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General introduction

EPIDEMIOLOGY

In 2020, more than 19 million new cases of cancer were diagnosed worldwide. In the
same year, nearly 10 million patients died of cancer. Almost 900.000 of these newly
diagnosed cancers, originated from the head and neck region. The head and neck
region consists of the oral cavity, nasopharynx, oropharynx, hypopharynx, and larynx.
Oral cavity cancer contributed to more than 1/3 of the cases (377.000) with an annual
mortality of more than 177.000. This ranks oral cavity cancer among the 17 most
prevalent cancers worldwide'. The majority (> 90%) of oral cavity cancers is squamous
cell carcinoma that originates from the squamous epithelium lining of the mucosa.

Many risk factors contribute to the development of oral cavity cancer including
tobacco, alcohol, diet, viruses (for example, EBV, HHV8, and CMV), and radiation®.
Tobacco consumption (smoking or chewing) remains the most important risk factor
next to alcohol consumption. The chewing of tobacco has become more prevalent
worldwide’.

Another important risk factor is betel quid chewing. Being the fourth most used addic-
tive substance worldwide and the most prevalent among the population from South-
east Asia®>. Betel quid chewing increases the risk of developing oral/oropharyngeal
cancer 2.5-fold, and in combination with tobacco 7.7-fold®.

For oral cavity squamous cell carcinoma (OCSCC), the average 5-year survival is 50%,
with little to no improvement in the last decades. The survival depends heavily on
the tumor stage, age, ethnicity, comorbidity, and the exact location of the tumor in
the oral cavity’. Another significant factor with an adverse effect on survival is the
presence of lymph node metastasis®. One positive lymph node reduces the 5-year
overall survival by 23%, whereas 10 or more positive lymph nodes reduce the 5-year
overall survival by 85%°.

The standard treatment modalities for OCSCC are surgery, radiotherapy, or a combi-
nation of these modalities. However, surgery is the mainstay of OCSCC treatment®.

SURGICAL ONCOLOGY

History

Since ancient times, solid tumors were often surgically removed. For example, in
440 BCE, Atossa the queen of Persia noticed a bleeding lump on her breast which was
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excised by one of her slaves''. Moving forward, Galen (CE 129-199), the Greek scholar
and the most prominent and acknowledged physician and surgeon in the history of
medicine (Figure 1.1), introduced the term “oncos” (ancient Greek for tumor). He
used the Hippocratic term “karkinos” (carcinoma) only for malignant tumors. He
states in his thesis the Opera Omnia: “Cancer is curable at an early stage, the excision
of the tumor must include healthy tissue around the growth and the surgeon must be
sure to remove the roots of the disease, otherwise, a cure cannot be attained”'".

During the Islamic Golden Age, the Persian scholar Ibn-e Sina (980-1037), Avicenna
(his Latinized name), was known as a physician, mathematician, encyclopedist, phi-
losopher, astronomer, and politician (Figure 1.1). However, he was best known for
his many contributions to the medical field, in particular surgery. He devoted several
chapters to surgery in his medical encyclopedia Al-Qanun fi al-Tibb (The Canon of
Medicine). Reports showed that Avicenna was specialized in head and neck surgery'.
His interest in the head and neck region made him develop new surgical tools and
techniques, including the tonsillectomy and the cutting of the lingual frenulum
in patients with ankyloglossia. It was also reported that the use of a tracheotomy
in suffocating patients originated from him'. Moreover, Avicenna introduced the
tracheotomy cannula, a tube made of either silver or gold to be placed after the
tracheotomy to assist breathing'. Avicenna had different approaches for benign and
malignant tumors, one-step ligation or excision versus surgical removal (in steps).
He tried to focus on the preoperative differentiation of these tumors. For malignant
tumors, Avicenna recommended as early and as wide as possible resection. He also
stated “If you treat a recent onset cancerous lesion, it may be possible to prevent its
growth and establishment. ... If cancer is treated at an early stage, it is sometimes
possible to cure the patient; however, if the tumor is established, a cure becomes
impossible. ... One should completely remove the cancerous lesion, its surrounding

involved tissues and vessels ...”"®,

Going forward to the Victorian era, most surgeons until the early decades of the
nineteenth century did not attend an university. Some surgeons were even unable to
read or write. The surgeon was often the first doctor to be approached by the poor.

The art of surgery comes from a long tradition of being trained through apprentice-
ships. The value of these apprenticeships depended and still depends heavily on the
master’s capability.

A systematic form of education came into view around 1815 in London, which was
driven by a demand for uniformity in the medical world. At this time, those that
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Figure 1.1. Left - Galen of Pergamum (Claudius Galenus, or in French, Claude Galien), undated lithograph by
Pierre-Roch Vigneron (1789-1872). Right - Ibn-e Sina (Avicenna) With the Courtesy of the National Library of
Medicine (Image ID: B029612)

wanted to become a surgeon had to attend lectures and clinics for at least 6 months,
to obtain a license from the Royal College of Surgeons. However, if one wanted to
become a member of the Royal College of Surgeons, one had to spend at least 6 years
attending lectures and clinics. During this period surgeons evolved from ill-trained
technicians to modern surgical specialists".

An important problem during surgery was the patient’s pain management, which was
solved by the introduction of ether. In 1842, the American surgeon, Crawford Wil-
liamson Long from Georgia became the first to operate with the administration of
ether. It is worthwhile to mention that during this operation Long removed a tumor
from the neck. To confirm the effects of ether, Long performed 7 more operations with
the administration of ether and published his findings in 1848. At the same time, the
American dentist William Thomas Green Morton from Boston became famous for the
use of ether for pain-free tooth extraction. Morton published his findings in 1846,

Thus, with the introduction of ether, the era of pain-free surgery had commenced.
Before the introduction of ether, the surgeon had to operate as fast as possible,
with all its consequences, such as incomplete tumor resection. Now, the surgeon
could permit longer procedures which enabled more extensive and precise resections.
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Moreover, this encouraged the surgeons to operate more frequently. However, this
“improved” practice had a drawback, because multiple patients were treated with
the same unwashed instruments. This resulted in a flare-up of postoperative infec-
tions, which led to death in the majority of patients.

During the same period, the French chemist and biologist Louis Pasteur wanted to
investigate the cause of spoiled vats of wine. He discovered that this was caused by
living agents (bacteria) or as he called it "the world of the infinitely small”. Based
on the publications of Pasteur, (Recherches sur le putrefaction, 1863), the British
surgeon, Joseph Jackson Lister, professor at the University of Glasgow, hypothesized
that these same bacteria could cause postoperative infections'.

Lister was a microscope enthusiast from a very young age, as his college supervisor
would say: “He had a better microscope than any man in college”. At this time, the
use of the microscope for scientific purposes was yet to be established and many
believed at the beginning of the nineteenth century that the microscope was a threat
to the medical establishment. Nevertheless, Lister, with the help of his microscope
and the publications of Pasteur, succeeded in his mission to abolish postoperative
infections by using carbolic acid to wash open injuries or the wound bed after surgery.
The number of postoperative infections decreased significantly by the use of carbolic
acid and Lister published his findings in the Lancet in 1867"'*%, Until then, carbolic
acid was known for preserving food, as a parasiticide, and in some cases as a deodor-
ant. The surgical procedures became even more sanitary after the introduction of
rubber gloves by the American surgeon William Stewart Halsted, professor at Johns
Hopkins Hospital®'.

In 1890, Halsted performed the first radical mastectomy in the US. Halsted was ex-
tremely aggressive in his surgical approach, not only did he remove the breast, but
also the musculus pectoralis major, lymph nodes near the collar bone, and lymph
nodes in the armpit. Some colleagues in Europe eventually even removed ribs. The
aim was to achieve more local control and save more lives. If the surgical approach
was not aggressive enough, this was classified as “mistaken kindness to the patient”

and/or “surgeons with weak knives take lives”'"?.

Despite all the improvements in surgery, the complete resection of a tumor remained
a problem.
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Present

In today’s medicine, the goal of oncological surgery remains: the complete removal of
the tumor but sparing healthy tissue as much as possible.

In the case of tumors in the oral cavity, the surgeon will aim for an adequate margin
(i.e., the shortest distance between the tumor border and resection surface is > 5 mm
of healthy tissue surrounding the tumor). In the complex region of the head and neck,
the surgeon is often caught between a rock and a hard place. Removing too much
healthy tissue can lead to disfigurement and will impair functions such as mastica-
tion and swallowing. Insufficient tissue removal leading to an inadequate resection is
detrimental to the prognosis of the patient.

The Royal College of Pathologists defines margins as clear (> 5 mm), close (1-5 mm),
and positive (< 1 mm). Clear margins are regarded as adequate, whereas close and
positive margins are regarded as inadequate?. Patients with an adequate resection
have higher survival and a reduction in local recurrence. However, adequate resec-
tions are seldom achieved (15%-26%)**%. This is due to the complex anatomy and the
fact that the surgeon can intraoperatively only rely on preoperative imaging, visual
inspection, and palpation. To improve the number of adequate resections the surgeon
needs intraoperative guidance.

INTRAOPERATIVE ASSESSMENT OF RESECTION
MARGINS (IOARM)

There are many oncological prognostic factors (i.e., patient and tumor character-
istics). However, the resection margin is the only prognostic factor the physician
can influence. An adequate resection improves the prognosis (higher survival and a
reduction in local recurrence)?**. To improve the number of adequate resections, the
resection margins need to be assessed intraoperatively.

Current practices

There are two schools of thought for intraoperative assessment, namely defect-driven
IOARM and specimen-driven I0ARM.

The defect-driven approach is the most commonly used method. A 2005 survey report-
ed that this method is used by 76% of head and neck surgeons?. In the defect-driven
approach, the surgeon samples tissue from (suspicious) region(s) from the surgical
wound bed. These tissue samples are analyzed by means of frozen section (i.e., tis-
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sue is quickly frozen, cut by a microtome, and stained for immediate microscopic
analysis). The main advantage of this method is that it can indicate the presence
or absence of tumor. However, the pathologist cannot tell what the exact resection
margin is. This will only be established by final histopathology (several days after the
initial surgery). Besides, the frozen section procedure takes 20-30 minutes, this time
can be doubled or even tripled (depending on the facilities of an institute) in case of
multiple tissue samples.

The same 2005 survey showed that the specimen-driven IOARM method is only used
by 14% of head and neck surgeons”. However, the evidence is growing that the
specimen-driven method is superior to the defect-driven method**3, This resulted
in its recommendation by the American Joint Committee on Cancer (AJCC)®. In the
specimen-driven approach, the surgeon and pathologist sample tissue (grossing) from
the freshly resected specimen. This method allows the pathologist to measure the
exact resection margin in millimeters. Based on this measurement the pathologist
can make a recommendation for an additional resection if needed (e.g., 3 mm margin
was detected during IOARM and an additional resection of 2-3 mm is recommended).

In comparison to the defect-driven approach, the specimen-driven approach can be
performed in different ways. The most used specimen-driven IOARM method is based
on the grossing of suspicious regions. In this method, the surgeon and pathologist
inspect and palpate the specimen to identify suspicious regions (i.e., inadequate mar-
gins). If a suspicious region is detected, the pathologist will make an incision at this
location and will measure the resection margin macroscopically on the cross-section.
Only if the tumor border cannot be macroscopically distinguished from surrounding
tissue (e.g., fibrotic tissue, salivary gland tissue), a frozen section analysis is needed.
This method is also described in detail in Chapter 3.

Some authors have tried to systematically sample a specimen. For example, Gokavar-
apu et al. have taken the approach of routinely performing frozen section analysis
from five defined anatomical regions of the oral specimen®. However, different
reports show that this does not improve the accuracy and is not cost-effective, due

to sampling bias®*’.

It is proven that specimen-driven IOARM improves the number of adequate resections
and concomitantly improves patient outcome?. It is important to stress that intraop-
erative assessment is only effective in combination with a precise relocation method.
The crux of the matter is that the region with an inadequate margin that is detected
during IOARM needs to be relocated in the wound bed for an additional resection.
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Therefore, our institute developed a relocation method called “paired tagging”, de-
scribed in detail by van Lanschot et al.“’ (Figure 1.2). This method consists of paired
yellow numbered tags that are sutured on both sides of the intended resection line
(superficial and deep). This way, one tag is on the specimen and one tag with the same
number remains in the wound bed. This facilitates the surgeon to accurately relocate
a region with an inadequate margin, based on the tags.
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Figure 1.2. Paired tagging method, overview. A, Application of the tags in a pair-wise manner. B, Wound bed with
tags. C, Specimen with corresponding tags. D, Intraoperative specimen-driven assessment: inadequate margins
between tag 2-4-5 with thickness of 2 mm. E, Relocation of inadequate margins in the wound bed. (Tag 2-4-5 as
indicated by the pathologist.) F, Additional resection enclosing the tags and thickness as indicated by pathologist.
G, Correlation of additional resection with main resection specimen.

Reproduced with permission from MD, PhD, C.G.F. van Lanschot, Department of Otorhinolaryngology and Head-
and Neck Surgery, Erasmus MC, University Medical Center Rotterdam, Rotterdam, The Netherlands.

As previously described, many institutes use a method of IOARM. Every institute uses
either the defect-driven or specimen-driven method. There is a lack of a unified
protocol which makes the comparison of these methods difficult. However, these dif-
ferent methods do have one thing in common; a dedicated team of pathologists and
surgeons, who are willing to improve patient care.

Nevertheless, the methods described above remain laborious and subjective which
impairs their widespread implementation. The future of IOARM lies in objective
techniques.
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Recent developments in IODARM

Many different techniques can be used to develop a tool for IOARM, such as fluo-
rescence, ultrasound, narrow-band imaging, confocal microscopy, high-resolution
microendoscopy, optical coherence tomography, and Raman spectroscopy. A recent
systematic review analyzed the different techniques for IOARM in OCSCC surgery®'.

Fluorescence

Fluorescence-guided surgery is an optical imaging technique that relies on the in-
teraction between tissue and light. A light source of a specific wavelength is used to
excite fluorophores in the tissue resulting in light emission from the fluorophores. This
emitted light can be detected by the eye or by a camera. Fluorophores can be endog-
enous (i.e., hemoglobin in autofluorescence imaging) or exogenous (i.e., fluorescein
administered intravenously)®'. Exogenous fluorophores need to bind to tumor-specific
receptors, for example, the epidermal growth factor receptor (EGFR) which is present
in > 90% of the head and neck squamous cell carcinomas. Antibodies like cetuximab or
panitumumab can target EGFR and can be combined with a fluorescent dye (e.g., IR-
Dye800CW). A recent report showed that panitumumab-IRDye800CW can be detected
up to a depth of 6.3 mm in human tissue*'.

However, there are disadvantages: systemic administration can cause adverse effects
such as flushing, hypotension, tumor site irritation, and tachycardia, the administra-
tion must be performed several hours or 1 day before surgery, and the optimal dosage
needs to be determined to achieve detectable binding to the tumor®. To counter these
disadvantages new research focuses on topical administration instead of intravenous
administration. Studies have shown that for topical tracers (e.g., g-GLU-HMRG and
5-ALA-induced PPIX) an incubation of 10 minutes to 2.5 hours can be sufficient**,
However, topical administration has been used off-label. Additionally, the maximum
penetration depth is only limited to 1 mm*'.

Ultrasound

Ultrasound (US) is a non-invasive, real-time technology, that is widely available. It is a
well-known medical device that is used in many specialties. Recent reports show that
US could be used as an IOARM tool in OCSCC. It started with a report that showed that
the tumor thickness can be measured with US and therefore the tumor border can be
detected by US*. The use of US for IOARM has been reported, on the specimen and
in the wound bed**. Brouwer et al reported a mean (SD) difference of 1.1 (0.9) mm
between the US and final histopathological margin and a Pearsons correlation coef-
ficient of 0.79 (p < 0.01)*. Helbig et al reported that the US measurement differed 0-4
mm from the final histopathology®. Even though US is widely available it is still in its
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infancy for the application for IOARM and has limited use for the wound bed. Songra
et al analyzed the deep resection surface halfway through the resection, by placing a
metal retractor into the surgical cut, to create an echogenic surface®. This method is
labor-intensive and could lead to false margins as tissue is compressed between the
US probe and the metal retractor. Moreover, another limitation is that the accuracy
depends on the experience and skill of the operator which makes it very subjective.

Raman spectroscopy

Raman spectroscopy is among the most auspicious technologies to be adopted for
IOARM. It is a non-destructive optical technique that can provide real-time infor-
mation about the molecular composition of tissue. Moreover, it requires no sample
preparation and the ability to characterize tissues for diagnostic purposes has been
extensively proven.

Raman effect

Light (photons) and matter can interact in four ways: absorption, reflection, trans-
mission, and scattering. The scattering of light can either be elastic or inelastic.
Most scattered light is unchanged in energy (elastic) and is called Rayleigh scattering
(Figure 1.3A). Only a very small fraction, (i.e., 1 in a million to 1 in 100 million) of
the photons has lost or gained energy through inelastic scattering by molecules. This
last part is called Raman scattering (Figure 1.3 B/C).

In so-called Stokes-Raman scattering, an incoming photon transfers some of its energy
to a molecule, thereby exciting a vibrational mode of the molecule. As a result, the
scattered photon will have less energy than the incoming photon. Which is called
the Raman shift. This Raman shift can be measured by means of a spectrometer. The
Raman shift is expressed in wavenumbers (cm™).

19
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Figure 1.3. Schematic diagram of the energy transitions involved in Rayleigh scattering (a) and Raman scatter-
ing (b and c). Raman scattering occurs through the interaction of an incident photon with a molecular vibration
mode, gaining (anti-Stokes scattering, blue-shifted) or losing (Stokes scattering, red-shifted) an amount of en-
ergy equal to that vibrational mode.

A molecule can have (many) different vibrational modes. The number of vibrational
modes corresponds with the number of atoms in a molecule (3N-6 vibrational modes).
The energy needed to excite these vibrations depends on the masses of the atoms and
their chemical bonds. Also, secondary structure and interactions with other molecules
can play a role. A typical Raman spectrum of a molecule consists of multiple narrow
and sometimes broader bands of which the intensity is linearly dependent on the
concentration of the molecules in a sample, see Figure 1.4.
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Figure 1.4. Raman spectra of commercially available pure chemical compounds, obtained in fingerprint region
(A) and in high wavenumber region (B).
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Two Raman spectral regions are most frequently used namely the fingerprint region
(i.e., from 200 cm™ up to 2000 cm™) and the high wavenumber region (i.e., from 2400
cm™ up to 4000 cm™) (Figure 1.4). The fingerprint region consists of a very large
number of possible vibrations and the high wavenumber region consists of information
about the CH-, OH- and NH- stretching vibrations.

Recent developments in Raman spectroscopy in OCSCC surgery
Recent reports have shown that the water concentration measured with Raman spec-

troscopy on freshly resected tissue can be used to discriminate between healthy and
tumor tissue with a sensitivity of 0.99 and a specificity of 0.92%".

The water concentration can be determined in the high wavenumber (HWVN) part of
the Raman spectrum. It has been reported that for clinical applications the HWVN
part of the Raman spectrum is as informative as the fingerprint region of the Raman
spectrum®2,

The use of the HWVN region has significant advantages.

1. The intensity of the acquired signal is much higher allowing for fast measure-
ments.

2. Lower tissue autofluorescence background signal, which is known to interfere with
the Raman signals.

3. It facilitates the use of fiber optics because no background signal is generated in
the fiber material compared to the fingerprint region®*. This makes it possible
to use a single fiber to guide laser light to the tissue and collect Raman scat-
tered light from the tissue. This allows measurements in depth below the tissue
surface”.

THIS THESIS

The goal of this thesis was two-fold: to improve/develop a subjective IOARM method
and to develop an objective IOARM method. Here we describe a current standard of
care at Erasmus MC, a subjective IOARM method performed by the pathologist and
surgeon. Objective IOARM method based on Raman spectroscopy which was concomi-
tantly developed is also described.

In chapter 2, a review of the performance of all types of IOARM that are currently
employed in oral cancer surgery is presented. The IOARM performance consisted of
the accuracy, sensitivity, and specificity in predicting margin status of the whole re-
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section specimen, the reduction of inadequate resections and clinical relevance (i.e.,
overall survival, local recurrence, regional recurrence, local recurrence-free survival,
disease-specific survival, adjuvant therapy). This chapter also emphasizes the need
for a golden standard in intraoperative assessment. It shows that intraoperative as-
sessment is more often the exception than the rule. Many of the included studies lack
a detailed description of the IDARM method that was used.

Chapter 3 contains a detailed description of the subjective IOARM method that is
currently the standard of care at Erasmus MC. This IOARM method can easily be
implemented in any institute in oral cancer surgery and other surgical disciplines.
Moreover, the measures prescribed in this protocol prevent any negative effects of the
grossing of fresh tissue (i.e., deterioration of the anatomical orientation, shape, and
size of the specimen). This protocol will stimulate and facilitate the wide adoption of
specimen-driven IOARM.

In chapter 4, the development of a device for objective IOARM based on Raman
spectroscopy is described. A device was created with a fiber-optic needle that is
driven into the fresh resection specimen to determine the resection margins. First,
the discriminating factors between tumor and surrounding healthy tissue were identi-
fied and used to determine the tumor border. Finally, these findings were validated
and the first steps towards the implementation of the device were taken.

