9 and 53.44%=+19.77, respectively.

3.3. DRS signal deterioration

After fitting the spectra using the software, the fitted spectra have been used to make an average
spectrum for each Clean Fiber, Muscle Fiber and Fat fiber in front of the white reference, muscle
tissue, and adipose tissue which is shown in Fig. 5 along with the SD area.

Spectra obtained using contaminated optical fibers display a decreased intensity on white
reference and porcine muscle and adipose tissue for the 400-1600 nm spectral range. Fat Fiber
lost more light intensity than Muscle Fiber. The spectrum of both Muscle Fiber and Fat Fiber on
the white reference shows the main absorption peaks at wavelengths of 1211, 1393 and 1474 nm.
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Fig. 4. (A) a side view picture of a used optical fiber integrated into the electrosurgical
knife. (B) Raman spectrum is taken from the acrylate coating of clean optical fiber.

The spectra of Muscle Fiber and Fat Fiber on muscle tissue shows similar main peaks compared
to Clean Fiber on muscle tissue. For the Fat Fiber, the absorption peak at 500-600 nm related to
the blood region is less distinct. For both Muscle Fiber and Fat Fiber the slope of the spectrum
between 700-900 nm decreases.

The spectrum obtained from porcine adipose tissue using optical fibers is shown in Fig. 5(C).
Again the Fat Fiber spectrum shows a less distinct peak at the 500-600 nm region. Also at
wavelengths between 600 to 800 nm, the spectrum of Fat Fibers shows a smaller slope than the
spectrum of Muscle and Clean Fibers.

White Reference On Muscle Tissue On Adipose Tissue
1.2 - - -
— Clean Fiber — Clean Fiber 238 — Clean Fiber
o — Muscle Fiber| 2.0 — Muscle Fiber| — Muscle Fiber|
" — Fat Fiber - — Fat Fiber 24 Fat Fiber
- i iy : 1.6 :
> H i 3 3
< 08 s s 20
2 06 212 =16
7] = { n n
& T —4—{ § os g 12
+< 04 : <= =
= i & 5= 0.8
0.2 0.4 0%
0.0 MRS

— 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

Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig. 5. Fitted spectra using Clean Fiber, Muscle Fiber and Fat fiber in front of the (A) white
reference, (B) in contact with muscle tissue and (C) in contact with adipose tissue.
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Despite the intensity lost and a few changes, the spectra of the used optical fibers from white
reference, porcine muscle, and fat tissue preserve the overall shape found in the spectrum taken
by the Clean Fiber on the same tissues.

In Fig. 6. the average of each chromophore concentration + SD and Fat/Water ratio + SD is
shown. Fat Fiber on the white reference has a Fat% of 3.6% which is significantly different from
the Fat% of the Clean Fiber on the white reference. Moreover, the Muscle Fiber shows a very
low-Fat % with no significant difference with the control group. However, the Fat% of the spectra
of porcine muscle and adipose tissue taken by Fat Fiber and Muscle Fiber is not significantly
different from the Fat% of the spectra of the same tissues taken by the Clean Fiber.
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Fig. 6. The concentration of chromophores derived from the obtained spectra using Clean
Fiber (black), Muscle Fiber (green) and Fat Fiber (red).

Water% for all the optical fibers on the white reference was negligible. Also, the difference of
Water% between the Muscle Fiber and the Clean Fiber on all surfaces was not significant. The
Water% between Clean Fiber and Fat Fiber for both white reference and adipose tissue showed a
significant difference.

Figure 6(C) shows the Fat/Water ratio for porcine muscle and adipose tissue extracted from the
spectra taken by clean and used optical fibers. The Fat/Water ratios for muscle tissue measured
using Clean Fiber, Muscle Fiber and Fat Fiber are less than 1. While the Fat/Water-ratio of
adipose tissue measured using Clean Fiber, Muscle Fiber and Fat Fiber are more than 1 (around
10).

The amount of Collagen for Muscle Fiber and Fat Fiber on the white reference, muscle, and
adipose tissue do not show a significant difference with the amount of Collagen of Clean Fiber
on the same surfaces.