In chapter 5, the development phase of the needle of the device (described in chapter
4) is shown. The needle characteristics were optimized to minimize tissue displace-
ment during the insertion. Moreover, the tissue displacement was further minimized
by optimizing the insertion method itself.

In chapter 6, the depth of invasion, an important prognostic factor and a marker
for elective neck dissection, was investigated. Currently, there is a need to pre- or
intraoperatively measure the depth of invasion to enable as complete as possible
planning of the operation. The incorporation of the measurement of the depth of
invasion during the intraoperative assessment, with the Raman spectroscopy-based
device, could be of added value.

In chapter 7, specimen-driven IOARM is recommended as a standard of care based
on a broad review of the recent literature. This chapter describes the benefits and
downfalls of the different methods of IOARM and the outlook.
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Chapter 8, is a general discussion and an outlook on objective IOARM based on Raman
spectroscopy in OCSCC.

Chapter 9 contains a summary of this thesis.
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ABSTRACT

Introduction

Achieving adequate resection margins during oral cancer surgery is important to
improve patient prognosis. Surgeons have the delicate task of achieving an adequate
resection and safeguarding satisfactory remaining function and acceptable physical
appearance, while relying on visual inspection, palpation, and preoperative imaging.
Intraoperative assessment of resection margins (IOARM) is a multidisciplinary effort,
which can guide towards adequate resections. Different forms of IOARM are currently
used, but it is unknown how accurate these methods are in predicting margin status.
Therefore, this review aims to investigate: 1) the IOARM methods currently used dur-
ing oral cancer surgery, 2) their performance, and 3) their clinical relevance.

Methods

A literature search was performed in the following databases: Embase, Medline,
Web of Science Core Collection, Cochrane Central Register of Controlled Trials, and
Google Scholar (from inception to January 23, 2020). IOARM performance was as-
sessed in terms of accuracy, sensitivity, and specificity in predicting margin status,
and the reduction of inadequate margins. Clinical relevance (i.e., overall survival,
local recurrence, regional recurrence, local recurrence-free survival, disease-specific
survival, adjuvant therapy) was recorded if available.

Results

Eighteen studies were included in the review, of which 10 for soft tissue and 8 for
bone. For soft tissue, defect-driven I0ARM-studies showed the average accuracy,
sensitivity, and specificity of 90.9%, 47.6%, and 84.4%, and specimen-driven |IOARM-
studies showed, 91.5%, 68.4%, and 96.7%, respectively. For bone, specimen-driven
IOARM-studies performed better than defect-driven, with an average accuracy, sensi-
tivity, and specificity of 96.6%, 81.8%, and 98%, respectively. For both, soft tissue and
bone, IOARM positively impacts patient outcome.

Conclusion

IOARM improves margin-status, especially the specimen-driven I0ARM has higher
performance compared to defect-driven IOARM. However, this conclusion is limited
by the low number of studies reporting performance results for defect-driven IOARM.
The current methods suffer from inherent disadvantages, namely their subjective
character and the fact that only a small part of the resection surface can be assessed
in a short time span, causing sampling errors. Therefore, a solution should be sought in
the field of objective techniques that can rapidly assess the whole resection surface.
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INTRODUCTION

Every year, around 350,000 new patients are diagnosed worldwide with oral cavity
cancer. Oral cavity squamous cell carcinoma (OCSCC) is the most prevalent oral cavity
cancer type. The worldwide mortality rate is 175,000 per year and the 5-year overall
survival is 64.8%"*.

Surgery is the primary treatment for OCSCC. The goal of surgery is the complete
resection of the tumor with an adequate resection margin (i.e., the shortest distance
between the tumor border and the resection surface is > 5 mm) while preserving as
much healthy tissue as possible to minimize the loss of function (such as, mastica-
tion and swallowing) and facial disfigurement. The resection margin is an important
predictor for patient outcome and is the only oncological prognostic factor that
pathologists and surgeons can influence®”.

For soft tissue, according to the Royal College of Pathologist (RCP), the resection
margin is classified as clear when it is more than 5 mm, close when it is 1 to 5 mm, and
positive when it is less than 1 mm®. Clear margins are regarded as adequate, whereas
close and positive margins are regarded as inadequate. For bone, the RCP indicates
that a resection is adequate when the bone resection surfaces are cancer-negative®.

It has been proven that inadequate resection margins in soft tissue result in a need
for adjuvant therapy (re-excision or post-operative (chemo-) radiotherapy)?. Adjuvant
therapy brings an additional burden for the patient and results in increased morbidity
and reduced quality of life’. Furthermore, inadequate resection margins in soft tissue
have a significantly negative effect (almost two fold reduction) on overall survival
and disease-free survival®”'°, Patients with positive bone margins have a twofold
reduction of disease-free and overall survival compared to patients with adequate

bone margins'""3.

However, achieving adequate resection margins in the oral cavity is often difficult
due to its complex anatomy. During the operation the surgeon relies on pre-operative
imaging, visual inspection and palpation.

Recent studies have shown that adequate margins are only achieved in a minority
(15% - 26%) of the cases of soft tissue OCSCC*>”'°, Segmental mandible resections have
shown considerable improvement over the last years (0% - 14.6% positive bone mar-
gins). However, marginal mandible resections and partial maxillectomies still show

11,13-16

a high rate of positive bone margins (16% - 35.7% and 44% - 60%, respectively)
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These results indicate that visual inspection, palpation, and preoperative imaging do
not warrant adequate tumor resection. Besides, the final margin status is only known
a few days (soft tissue) or weeks (bone) after surgery. If at that point an inadequate
margin is encountered, a second surgery is not an option, nor effective, because an
accurate relocation of the site of an inadequate margin is almost impossible in most
cases®.

Furthermore, in the case of bone resections, an immediate bone reconstruction is
performed (often with a free flap) to limit the loss of continuity and the adverse
effects on function and aesthetics, making the second surgery undesirable.

Therefore, for optimal control of resection margins, the surgeon needs additional
information during surgery. Intraoperative assessment of resection margins (IOARM)
can provide this valuable information, enabling revision of margins (additional tissue
resection) during the initial surgery to turn an inadequate resection into an adequate
resection®.

Two methods for soft tissue IOARM can be distinguished: the traditional defect-driven
method and the specimen-driven method.

According to a 2005 survey, around 76% of the surgeons perform defect-driven IOARM,
while only 14% perform specimen-driven I0ARM during OCSCC surgery'. However,
the evidence that specimen-driven IOARM is superior to defect-driven IOARM is grow-
ing” "2, Therefore, the American Joint Committee on Cancer (AJCC) has recom-

mended specimen-driven IOARM as the standard of care since 2017%.

In the traditional defect-driven approach, the surgeon samples one or more suspicious
pieces of tissue from the wound bed for analysis by frozen section (FS) (i.e., a tissue
sample that has been quick-frozen, cut by a microtome, and stained immediately for
rapid microscopic diagnosis). The major disadvantage of defect-driven IOARM is that
it can only indicate the presence of a tumor-positive margin and it cannot provide
the exact margin value in millimeters. In the recently recommended specimen-driven
method, the margins are assessed on the specimen by visual inspection and palpation
followed by perpendicular incisions with or without sampling of tissue for FS examina-
tion®. This approach provides immediate feedback on whether an additional resection
is needed.

Here we review the performance of IOARM methods used during OCSCC surgery in
predicting margin-status. The impact on patient outcome was assessed with respect
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to overall survival, disease-specific survival, local recurrence and the need for adju-
vant therapy.

MATERIALS AND METHODS

Search Strategy

A search was conducted in the following databases: Embase, Medline, Web of Science
Core Collection, Cochrane Central Register of Controlled Trials, and Google Scholar.
The following keywords and synonyms were used in the search filter: “oral cavity
squamous cell carcinoma”, “resection margin” and “intraoperative”. Only studies
written in English from inception of the database to the 23" of January 2020 were
considered.

The studies were first assessed for eligibility based on the title and abstract. The
following inclusion criteria were used: 1) the majority (> 90%) of the patients were
surgically treated for OCSCC and 2) the performance of an IOARM method was inves-
tigated. The following exclusion criteria used were: 1) the study did not follow the
resection margin definition of the RCP, 2) the study comprised a non-human popula-
tion, 3) the study is a review, a commentary or a letter to the editor. The full text of
studies that met the previous criteria was screened to extract and analyze the data.

Data Analysis

Data Extraction
The included studies were divided based on the type of tissue assessed: soft tissue
(group 1), and bone tissue (group 2).

The following patient and tumor characteristics were extracted independently by 3
researchers, when available: number of patients, male/female ratio (M/F), mean/
median age (years), anatomical subsite, pathological TNM (pTNM) classification, and
percentage of patients treated for primary disease. Type of IOARM was extracted
from each of the included studies. The following IOARM performance variables were
collected: true positives, true negatives, false positives, false negatives, accuracy
(Acc.), sensitivity (Sens.), specificity (Spec.), positive predictive value (PPV) and
negative predictive value (NPV). IOARM impact on patient outcome (e.g., overall
survival (0S), disease-specific survival (DSS), local recurrence (LR) and the need for
adjuvant therapy) was also collected.
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Analysis of IODARM Performance and Impact on Patient Outcome.
Based on the extracted data, IOARM sampling and interpretation errors (a), and the
reduction in inadequate resections (b) were calculated.

Sampling and Interpretation Errors
Two types of error can occur during IOARM: sampling error (SE) and interpretation

error (IE).

SE is the proportion of inadequate resections that are not identified during IOARM.
It occurs due to non-representative sampling of tissue resulting in underestimation
of inadequate margins (e.g., tissue is sampled from two suspicious regions but final
histopathology indicates that there is a close margin in a region not regarded as
suspicious during IOARM).

Interpretation error refers to incorrect diagnosis of the sampled tissue, resulting in
under or overestimation of inadequate margins during IOARM.

Reduction of Inadequate Resections
The reduction in the number of inadequate resections (IR) based on IOARM was cal-
culated using

IR; — IRRey

Reduction IR (%) = ( IR
i

>x100

where:

IR; is the number of initially inadequate resections, without revision (additional resec-
tion);

IRgev is the number of inadequate resections after revision.

RESULTS

A total of 1265 records were found in the different databases. After removing dupli-
cates, 699 remained and were screened on title and abstract, see Figure 2.1. This
resulted in exclusion of 626 records based on the criteria applied. Of the remaining 43
records, the full text was screened resulting in further exclusion of 25 records based
on the criteria of this study, as mentioned above.
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Figure 2.1. Flow diagram of the study selection process.

Group 1 - IOARM in Soft Tissue

Ten studies investigated the performance of IOARM methods in soft tissue' 23!, The
patients and tumor characteristics of the studies are shown in Table 2.1. The descrip-
tion of the IOARM methods and their performance in the studies included are shown
in Table 2.2. The non-weighted average performance parameters for both methods
were calculated over all studies that reported the necessary information (Table 2.3).
For the specimen-driven method the reduction of inadequate resections after revision
was 47.1%, based on the report of 5 studies? 2> 22830 Fgr the defect-driven method,
one study has reported that the reduction in inadequate resections amounted 51.3%%.
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I0OARM Impact on Patient Outcome

Overall Survival

One study reported that at 5 years follow-up there was no significant difference
between defect-driven IOARM and no I0ARM (p=0.836)*. None of the other studies
reported on OS.

Disease-Specific Survival

Pathak et al. showed that at 5 years follow-up there was no significant difference
between defect-driven IOARM and no IOARM*. None of the other studies reported on
DSS.

Local Recurrence

Three studies reported results on LR* ?> %, Two studies used defect-driven IOARM
and one study used specimen-driven I0ARM. For defect-driven LR of 14.4% (after
180 months of follow-up) and 23% (after 60 months of follow-up) were shown. For
specimen-driven LR of 7.3% (after 14 months of follow-up) was shown?*? 2, From the
3 articles reporting LR, only Pathak et al. compares the defect-driven IOARM group
(supported by FS) with a control group without IOARM?. They showed that the IDARM
group had 20.1% of primary failure rate (i.e., LR), while the control group had 25.2%
of primary failure rate.

Adjuvant Therapy
Two studies have described the influence of IOARM on the need for adjuvant ther-

apy'” *°. Datta et al. showed that there was no significant reduction in the need
for adjuvant therapy when comparing two groups of patients, patients treated with
IOARM vs patients that did not receive IOARM*’. Amit et al. reported that from all
patients that underwent defect-driven IOARM 35% required adjuvant therapy. In the
specimen-driven IOARM group 8% required adjuvant therapy™.
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Table 2.3. The non-weighted average IOARM performance parameters for soft tissue: specimen-
driven vs defect-driven method.

Performance parameters Studies using specimen-driven Studies using defect-driven

(average) method* (N) method (N)
Accuracy (%) 91.5 (6.0) 90.9 (1.0)
Sensitivity (%) 68.4 (7.0) 47.6 (3.0)
Specificity (%) 96.7 (7.0) 84.4 (3.0)
PPV (%) 79.6 (6.0) 41.2 (2.0)
NPV (%) 92.5 (6.0) 79.5 (2.0)
3SE (%) 41.4 (6.0) 46.1 (2.0)
“IE (%) 4.3 (5.0) 7.7 (2.0)

‘Four of 6 studies were from the same institute.

'PPV - Positive predictive value.

INPV - Negative predictive value.

3SE - Sampling error.

*|E - Interpretation error.

N represents the number of studies included in the calculation.

Group 2 - IOARM in Bone Tissue

Eight studies investigated the performance of I0ARM on bone tissue'" "> %, The
patients and tumor characteristics are shown in Table 2.4. The description of the
IOARM methods and their performance are shown in Table 2.5.

The non-weighted average performance parameters for both methods were calcu-
lated over all studies that reported the necessary information (Table 2.6). For the
specimen-driven method the reduction of inadequate resections after revision was
78.4%, based on the report of 4 studies'" ** 33, For the defect-driven method, one
study has reported that the reduction in inadequate resections amounted 33%.
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I0OARM Impact on Patient Outcome

Overall Survival

Nieberler et al. demonstrated that at 3 years follow-up OS was higher for patients
treated with specimen-driven IOARM compared to the control group (0S: 70% vs 20%,
respectively)''. None of the other studies reported on OS.

Disease-Specific Survival

Nieberler et al. showed that at 3 years follow-up disease-free survival was higher for
patients treated with specimen-driven IOARM compared to the control group (DSS:
80% vs 40%, respectively)'’. None of the other studies reported on DSS. Local Recur-
rence None of the studies demonstrated the impact of IOARM on LR.

Adjuvant Therapy
Nieberler et al. have also demonstrated that the group of patients treated with

specimen-driven IOARM had a slightly lower rate of adjuvant therapy than the control
group (52% RT vs 58% RT, respectively)'. None of the other studies reported on the
impact of IOARM on adjuvant therapy.

Table 2.6. The non-weighted average IOARM performance parameters for bone tissue: specimen-
driven vs defect-driven method.

Performance variables Studies using specimen-driven Studies usingdefect-driven
(average) method (N) method (N)
Accuracy (%) 96.6 (5.0) 82.8 (2.0)
Sensitivity (%) 81.8 (6.0) 41.7 (2.0)
Specificity (%) 98 (6.0) 92.9 (2.0)
PPV (%) 96 (5.0) 66.7 (2.0)
NPV (%) 96.3 (5.0) 86.6 (2.0)
3SE (%) 10.6 (5.0) 58.5 (2.0)
“IE (%) 1.7 (5) 7.8 (2)

'PPV - Positive predictive value.

NPV - Negative predictive value.

*SE - Sampling error.

*|E - Interpretation error.

N represents the number of studies included in the calculation.

DISCUSSION

Surgical treatment of OCSCC patients aims for complete tumor resection with ad-
equate margins, which is the most important prognostic factor. This goal is seldom
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achieved, underlining that insufficient intraoperative information is available for
optimal control of resection margins. IOARM can provide such information.

Here we review the literature reporting on IOARM in OCSCC surgery. The performance
of different IOARM methods in predicting margin-status, and their impact on patient
outcome were studied. Despite the pressing need for improving OCSCC surgery, only
18 studies were found that have reported on the performance of IOARM methods; 10
regarding soft tissue resection margins, and 8 regarding bone resection margins.

Of the 10 studies that investigated the performance of IOARM for soft tissue, 6 re-
ported on the specimen-driven method, 3 on the defect-driven method and one on
both. In the majority of the specimen-driven studies (4/6), the assessment was per-
formed by gross examination of mucosal and deep margins, followed by FS analysis of
locations judged suspicious for inadequate margins® % 3% 3 Mair et al. have assessed
whether gross examination alone can be as accurate as gross examination combined
with FS analysis and found no statistically significant difference in overall incidence of
inadequate margins in both groups®. In the 3 defect-driven IOARM-studies inspection
of the wound bed by the surgeon followed by FS analysis of suspicious mucosal and

deep margins was performed'® ?> %,

Patient outcome parameters are negatively affected by inadequate resections® 7’ '°.
The studies show that IOARM improves the rate of adequate operations and as a result
leads to a decrease in adjuvant therapy. Amit et al. explicitly excluded patients that
received adjuvant therapy for other reasons than inadequate resections and showed
that of all patients that underwent defect-driven I0ARM, 35% required adjuvant
therapy while only 8% of all patients that underwent specimen-driven IOARM required
adjuvant therapy®. Only Datta et al. has compared results of adjuvant therapy be-
tween patients who received IOARM and those who did not (i.e., control group). The
authors demonstrated there was no significant reduction. This result can be explained
by the fact that some patients receive adjuvant therapy for other reasons than an
inadequate resection (e.g., extra-capsular spread and perineural involvement)®.
Future studies should be designed to study the impact of IOARM by also including the
need for adjuvant therapy, next to other prognostic parameters (e.g., LR, RR, OS,
DSS).

Of the 8 studies that investigated the performance of IOARM for bone tissue, 6
reported on the specimen-driven method and 2 on the defect-driven method. Cyto-
logical methods were developed for this. Nieberler et al. demonstrated that the 3
years disease-free survival and overall survival were higher for patients treated with
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specimen-driven IOARM compared to the control group (DSS: 80% vs 40%; OS: 70% vs
20%). They have also demonstrated that based on specimen-driven IOARM of bone
resection margins a number patients did not need to receive adjuvant radiotherapy.

When comparing specimen-driven IOARM with defect-driven IOARM we can conclude
that for both, soft tissue and bone tissue, the SE and IE are higher for defect-driven
IOARM, Tables 2.3 and 2.6. Consequently, the performance (e.g., average accuracy,
sensitivity, specificity, PPV and NPV) of specimen-driven I0ARM is better (Tables 2.3
and 2.6). However, it is important to stress that this conclusion is limited by the low
number of available studies reporting performance results for defect-driven IOARM.

Another interesting finding was the discrepancy in the reported rate of initially ad-
equate resections for soft tissue specimens. Some recent studies, report adequate re-
sections in only a small minority (15%-26%) of the cases> " '°. Other studies have shown

much higher rates of adequate resections, varying from 48.7% to 81.2% 2528 30. 31,

Differences in oral subsite of the tumor might be a reason for this discrepancy. While
in Asian countries, a large proportion of the patients have buccal SCC, in Europe and
North-America, patients are more often treated for tongue SCC. It has been shown
that tongue SCC is significantly more aggressive (more often poorly differentiated)
compared to buccal SCC®. It is harder to achieve a complete resection in poorly
differentiated SCC*’. Moreover, differences in surgical approach may play a role; i.e.,
a difference in balancing the need to remove the tumor, while sparing healthy tissue.
However, this information is not available in the papers that were studied.

This literature review shows that there is a low number of studies on the performance
of IOARM available. This is the main limitation of this study. However, we firmly believe
that with upcoming awareness on the need for IOARM there will be enough evidence
in the literature to perform a thorough systematic review/meta-analysis, in the near
future. Another limitation of this review is that the studies included performed IOARM
according to different protocols. Moreover, the outcome was often evaluated accord-
ing to different criteria. This makes a comparison of the studies unreliable.

Nevertheless, some conclusions can be drawn: IOARM improves patient outcome and
the performance of specimen-driven IOARM is superior to the performance of defect-
driven I0ARM.

There can be no doubt that IOARM reduces the rate of inadequate margins (average
IR Rev. for soft tissue: 47.8%; average IR Rev. for bone tissue: 78.4%), but it still shows
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low sensitivity (average Sens. for soft tissue: 62.1%; average Sens. for bone tissue:
71.7%) caused by a high SE (average SE for soft tissue: 42.6%; average SE for bone
tissue: 24.3%), Tables 2.3 and 2.6. The best-performing method; specimen-driven 10-
ARM, is logistically demanding and time-consuming. In addition, grossing fresh tissue
is counterintuitive to most pathologists for fear of interfering with final pathologic
assessment. This will continue to stand in the way of IOARM widespread adoption,
despite the significant improvement in OCSCC resection results, unless standard
protocols and educational programs exist. At our institute we have a comprehensive
IOARM protocol including a relocation protocol® .

The development of objective technology is needed to address these practical
hurdles and key to facilitating specimen-driven IOARM in OCSCC. An example of such
technology is Raman spectroscopy; an optical technique which has been shown to
discriminate between OCSCC and surrounding healthy tissue with high sensitivity and
specificity (soft and bone tissue)*" *. A dedicated instrument employing a fiber optic
needle probe for rapid assessment of resection margins on OCSCC specimen is cur-
rently under development*.
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ABSTRACT

The goal of head and neck oncological surgery is complete tumor resection with ad-
equate resection margins while preserving acceptable function and appearance. For
oral cavity squamous cell carcinoma (OCSCC), different studies showed that only 15%-
26% of all resections are adequate. A major reason for the low number of adequate
resections is the lack of information during surgery; the margin status is only available
after the final histopathologic assessment, days after surgery.