Although less than 1% blood on the tip of the Muscle Fiber and Fat Fiber has been detected,
the Blood% measured using contaminated optical fibers on muscle and adipose tissue shows no
significant difference compared to the measured Blood% of Clean Fiber on same tissues.
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Figure 6(F) shows that the reduced scattering (at 800 nm) has increased more for Fat Fiber and
less for Muscle Fiber on the white reference. The scattering measured with the Fat Fiber has a
significant difference with the scattering measured with the Clean Fiber on the white reference.
This increased scattering showed that the contamination on the tip of Fat Fiber can alter the
scattering. The difference of reduced scattering at 800 nm between Clean Fiber, Muscle Fiber
and Fat Fiber is not significant for the spectra obtained from the muscle and adipose tissue.

4. Discussion

In this study, we investigated the possibility of integrating a DRS system into the electrosurgical
knife to investigate whether it would be possible to provide the surgeon with an intraoperative
tumor margin assessment. The focus of this research was on the effect of the electrosurgery on
the performance of the DRS system.

4.1. Debris characterization

The results of debris characterization show that electrosurgery alters the shape and morphology of
the optical fibers, integrated onto the electrode of the electrosurgical knife. During electrosurgery,
the temperature around the electrodes significantly increases due to the passing electric current
through the tissue [34]. By leading this current through the tissue, the temperature rises to
100-400 °C and when temperature excess 200 °C, carbonization occurs and tissue turns black
[35]. Furthermore, results from the diameter measurement of the tip of optical fibers indicate
that the diameter of the optical fibers decreased with 20 um which is almost equal to the width of
the Acrylate coating around the core of the optical fiber. This means that after using the optical
fibers with the electrosurgical knife, the acrylate coating around the optical fiber vanished. The
results of the Raman spectroscopy of acrylate coating and the contamination shows that there is
no trace of melted acrylate coating on different layers of the debris, indicating that the acrylate
coating has nothing to do with the debris formation on the tip. Another possibility can be that the
acrylate coating melts and vaporizes during the use of the electrosurgical knife or that it attaches
to the wall of the stainless steel tube.

The black appearance of the head of the optical fibers can be due to the carbonization of the
tissue close to it exposed to high-temperature heat and also some unburdened biological tissue.
At temperature around 200°C, carbonization occurs, in which the organic molecules will break
and carbon molecules with a brown and black appearance will appear [26,35]. Meanwhile, the
traces of the Na, Mg, and K confirm that some biological tissue residuals, as well as carbonized
tissue, are covering the surface of the used optical fibers. Furthermore, on the Muscle Fiber, a
trace of Fe is found, which is a building component of blood [36].

The average length of the burned area of the optical fibers used for cutting porcine muscle is
longer than the average length of the burned area of the optical fibers used for cutting the porcine
adipose tissue. The thermal conductivity of the porcine muscle (11x 107 cal/cm sec °C) is
around 3 times higher than the thermal conductivity of the porcine adipose tissue (3.8 x 107
cal/cm sec °C) [35]. So in comparison with muscle tissue, adipose tissue acts as a heat insulator
and guards the blade and optical fibers from excessive heat and burning.

Meanwhile, the SEM shows more distinct debris particles attached to the tip of Fat Fiber than
Muscle Fiber. As mentioned above, the heat insulation nature of fat may lead to less burned
tissue. The lower burning effect produces less burned tissue while producing more isolated and
clingy fat pieces with a tendency to attach to the optical fiber tip. While the burned debris is
smaller in size, the clingy and isolated fat residues are bigger and cover more surface, which
is visible also in the SEM and optical microscopy pictures. This can cause less light passing
through the Fat Fiber than Muscle Fiber and Clean Fiber.
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4.2. DRS signal deterioration

The DRS spectrum obtained by used optical fibers on white reference shows three main absorption
peaks at 1211 nm, 1393 nm, and 1414 nm, which are exactly the absorption peaks of Lipid [37].
This indicates that the main substrate on the tip of Muscle Fiber and Fat Fiber is the lipid, which
is in agreement with the results of EDX. Although the intensity of the spectrum obtained using
Muscle and Fat Fiber on porcine muscle and adipose tissue decreases, the overall shape of the
DRS spectrum remains the same as the spectrum of the Clean Fiber used on the same tissues.