The surgeons and pathologists at the Erasmus MC, University Medical Center in Rot-
terdam started the implementation of specimen-driven intraoperative assessment
of resection margins (IOARM) in 2013, which became the standard of care in 2015.
This method enables the surgeon to turn an inadequate resection into an adequate
resection by performing an additional resection during the initial surgery. Intraopera-
tive assessment is supported by a relocation method procedure that allows accurate
identification of inadequate margins (found on the specimen) in the wound bed.

The implementation of this protocol resulted in an improvement of adequate re-
sections from 15%-40%. However, the specimen-driven IOARM is not widely adopted
because grossing fresh tissue is counter-intuitive for pathologists. The fear exists that
grossing fresh tissue will deteriorate the anatomical orientation, shape, and size of
the specimen and therefore will affect the final histopathologic assessment. These
possible negative effects are countered by the described protocol. Here, the protocol
for specimen-driven IOARM is presented in detail, as performed at the institute.

VIDEO QR-CODE
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INTRODUCTION

Every year, around 350,000 new patients are diagnosed worldwide with cancer in the
oral cavity; 90% of cases are squamous cell carcinoma'. The mortality rate is 175,000
worldwide per year and the 5-year survival is 50% to 64.8%".

The primary treatment of oral cavity squamous cell carcinoma (OCSCC) is surgery’.
The goal of the surgery is the complete removal of the tumor with adequate margins,
according to the Royal College of Pathologists®. Margins >5 mm (clear) are regarded as
adequate, whereas margins from 0-5 mm are regarded as inadequate.

Adequate resection margins lead to higher survival and a reduction in local recurrence-
rates of OCSCC™®. Tumor resections with inadequate margins result in the need for
adjuvant therapy (postoperative radiotherapy and/or chemotherapy). This brings an
additional burden for the patient, increasing morbidity and reducing the quality of
life'. The resection margin is the only oncological prognostic factor that the surgeon
and pathologist can influence.

Recent reports have shown that adequate resections are only achieved in 15%-26% of
cases”®"", These poor results are caused by the complex anatomy of the oral cavity
and the lack of intraoperative guidance. During surgery, the surgeon can only rely on
inspection, palpation, and preoperative imaging.

The final margin status follows only several days after the operation. If an inadequate
margin is encountered at the final pathologic assessment, a second operation is usu-
ally not an option, because the wound bed reconstruction has usually healed by that
time. Moreover, a second operation is mostly not effective, because the relocation of
the inadequate margin is even more difficult in the postoperative setting.

To overcome the lack of intraoperative information about margin status, specimen-
driven intraoperative assessment of resection margins (IOARM) was implemented in
2013°. It became the standard of care in the institute in 2015. Described here is the
IOARM method in detail to enable colleagues at other institutes to implement this
protocol.
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PROTOCOL

This study was approved by the institutional Medical Ethics Committee (MEC-2015-
150).

NOTE: All the patient and personnel information in the figures or examples are fic-
tional (i.e., XXXXX and YYYYY).

1. Before surgery
1. Surgery department: Request for IOARM during the planning of surgery.
2. Pathology department: Ensure logistics/equipment (see Table of Materials) and
the availability of personnel (pathologist/pathology resident and assistant).

2. During surgery
1. Operation room (OR)

1. Ensure that all involved personnel are familiar with the relocation proto-
col',

2. Follow the relocation protocol.

3. Submerge the tags in chlorhexidine for at least 30 min before the start of
the surgery.

4. Place the tags paired on either side of the intended line of resection (both
superficial and deep), so that one tag is on the resection specimen and the
other remains at the corresponding spot in the wound bed (Figure 3.1A) as
described by Van Lanschot et al.™.

5. Cut between each pair of tags.

6. Remove the specimen with the tumor (one tag from each pair remains in
the wound bed, Figure 3.1B).

7. Fill out the pathology request form with a clear indication of the anatomi-
cal location of the tags (e.g., tag 1 = anterior, tag 2 = superior).

8. Record the surgical procedure-related defects of the specimen and their
location in relation to the tags, on the pathology request form.

NOTE: Procedure-related defects create false resection surfaces and can lead to
incorrect allocation of inadequate margins during both IOARM and final pathology.

9. Bring the specimen to the pathology department.
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Figure 3.1. Illustration of the relocation protocol. (A) Application of tags in a pair-wise manner.
(B) Wound bed and specimen both with one tag of each pair.

2. IOARM - Grossing room (GR), pathology department
1. Rinse the specimen with water and gently pat it dry with gauze or paper.

NOTE: Register every next step with photographs and store them in the Electronic
Patient File (EPF).

2. Record the general information (date, patient id, pathology number,
surgeon, pathologist, type of specimen, and tags used) on the anatomical
template.

3. Indicate the locations of the tags on the anatomical template (Figure 3.2).

4. Place the specimen on the anatomical template.

5. Ink the resection surface according to standard protocol (e.g., superior
blue and inferior green).

6. Inspect the specimen visually and by palpation (pathologist and surgeon).

7. Indicate the location of any suspicious region (i.e., margin <5 mm) on the
anatomical template and relate it to the numbered tags (section Result of
I0OARM, Figure 3.2).

8. Perform an incision perpendicular to the resection surface at the suspicious
region (Figure 3.3A). Depending on the size of the specimen and/or suspi-
cious regions, make one or more incisions with a distance of about 5 mm.
In case of more than one incision, number the incisions as I0A1, 10A2, etc.
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Tongue - superior Intra-operative assessment of resection margins (IOARM)
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Figure 3.2. Example of anatomical template for IOARM.

9. Measure the margins (i.e., the distance between resection surface and
tumor border) on the tissue sections (Figure 3.3B) and record the exact
values in mm on the anatomical template (section Result of IOARM, Figure
3.3C).

NOTE: If the tumor border is macroscopically not distinguishable (e.g., the tumor can-
not be distinguished from surrounding fibrotic or salivary gland tissue), microscopic
analysis by frozen section is indicated.

10. Proceed with the completion of the operation, step 2.2.19. If an adequate
margin is detected (i.e., additional resection is not needed).

11.Indicate the exact location based on the tags if an inadequate margin is
detected and record it on the template. Proceed with an additional resec-
tion if surgically/technically achievable, step 2.2.13.

12. Annotate the reason on the template, if an additional resection is not
achievable (section Additional comments, Figure 3.2).
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Figure 3.3. Illustration of IOARM. (A) Perpendicular incision performed after identification of sus-
picious region by palpation. (B) The margin is measured. (C) The result of IOARM and the recom-
mendation are recorded.

13.Recommend (pathologist/surgeon) the additional resection based on the
exact location and indicate the thickness needed to achieve an adequate
resection (Figure 3.3C).

NOTE: If the inadequate margin concerns a positive margin, a minimal thickness of 6
mm should be recommended for the additional resection.

14. Keep (pathologist) the main resection specimen in the refrigerator until the
additional resection is received.

15. Relocate (surgeon) the area of additional resection in relation to the tags,
in the wound bed, based on the record of IOARM (Figure 3.3C).

16. Perform the additional resection.

17.Send the additional resection to the GR.

18. Verify (pathologist) the accuracy of the additional resection regarding its
location (based on tags) and its size.

NOTE: The above steps are applicable in the case of a close margin. In the case of a
positive margin, an IOARM of the additional resection is necessary (pathologist). The
surgeon waits for the result of the second IOARM before completing the operation.

19. Remove (surgeon) the remaining tags from the wound bed and complete the
operation.
20. Copy (pathologist) all data from the anatomical template to the EPF.
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3. After IOARM - Grossing room (GR), pathology department

NOTE: To preserve the anatomical orientation and shape of the specimen the follow-

ing steps are performed.

1.

Reassemble the specimen by the correct orientation of all tissue sections
(cross-sections and the polar ends) based on the tags and the photographs
recorded during IOARM.

NOTE: Cross-sections are in the middle of the specimen and the polar ends are the

outer parts of the specimen.

2. Cut the pieces of cork slightly larger than the tissue sections.

CAUTION:

10.

11.

12.

. Place each tissue section on a piece of cork.

Draw a line on the cork around the tissue section with a permanent marker
and take a photograph (Figure 3.4A).

Place another piece of cork on top of all tissue sections except the polar
ends (Figure 3.4B).

Keep the upper and lower cork together, with the tissue section in between,
by placing pins through both corks next to the edge of the tissue section,
but not through the tissue section (Figure 3.4B).

Place the polar ends on a separate piece of cork (Figure 3.4A).

Keep the polar ends attached to the cork by obliquely placing pins over
the tissue and piercing the cork just beside the edge of the tissue (Figure
3.4B).

Do not puncture the specimen with the pins.

Reassemble the whole specimen: put all the tissue sections including the
polar ends together in the correct anatomical orientation.

Keep all the tissue sections together by puncturing the adjacent corks
(Figure 3.4C).

Position the specimen with the correct orientation on the anatomical tem-
plate and take a photograph.

Place the specimen in formaldehyde solution (formalin 4%).
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: o' At 2l
Figure 3.4. Illustration of the method to preserve the anatomical orientation and shape of tissue
sections. (A) Tissue sections are placed on a piece of cork with a line drawn on the cork around the
tissue section with a permanent marker. (B) Pins are obliquely placed over the polar ends and an-
other piece of cork is placed over the tissue section. (C) Illustration of a reassembled fresh speci-
men kept together with pins that puncture the adjacent corks. (D) Illustration of a reassembled
fixed specimen kept together with pins that puncture adjacent corks.

NOTE: For proper fixation, pieces of paper can be placed on top of the specimen to
keep it submerged in formalin.

13. Make a clear and visible warning note on the container with the specimen
(e.g., caution needles/pins), to avoid accidents.

14. Store the container with the specimen for further processing, according to
the standard pathology protocol.
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4. Grossing of the fixed specimen after IOARM

NOTE: After formalin fixation, the specimen should be grossed preferably by the
pathologist/resident/assistant, who performed the IOARM.

CAUTION:
container.

Be careful with the needles/pins when removing the specimen from the

1. Follow the institutional grossing protocol.

NOTE: Take additional measures to ensure the correct orientation and to facilitate

the comparison of the margin status between IOARM and final pathologic assessment.

N W N =

Consult the pictures of the IOARM.

Take the specimen out of the container.

Check whether all the tissue sections are present.

Position the specimen with the correct orientation on the anatomical tem-
plate and take a photograph (Figure 3.4D).

5. Remove the pins.

6. Separate the individual tissue sections with corresponding cork.

10.

11.

12.
13.

14.

Take photographs of each tissue section with their corresponding corks,
focusing on the lines that were drawn around the tissue section to assess
possible shrinkage of tissue after fixation (Figure 3.5).

Detach all tissue sections systematically from the cork (e.g., start from
anterior to posterior or left to right).

Gross the IOARM-tissue sections to the standard final tissue sections (2-3
mm thick).

Place all final tissue sections, in the correct anatomical orientation (e.g.,
from anterior to posterior), on a paper on the grossing table.

Number all the final tissue sections consecutively with a permanent marker
on the paper (Figure 3.6).

Annotate the location of IOARM with a permanent marker (Figure 3.6).
Take photographs, including all final tissue sections and store them in the
EPF (Figure 3.6).

Select the relevant final tissue sections and IOARM sections to be further
processed for final pathologic assessment.
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Figure 3.5. Illustration of a polar end with the cut surface facing the cork, held against the cork
by tilted pins. (A) Fresh specimen. (B) After fixation. (C) The cut surface of the polar end is flat
after fixation.
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Figure 3.6. Grossed specimen with the location of the IOARM marked. Corresponding numbers
1-5 refer to tissue sections from left to right. A-E corresponds with tissue sections included for
histopathologic evaluation. Note that the remaining piece of tissue that was evaluated by frozen
section (FS) is indicated to enable direct comparison with the permanent HE-stained section.
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5. The final pathologic assessment - Impact of IOARM on final margin status

1. Follow the local standardized protocol. The protocol followed here is the PALGA
(Pathologisch-Anatomisch Landelijk Geautomatiseerd Archief, the nationwide net-
work and registry of histo- and cytopathology in the Netherlands) national Head-Neck
protocol for the final standardized structured pathology report.

NOTE: This protocol is based on the up-to-date standards of the American Joint Com-
mittee on Cancer (AJCC), Union for International Cancer Control (UICC), and the
World Health Organisation (WHO).

1. Assess all the margins in millimeters, including mucosa, submucosa, and
bone.

2. If an inadequate margin is found, annotate its extent (e.g., submucosal
margin anterior is 3.5 mm, extending over a trajectory of 6 mm).

3. Assess the presence of dysplasia and its grade for mucosal resection mar-
gins.

4. Indicate the final margin by adding the dimensions of the additional resec-
tion (if performed) to the margin measured on the main specimen.

5. Record the unique pathology number of the additional resection in the
pathology report of the main specimen (e.g., Margins: anterior 6 mm,
posterior 8 mm, superior 6 mm (including 3mm of the additional resection,
H20-2021), inferior 7 mm, medial 5.3 mm).

6. Verify the margins found during IOARM.

7. Annotate the result of this verification (e.g., NB Margins found during the
intraoperative assessment are in concordance with margins based on the
final pathology).

NOTE: The time needed for IOARM should be limited in order to not interfere with
the surgical workflow. At the institute, the IOARM takes about 10 min. The surgeon
and pathologist perform the IOARM together. For the relocation method (placing the
tags during surgery) an additional time of 5 min is needed. This will differ for each
institute depending on the logistics.
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REPRESENTATIVE RESULTS

Example of IOARM resulting in an adequate resection

The patient presents with a cT2ZNOMO SCC of the left side of the tongue with no
medical history. The patient undergoes hemiglossectomy supported by IOARM. The
specimen is inspected and palpated; the mucosal margins are measured as >5 mm.
One area in the submucosal resection surface is suspicious for an inadequate margin,
located around tag 5. The submucosal margin is 3-4 mm at tag 5. All the information
is recorded on the template and copied to the EPF (Figure 3.7A).

Intra-operative assessment of resection margins (I0ARM) Intra-operative assessment of resection margins (IOARM)
A Date: 01-12-2020 B Date: 01-12-2020
. Pathol .
Patient ID: | 30000 n:m:e‘:fv RINHX Patient ID: | 300000 :':tr:zt:g? MK
Surgeon: | YYYYYYYYY | Pathologist:| YYYYYYYYY Surgeon: | YYYYYYYYY | Pathologist:| YYYYYYYYY
Cancer/cTNM “’;g:g::{;‘“ Number Cancer/cTNM; Well dilf SCC | Number
c 5 cTINOMD . 5
T\fpe_ of Hemiglos- of tag pairs T\vpe_ of Hemiglos. of tag pairs
specimen: sy used: specimen: used:
Result of + |nade i . . Result of i Q )
quate margin No: * Inadequate margin Yes
IOARM: @ IOARM:
* Margin in mm: 3-4 mm * Margin in mm: >5 mm
* Location based on tags: 5 * Location based on tags: 5
Recommen * Additional resection@(l\lo: Recommen = Additional resection Yes@
- dation: - dation:
* Location based on tags: 5 * Location based on tags:
* Dimensions, including thickness = Dimensions, including thickness
(in mm}: (in mm):
A diameter of 1,5 cm, with tag 5
at the center of the additional
resection, thickness 2-3 mm
dith Additional resection not achievable . Additional resection not achievable
Additional caason: Additional AL
comments: comments:

Figure 3.7. Examples of two different IOARMs recorded on the anatomical template. (A) IOARM resulting in an
adequate resection. (B) IOARM not resulting in an adequate resection.

The surgeon returns to the OR and performs the additional resection. The pathologist
verifies the accuracy and dimensions, including the thickness of the additional resec-
tion.
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The final pathology report shows the presence of moderately differentiated pT2 squa-
mous cell carcinoma on the left side of tongue. The tumor diameter is 2.5 cm and the
depth of invasion is 6.0 mm. The worst pattern of invasion (WPOI) is category 3. Peri-
neural invasion (PNI) is not present and the lymphovascular invasion (LVI) is present.
The minimal margins (mucosal and submucosal) at the inferior, superior, anterior, and
posterior location are 5.8 mm (including additional resection (PA number: XXXXX) of
3 mm thickness), 6.2 mm (including additional resection (PA number: XXXXX) of 3 mm
thickness), 5.2 mm, and 5.5 mm, respectively (Table 3.1). IOARM is in concordance
with final pathology.

Table 3.1. Example of resection margins during IOARM resulting in an adequate resection at final
pathology, after additional resection.

Margins (mm)

Location Based on IOARM After additional resection Based on Final pathology
Inferior 3-4 6-7 5.8
Superior 3-4 6-7 6.2
Anterior >5 5.2
Posterior >5 5.5

Example of IOARM not resulting in an adequate resection

The patient presents with a cTINOMO SCC of the right side of the tongue with no
medical history. The patient underwent a resection supported by IOARM. The surgeon
takes the specimen to the pathologist at the pathology department. The mucosa is
visually inspected, and the mucosal margins are measured with a transparent ruler,
all mucosal margins are >5 mm. The submucosal margins are visually inspected and
palpated and all margins seem >5 mm. A suspicious area is found at tag 1 (anterior
resection surface) and tag 3 (posterior resection surface). A grossing knife is placed
perpendicular to the resection surface from anterior to posterior (tag 1 to tag 3) and
an incision is made. The pathologist measures the margin on the cross-section and the
margins are >5 mm. All the information is recorded on the template and copied to the
EPF (Figure 3.7B).

The final pathology report shows a well-differentiated pT1 squamous cell carcinoma
on the right side of the tongue. The diameter of the tumor is 1.8 cm, and the depth
of invasion is 3.8 mm. The worst pattern of invasion (WPOI) is category 2. Perineural
invasion (PNI), lymphovascular invasion (LVI), and dysplasia are not present. The
minimal margins (mucosal and submucosal) at the inferior, superior, anterior, and
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posterior locations are 4.0 mm, 6.1 mm, 6.4 mm, and 7.8 mm, respectively (Table
3.2). IOARM is not in concordance with final pathology, margin inferior was missed.

Table 3.2. Example of resection margins during IOARM not resulting in an adequate resection at
final pathology.

Margins (mm)
Location Based on IOARM After additional resection Based on Final pathology
Inferior >5 4.0
Superior  >5 6.1
Not recommend all margins > 5 mm
Anterior 6 6.4
Posterior 8 7.8

DISCUSSION

The goal of surgical treatment of OCSCC patients is the complete removal of the
tumor with adequate margins. This is too often not achieved, which inspired to design
an adjusted approach to oral cancer surgery with a focus on intraoperative assess-
ment of resection margins. Aside from resection margins, other adverse tumor factors
such as the pattern of invasion, perineural invasion, and lymphovascular invasion
also affect the local recurrence. However, of all adverse tumor factors, surgeons and
pathologists can only influence the resection margins”'".

The specimen-driven I0ARM method was implemented in 2013; this was eventually
supported by the evidence that specimen-driven I0ARM is superior to defect-driven
IOARM”*"7_ This resulted in its recommendation by AJCC in 2017". Noteworthy, the
specimen-driven IOARM method became the standard of care in the institute in 2015.
From 2013 until 2020 the IOARM was performed in 304 cases with a steep increase
from 2018.

It is important to realize that developing and implementing an IOARM method involves
many personnel (pathologists/surgeons/assistants/trainees/researchers), in order to
make it standard of care. Many professionals were involved, during many years, in
the development of this protocol, which is actually the strength of the method. The
development of this method started in 2013 and reached a consensus in 2015. This
was achieved based on the two-weekly meetings during which discussions regarding
all the patients treated with surgery, including IOARM, took place. In this way, it was
possible to timely adjust and refine the procedure. Besides, the two-weekly meetings
enabled prospective data collection, which provides the basis for the performance
and follow-up studies’. Moreover, for every case, the team ensured that the final
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pathology was not compromised due to IOARM. Finally, it is important to realize that
this kind of assessment is a dynamic process and will always undergo changes toward
improvement.

With the specimen-driven IOARM method, the margins are assessed by inspection,
palpation, and perpendicular incisions (grossing). This approach provides an as ac-
curate as possible estimation of margins in millimeters and enables feedback on
whether an additional resection is needed and what the dimensions should be. Kubik
et al. described several reasons (e.g., additional resection at an incorrect location,
the incorrect orientation of the additional resection, incorrect dimensions of the
additional resection) for additional resections to be inadequate'. The IOARM is a
valuable method but only when accompanied by an as accurate as possible relocation
method of inadequate margins to enable the surgeon to perform an adequate ad-
ditional resection. The spatial relationship between the additional resection and the
main specimen is the key factor. Therefore, a simple but elegant relocation method
as shown in Figure 3.1 was developed and described in detail by Van Lanschot et
al.”. This method allows the surgeon to perform an additional resection based on
the relocation of the inadequate margin defined by the tags in the wound bed. For
example, a margin of 2 mm is found between tags 1-2-3, the surgeon performs an ad-
ditional resection around tags 1-2-3 with a thickness of 4 mm. This relocation method
is shown to be effective by the results of Smits et al.’.

This IOARM method is supported by frozen section procedure only if the tumor can-
not be distinguished macroscopically from surrounding tissue (e.g., fibrosis of tissue
after radiotherapy or scar formation after previous surgery, or salivary gland tissue).
Some institutes use another approach, in which frozen sections are taken from the
specimen from all quadrants™'. This method enables a more standardized proto-
col. However, the comprehensiveness of this method might not be always efficient.
Moreover, multiple frozen sections are needed which is costly, time-consuming, and
not accessible for all institutes. The described method is more efficient because the
region of interest is preselected (i.e., region of suspicious inadequate margin) and
is therefore cheaper, faster, and available for every institute. This is in accordance
with previous findings that frozen section analysis does not improve the accuracy of

specimen-driven IOARM based on grossing in most cases and is not cost-effective’®?,

According to the literature >93% of all inadequate margins are found at the submu-
cosal resection margins®. This is in line with the findings of the institute. Mucosal
alterations with high-grade dysplasia/CIS are often easy to detect during IOARM, only
in a few cases, a frozen section is recommended. Until now in the IOARM cohort, any
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mucosal positive margins regarding cancer or high-grade dysplasia/CIS have not been
encountered.

Even though specimen-driven I0ARM significantly improves the rate of adequate
resections in OCSCC patients and consequently improves patient outcome’”*?"%,
wide implementation is lagging. The main cause of this is the fact that the grossing
of fresh tissue is counter-intuitive for pathologists. The pathologists are fearful that
grossing fresh tissue will deteriorate the anatomical orientation, shape, and size of

its

the specimen, and therefore will affect the final histopathologic assessment?*?*. How-
ever, the measures prescribed in the protocol prevent these possible negative effects.
Since the implementation of this protocol, the anatomical orientation, shape, and
size of the specimen have never been altered nor was the final pathologic assessment
ever compromised (manuscript in preparation).

Although little additional time is required to perform IOARM, it is clear that no real
obstacles exist to implement I0ARM, but there must be a willingness to go through
a learning curve, regarding the grossing of fresh tissue and identifying inadequate
margins. The most important prerequisite is a dedicated and cooperative team of
surgeons and pathologists. In this study, an IOARM method for head and neck cancer
surgery has been described, that can easily be implemented in every institute and
during any other cancer surgery. This protocol significantly improves the rate of
adequate resections while concomitantly reducing the need for postoperative radio-
therapy and improving the patient outcome. The specimen-driven IOARM method will
help surgeons to achieve first-time-right surgery and patients will benefit.
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MATERIALS LIST

Name Company

Anatomical
templates

Anatomical tweezers
Brush

Bucket for formalin
fixation

Buffered formalin 4%
Camera
Computer
Cork
Ethanol 70%
Examination gloves
Gauze or Paper
Grossing knife 15cm
Grossing knife 30cm
Grossing tabel
Inc for tissue
Labcoat
Long pins/Sewing
pins

Paper

Permanent markers

Premier Farnell

Relocation tags S i)
S Utrecht, The
Netherlands
Scalpel
Surgical tweezers
Sutures Ethicon

Tap water

Transparant ruler
30 cm

Catalog
Number

Ethilon 3.0

Comments

https://www.palga.nl/assets/uploads/
Protocollen/HoofdHalstumoren. pdf

to apply the inc to the tissue

Size of the container depends on the size fo
the tissue

Thin plates of cork

That won’t leave particles on the specimen

3 or more different colors

To place the tissue sections on during the
grossing
Different colors (black/blue/red/green)

Numbered from 0-9, cut to a size of 5 mm x 7
mm X 2 mm

To suture in the tags

2 rulers needed
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ABSTRACT

Patients with oral cavity cancer are almost always treated with surgery. The goal is
to remove the tumor with a margin of more than 5 mm of surrounding healthy tis-
sue. Unfortunately, this is only achieved in about 15% to 26% of cases. Intraoperative
assessment of tumor resection margins (IOARM) can dramatically improve surgical
results. However, current methods are laborious, subjective, and logistically demand-
ing. This hinders broad adoption of IOARM, to the detriment of patients. Here we
present the development and validation of a high-wavenumber Raman spectroscopic
technology, for quick and objective intraoperative measurement of resection margins
on fresh specimens. It employs a thin fiberoptic needle probe, which is inserted into
the tissue, to measure the distance between a resection surface and the tumor. A
tissue classification model was developed to discriminate oral cavity squamous cell
carcinoma (OCSCC) from healthy oral tissue, with a sensitivity of 0.85 and a specificity
of 0.92. The tissue classification model was then used to develop a margin length
prediction model, showing a mean difference between margin length predicted by
Raman spectroscopy and histopathology of -0.17 mm.
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INTRODUCTION

Worldwide, 350 000 patients per year are diagnosed with oral cavity cancer, of which
about 90% is squamous cell carcinoma (OCSCC)".

Surgery is the primary form of treatment. In an adequate tumor resection, the whole
tumor is removed with a histopathological margin of more than 5 mm of healthy
tissue. At the same time, it is important to spare healthy tissue to limit the loss of
function (e.g., speaking, mastication, and swallowing) and facial disfigurement**.

Five-year disease-specific survival of oral cancer patients currently stands at 84%
for adequate tumor resections, but only 68% for inadequate resections, despite the
much more frequent use of adjuvant therapy in these cases (mostly postoperative
radiotherapy)’.

Unfortunately, with surgeons having to rely on visual inspection, palpation, and pre-
operative imaging, adequate resection margins are rarely achieved (15%-26%) in oral
cancer surgery®.

This can be improved by intraoperative assessment of resection margins (IOARM),
enabling the surgeon to excise additional tissue when needed to turn an initially inad-
equate resection into an adequate resection. A recently introduced IOARM-method for
inspection of a fresh specimen, by a dedicated pathologist and the surgeon, has led to
a dramatic improvement in the rate of adequate tumor resections from 15% to 58%*°.

However, the method is laborious, logistically very demanding, and subjective, which
hinders its widespread adoption. IOARM works, but there is a need for an objective
and easy-to-use technology to allow more patients to benefit from it. A range of
techniques, among which fluorescence imaging, ultrasound-guided resection, and
magnetic resonance imaging of tongue cancer specimens is currently being explored
for application in objective IOARM” "2,

Raman spectroscopy is a non-destructive, label-free, optical technique, that provides
information about the overall molecular composition of tissues. The development of

medical applications of this technique is rapidly gaining momentum'"

. Here, we
report on the development and validation of a Raman spectroscopy-based objective
IOARM-device (RIOARM-device), which uses the high-wavenumber (HWVN) part of the

Raman spectrum. A thin fiber-optic needle probe is inserted into the specimen to
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rapidly determine the distance between the resection surface and the tumor border
(margin length).

MATERIALS AND METHODS

Patient selection and resection specimen handling

This study was approved by the Medical Ethics Committee of Erasmus Medical Center
(Erasmus MC) (protocol MEC-2015-150). OCSCC patients who underwent surgical treat-
ment between May 2019 and September 2021 were included, after informed consent.

In total 71 patients were included, 40 patients for the tissue classification model (see
below “Development of a tissue classification model”) and 31 for the margin length
prediction model (see below “Development of a margin length prediction model”).

The experiments on fresh resection specimens were performed within 30 minutes
after arrival from the operating room, after which they underwent routine pathology
processing.

RIOARM-device

The RIOARM-device is shown in Figure 4.1 and is described in more detail in the ESI
(51: RIOARM-device).

It employs disposable HWVN single fiber-optic needle probes. The proximal end of the
single fiber of the disposable fiber-optic needle probe is butt-coupled to a fiber patch
cord in the RIOARM-device positioning arm, which at the other end is connected to
a Raman module. The Raman module launches laser light (671 nm, 65 mW) into the
fiber and receives Raman scattered light from the fiber. Because the RIOARM-device
records high-wavenumber Raman spectra in the 2600-4000 cm™ region, where the
background signal of the optical fibers is very low, a single fiber can be used to guide
laser light to the tissue and to collect Raman scattered light from the tissue?®*'. The
spectral resolution of the system is <12.5 cm™ over the entire spectral interval. The
depth resolution of the system is <0.35 mm (details described in the ESI, S2: Experi-
mental determination of the depth resolution). The experiments were performed in a
room with ceiling lighting comprised of LED-lamps having no emission above 700 nm.
Because Raman spectra were collected above 800 nm, experiments could be carried
out with room lighting on without any interference with the collection of Raman
spectra.
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The fiber-optic needle probe is connected to the motorized translation stage of the
RIOARM-device positioning arm and a vacuum system. The motorized translation stage
is used to drive the fiber-optic needle into the tissue under investigation. The vacuum
system serves to create an under pressure that prevents tissue deformation during the
insertion of the fiber-optic needle.

In operation, the fiber-optic needle probe was positioned perpendicular to the tissue
surface and then inserted with a velocity of 1.8 mm s™, over a distance of 7 mm. Ra-
man spectra were recorded every 0.14 seconds, resulting in 4 Raman spectra per mm.

Data preprocessing

All data preprocessing and data analysis software routines were built in-house using
MATLAB (version 2020a, Mathworks, Natick, MA, USA).

All spectra were intensity and wavenumber calibrated as described earlier’?. Cosmic
ray events were removed, and any background signal generated in the systems optical
path was subtracted. Autofluorescence (AF) contributes in varying degrees to the tis-
sue spectra. This AF background signal was fitted with a 3rd-order polynomial and was
subtracted from the measured spectrum to obtain the Raman signal. The polynomial
fit was optimized for the 2600-2800 cm™ and 3800-4000 cm™ spectral regions, which
do not contain significant Raman signal contributions. The subtracted polynomial was
used to quantify the autofluorescence background signal.

The following criteria were used to exclude low-quality spectra from the data set:

» Saturation of the CCD detector by very high tissue AF.

» Raman signal-to-noise ratio (RSNR) <0.1. The RSNR is defined as the mean of the
ratios between the Raman signal and the square root of the total acquired signal
(Raman signal + AF + device background) in the spectral region between 2600-4000

cm™.

Raman signal
RSNR 2600-4000cm -1 =

/Raman signa + AF signal + device backgr
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Figure 4.1. RIOARM-device. Panel A: Main components of the RIOARMdevice: (A): custom-built
cart, (B): personal computer (Windows 10, Hewlett-Packard prodesk), (C): workspace for specimen
positioning, (D): positioning arm, for positioning the fiber-optic needle probe, (E): the disposable
fiber-optic needle probe (illustrated in panels (B) and (C)), which is fiber-optically coupled to (F):
a custom-built raman spectroscopy module. Panel B: positioning of the fiber-optic needle probe on
a specimen. Panel C: Disposable fiber-optic needle probe, comprised of: - a single copper-coated
multimode fused silica fiber (core/cladding/coating diameter: 105/125/150 pm) in a thin (300 pm
outer diameter) metal tube (6), covered by protective braided pebax/polyamide tubing. - an Fc/
Pc-connector at its proximal end, butt-coupling the probe to the internal fiber patch cord of the
raman-RIOARM-device (panel A). - a port 3, connected to a vacuum system. It maintains an under
pressure in chamber 2, around the fiber-optic probe end, when the chamber is placed on the
tissue. This fixes the tissue in place against tip 2, preventing surface deformation when the fiber-
optic needle is inserted into the tissue. - Part 4, used to fasten the fiber-optic needle probe to
the positioning arm of the Raman-RIOARM-device. - Part 5, connecting the fiber-optic probe to the
linear translation stage in the positioning arm, enabling the insertion of the fiber-optic needle into
thetissue at a set speed. - The distal end 7 of the needle which penetrates the tissue measures 150
pm in diameter and has a conically polished tip. (Further details in the ESI, S1 RIOARM devicet).
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Data analysis

Three Raman spectral tissue markers were used as discriminators between OCSCC and

healthy tissue:

1. The water concentration [H20] defined as water mass percentage (expressed in
grams of water per 100 grams of wet tissue) was calculated using the method
developed by Caspers et al.? 226

2. The Raman signal intensity ratio of two wavenumber regions (l,ss; 2884 cm "+ l2910-2966

and described in detail in previous studies

«n ') of the CH-stretching region was determined, indicative of the lipid-to-protein
ratio (Lipid/Protein)?%,
3. The Raman signal to AF signal ratio (Raman/AF) was calculated for the 3350-3550

: -1, -1
wavenumber region (lgaman3ssosssocm - laF 33503550 cm )+

Development of a tissue classification model

For the development of the tissue classification model, Raman measurements were
performed on fresh specimen cross-sections containing both tumor and healthy tissue.
For these measurements, the RIOARM-device was slightly modified. The positioning
arm was replaced by a manual X-Y positioning stage (with a better than 100 pm
positioning precision) to which the fiber-optic needle probe was attached (Figure
4.2A and B). This enabled precise positioning of the fiber-optic needle probe on the
specimen and retrieval of measurement locations needed for histopathological anno-
tation of Raman spectra. To prevent dehydration of the cross-section tissue surface,
the tissue was shielded from ambient air with plastic foil wrapped around the X-Y
positioning stage (Figure 4.2C).

For the measurements, due care was taken to maintain anatomical orientation, as
required for final histopathology, which is the gold standard for diagnosis and prog-
nostication.
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Figure 4.2. Manual X-Y positioning stage. (A). A front-side view showing the fiber -optic needle
probe 1 and needle 2; the two actuators 3 are used to move the fiber-optic needle probe in the
X and Y directions along the guiding rods 4; the specimen is placed on the plate 6 and is moved
towards needle 2 by means of actuator 5. (B). Top view of the stage. The X-Y movements of the
fiber-optic needle probe 1 along the 2 guiding rods 4 are indicated by the green arrows. (C). Pic-
ture of the stage showing two monitors 7 to read the X-Y position of the fiber-optic needle probe.
The stage is wrapped in plastic foil to prevent tissue dehydration during the measurements.

The specimen cross-section was fixed onto a cork substrate and placed under an X-Y
positioning stage, to which the fiber optic probe of the RIOARM-device was attached
(Figure 4.3A).

Raman experiments were performed as follows:

a. Aseries of Raman measurements were performed along a straight line, using the
Y-axis of the X-Y stage (white lines, Figure 4.3A), moving from the resection
surface towards and into the tumor with a step size of 1 mm.

b. The X-position of the first line measurement was demarcated by a pin (black pin,
Figure 4.3A) inserted into the cork. The location of this pin served as the refer-
ence point for histological annotation after the experiment (Figure 4.3A).

c. At each measurement location, the fiber-optic needle was driven into the tissue,
with a velocity of 3.6 mm s™', while collecting Raman spectra from the tissue
cross-section surface to 3 mm below the surface. Raman spectra were recorded
every 0.14 seconds, resulting in 2 Raman spectra per mm. A laser power of 65 mW
was used.

d. Depending on the size of the specimen cross-section, a number of line measure-
ments were performed, spaced 1 mm apart along the X-axis. After the experi-
ment, a photograph was taken and the cross-section was formalin-fixed for further
processing (Figure 4.3B).
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Figure 4.3. Illustration of the procedure for histopathological annotation of Raman measurements
on specimen cross-sections. (A) and (B). Cross-section of a resection specimen before and after
formalin fixation. The black pin (blue arrow) demarcates the X-position of the first line of Raman
measurements (white line). (C) and (D). H&E slide obtained from the cross-section surface. The
reference incision that was used for identifying the first Raman line measurement is clearly visible
(blue arrowhead). The red line marks the tumor border. T: Tumor, H: Healthy Tissue. The first Ra-
man line measurement is indicated by the blue line (D).

Each measurement location was histologically annotated and labeled “healthy” or
“tumor”. For the histological annotation, a superficial straight incision was made in
the cross-section surface, at the position of the first Raman line measurement, start-
ing at the black demarcation pin (Figure 4.3B). This was also done on the opposite
side of the cross-section. From both sides, hematoxylin and eosin (H&E) stained thin
tissue sections were made (Figure 4.3C), using the reference incisions for annotation
of Raman measurement locations as healthy or tumor (Figure 4.3D). Raman measure-
ment locations were excluded from further analysis if the histological annotation was
not the same for both H&E slides.

In our estimation, the relocation of Raman measurement locations for histopathologi-
cal annotation has an uncertainty of 1 mm in both X and Y directions. For this reason,
measurements within 2 mm of the tumor border were excluded from further analysis.

The tissue classification model was developed using a support vector machine (SVM)
method with a fine Gaussian kernel (Machine Learning Toolbox, MATLAB 2020a). The
values for [H20], Lipid/Protein, and Raman/AF obtained from the tissue spectra were
used as input, together with the histological classification of the tissue (binary clas-
sifier: tumor or healthy).

For each [H20], Lipid/Protein, Raman/AF input set, the model yields a tumor prob-
ability. The model was trained using k-fold cross-validation (k = number of patients).
A receiver operating characteristic (ROC) curve was calculated as internal validation.
The discriminative power of the model was determined by calculating the area under
the curve (AUC) obtained for different tumor-probability thresholds. The accuracy,
sensitivity, and specificity of this model were determined at a tumor-probability
threshold of 0.5. The model was validated on an independent data set.

83



84

Chapter 4

Development of a margin length prediction model

The RIOARM-device was used on intact fresh specimens, to obtain Raman spectra from
the resection surface to 7 mm below the resection surface (Raman profiles). Depend-
ing on the size of the specimen, up to six measurement locations were selected. The
intact specimens were kept in a closed container until the Raman measurements were
performed which lasted between 5 and 10 minutes.

Two considerations are at the heart of the experimental design described below. We
estimate that the relocation of the position of Raman measurements on resection
specimens, in H&E slides is only precise to about 1 mm. This can lead to an error in
the histological margin length annotation of the measurement, because the border
between tumor and healthy tissue is neither regular nor parallel to the resection
surface.

To minimize the effect on the development of the margin length prediction model,
an approach was chosen in which up to 6 RIOARM-device profile measurements were
performed within a resection surface area of about 2 mm x 2 mm, each yielding a
margin length. The center of the measurement area was demarcated by a numbered
needle, inserted perpendicularly to the resection surface. After tissue processing, the
histological margin lengths were determined at up to 6 locations less than 1 mm from
the numbered relocation needle. The mean margin length prediction of the RIOARM-
device was then compared to the mean histological margin length. A measurement
location was excluded if individual histological margin lengths differed by more than
2 mm.

After the experiment, a picture was taken (Figure 4.4A). The intact specimen with
the numbered needles was then formalin-fixed for further processing. After fixation,
another photograph was taken (Figure 4.4B). The specimen was grossed, following
the standard pathology procedure, without the removal of the numbered needles
(Figure 4.4C and D). This resulted in specimen cross-sections of 2 to 3 mm in thick-
ness. Along the length of a numbered needle, superficial incisions were made on both
sides of the specimen cross-sections. H&E slides were prepared from both sides of the
cross-section, in which the incisions served as a reference for histological annotation
of the profile measurements (Figure 4.4E and F).

Based on the tissue classification model, each spectrum of a Raman profile was con-
verted into a tumor probability, resulting in tumor probability profiles, showing tumor
probability as a function of distance to the resection surface.
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Interpretation of tumor probability profiles.

A tumor probability profile of 7 mm is based on 29 Raman spectra (one for every 250

pm). The tissue classification model that uses these spectra as input, will inevitably

generate occasional false positives and false negatives. Decision rules were developed

for the interpretation of tumor probability profiles, based on the occurrence of tumor

probabilities >0.5.

1. When the whole 7 mm profile has a probability <0.5, no tumor is encountered and
the margin length is x7 mm.

2. When the whole profile has a probability 0.5, the margin length is 0 mm.

3. When the probability profile has only one transition from low (<0.5) to high (=0.5)
tumor probability, the location of this transition demarcates the margin length.

4. Profiles with more than 4 crossings of the 0.5 threshold are considered inconclu-
sive, and no margin length prediction is given.

5. For all other tumor probability profiles, a simple parametrized interpretation
model was adopted for the prediction of the margin length.

In summary; 2 parameters, related to the length of low and high tumor probability

segments in a tumor probability profile, were optimized; Hi, and Lyax:

« If a segment of a profile with a high tumor probability is longer than value H,, the
decision is that the tumor border is located at the start of that segment.

» If a segment of a profile with a high tumor probability is shorter than the value
Hnmin, the decision rule depends on additional profile shape characteristics. For
example, if 2 segments of high tumor probability are interrupted by a segment
of low tumor probability, the decision rule for the location of the tumor border,
depends on the length of that low probability segment.

If it is smaller than the value L., the presence of that low probability segment
is ignored.
If it is larger than value L., the presence of the first high probability segment
is ignored.

The margin length determined at final pathology was used as gold standard. ESI Table
4 shows the different tumor probability profiles and the decision rules for predicting
the margin length. Using the development data set, both H,;, and L. were varied
from 1 to 6 mm with a step size of 1 mm.