The Fat/Water ratio for adipose tissue, simulating the breast normal tissue, measured using
used optical fibers remains greater than 1, whereas, the Fat/Water ratio for the muscle tissue
simulating the breast tumor tissue remained lower than 1. This indicates that regarding the results
of de Boer ez al. [16], the integrated DRS system of the electrosurgical knife has the potential
to distinguish the muscle tissue from adipose tissue based on Fat/Water ratio, even when the
measurements are performed by the used and contaminated optical fibers. Photons between the
emitter and collector fiber travel in a “banana-shaped” trajectory inside the tissue (Fig. 1(A)). It
has been shown that the depth of this banana-shaped region, is approximate of the order of the
fiber distance [38,39]. Accordingly, we expect that as far as the contamination on the tip of the
optical fibers is only a thin layer of debris without any strong absorbing (in wavelength 400 nm to
1600 nm) component, it will not be affecting the results of DRS significantly. The effect of such
a thin layer on the DRS outputs is negligible compared to the effect of the larger tissue volume,
through which the light travels. Meanwhile, the results of the experiments also confirm that the
thin layer of debris formed during the use of the electrosurgical knife does not have a significant
effect on the results of DRS and its tissue discrimination capability.

During cutting different tissues with the DRS integrated electrosurgical knife, sometimes the
produced debris due to electrosurgery, stuck in the empty gap between the optical fiber and inner
wall of the metallic tube. Despite the weak connection, sometimes these pieces of the debris are
big in size and may cover the area around the tip of optical fiber and don’t let the light pass. To
avoid these to happen, the void gap between the optical fiber and metallic tube should be confined.
Solutions might be reducing the size of the metallic tube or filling this void with a filler material.

Moreover, in our ex vivo experiments, the blood perfusion is missing. It has been shown that
the presence of blood and methemoglobin (a blood derivative upon coagulation), would only
influence the visible region of the spectrum and therefore would not affect the Fat/Water ratio
[40]. However, in in vivo, the high volume of the blood in contact with the electrosurgical knife
can lead to producing more debris as well as a thicker layer of the contamination resulting in
more light intensity loss. To minimize the effect of the contamination, the optical fiber can be
protected by a transparent material. A transparent material with self-cleaning properties can
protect the tip of the optical fiber from being in direct contact with the tissue while maintaining
the surface, which is in front of the optical fiber, clear due to the inherent ability of the material
to remove the debris. Hence, developing a new design for integrating the optical fiber to the
electrosurgical knife to have the minimum contamination and meanwhile be as close as possible
to the tip of the electrode of the electrosurgical knife (to provide the connection between optical
fibers and the exposed tissue), is something that should be considered for further developing the
electrosurgical knife.

5. Conclusion

In this study, we investigated the effect of electrosurgery on the performance of the diffused
reflectance spectroscopy system integrated into the tip of the electrosurgical knife. Debris formed
on the tip of optical fibers is made of carbonized and unburned tissue. Although the light
intensity of the DR spectra decreased after electrosurgery, the overall shape of the spectra remains
significantly the same for each tissue. Furthermore, there was no significant difference between
the concentration of the chromophores of the tissues measured by clean optical fibers and used
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optical fibers. Also, the Fat/Water ratio, which is the determinant parameter in distinguishing
breast normal tissue (Fat/Water ratio>1) from breast tumor tissue (Fat/Water ratio<1), measured
from the spectra taken by used fibers for muscle tissue remained lower than 1 and for adipose
tissue remained greater than 1. This shows that the electrosurgery does not affect the performance
of the diffused reflectance spectroscopy integrated on the electrosurgical knife, and the system
still can distinguish normal tissue from tumor tissue despite the effects of electrosurgery. Hence,
this novel electrosurgical knife with integrated diffused reflectance spectroscopy technology may
provide the surgeon with real-time oncological guidance during breast-conserving surgery with
the ultimate goal of reducing the positive margin incidence.
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