The difference between the histological margin lengths and the predicted margin
lengths was calculated for each combination of Hy, and L. for all tumor probability
profiles. In this way, the combination of H.;, and L. that yielded the lowest mean
error was determined.
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Figure 4.4. Illustration of the
procedure for histological anno-
tation of Raman profile measure-
ments. (A). Intact fresh resection
specimen with numbered needles
demarcating the Raman profile
measurement areas. (B). The
specimen after formalin fixation.
(C). The specimen of figure B
with the yellow square indicating
the location of the cross-section
shown in figure (D). (D). Speci-
men cross-section containing
measurement locations marked
by needles 5 and 7. Superficial
incisions were made along the
numbered needles, to enable
identification of the trajectory
of the Raman profile measure-
ments in H&E-slides. (E). H&E-
slide showing the trajectories of
the Raman profile measurements
indicated by needles 5 and 7.
(F). The H&E-slide of figure (E),
illustrates the histological an-
notation. The red line marks the
tumor border. H: Healthy Tissue,
T: Tumor.
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Data obtained from a specimen were either used for the development of the margin
length prediction model, or for the validation of the model. Allocation of specimens
to either the model development dataset or the model validation dataset was based
on balancing anatomical tumor locations (tongue, floor of mouth, buccal mucosa, gin-
giva maxilla, and gingiva mandible) and the number of adequate/inadequate margins
in both groups.

Valid tumor probability profiles were used to calculate a mean margin length predic-
tion for a measurement location. Profiles were considered invalid if, during a profile
measurement the vacuum broke, which leads to tissue surface deformation during
needle insertion. A profile was also considered invalid if it contained more than 2 con-
secutive points for which no tumor probability could be calculated. Finally, profiles
that gave an inconclusive margin length prediction (ESI Table 5;t profile shape 10),
were excluded.

Measurement locations with 2 or more valid tumor probability profiles were used to
test the margin length prediction model, for both the development data set and the
validation data set.

The mean error in margin length prediction was calculated to investigate a potential
bias of the RIOARM-device. The mean absolute error in margin length prediction was
calculated to determine the error in the margin length determination by the RIOARM-
device.

RESULTS

Tissue classification model

Raman measurements were performed on fresh specimen cross-sections from 40
OCSCC patients. Patient and tumor characteristics are shown in ESI Table 2. Data
from 25 patients were used to develop the tissue classification model and data from
15 patients were used for its validation.

The development of the tissue classification model wasbased on 1347 tumor spectra
and 1784 healthy tissue spectra. Typical Raman spectra of tumor and healthy tissue
are shown in Figure 4.5A, B, and C. Each spectrum was analyzed to yield values for
3 Raman spectral tissue markers: [H20], Lipid/ Protein, and Raman/AF. Figure 4.5D,
E, and F compare the distribution of values of these 3 markers for healthy tissue
(green) and tumor (red), for all spectra in the development data set. A wide range
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of [H20]-values are found for healthy tissue. Tumor is characterized by a narrow
range of [H20]-values, overlapping with the highest [H20]-values found in healthy
tissue. Similarly, healthy tissue shows a wide range of Lipid/Proteinvalues. Tumor is
characterized by a narrow range of values, overlapping with the lowest Lipid/Protein-
values found in healthy tissue. Finally, many healthy tissue spectra are characterized
by an intense AF background, resulting in low Raman/AF-values. This is only rarely
encountered in tumor spectra.

The calculated values of [H20], Lipid/Protein, and Raman/AF, and the respective
histological annotation of each spectrum were used as input for the development of
the tissue classification mode (see Materials and Methods). The tissue classification
model showed a discriminative power of 0.93 (based on the area under the ROC-
curve, Figure 4.6A), an accuracy of 0.89, a sensitivity of 0.87, and a specificity of
0.91 at the tumor probability threshold value of 0.5.
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Figure 4.5. Examples of Raman spectra of tumor and healthy tissue. (A). Raman spectra after
pre-processing (Materials and methods, section Data preprocessing), illustrating the higher tissue
autofluorescence (AF) background in most healthy tissue spectra. (B). Raman spectra of figure A
after subtraction of the AF background and intensity normalization on the CH-stretching region
(2910-2966 cm™), illustrating the higher intensity in the OH-stretching region (3350-3550 cm™) in
tumor spectra due to the higher water concentration in tumor'®%. (C). Close-up of the 2750-3100
cm™ CH-stretching region of the spectra of figure B, illustrating the higher lipid-to-protein band
ratio in healthy tissue. (D). Histogram of [H20] values. (E). Histogram of Lipid/Protein values. (F).
Histogram of Raman/AF values.
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The developed classification model was validated on an independent data set obtained
from specimens of 15 patients, made up of 426 tumor spectra and 1240 healthy tissue
spectra. A discriminative power of 0.92, an accuracy of 0.90, a sensitivity of 0.85, and
a specificity of 0.92 were found.
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Figure 4.6. ROC-curves for the development and validation data sets of the tissue classification
model. (A). ROC-curve of the leave-one-patient-out internal validation of the tissue classification
model. (B). ROC-curve of the validation of the tissue classification model on the independent data

set.

Margin length prediction model

Raman profile measurements were performed on fresh intact specimens of 31 OCSCC
patients, to obtain tumor probability profiles from the resection surface to a depth of
7 mm. Patient and tumor characteristics are shown in ESI Table 3.

Data from fourteen specimens were used for the development of the margin length
prediction model. Raman and histology data were obtained at 44 resection surface
locations (28 adequate margins and 16 inadequate margins) yielding a total of 217
tumor probability profiles (examples are shown in Figure 4.7).
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Figure 4.7. Examples of tumor probability profiles. (A): Tumor probability <0.5 over the entire
length of the profile. (B): Tumor probability >0.5 over the entire length of the profile. (C): Start-
ing segment with tumor probability <0.5 followed by a segment with tumor probability >0.5. (D):
Multiple alternating segments of high (20.5) and low (<0.5) tumor probability.

The data set contained 86 profiles with a tumor probability <0.5 over the entire length
of the profile, 22 profiles with a starting segment of tumor probability <0.5 after
which tumor probability changed and remained=> 0.5, and 9 profiles with tumor prob-
ability> 0.5 over their entire length. Interpretation of these profiles in terms of margin
length prediction is straightforward (Materials and methods and ESI Table 57).

One hundred profiles had more complex shapes with alternating segments of high
(20.5; H) and low (<0.5; L) tumor probability.

The combination of the H,;, and L., values (see Materials and Methods) that yielded
the lowest mean error between margin length prediction and histology was: H, = 4
mm and L.x= 2 mm, leading to the decision rules shown in ESI Table 5.t
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Using these decision rules, the mean margin length prediction by Raman spectroscopy
was compared to the mean histo-logical margin length, for each measurement loca-
tion. Five of the 44 measurement locations were excluded because insufficient valid
tumor probability profiles were available for the calculation of a mean margin length
prediction.

Figure 4.8A shows the histogram of the error in margin length prediction for the
development data set. The mean difference between margin length prediction by the
RIOARM-device and histology was -0.15 mm, showing an absence of significant bias.
The mean absolute difference in the margin length prediction was 0.69 mm, which
is within the estimated error margin of the gold standard histological margin length.

An independent data set, obtained from 17 specimens (44 measurement locations; 29
adequate margins and 15 inadequate margins, and a total of 211 tumor probability
profiles) was used for the validation of the margin length prediction model. Four
measurement locations were excluded because insufficient valid tumor probability
profiles were available for the calculation of a mean margin length prediction.

Figure 4.8B shows the histogramof the error in themargin length prediction. The mean
difference between margin length prediction by the RIOARM-device and histopathol-
ogy was -0.17 mm. The mean absolute difference in the margin length prediction was
0.76 mm.
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Figure 4.8. Histograms of margin length prediction errors (RIOARM-device margin length predic-
tion minus gold standard histological margin length). (A): Results for the model data set on which
the model parameters were optimized. (B): Results for the independent validation data set.

Figure 4.9 shows the confusion matrix of RIOARM-device adequate/inadequate mar-
gin predictions based on individual Raman profiles against histology. In 166 cases the
RIOARMdevice prediction is correct. There are 9 false negatives (i.e., missed inade-
quate margins) and 2 false positives. Based on these numbers, sensitivity and specific-
ity for inadequate margins are 78% and 98%, respectively.

The RIOARM-device returned a margin length between 4 and 6 mm for 13 profiles.
Given the mean absolute error in the margin length prediction (0.76 mm) we classify
such a result as “potentially inadequate margin (PIM)”.

Of the 211 profiles in the validation data set, 31 belonged to the inconclusive category
of ESI Table 5,7 for which currently no margin length prediction is rendered. These
are separately mentioned in Figure 4.9.
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Figure 4.9 Confusion matrix of RIOARM-device adequate/inadequate margin predictions against
histology. The acronym PIM stands for potentially inadequate margin.

DISCUSSION

The clinical relevance of adequate resection margins in OCSCC surgery is evident. Pa-
tients with adequate resection margins have higher survival rates and fewer patients

need adjuvant (radio)therapy; a well-known cause of additional morbidity**%.

This study demonstrates the feasibility of an easy-to-use device for the objective
assessment of tumor resection margins on fresh resection specimens. A measurement
at a single location takes about 5 seconds and in principle, data analysis can take
place in real-time, although for this paper it was carried out off-line. This allows for
the assessment of the resection margins at many locations of a specimen, within a
short period of time, while the patient is still in the operating room. Moreover, the
measurements could be carried out in, or close to, the operating room and would not
necessarily be carried out by a pathologist.

The mean absolute error in the margin length prediction by the RIOARM-device was <1
mm. This is within the estimated 1 mm uncertainty in our gold standard histological
margin length assessment. Moreover, the RIOARM-device showed no positive or nega-
tive bias in margin length with respect to histology.

Therefore, it may be expected that the RIOARM-device will indicate adequate and
inadequate margins with high accuracy. This is confirmed by a test on the profiles of
the margin length prediction validation data set. If a “PIM”- or an “inconclusive”-
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result would be obtained, additional measurements close to that location could be
performed for a definitive result.

Despite the very high specificity, inevitably some false positives will occur. If an iso-
lated measurement shows an “inadequate margin”-result, additional measurements
can be performed in the vicinity of that location, to either confirm or reject that
result.

The combination of high specificity (98%) and short measurement time can partly
compensate for the lower 78% sensitivity, because it enables measurements at many
locations, without the risk of introducing high numbers of false positive results. More-
over, both the tissue classification model and the margin length prediction model,
although validated on independent data sets, are still based on data sets of limited
sizes. Therefore, it is expected that they can be further improved.

The next step towards implementation of the technology, is the development of a
measurement protocol for systematic IOARM and result reporting, that takes the
above considerations into account. It appears feasible to determine the resection
margins on a specimen at up to 100 locations within an acceptable time frame of 15
minutes, which is currently not achievable in any other way. Intraoperative detection
of inadequate margins can be combined with the recently introduced paired-tagging
technique for accurate relocation of such inadequate margins in the wound bed*. This
provides the surgeon with the opportunity to return to the patient and remove ad-
ditional tissue at the exact location of the inadequate margin, to achieve an adequate
tumor resection.

CONCLUSIONS

We have presented the development and technical validation of a Raman spectro-
scopic technology for quick and accurate assessment of oral cavity tumor resection
margins.

We expect that the intraoperative assessment of resection margins based on Raman
spectroscopy will lead to at least the same dramatic improvement in the rate of
adequate resections, that was obtained with the IOARM-method based on visual
inspection and palpation of the specimen. However, RIOARM is much more conducive
to widespread adoption®.
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Margin status is an important prognostic factor, and one of the few that can be
brought under the control of the surgeon. Especially in oral cancer surgery, there is
immense room for improvement. RIOARM has the potential to play an important role
in addressing this need.

We have developed our technology with a focus on oral cancer surgery, but its applica-
tion is by no means limited to that. The ability to locate the closest resection margin
intraoperatively provides the surgeon with actionable information that facilitates the
further improvement of many other tumor resection procedures®'.
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SUPPLEMENTARY INFORMATION

S1 RIOARM-device

The technical details of the RIOARM-device are illustrated in Supplementary Figure.
1 to 3. Supplementary Figure. 1 shows the connection of the fiber-optic needle probe
and the vacuum tubing to the position arm of the device. Supplementary Figure. 2 il-
lustrates the 5 degrees of freedom for positioning the fiber-optic probe perpendicular
to the tissue. Supplementary Figure. 3 shows the connection of fiber-optic needle
probe to Raman module and illustrates the technical details of Raman module.

Il. = IV.

Supplementary Figure.1| Connection of the fiber-optic needle probe to the positioning arm
Panels I. and II: The disposable fiber-optic needle probe is fixed to part 8 of the device positioning arm. The FC/
PC connector 1 at its proximal end connects to the positioning arm, by means of which the probe optical fiber
(blue) is butt-coupled to the fiber optic patch cord 9 running inside the positioning arm. Vacuum tubing (yellow)
connects vacuum port 10 of the positioning arm to vacuum port 3 of the fiber-optic needle probe. Vacuum port
10 is connected to a vacuum pump (not shown).

Panel lll.: a protective housing is placed over the fiber-optic needle probe after fixation to the positioning arm.
Panel IV.: fiber-optic needle probe with the needle fully extended.
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Supplementary Figure.2| Positioning arm. The positioning arm of the Raman-RIOARM-device has
5 degrees of rotational freedom. This enables XYZ-positioning of the tip of the fiber-optic needle
probe, perpendicular to the tissue surface.
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Supplementary Figure.3 | Raman module

Panel I. Connection of fiber-optic needle probe to Raman module. Fiber patch cord 9 runs through the positioning
arm and is connected to the fiber port 11 of the Raman module of the RIOARM-device.

Panel Il. Top view of the custom-designed Raman Module of the RIOARM-device (RiverD International, The Neth-
erlands). 671 nm laser light from a diode-pumped solid state laser 12 (Gem671, 50 mW-250 mW, Laser Quantum,
UK) is focused by a parabolic mirror 14 (Thorlabs MPD129-P01) into the core of fiber patch cord 9 (Panel I.),
passing through dichroic mirror 13 (Semrock FF750-SiDi02). Raman scattered light is received from patch cord
9, collimated by parabolic mirror 14 and reflected by dichroic mirror 13. A color glass filter 15 (Schott RG715-10-
SAR) is used to suppress laser light intensity, before the Raman scattered light enters the spectrometer part of
the Raman module. A fused silica transmission diffraction grating 16 (LightSmyth Technologies Inc. T-1702-895)
is used to disperse the Raman scattered light. A custom designed projection lens assembly 17 is used to project
the 2600-4000 cm™ spectral interval onto back-illuminated deep depletion charge coupled device (CCD) chip of
a cooled CCD-camera 18 (Andor iVac, 316 LDC-DD, Andor Technology Ltd., UK).
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S2 Experimental determination of depth resolution

The depth resolution of the fiber-optic needle probe was experimentally determined
by measuring the Raman signal intensity of calf tongue tissue while the needle crossed
the tissue-air interface.

The setup for these measurements is shown in Supplementary Figure. 4, left panel. A
5 mm-slice of tissue was fixed between two horizontal PMMA (polymethylmetacrylate)-
plates, both with an array of through-holes of 1 mm in diameter. For each measurement,
the fiber-optic needle was aligned with one of the holes in the top plate and moved to the
tissue surface (Supplementary Figure. 4, right panel). Raman spectra were acquired while
the needle was moved through the tissue in 20 um steps, with an exposure time of 0.1 s.

Supplementary Figure.4| Experimental setup for determination of the depth resolution of the
fiber-optic needle

A response curve was obtained by plotting the integrated Raman signal intensity in
the 2710 to 3800 cm™ spectral interval (after subtraction of autofluorescence back-
ground (as described in the Method section) as a function of needle position (Supple-
mentary Figure. 5 top panel). The first order derivative of the response curve shows
a maximum (Supplementary Figure. 5 bottom panel). The full width at half maximum
(FWHM) was used as measure of depth resolution.
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x10%

Integrated Intensity

1500 . . . . . . .

1000

\

500

1st order derivative

-500 | 7

4.5 5 5.5 6 6.5 7 7.5 8
position (mm)

Supplementary Figure.5 | Example of a measurement result for determination of fiber-optic nee-
dle depth resolution: Top: Response curve: Raman signal intensity as function fiber-optic needle
position. Bottom: first order derivative of the response curve. Green line demarcates the position
of the maximum; Blue lines mark the FWHM-positions Response curves were obtained at 8 differ-
ent positions. A mean depth resolution of 0.34 mm was found, as shown in Supplementary Table 1.
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S3 Supplementary Tables

Supplementary Table 1 | Determination of the depth resolution.
Measurement FWHM (mm)
0.28

0.39

0.31

0.39

0.28

0.34

0.38

0.32

mean 0.34

0 N o0 Ul AW N =
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Supplementary Table 2 | Tissue classification model: patient and tumor characteristics.

Data set
Development
Development
Development
Development
Development
Development
Development
Development
Development
Development
Development
Development
Development
Development
Development
Development
Development
Development
Development
Development
Development
Development
Development
Development
Development
Validation
Validation
Validation
Validation
Validation
Validation
Validation
Validation
Validation
Validation
Validation
Validation
Validation
Validation
Validation

Tumor location
Buccal mucosa
Tongue

Tongue

Floor of the mouth
Floor of the mouth
Tongue

Tongue

Buccal mucosa
Tongue

Buccal mucosa
Tongue

Tongue

Tongue

Tongue

Tongue

Floor of the mouth
Tongue

Tongue

Tongue

Buccal mucosa
Tongue

Tongue

Tongue

Tongue/Floor of mouth

Floor of mouth/Tongue

Tongue

Floor of mouth/Tongue

Floor of the mouth
Tongue

Buccal mucosa
Floor of the mouth
Tongue

Tongue

Tongue

Tongue

Tongue

Tongue

Floor of the mouth
Tongue

Tongue

pTNM
T3N3b
T3N2b
T2

T
T2NO
T3
T3NO
T2

T2
T4aNO
T2N2b
T3NO
T4a
T1
T3N1
T2N2b
T3N2b
T3NO
T3N1
T2N1
T2NO
T4aNO
T2N1
T2NO
T2N1
T1
T3N3b
T1

T1
T4aN2b
T4aNO
T3N3b
T2

T3

T2

T2
T3N3b
T4aNO
T2
T2NO
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Supplementary Table 3| Margin length prediction model: patient and tumor characteristics.

Data set

Development
Development
Development
Development
Development
Development
Development
Development
Development
Development
Development
Development
Development
Development
Valdiation
Validation
Validation
Validation
Validation
Validation
Validation
Validation
Validation
Validation
Validation
Validation
Validation
Validation
Validation
Validation

Validation

Tumor location

Tongue
Tongue
Tongue
Tongue
Tongue
Floor of mouth
Floor of mouth
Floor of mouth
Floor of mouth
Floor of mouth

Gingiva maxilla

Gingiva mandible

Buccal mucosa
Buccal mucosa
Tongue
Tongue
Tongue
Tongue
Tongue
Tongue
Floor of mouth
Floor of mouth
Floor of mouth
Floor of mouth
Floor of mouth
Floor of mouth

Floor of mouth

Gingiva mandible

Gingiva mandible

Buccal mucosa

Buccal mucosa

pTNM

T

T1
T1N3b
T2NO
T4aNO
T1NO
T2NO
T2

T3
T4aN1
T2N1
T4a
T2N1
T

T2

T2
T2N1
T2
T3NO
T2N3b
T1

T2

T1
T2N2b
T2

T2
T4aNO
T1
T2NO
T4aNO
T1NO
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Supplementary Table 4 | Tumor probability profile shapes and decision rules for prediction of
tumor border location (indicated by the position of the blue hatched line).

H1, H2, and H3: profile segments with tumor probability > 0.5.

L1, L2, and L3: profile segments with tumor probability < 0.5.

Hmin @and Lyax: threshold value parameters for optimization (see main text)

Profile shape Decision rules

Condition Margin position
! H1
1 L H1 =7 mm 0
H DD 7
2 H1 > Hpyin mm (0]
HL H1 < Hpin mm 7
3 i = H1 > Hin mm 0
HLH 05 bt L1 ... i ............. 4 H1 < Hmin mm & L1 < Lmax mm 0
0 7 H1 < Hpin mm & L1 > Lo mm start of H2
4 H1 > Hyin 0
HLHL | H1 < Hpin mm & L1 < Loy mm & H2 2 Hpynmm 0
H1 < Hyin mm & L1 2 Ly, mm & H2 > Hpi, mm start of H2
° " H1 < Hyio mm & L1 > Loy mm & H2 < Hyp mm 7
> H1 > Hpin 0
H1 < Hpin mm & L1 < Ly mm & H2 > Hjumm - 0
HLHLH | H1 < Hpin mm & L1 > Ly mm & H2 > H;mm  start of H2
H1 < Hpin mm & L1 2 Ly mm & H2 < Hpip mm
: " 8 L2 < Lyymm start of H2
H1 < Hpin mm & L1 2 Loy mm & H2 < Hoi, mm
& L2 2 Ly mm start of H3
05 fooiniis L1 .................. L1 = 7 mm 7
[
0 7
1 — H1 > Hyi mm start of H1
0e B Y A 2
LHL 0 H1 < Hpyin mm 7
H1 > Hqin mm start of H1
1 H1 < Hpin mm & L2 < Lo mm start of H1
H1 < Hpin mm & L2 > Lo mm start of H2
H1 > Hpyin start of H1
1 H1 < Hpin mm & L2 < Loy mm & H2 > Hpjomm  start of H1
L > H1 < Hpin mm & L2 > Loy mm & H2 > Hy,;, mm  start of H2
H1 < Hpin mm & L2 > Lo mm & H2 < Hpjumm 7
10
LHLHL+ . .
| more than 4 transitions (more than 5 high/ . .
o S ) inconclusive
HLHLH+

0 7
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ABSTRACT

This study reports on the effects of insertion velocity, needle tip geometry and needle
diameter on tissue deformation and maximum insertion force. Moreover, the effect of
multiple insertions with the same needle on the maximum insertion force is reported.
The tissue deformation and maximum insertion force strongly depend on the insertion
velocity and the tip geometry. No correlation was found between the outer diameter
and the maximum insertion force for small needles (30G - 32G). The endurance ex-
periments showed no remarkable difference in the maximum insertion force during
100 insertions.
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INTRODUCTION

Each year, more than 350.000 new cases of oral cavity cancer are diagnosed, with a
mortality rate of >175.000 per year'. Squamous cell carcinoma (SCC) counts for 90%
of the cancers of the oral cavity?. The primary treatment for this type of cancer is
surgery. The goal of surgery is the complete removal of the tumor with an adequate
resection margin (> 5 mm of healthy tissue surrounding the tumor). Resection margins
are an important prognostic factor. Patients with adequate resections have less local
recurrence of the tumor and improved overall survival*®.

However, achieving adequate resections is often hard due to the complex anatomy
of the oral cavity. The surgeon can only rely on visual inspection, palpation, and
preoperative imaging during surgery. Recent studies showed that this approach led to

adequate resections in only 15-26% of all cases'*'%.

The number of adequate resections can be increased by performing intraoperative
assessment of the resection margins®'®. At our institute, we perform intraoperative
assessment based on visual inspection, palpation, and grossing of the freshly resected
specimen, supported by frozen sections when needed'. However, this method is
labor-intensive and subjective. Therefore, there is a need for an objective intraop-
erative tool to improve the rate of adequate resections in oral cavity squamous cell
carcinoma (OCSCC) patients.

Healthy tissue and tumor have different molecular compositions that can be distin-
guished by Raman spectroscopy’. Raman spectroscopy is a non-destructive optical
technique that may allow for (real-time) intraoperative assessment of the molecular
composition of tissues. Therefore, we aim for the development of a device with a
fiber-optic needle probe that can determine the resection margin based on Raman
spectroscopy. The fiber-optic needle is driven into the resection specimen, from the
resection surface towards the tumor, while the probe collects Raman signal continu-
ously along the insertion path. By performing multiple insertions on the resection
specimen, a complete assessment of all resection margins is possible.

With the Raman fiber-optic needle probe, we aim to determine the distance between
the resection surface and the tumor border with a maximum error of 1 mm. Tissue
deformation during needle insertion is one potential source of error, which we want
to limit to < 0.5 mm leaving 0.5 mm due to other potential sources of error. Moreover,
for a complete assessment of all resection margins of a specimen, multiple insertions
(up to 100 times) are required, which might lead to deterioration of the needle and
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affect measurement accuracy. The main intent of this study is to gain insight into
tissue deformation during needle insertion including the effect of multiple insertions.

Needle-tissue interaction is well described in the literature,

The needle insertion is divided into 3 phases, namely boundary displacement, tip
insertion, and tip and shaft insertion'®. The boundary displacement phase starts with
the needle making contact with the tissue boundary and ends with the puncturing
event (breaching of the surface of the tissue). During this phase, the force and tissue
deformation continues to grow until the end of the phase. The tip insertion phase
starts with the breaching of the surface of the tissue and ends with the tissue surface
sliding from the tip onto the shaft of the needle. This coincides in most cases with
a drop of the force. The tip and shaft insertion phase starts after the tissue surface
moved over the needle tip onto the shaft of the needle (the needle entered the tissue
with the tip and first part of the shaft). This phase ends either with the needle being
stopped or a new boundary is encountered internally in the tissue. These phases
will be recurrent if different tissue properties or multiple internal structures are
encountered during the needle insertion®.

The literature shows that force and tissue deformation are highly influenced by: (1)
needle characteristics (diameter, tip geometry, coating, others), (2) insertion method
(insertion velocity, drive mode, insertion process), and (3) tissue characteristics'®".
All of these factors need to be taken into account when optimizing the proposed fiber-
optic needle probe for intraoperative assessment. Specific studies on needle-tissue
interaction in oral cavity tissue or phantoms/biologic materials that mimic the oral
cavity are however lacking. In the current study, we therefore investigate the effect
of needle velocity and needle characteristics on the deformation of tongue tissue
during needle insertions. We also report on the effect of multiple insertions on the
needle insertion force.

METHODS AND MATERIALS

Tested needles

Eight commercial needles (specified in Table 5.1), with different tip geometries and
outer diameters, were selected for this study.

Tested materials

Calf tongue was used for testing, because of its similarity to the human tongue. The
tongue is the most prevalent location for 0CSCC™'*%, Tissue blocks of 2 cm x 2 cm x
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2 cm were cut from a fresh calf tongue, to fit the transparent measurement container
(Figure 5.1B). The tissue blocks always originated from the center of the tongue
dorsum (Figure 5.1A).

A

Figure 5.1. Calf tongue used for experiments. A. Cutting of the calf tongue, the black square
indicates the area that was used for the experiments. B. Tissue blocks of 2 cm x 2 cm x 2 cm in
the transparent measurement container with engraved horizontal lines with a spacing of 1 mm.

Experimental setup

A force setup developed at the Faculty of Mechanical Engineering and Biomechanical
Engineering at the Delft University of Technology was used to measure the maximum
insertion force (Figure 5.2). The experimental setup consists of a linear stage (EGSL-
BS-45-200-3P, Festo BV, Delft, The Netherlands) that moves in a vertical direction.
Attached to the linear stage are a needle holder and an S-Beam Load Cell sensor
(LSB200-FSH00104, FUTEK Advanced Sensor Technology Inc., Irvine, CA, USA). This
sensor can register tension forces and compression forces. The sensor can read forces
in the range of 0 to 10lbs (44.5 N). Four stage velocities (1 mm/s, 5 mm/s, 10 mm/s,
and 20 mm/s) can be selected. The force sensor setup uses a MatLab interface for
control and data acquisition.
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A

Force sensor

Force sensor

Linear stage -

Needle holder

Figure 5.2. The setup to measure the insertion force. A. The force sensor is attached to a linear
stage. B. The needle holder consisting of a Luer Lock (bottom part) and a ‘Universal Lock’ (top
part). C. The needle holder is attached to the force sensor.

Table 5.1. List of needles

Label Type Gauge @(mm)  Tip shape Material Lubricant
3FB-Sterican Sterican®  26G 0.45 3 facet bevel Stam.less chromium Light Sll.'ICOI'Ie
26G nickels steel coating
3FB-Sterican Sterican®  27G 0.40 3 facet bevel Stam'less chromium Light SIl'1cone
27G nickels steel coating
3FB-Sterican Sterican*  30G 030 3 facet bevel Staln.less chromium Light 51l.1cone
30G nickels steel coating
Blunt- S Blunt (90 Stainless chromium Light silicone
Sterican 27G S 2ie 0.40 degrees) nickels steel coating
3FB-Omnican Omnican*  30G 030 3 facet bevel Stam.less chromium Light sﬂ.lcone
30G nickels steel coating
38B-Omnican Omnican®™  30G 0.30 bevel 38 Stam.less chromium Light sul.1cone
30G degrees nickels steel coating
Diamond-
Clickfine  Clickfine*** 31G 0.25 Diamond tip Stainless steel =
31G
Diamond-
Clickfine  Clickfine***  32G 0.23 Diamond tip Stainless steel =
32G

*Produced by B. Braun Holding GmbH & Co KG, Melsungen, Germany

** Produced by B. Braun Holding GmbH & Co KG, Melsungen, Germany and adjusted to 38 degree
bevel by art photonics GmbH, Berlin, Germany

***Produced by Ypsomed AG, Burgdorf, Switzerland
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Insertion protocol

Each needle was inserted into the tissue blocks at four different velocities: 1 mm/s,
5 mm/s, 10 mm/s, and 20 mm/s. To obtain a minimum required Raman signal quality
the signal collection time should at least be 50-100 ms (based on other experiments).
To achieve an accuracy of 1 mm for the determination of the margin a Raman mea-
surement is needed every 0.5 mm (in accordance with the Nyquist theorem). This
means that the maximum insertion velocity is 10 to 20 mm/s. We have also explored
lower insertion velocities because this would allow longer Raman signal collection
time and further improve Raman signal quality. For each velocity, five different inser-
tions were performed. The needle was inserted perpendicularly to the tissue surface.
To visualize tissue deformation, the insertions were performed close to the walls of
the measurement containers. The needle was inserted each time at a different tissue
location. For each needle, a new tissue block was used.

The measurement container has a scale that consists of engraved horizontal lines with
a spacing of 1 mm. This scale was used to measure tissue deformation. A camera was
placed next to the container and each insertion was video recorded to determine the
deformation. Deformation was defined as the deepest point of tissue compression
visible on the engraved raster on the measurement container. The average tissue
deformation (mm) was calculated per needle and insertion velocity.

The needles with a deformation < 0.5 mm were selected for the endurance experi-
ments. Each selected needle was inserted into tongue tissue up to 100 times using
the measurement container. The needle was inserted each time at a different tissue
location. The maximum insertion force was collected for each insertion and plotted as
a function of the number of insertions. The endurance experiments were performed
with the best performing insertion velocities (10 mm/s and 20 mm/s) based on the
first set of experiments.

Data processing

During needle insertion, the sensor signal (voltage) was recorded as a function of
time. The voltage readings were converted into force (N) using a set of calibration
measurements. Five calibration discs with known masses (93.8 g, 69.5 g, 43.3 g, 21.1
g, 0 g) were used. The voltage induced in the sensor by each disc was recorded while
the disc was hanging from the needle holder and plotted as a function of the force
exerted by the disk (Figure 5.3). A first-order polynomial regression of calibration
data was used to convert the voltage to force (N): V =0.12 x F - 4,87 (Figure 5.3).
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For this study, the maximum insertion force was considered to evaluate and compare
the performance of the needles. The maximum force (N) of each needle insertion
was determined by finding the maximum value in the force curve (Figure 5.4). The
maximum forces of the 5 insertions performed with the same needle and with the
same velocity were averaged.

'465 ! T T T
4.7+
-4.75
> 48
-4.85 |
A3 O collected data
polynomial function for calibration
_495 1 1 1 1
0 0.5 1 15
F(N)

Figure 5.3. Graphical representation of voltage as a function of force (N) and polynomial approxi-
mation: V = 0.12*F - 4.87.
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0.08 3FB-Omnican 30 G, Vel:5 mm/s
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Figure 5.4. Example of the maximum value (red dot) of the force of needle insertion in tongue
tissue.

RESULTS

Figure 5.5 shows the force profiles (insertion force as a function of time) on the
needle during insertions in tongue tissue at a velocity of 5 mm/s. What can be ob-
served is that, after the needle touches the tissue, there is an increase in the insertion
force until the tissue surface is punctured. After the puncture, there is a decrease in
the insertion force. For most of the tested needles, the insertion is accompanied by
multiple puncture events that can be identified by several peaks in the force profile.
Figure 5.6A shows tissue deformation and maximum insertion force for all tested
needles, at different insertion velocities. The values of deformation and maximum
force are averages of 5 insertions. The needle with blunt tip geometry (see also
Figure 5.5D) showed a much higher insertion force and tissue deformation than other
needles. Figure 5.6B zooms in on the other seven needle types.

The remaining needles (3FB-Omnican 30G, 38B-Omnican 30G, Diamond 31G, and
Diamond 32G) show the lowest insertion force.
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Figure 5.5. Typical insertion force profiles for each of the eight tested needle types, obtained for
an insertion velocity of 5 mm/s. A. 3FB-Sterican 26G; B. 3FB-Sterican 27G; C. 3FB-Sterican 30G;
D.Blunt 27G; E. 3FB-Omnican 30G; F. 38B-Omnican 30G; G. Diamond-Clickfine 31G; H Diamond-

Clickfine 32G
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The effect of increasing insertion velocity on the tissue deformation for these four

needles is illustrated in Figure 5.6C. Clearly, a higher insertion velocity results in a

decrease in tissue deformation.
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Figure 5.6. The size of the symbols is correlated with the diameter of the needles. A. Deformation
versus maximum insertion force for all insertion velocities and needles. B. Showing all needles in
the red rectangle of A, excluding the needle with the blunt tip geometry. C. Deformation as a func-
tion of insertion velocity for the needles that showed the lowest deformation and lowest maximum
insertion force in the red rectangle of B.

The performance of pre-selected needles (3FB-Omnican 30G, 38BOmnican 30G, Dia-
mond-Clickfine 31G, and Diamond-Clickfine 32G) was further evaluated in an endur-
ance test. It consisted of up to 100 consecutive insertions of a needle in tongue tissue
while recording the insertion force. The maximum force was determined for each in-
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sertion and plotted as a function of the insertion number. The results are shown in
Figure 5.7. The endurance test was performed at two insertion velocities: 10 mm/s
(blue) and 20 mm/s (red). For each of the four needle types, the maximum insertion
force remains constant during the endurance tests.
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Figure 5.7. Maximum insertion force as a function of the number of consecutive needle insertions

in tongue tissue for the four needle types and two insertion velocities (10 mm/s (blue) and 20
mm/s (red)).

DISCUSSION

Our study aimed to gain insights into tissue deformation during the insertion of a
needle into tongue tissue and the effect of multiple insertions. This study showed that
the tissue deformation and the maximum insertion force strongly depend on the tip
geometry and the insertion velocity. Moreover, the endurance experiments showed no
notable difference in the maximum insertion force during 100 insertions.

For the intended application, tissue deformation should be limited to < 0.5 mm. In our
experiments, four needles (3FB-Omnican 30G, 38BOmnican 30G, Diamond-Clickfine
31G, and Diamond-Clickfine 32G) met this requirement at high velocities (10 mm/s
and 20 mm/s). However, in the system under development, the maximum insertion
velocity should be limited to about 5 mm/s to allow longer Raman signal collection
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time and further improve Raman signal quality. Only one needle (38B-Omnican 30G)
met our requirement of < 0.5 mm deformation at a velocity of 5 mm/s.

Throughout the experiments, multiple puncturing events were recognized, as shown
in Figure 5.5. This is a well-described effect in the literature for biological tissue?"?,
The multiple puncturing events are most likely due to the different orientations of
the muscle fibers of the calf tongue. In most cases, the maximum insertion force does
not correspond to the tissue surface puncture force, but to a puncture event that
occurs inside the tissue. Before the puncture event, the tissue is pushed away by the
needle tip, resulting in tissue deformation and an increase in force. For our intended
application of fiber-optic needles, it is important to minimize tissue deformation both
at the tissue surface and inside the tissue.

In the system under development, a single needle will be used for the assessment of
tumor resection margins at many locations of the resected tissue. This means that the
needle must endure multiple insertions in soft tissue. All of the selected commercial
needles are intended for single use only. Reports have shown that a needle tip can
deteriorate after multiple insertions, which might lead to an increase in the maximum
insertion force??!. We tested this but did not observe an increase of insertion force
during 100 insertions in tongue tissue. This might be due to the tissue characteristics
of calf tongue and the design of the tested needles (3FB-Omnican 30G, 38B-Omnican
30G, Diamond-Clickfine 31G, and Diamond-Clickfine 32G). Moreover, in the endurance
experiments, 3 of the 4 needles show essentially no difference in the insertion force
between 10 and 20 mm/s. The exception is the 3FB-Omnican 30G needle which shows
a markedly, not yet understood, higher insertion force for the 10 mm/s.

The literature shows that the tip geometry is an important determining factor for
the insertion force'®*%, Hirsch et al. showed that by adding 2 cutting edges (5 facet
bevel instead of 3 facet bevel), the puncture force could be reduced by 23%*. This
was also observed in this work, the needles with a blunt tip performed the worst
followed by the 3FB-Sterican needles. Even for needles with a similar tip shape
such as the 3FB-Omnican and 3FB-Sterican we observed a difference in the insertion
force, which is possibly due to the angles of the tip. A smaller maximum force and
a smaller deformation were observed for the 3FB-Omnican 30G in comparison to the
3FB-Sterican 30G. The diamond tip needles that were included in this study, are 6
facet beveled needles. However, the 3 facet beveled and the 38" beveled needles
performed equally well or better than the diamond tip needles.
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To visualize and measure the tissue deformation, the needles were inserted 3 mm
from the wall of the measuring cubes. This could possibly affect the boundary condi-
tions compared to real ex-vivo experiments and thereby change tissue deformation
and insertion force. However, we do not expect that this will affect our conclusions
with respect to the most suitable needle and insertion velocity given the very small
deformation that was observed.

According to the literature, the force needed to create a puncture event increases
with the needle’s outer diameter'. In the current study, we examined a set of needles
with small diameters (26G - 32G) compared to the ones studied in the literature (7G
to 30G)'. However, for the thinnest needles (30G - 32G), no correlation between
insertion force and needle diameters was found.

The insertion velocity had a great impact on tissue surface deformation, which
supports the literature”. Figure 5.6C shows that the deformation decreases with
the increase of the insertion velocity, which was the case for nearly all needles.
However, only four different insertion velocities (1 mm/s, 5 mm/s, 10 mm/s, and 20
mm/s) were tested and more insertion velocities should be investigated in the future.
Moreover, to optimize needles for any intended application and any biological tissue,
future research should focus on selecting comparable biological tissue and selecting
needles with different tip geometries.

CONCLUSIONS

This study showed that the tissue deformation and the maximum insertion force
strongly depend on the tip geometry and the insertion velocity for needles with a
small outer diameter (30G - 32G). An increase in the insertion velocity decreases
tissue deformation. Moreover, the needle tip geometry is an important factor to
consider when optimizing the needle for any intended application. Of all the tested
needles in this study, the 3FB-Omnican 30G and 38B-Omnican 30G needles performed
the best in tongue tissue in regards to the maximum insertion force and tissue defor-
mation. The needles selected for the endurance test showed no notable difference
in the maximum insertion force during 100 insertions. Based on these outcomes the
38B-Omnican 30G needle was selected for the device under development Figure 5.7.
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ABSTRACT

Objective

The depth of invasion (DOI) is considered an independent risk factor for occult lymph
node metastasis in oral cavity squamous cell carcinoma (OCSCC). It is used to decide
whether an elective neck dissection (END) is indicated in the case of a clinically nega-
tive neck for early stage carcinoma (pT1/pT2). However, there is no consensus on the
cut-off value of the DOI for performing an END. The aim of this study was to determine
a cut-off value for clinical decision making on END, by assessing the association of the
DOI and the risk of occult lymph node metastasis in early OCSCC.

Methods

A retrospective cohort study was conducted at the Erasmus MC, University Medical
Centre Rotterdam, The Netherlands. Patients surgically treated for pT1/pT2 OCSCC
between 2006 and 2012 were included. For all cases, the DOl was measured according
to the 8th edition of the American Joint Committee on Cancer guideline. Patient
characteristics, tumor characteristics (pTN, differentiation grade, perineural inva-
sion, and lymphovascular invasion), treatment modality (END or watchful waiting),
and 5-year follow-up (local recurrence, regional recurrence, and distant metastasis)
were obtained from patient files.

Results

A total of 222 patients were included, 117 pT1 and 105 pT2. Occult lymph node
metastasis was found in 39 of the 166 patients who received END. Univariate logistic
regression analysis showed DOI to be a significant predictor for occult lymph node
metastasis (odds ratio (OR) = 1.3 per mm DOI; 95% CI: 1.1-1.5, p = 0.001). At a DOI of
4.3 mm the risk of occult lymph node metastasis was >20% (all subsites combined).

Conclusion

The DOI is a significant predictor for occult lymph node metastasis in early stage oral
carcinoma. A NPV of 81% was found at a DOI cut-off value of 4 mm. Therefore, an END
should be performed if the DOI is >4 mm.
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INTRODUCTION

Oral cavity cancer has a worldwide incidence of 350,000, with a male:female ratio of
2.1:1'. The 5-year survival rate is approximately 50% in Europe?. Histologically, more
than 90% of all oral cavity cancers are squamous cell carcinoma (OCSCC)3. The most
common risk factors for developing OCSCC are tobacco and alcohol consumption®. In
Southern Asia (India, Sri Lanka, China, and Thailand), the incidence of OCSCC is even
higher due to the chewing of tobacco with or without betel quid®. The estimated
annual mortality in patients with OCSCC is 145,000 worldwide®.

Factors that are known to contribute to a patients prognosis are tumor size, regional
lymph node involvement and distance metastasis (TNM classification), tumor differ-
entiation grade, perineural invasion (PNI), and lymphovascular invasion (LVI)¢. The
treatment of choice is surgery with tumor resection and neck dissection in case of
clinical lymph node involvement. An elective neck dissection in OCSCC patients is
recommended if the risk of occult lymph node metastasis is >20%’.

An END increases the disease-specific survival (DSS) and overall survival (OS) com-
pared to watchful waiting (WW), supported by a therapeutic lymph node dissection
when needed® °. A neck dissection can be associated with several adverse effects
such as edema, pain, and disability of the shoulder. The severity of these effects
is often related to the extent of dissection; neck and shoulder discomfort is still
reported even if the vital structures are well preserved'™ . Therefore, the current
international consensus is that an END should only be performed if the risk of occult
lymph node metastasis is >20%.

The DOI and sentinel lymph node biopsy are currently the best predictors for occult
lymph node metastasis'. Sentinel node biopsy has high accuracy for identifying occult
lymph node metastasis'*">. However, this accuracy is very dependent on experience
and technical expertise, which makes the sentinel node biopsy procedure difficult for
wide implementation'?.

The DOl is used as a marker for elective neck dissection (END) in a number of centers,
including ours. However, there is no unanimous cut-off value, varying from 2 mm - 10
mm between the centers' 7. The lack of common definition and guidelines on how
to measure DOI has led to this large variation. This shortcoming has been recently
addressed by the 8th edition of the cancer staging manual from the American Joint
Committee on Cancer (AJCC)'®.
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The aim of this study was to estimate a cut-off value of DOI for clinical decision
making on END, by assessing the association of DOl and the risk of occult lymph node
metastasis in early OCSCC.

METHODS

Study Design and Patients

A single-center retrospective cohort study was conducted at the Erasmus University
Medical Center (Erasmus MC), Rotterdam, the Netherlands after Institutional Review
Board approval (MEC-2016-751). Surgically treated patients with primary OCSCC (pT1
or pT2, based on the 8th edition of the AJCC) and clinically negative lymph nodes
(cNO) were identified from January 2006 until December 2012, Clinical lymph node
status was determined by palpation of the neck, and/or by imaging (ultrasound with
fine-needle aspiration biopsy, CT, and/or MRI).

Exclusion criteria were a history of head and neck cancer, presence of synchronous
oral cavity tumor, unreliable assessment of the DOI, and loss to follow-up.

All patient and tumor characteristics, except the DOI, were recorded from the patient
files, including age, gender, tumor localization, cTNM, pTN, differentiation grade,
perineural invasion (PNI), and lymphovascular invasion (LVI). Lymphovascular invasion
was regarded as positive when appreciated in the tumor and/or in the cases of a
positive lymph node (pN+).

Neck lymph node treatment (i.e., END or WW), follow-up (e.g., local recurrence,
regional recurrence, and cause of death) were also recorded. Patients were divided
into two groups based on the neck treatment: the END group and the WW group. All
patients were followed for at least 5 years. Patients from the END group received
clinical examination and ultrasonography when indicated. Patients in the WW group
always underwent ultrasonography in the first 2 years of follow-up in addition to
clinical examination. The frequency of the follow-up in the first 2 years was every
2-3 months, in the 3rd year 4-6 months, and in the 4th and 5th years 6-12 months.
If regional recurrence occurred, the side (ipsilateral or contralateral) was recorded.

Measurement of the Depth of Invasion

The DOI was measured for all surgical specimens based on the hematoxylin and eosin
slide. The DOI was defined and measured as a plumb-Lline from the basal membrane of
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the closest normal adjacent mucosa to the deepest point of invasion, in line with the
recommendation from the 8th edition of the AJCC™®.

All hematoxylin and eosin slides were collected from the Department of Pathology of
the Erasmus University Medical Center and scanned by the NanoZoomer 2.0-HT slide
scanner (Hamamatsu Photonics, Hamamatsu, Japan). Slides were reviewed by a head
and neck pathologist (SK) using the NanoZoomer digital pathology (NDP) viewer 2.5.19
(Hamamatsu Photonics, Hamamatsu, Japan).

The patients were divided based on DOI into a group with DOl <4 mm and a group with
DOl >4 mm, based on the DOI cut-off value >4 mm used at our institute.

Statistical Analysis

Statistical analysis was performed using the IBM SPSS Statistics version 25 software.
Patients’ characteristics between the two groups (DOl < 4 mm DOI > 4 mm) were com-
pared using student T-test for continuous variables and Chi-square test for categori-
cal variables. Univariate logistic regression was performed to assess the correlation
between predictor variables and occult lymph node status. A Receiver Operator Curve
(ROC) was utilized to determine the optimal cut-off value for predicting occult lymph
node metastasis using DOI, for all sub-sites combined. Follow-up was calculated from
the date of surgery. Regional recurrence-free survival (i.e., time until an isolated
regional recurrence occurs; RRFS) and disease-specific survival (i.e., time until death
due to disease; DSS) were assessed by Kaplan-Meier analysis and log-rank test for the
DOI <4 mm and >4 mm and for the WW and END in the DOI group <4 mm. The overall
survival (i.e., time until the death of patients; 0OS) was assessed by Kaplan-Meier
analysis and log-rank test for the DOl <4 mm and >4 mm. Two-tailed statistical tests
were performed. A p-value of less than 0.05 was considered statistically significant.

RESULTS

Study Population

A total of 318 patients were seen in our hospital with pT1/pT2 OCSCC during the study
period. Patients were excluded due to the following reasons: a history of head and
neck tumor (n = 91), unreliable assessment of the depth of invasion (n = 3), loss to
follow-up (n = 2). After exclusion, 222 patients were included for the final analysis,
Table 6.1. Of the 222 patients included, the cNO status was determined by both,
clinical examination and imaging in 124 patients (55.9%), by clinical examination only
in 51 patients (23%), and by imaging only in 42 patients (18.9%). For the remaining five
patients (2.2%) no data was available.
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Table 6.1. Patient and tumor characteristics.

Gender
Male
Female
Age (years)
Median (range)
pT status (8" edition)

Tumor diameter (cm)
Median (range)
Depth of invasion (mm)
Median (range)
Subsite
Tongue
Floor of mouth
Buccal mucosa
Retromolar trigone
Gingiva mandible*
Gingiva maxilla®
Lip
Hard palate
Differentiation grade
Well
Moderate
Poor
Perineural invasion
Yes
No
Unknown
Lymphovascular invasion
Yes
No
Unknown
Neck treatment
Ipsilateral END
Bilateral END
ww

Number (n = 222)

138
84

64.5 (16.1 - 93.1)

117
105

1.5 (0.2 - 4)

4.48 (0.05 - 9.97)

128

65
1

o = N N NN

59
149
14

36
147
39

56
124
42

146
20
56

%

62.2
37.8

52.7
47.3

57.6
29.3
5.4
3.2
3.2
0.9
0.4
0.0

26.6
67.1
6.3

19.7
80.3

68.9

65.8
9.0
25.2

*In this small group all patients had SCC arising from the gingiva. However, in five cases the tumor was extending
to the adjacent floor of mouth, reaching the maximum DOI at that location.
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Depth of Invasion

Median DOI for all cases was 4.48 mm; mean was 4.8 mm with a standard deviation of
2.5 mm. In 97 cases the DOI was <4 mm and in 125 cases the DOl was >4 mm. Of all
adverse histopathologic characteristics, only PNI was associated with DOl >4 mm (p =
0.001). The other adverse tumor characteristics such as differentiation grade and LVI
were similar in both groups, Table 6.2.

Table 6.2. Comparison of patient and tumor characteristics for the two depth of invasion groups.

DOl<4mm % DOl >4mm % p-value*
pT status (8" edition) < 0.001
1 89 91.8 28 22.4
2 8 8.2 97 77.6
Tumor diameter ** 1.23 +0.69 1.94 + 0.83 < 0.001
DOI ** 2.47 + 0.95 6.62 + 1.75 < 0.001
Subsite 0.670
Tongue 59 60.8 69 55.2
Floor of mouth 28 28.9 37 29.6
Buccal mucosa 3 3.1 9 7.2
Retromolar trigone 3 3.1 4 3.2
Gingiva mandible 3 3.1 4 3.2
Gingiva maxilla 0 0.0 2 1.6
Lip 1 1.0 0 0.0
Hard palate 0 0.0 0 0.0
Differentiation grade 0.259
Well 31 32.0 28 22.4
Moderate 61 62.8 88 70.4
Poor 5 5.2 9 7.2
Perineural invasion 0.001
Yes 6 8.2 30 27.3
No 67 91.8 80 72.7
Unknown 24 15
Lymphovascular invasion 0.10
Yes 7 10.4 16 15.1
No 60 89.6 90 84.9
Unknown 30 19

*Chi-square test for categorical data, unpaired T-test for numeric data.
**Expressed as mean = SD.

Elective Neck Dissection Versus Watchful Waiting

Thirty-nine patients of the 166 patients treated with an END had occult lymph node
metastasis. The DOI of all patients was categorized into whole mm (0 mm < DOI =< 1
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mm, 1 mm < DOl < 2 mm, etc), Table 6.3. A separate analysis was performed for 128
patients with SCC of the tongue, Table 6.4.

Table 6.3. Association between depth of invasion and occult lymph node metastasis.

DOI (mm) Total pNO pN+** n Cut-off Sens* Spec* PPV*  NPV*
patients (n) (%) value (mm) (%) (%) (%) (%)
(n)
1(0<DOI=<1) 2 2 0 (0) >1 100 2 24 100
2 (1<DOI < 2) 6 6 0 (0) >2 100 6 25 100
3(2<DOI<3) 24 20 4 (17) >3 90 22 26 88
4 (3 <DOI < 4) 21 15 6 (29) >4 74 34 26 81
5 (4 < DOI < 5) 26 20 6 (23) >5 59 50 26 80
6 (5 < DOI < 6) 16 14 2 (12) >6 54 61 30 81
7 (6 <DOI<7) 24 21 3 (12) >7 46 77 38 82
8 (7 < DOI < 8) 16 9 7 (44) >8 28 84 35 79
9 (8 <DOI <9) 15 9 6 (40) >9 13 91 31 77
10 (9 < DOI < 10) 16 11 5 (31) >10 0 100 #N/B 77

*Sensitivity, specificity, PPV, and NPV were calculated using the upper limit of the category as a cut-off.
**Percentage is based on the pN+ per categorized DOl (mm).

Table 6.4. Association between depth of invasion and occult lymph node metastasis in tongue.

DOI (mm) Total pNO pN+**n Cut-off Sens* Spec*  PPV* NPV~
patients (n) (%) value (mm) (%) (%) (%) (%)
(n)
1(0<DOI<1) 4 4 0(0) >1 100 4 31 100
2 (1<DOI <2) 12 10 2 (17) >2 95 16 33 88
3(2<DOI<3) 23 16 7 (30) >3 77 34 34 77
4 (3 <DOI < 4) 20 12 8 (40) >4 56 47 32 71
5 (4 <DOI < 5) 19 14 5 (26) >5 44 63 34 72
6 (5 <DOI < 6) 8 7 1(12) >6 4 71 38 73
7 (6 <DOI <7) 15 12 3 (20) >7 33 84 48 74
8 (7 < DOI < 8) 7 4 3 (43) >8 26 89 50 73
9 (8 <DOI <9) 9 4 5 (56) >9 13 93 45 Al
10 (9 <DOI<10) 11 6 5 (45) >10 0 100 #N/A 70

*Sensitivity, specificity, PPV, and NPV were calculated using the upper limit of the category as a cut-off.
**Percentage is based on the pN+ per categorized DOI (mm).

Figure 6.1 shows predictions from a logistic regression analysis. This leads to a cut-off
value of 4.3 mm, considering the 20% risk (NPV = 80%)’. In the logistic regression
analysis for the tongue population, the risk of 20% (NPV = 80%) is reached between 3
mm and 4 mm.
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Figure 6.1. Association between depth of invasion and occult lymph node metastasis.

Predictors for Occult Lymph Node Metastasis

Univariate logistic regression analysis showed depth of invasion (OR = 1.3 per mm
DOI; 95% Cl: 1.1-1.5, p = 0.001) and tumor diameter (OR = 2.0; 95% Cl: 1.3-3.1, p
= 0.002) as predictors for occult lymph node metastasis. Perineural invasion (p =
0.204) and differentiation grade (p = 0.194) were non-predictors for occult lymph
node metastasis.

Follow-Up

The mean follow-up was 67 + 34 months, ranging from 0.2 to 156 months. No differ-
ence was found in the duration of follow-up between the DOl <4 mm and >4 mm, p =
0.969 (66.7 + 33.5 months; 66.5 + 34.9 months, respectively).

No difference was found between the groups DOl < 4 mm and > 4 mm in local recur-
rence, and distant metastasis. Local recurrence occurred in 19 patients, 8 patients
(8.2%) in the group DOl < 4 mm and 11 patients (8.8%) in the group DOI > 4 mm, p =
1.0. Distant metastasis occurred in 12 patients, 6 patients (6.2%) in the group DOI < 4
mm and 6 patients (4.8%) in the group DOI > 4 mm, p = 0.878.

Regional recurrence was also analyzed per DOI group (=4 mm versus >4 mm) and per
type of treatment (WW versus END), Table 6.5. Regional recurrence occurred in 15
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patients (15.5%) in the group DOl <4 mm and in 12 patients (9.6%) in the group DOI >4
mm, p = 0.263.

Table 6.5. Regional recurrence for the two depth of invasion groups.

DOI < 4 mm DOl > 4 mm
Number of Regional Recurrence (n) Number of Regional Recurrence (n)
patients patients
(n=97) 2yr 5yr Total (n=125) 2yr 5yr Total
ww 44 (45.4%) 8 3 11 (25%) 12 (9.6%) 1 1 2 (16.7%)
END 53 (54.6%) 113 (90.4%)
pNO 43 (81.1%) 2 1 4(7.7%) 84 (74.3%) 3 3 10 (8.8%)
pN+ 10 (18.9%) 0 1 29 (25.7%) 3

In the WW group, regional recurrence was seen in 13 patients (23.2%) (11 in the group
DOl <4 mm and two in the group DOI >4 mm) and 14 patients (8.4%) in the END group
(four in the group DOI <4 mm and 10 in the group DOI >4 mm), p = 0.007.

In this END group, in nine of 14 cases regional recurrence was contralateral (tumor
subsite: tongue six, floor of mouth two, and retromolar trigone one). In the remain-
ing five cases the regional recurrence was ipsilateral, four in a level which was not
included in the END, one in the level that was included.

Regional recurrence-free survival was similar for a DOl <4 mm and a DOI >4 mm
(5-year RRFS 86.0 vs 90.1%, logrank test p = 0.317).

Disease specific survival was similar for a DOl <4 mm and a DOl >4 mm (both 5-year
DSS 89.1 vs 91.3%, log-rank test p = 0.605).

Overall survival was similar for a DOl <4 mm and a DOl >4 mm (5-year OS 73.6 vs
70.1%, log-rank test p = 0.527).

The differences in RRFS and DSS were calculated between WW and END only for the
group DOI <4 mm, because in the group DOI >4 mm the number of patients with WW
was not sufficient for statistical analysis.

For the group DOI <4 mm, the RRFS for patients with an END compared to those with
WW was not different (5-year RRFS 92.2 vs 78.4%, log-rank test p = 0.055), Figure 6.2.
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For the DOI <4 mm, the DSS was similar for the END and WW (5-year DSS 94.3 vs 82.6%,
log-rank test p = 0.097).
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Figure 6.2. The 5-year regional recurrence-free survival.
DISCUSSION

Several studies report the DOI as a predictor of occult lymph node metastasis, and it
is used as a criterion to decide on END in early OCSCC'?%,

However, large differences exist between studies in regard to the definition and reli-
able measurement of the DOI and in the number of cases included from different
subsites. This makes comparison of the results between studies unreliable.

The lack of consensus on the DOI cut-off value for the clinical decision on END is
caused by the fact that it is used interchangeably with tumor thickness (TT) in dif-
ferent studies'® ' ' 2% 2. 2 The DOI is considered a better prognostic factor than
TT because it compensates for exophytic or ulcerative tumors®. The 8th edition of
the AJCC guideline, published in January 2017, provides a clear definition of the DOI
(i.e., the distance between the basal membrane of normal adjacent mucosa and the

deepest point of tumor invasion)'. Therefore, many studies are outdated® ' 2%,
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Moreover, the studies published after the release of the 8" edition of the AJCC show
large variances. A number of studies do not confirm the DOI cut-off value of 4 mm.
For instance, Faisal et al. showed 10 mm DOI cut-off value for decision making on
END, Tam et al. showed 7.25 mm, and Kozak et al. did not specify another DOI cut-off
value® %3, On the other hand, van Lanschot et al. confirmed the DOI cut-off value
of 4 mm, and Brockhoff et al. calculated DOI cut-off values for most subsites (i.e.,

tongue = 2 mm, floor of mouth = 3 mm, and Proc alv/hard palate = 4 mm)* %,

The strength of the current study is that the DOl was measured for all cases, according
to the current AJCC guideline, on digital H&E slides with high precision. In order to
have comparable data, it would be desirable that in future studies the DOI is used and
that the conclusions of already published studies based on TT are reassessed based
on the DOI.

It is known that the frequency of occult lymph node metastasis differs per OCSCC
subsite. It has been reported that occult lymph node metastasis is present in 20-30%
of the cases for tongue cancer, 41.7% for the floor of mouth, and 15.4% for the buccal
mucosa’” 32, Therefore, the DOI cut-off value should be determined per subsite. The
limited number of cases per subsite included in this study did not allow this analysis.

Aside from the DOI, other tumor characteristics like diameter, differentiation grade,
worst pattern of invasion, perineural invasion, and tumor budding can also be associ-
ated with occult lymph node metastasis®**. In this study, it was not possible to confirm
the other tumor characteristics because the multivariate analysis was not performed
due to the incomplete pathology reporting between 2006 and 2012. Data on LVI,
PNI, and tumor diameter were sometimes missing. Besides, margin status was often
not annotated exactly. Instead of numerical values, there was only a description of
margins (e.g., radical, free of tumor). The previously published study on this subject
by our group involved a relatively recent cohort (2013-2018), in which our protocol for
END was based on the DOI (>4 mm = END). On contrary, in the current study an older
cohort was involved for which the guideline for END was based on either DOl >5 mm
or tumor diameter >1.0 cm. Moreover, for the old cohort the reliable data for LVI, PNI,
tumor diameter and margin status were missing and therefore not further analyzed
and compared with the newer cohort. Finally, the patient outcome (locoregional
recurrence and survival) in the previously published study may be influenced by the
fact that our institute started with intra-operative assessment of resection margins
in 2013% % %8,
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However, it was shown that a predictive model for occult lymph node metastasis
including all the tumor characteristics is the best approach®. Objective methods for
predicting occult lymph node metastasis are being investigated, like gene-expression

profiling or molecular markers**,

In this study, we showed that the DOI is a significant predictor for occult lymph node
metastasis (p = 0.001) in OCSCC. Therefore, the DOI can be regarded as a parameter
for decision making on END. At our institute, the DOI cut-off value >4 mm is used,
based on the National Comprehensive Cancer Network (NCCN) guideline'. Here we
confirm with a NPV of 81% the DOI cut-off value >4 mm for decision making on END.

We showed that performing an END in patients with an DOl <4 mm had no significant
effect on the 5-year DSS compared to WW (94.3 vs 82.6%, log-rank test p = 0.097). The
strength of this study is that this analysis was possible because of the large number
of patients treated with an END in the group with a DOl <4 mm. In this group, the
RRFS reached near significance (p = 0.055) for END, when compared to WW. For the
group DOI >4 mm, the difference in DSS and RRFS could not be calculated because the
number of patients was not sufficient for statistical analysis.

Despite the fact that END was performed, regional recurrence occurred in 8.4% of pa-
tients (14 of 166). The recurrences were either ipsilateral and mostly at a neck level
that was not included in the END(5), or contralateral(9) to END side. The effectiveness
of END is shown by the fact that only one patient had a regional recurrence at a level
that was included in the END.

Most authors base their decision on END according to 20% (NPV 80%) risk of occult
lymph node metastasis' 2> %, The origin of this risk cut-off value is the publication
of Weiss et al. in 19947, In this study, the decision for intervention was determined by
the side effects of surgery (END) and radiotherapy at that time. It may be assumed
that nowadays, 25 years later, the treatment modalities have substantially improved.
Therefore, we suggest that a risk lower than 20% should be taken into consideration
when deciding on END. This of course, should only be done in agreement with pa-
tients, based on the clear information on both, side effects of the END and the risk of
occult lymph node metastasis.
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ABSTRACT

With an incidence of 350.000 new cases per year, cancer of the oral cavity ranks
among the 10 most common solid organ cancers. Most of these cancers are squa-
mous cell carcinomas. Five-year survival is about 50%. It has been shown that clear
resection margins (>5 mm healthy tissue surrounding the resected tumor) have a
significant positive effect on locoregional control and survival. It is not uncommon
that the resection margins of oral tumors are inadequate. However, when provid-
ing the surgeon with intraoperative feedback on the resection margin status, it is
expected that obtaining adequate resection margins is improved. In this respect, it
has been shown that specimen-driven intraoperative assessment of resection margins
is superior to defect-driven intraoperative assessment of resection margins. In this
concise report, it is described how a specimen-driven approach can increase the rate
of adequate resections of oral cavity squamous cell carcinoma as well as that it is
discussed how intraoperative assessment can be further improved with regard to the
surgical treatment of oral cavity squamous cell carcinoma.



Specimen-driven intraoperative assessment of resection margins should be
standard of care for oral cancer patients

INTRODUCTION

Each year about 350.000 patients are diagnosed with cancer in the oral cavity world-
wide, the vast majority of which are squamous cell carcinoma (90% of the cases)'.
Oral cavity squamous cell carcinoma (OCSCC) ranks among the ten most common
solid organ cancers. The 5-year survival of OCSCC patients is about 50%, with little
improvement over the last decades’.

Surgery is the mainstay of treatment for OCSCC and aims for complete resection of
the tumor with adequate margins, while sparing healthy tissue as much as possible®.

The most widely accepted definition of margins in oral cancer surgery is that of The
Royal College of Pathologists®. A clear (or adequate) margin means a distance of more
than 5 mm from resection surface to the tumor border, a distance of 1-5 mm is called
a close margin. A distance of <1 mm is called a positive margin®.

Of all oncological prognostic factors (i.e., patient and tumor characteristics), the
surgeon and pathologist can only influence the resection margins. Adequate resection
margins in OCSCC lead to higher survival and a marked reduction in local recurrence®’.
Inadequate resection margins result in the need for adjuvant therapy in the form of
postoperative (chemo-) radiotherapy. Adjuvant therapy brings an additional burden
for the patient, which in the vast majority of cases results in increased morbidity and
reduced quality of life®.

There is a debate in the literature about the margin definition. Although there
is evidence that margins of >5 mm improve patient outcome (e.g., local control,
disease-free survival, overall survival) and that there should be agreement on 5

467 several studies found that margins of <5 mm are

mm margin as a clear margin
sufficient, especially for early-stage OCSCC. Nason et al. unequivocally stated that
survival improves with each additional millimeter of clear surgical margin and pro-
poses a minimum margin of 3 mm to be considered an adequate resection’. Zanoni et
al. showed that for tongue cancer, resection margins between 2.2 and 5 mm show no
greater risk of local recurrence, than margins >5 mm'®. Jang et al. reported little or
no effect of resection margin status on local recurrence, but only for small (<3 mm
diameter) T1 tumors'', as did Barry et al. for T1/T2 tumors'. Dik et al. concluded that
a margin of 3 mm with <2 other adverse histological features is as safe as a margin of 5
mm in relation to local recurrence®. Another recent study showed that only a margin
of <1 mm was associated with an increased risk of local recurrence'. However, the
evidence put forward to decide what is an adequate margin is still very fragmented.
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Until sufficient evidence is accumulated in a meta-analysis on the basis of which a
new consensus can be reached, a margin >5 mm should be pursued.

A separate discussion concerns the recommended adjuvant therapy in connection with
margin status. Many centers regard a positive margin to be an absolute indication for
adjuvant treatment. There is no consensus on when to indicate adjuvant therapy in
case of a close margin. However, many authors do not regard close margin (<5 mm)
as adequate, but do not recommend postoperative radiotherapy for OCSCC patients
if a close margin is the only adverse tumor feature (i.e., without perineural invasion
and infiltrative growth pattern)®. Dik et al. showed that there was no evidence of
benefit for any local adjuvant therapy in case of a margin of 3 mm with only one or
two more adverse histological features'. They compared the impact of re-resection,
postoperative radiotherapy, and watchful waiting.

Working in the complex oral anatomy and having to rely solely on visual inspection,
palpation, and preoperative imaging, the surgeon is caught between the goals of
achieving an adequate tumor resection and safeguarding satisfactory remaining func-
tion and acceptable physical appearance.

Recent studies have shown that an adequate tumor resection is often only achieved in

a minority (15%-26%) of cases*”",

However, there is a wide range of adequate resection margins reported in the lit-
erature, varying from 35% to 70%°. Surprisingly, clinical outcomes in terms of overall
survival and recurrence seemed comparable among the centers, irrespective of the
reported rate of adequate resections. This variation in results is caused by a lack of
unanimous agreement on resection margins and differences in surgicopathological
approaches. This prevents a genuine comparison of the results between the centers.

Clearly, the hands and eyes of the surgeon cannot warrant an adequate resection.
Moreover, the definitive margin status, as determined during the final pathology, fol-
lows only several days after the operation. If at that point an inadequate margin is
encountered, a second operation is not an option, nor effective, because an accurate
relocation of the site of an inadequate margin is impossible in most cases. Therefore,
there is a need for the introduction of techniques to improve getting adequate surgi-
cal margins.



Specimen-driven intraoperative assessment of resection margins should be
standard of care for oral cancer patients

HOW TO ACHIEVE “FIRST TIME RIGHT”
SURGERY?

It is evident that for optimal control of resection margin, the surgeon needs additional
information. Intraoperative assessment of resection margins (IOARM) can provide such
valuable information, enabling additional tissue resection when needed to turn an
otherwise inadequate tumor resection into an adequate operation. Two methods of
IOARM can be distinguished: the traditional defect-driven I0ARM based on frozen
sections and the recently recommended specimen-driven assessment.

Defect-Driven IOARM

For defect-driven intraoperative assessment, the surgeon takes tissue samples from
the wound bed for frozen section histopathologic analysis. Of all surgical disciplines,
intraoperative assessment of the resection margins based on the frozen section pro-
cedure is most often performed for head and neck cancers'®.

Although the frozen section analysis is a well-known procedure available in many
centers, studies have reported that it has no impact on regional control or an im-

provement in survival in OCSCC patients” ' 72,

Frozen section analysis during defect-driven IOARM has a high accuracy in classifica-
tion of the tissue samples, but is poorly predictive of the final margin status. The
obvious reason is that the method is time-consuming and laborious, so that relatively
few tissue samples can be analyzed intraoperatively. Hence, the method is fraught
with sampling error. Recent large cohort studies showed no benefit with respect to
local recurrence or survival, when a re-resection was performed because of a positive
frozen section margin based on defect-driven intraoperative assessment'*'®, This is
caused by the well-known difficulty of relocation of the exact location of the frozen
section tissue sample in the wound bed. Relocation is particularly difficult in the
head and neck region, and therefore, an optimal additional resection is not always

achieved?"®,

Thus, the defect-driven frozen section procedure is presumed to be insufficient for
decision making regarding the need for additional resection to achieve “first time
right” surgery.
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Specimen-driven IOARM

A 2005 survey reported that over 90% of surgeons performed a defect-driven frozen
section analysis and only 14%-24% performed a specimen-driven margin assessment
during OCSCC surgery*.

Since that time, there is growing evidence that specimen-driven IOARM is superior to
defect-driven assessment”**?28 A recent study showed that specimen-driven IOARM
by macroscopic examination and measurement of margins is as accurate as speci-
men-driven IOARM accompanied by sampling of tissue for microscopic evaluation of
frozen sections®.

In 2017, the American Joint Committee on Cancer (AJCC) has recommended speci-
men-driven intraoperative assessment as a standard of care”. At our institute, we
have implemented a comprehensive specimen-driven IOARM since 2013. The method
has become our standard of care in 2015 (Figure 7.1). A pathologist and the surgeon
inspect the resection specimen macroscopically (by visual inspection, palpation,
and by making incisions in the specimen perpendicular to the resection plane) and
when necessary microscopically (by sampling tissue for frozen section analysis, from
the suspicious areas if the location of the tumor border is not clear by macroscopic
inspection).

The specimen-driven I0ARM procedure is accompanied by a simple method for the
relocation of inadequate margins in the wound bed, that have been identified on the
resection specimen, to enable confident additional resection. The relocation method

is described in detail by van Lanschot et al.*.

Preferably, the entire IOARM process, including the conclusion and the recommenda-
tion for additional resection, is recorded (including photographs) and stored in the
patient file. This information can then be used during the final pathologic assessment
and multi-disciplinary consultations.

Although specimen-driven IOARM has led to a significant improvement in obtaining
adequate OCSCC surgical margins, which underlines the necessity of intraoperative
feedback to the surgeon, the level of its wide implementation still leaves a lot to
wish for.

The main concerns to perform specimen-driven IOARM include the fact that grossing
fresh tissue is counter-intuitive to pathologists as wells as that grossing fresh tissue
might deteriorate the anatomical orientation and the shape or size of the specimen.
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Figure 7.1. Illustration of the IOARM procedure including the relocation method by parallel tag-
ging. (a) The surgeon attaches numbered tags in a pair-wise manner on both sides of the resection
line, superficial and deep during the resection. (b) After the tumor resection has been completed,
one numbered tag of each pair is attached to the specimen and the other tag remains in the wound
bed. (c) Anatomical template of the tongue with the specimen, patient information, and the anno-
tated tags. These templates have been designed to facilitate the preservation of anatomical orien-
tation of the specimen during the IOARM. (d) The pathologist and surgeon inspect and palpate the
specimen for suspicious areas (i.e., areas where margin might be less than < 5 mm). If a suspicious
area is found, the pathologist makes one or more parallel incisions perpendicular to the resection
surface (with a mutual distance of 5-6 mm). This enables the visualization and measurement of the
margin. (e) Measuring the margin with a ruler. If an inadequate margin is detected, its location is
indicated based on the numbered tags. Advice is given for an additional resection in the indicated
area, including the thickness. (f) Result of IOARM (e.g., at the location of tag nr. 5, the margin is
3-4 mm) is recorded at the template, together with the recommendation for additional resection
(e.g., area of tissue enclosing tag 5, with a diameter of 1.5 cm and the thickness 3-4 mm).

These obstacles potentially can affect the final, postoperative pathologic assess-
ment"*2, Another concern is the assumption that a specimen-driven IOARM might be
more time-consuming than defect-driven IOARM, because of the distance between the
operating room and department of pathology. Finally, it is not realistic to expect that
this approach can be commonly adopted because a dedicated team of head and neck
surgeons and pathologists is not available in every center.
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FUTURE

Specimen-driven IOARM works, but it is important to be open for innovative modalities
with the goals to further improve its accuracy and to enable more widespread imple-
mentation. For example, technology is needed that will enable objective inspection
of the entire resection surface. Raman spectroscopy is among the most promising
optical techniques to fill this gap. Raman spectroscopy is an optical technique that
does not require sample preparation. This technique provides real-time information
about the molecular composition of the tissue. Earlier studies have shown that Raman
spectroscopy discriminates between OCSCC and healthy tissue, with a sensitivity of
99% and a specificity of 92%**.

Currently, Raman spectroscopy is implemented in a prototype instrument employing
a fiber-optic needle probe (Figure 7.2). This fiber-optic needle is driven into the
specimen, from the resection surface toward the tumor. Based on the Raman spectra
collected along the insertion path, it is determined whether the needle tip is in
healthy or tumor tissue. This principle is used to measure the resection margin (i.e.,
distance between the resection surface and the tumor border, given in millimeters).
This takes a few seconds per measurement and enables objective measurement of
resection margins without the need for grossing of the specimen.

In addition, to be used for soft tissue intraoperative assessment, Raman spectroscopy
can also be used to assess osseous resection margins in the OCSCC patients treated
with bone resection®. When shown to be feasible and reliable, this Raman spectro-
scopic approach could solve the persisting problem of the lack of IOARM for bone

resection margins (for both segmental and marginal bone resections)®**.
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Figure 7.2. Illustration of specimen-driven IOARM based on Raman spectroscopy. The fiber-optic
needle determines the resection margin as a distance between the resection surface and tumor
border, given in millimeters. The fiber-optic needle is driven into the specimen, from the resection
surface toward the tumor border. Raman spectra are collected along the insertion path at each
0.5 mm of depth. In the graphs, each measurement is presented as a dot; the x-axis shows the
measured resection margin in millimeters, and the y-axis shows the probability of individual mea-
surements to be classified as tumor or not. (a) Example of adequate margin (6 mm) between tags
1 and 2, no additional resection is needed. (b) Example of inadequate margin (1.5 mm) between
tags 0 and 1, an additional resection is needed.

CONCLUSION

Radical tumor resection is the goal of surgery since ancient times, when Galen recom-
mended that the whole tumor with its all “roots” should be removed®®. Unfortunately,
after almost two millennia this goal is still not achieved for many patients. The impor-
tance of adequate tumor resection cannot be overemphasized, and specimen-driven
intraoperative assessment of resection margins is crucial to this. In addition to the
upcoming specimen-driven IOARM approach, new technology is needed to further
improve its accuracy and to enable its widespread implementation.

The literature on IOARM is clear in its verdict that a specimen-driven approach is
superior to defect-driven IOARM in guiding surgeon and pathologist toward adequate
resection.
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General discussion and outlook

THE FINE LINE

Surgery is the mainstay treatment for OCSCC'. In the perfect world, the surgeon
would excise the tumor with the utmost finesse, meaning the excision of the tumor
with a margin of more than 5 millimeters, as recommended by the AJCC, but never
exceeding this boundary?. This would result in an adequate resection margin while
preserving as much healthy tissue as possible.

Currently, in some parts of the world, the surgeon may have a more aggressive
approach (reminiscent of the well-known Dr. William Halsted) due to the lack of
postoperative radiotherapy. In these cases, the surgery might result in more adequate
resections. However, at the same time, it is a very mutilating procedure that also
affects functionality (e.g., mastication, swallowing, and speech). Conversely, the sur-
geon may adopt a more conservative approach to preserve as much of the aesthetics
and functionality. In these cases, the surgery is more likely to result in an inadequate
resection of the tumor (Chapter 2), which usually necessitates postoperative radio-
therapy.

THE RELEVANCE OF RESECTION MARGINS IN
OCSCC

Currently, the AJCC guidelines differentiate margins as clear, close, or positive?. Clear
margins are defined as adequate whereas close and positive margins are defined as
inadequate. The literature shows that an adequate resection improves patient out-
comes (e.g., lower local recurrence and longer disease-free survival)®”.

However, in the last few years, there has been a growing debate in the literature
about the definition of margins. More and more studies are being performed to show
whether or not a surgical margin of 4 mm or 3 mm would suffice as an adequate
resection. Lin et al. recently showed, in a Taiwanese national database analysis with
roughly 15.000 patients, that the group of patients with a resection margin of 4.0-4.9
mm had similar disease-specific survival as the group of patients with a resection
margin of > 5 mm. They finally recommend that a resection margin of > 4.0 mm should
be defined as adequate®. Sadly, they did not perform an analysis of local recurrence.

Another study even recommended a margin of > 3 mm based on the 5-year survival
and local recurrence rate.’ This study showed a 5-year recurrence-free survival of
69.5% in the 3 to 4.9 mm group in comparison to the 70.5% in the > 5 mm group. The
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recurrence rate was 24.4% in the 3 to 4.9 mm in comparison to 25.3% in the > 5 mm
group. However, their analysis also shows that for each millimeter of progression
towards the 5 millimeter boundary, the risk of death at 5 years decreases by 8%. These
results should carefully be interpreted as only 277 patients were included and divided
into 4 groups’. Moreover, the patients with an inadequate margin were treated with
adjunctive radiotherapy, which could have a disruptive effect on the recurrence rates
and survival.

Some studies state that the definition of an adequate margin differs per anatomical
location. For example, in tongue resections, Zanoni et al. showed that the 2-year
local recurrence-free survival between the 2.3 - 5.0 mm group and the > 5 mm group,
were 93.5% and 91.8%, respectively. Based on these results, they proposed new defini-
tions for margins in squamous cell carcinoma of the tongue: 0.1 - 2.2 mm as a close
margin and > 2.3 mm as a clear margin'’.

To genuinely compare the results of these previously mentioned and future studies,
the implementation of a worldwide pathology protocol is much needed. Currently,
different national protocols are used'"'2.

This worldwide pathology protocol should address the following:

1. Systematic grossing of the specimen.

2. Standard/synoptic reporting.

3. Standard meetings of pathologists and surgeons to evaluate the number of ad-
equate resections.

Grossing - Depending on the institute either the pathologist, pathology resident or
a specialized pathology assistant does the grossing. The main objective is the ap-
propriate sampling of the resection specimen to generate a complete pathology
report. Therefore, this process is of the utmost importance, mistakes or incomplete
sampling can lead to a faulty pathology report which can affect further treatment
decisions. Therefore, multiple sections of the tumor should be sampled including the
deepest invasion, to determine the differentiation grade, tumor size, invasion depth,
lymphovascular invasion, and perineural invasion. Furthermore, the resection margins
(mucosal and deep) should be sampled in all directions.

Pathology report - The quality of the pathology report depends heavily on the experi-
ence and skills of the pathologist. Therefore, a dedicated head and neck pathologist
should preferably take care of the pathology report. A systematic approach in which
all information (i.e., differentiation grade, tumor size, invasion depth, lymphovascu-
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lar invasion, perineural invasion, resection margins, and pTNM) is reported, not only
for further treatment but also for future studies.

Meetings - Measurement brings knowledge, to evaluate the performance of the insti-
tute, regular meetings with the pathologist and surgeons are necessary. This will allow
for close monitoring of the number of adequate resections and also allows for timely
adjustments if needed. One must remember that the best performance can only be
achieved by a dedicated team of surgeons and pathologists.

IOARM IS A MUST

As described at the beginning of this discussion, we are far from the ideal surgical pro-
cedure. Currently, during the resection of a tumor, the surgeon relies on preoperative
imaging, visual inspection, and palpation. The preoperative imaging might be weeks
old at the time of surgery. The tumor may have grown in this period and therefore
the tumor border may be changed. As it is, the surgeon intraoperatively relies mostly
on visual and palpatory information. Therefore, intraoperative assessment of the
resection margins is very necessary and we would state that it should be mandatory.

The evidence of the effect of IOARM in the literature is unmistakable and growing,
much so that even the AJCC strongly recommends its implementation for standard
care’. This thesis adds evidence to the literature that IOARM is essential for patient
care.

This thesis is a petition for the wide adoption of specimen-driven IOARM, as described
in Chapter 3. This method can easily be implemented and the materials used for this
method are cheap and available worldwide. However, it does require a dedicated
team of healthcare providers (e.g., surgeons, pathologists, assistants, trainees, and
researchers) to make and keep it as a standard of care.

In this method, the margins are assessed together by the surgeon and pathologist
through visual inspection, palpation, and perpendicular incisions of the suspicious
areas. This approach provides an estimation of margins in millimeters and allows for
an additional resection if needed. However, Kubik et al reported several causes (e.g.,
the incorrect orientation of the additional resection, incorrect dimensions of the
additional resection, and additional resection at an incorrect location) for additional
resections to fail during the intraoperative assessment'®. To circumvent these causes,
any IOARM method needs to be accompanied by a relocation method. Our institute

165



166

Chapter 8

developed a paired tagging system that allows us to accurately relocate inadequate
margins from the resection specimen back into the patient™.

The I0ARM method (Chapter 3) is occasionally supported by the frozen section pro-
cedure if the tumor border is macroscopically hard to distinguish (e.g., fibrosis of
tissue after radiotherapy or scar formation after previous surgery, or salivary gland
tissue). However, the implementation of the IOARM drastically decreases the number
of frozen sections needed, which are known to be costly, time-consuming, and not
accessible for all institutes. This protocol is following previous reports, that standard
frozen section analysis is not cost-effective and, in most cases, does not improve
the accuracy of specimen-driven IOARM' . Physicians have shown that they cannot
reliably detect inadequate resection margins. For example, sampling error by the use
of frozen sections or sampling error with the IOARM method as described in Chapter
3 (even though this method did significantly increase performance).

Despite the evident improvement in the number of adequate resections as a result
of the implementation of the specimen-driven IOARM, its wide adoption is lacking
because pathologists find the grossing of fresh tissue counterintuitive. They are fear-
ful that the grossing of the freshly resected tissue will lead to the deterioration of
the shape, size, and anatomical orientation of the specimen, which therefore will
affect the final histopathologic assessment'®'®. The measures prescribed in Chapter 3,
prevent these possible negative effects. Since the implementation of this protocol in
our hospital, the final pathologic assessment has never become compromised.

According to a recent survey, intraoperative assessment is practiced by 96,8% of head
and neck surgeons by performing frozen sections. Unfortunately, this survey also
shows that only 55% of surgeons use a specimen-driven approach?. Even so, this is a
significant increase compared to the 2005 survey, in which only 16% of the surgeons
used a specimen-driven approach®.

However, the evidence of the superiority of the specimen-driven approach is

overwhelming®'32'%

. Chapter 2, a literature review of the performance of both
the defect-driven and specimen-driven approach, confirms this. It shows that the
performance (i.e., accuracy, sensitivity, specificity, PPV, and NPV) is better for the
specimen-driven approach. In the conventional defect-driven approach, the surgeon
extracts one or more suspicious fragments of tissue from the surgical wound bed for
analysis by frozen section (i.e., a tissue sample that has been quick-frozen, cut by a
microtome, and stained immediately for rapid microscopic diagnosis). However, the

significant handicap of this approach lies in its limited ability to solely indicate the
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presence of a tumor-positive margin. The defect-driven approach cannot provide the
exact margin value in millimeters, which the specimen-driven method can. One could
state that the defect-driven intraoperative assessment is like navigating through a
dense dark forest armed with a dim candle and a narrow scope.

This shows that new methods (the specimen-driven approach) in medicine can take
a long time to be adopted worldwide and that an old method like frozen section
sampling from the wound bed can be practiced long overdue. For example, the radical
mastectomy was introduced in 1891 by Halsted. Only in 1981, nearly 100 years later,
the horrifying and disfiguring surgical procedure was abandoned for a less invasive
procedure. It took this long, even though the evidence was readily available in 1924.
The most likely cause of this delay is the internal culture and the rituals of practice
in the world of medicine®.

Even though IOARM could be easily implemented with a willing team and has a great
impact on patient care, there is still much to be improved. As previously described
the number of adequate resections varies a lot, due to the subjective nature of the
procedure. The performance of the IOARM is based on the experience of the patholo-
gist and the number of possible incisions on the fresh tissue. The grossing of fresh
tissue is performed based on the palpation of the resection specimen and small parts
of the tumor cannot be detected by palpation, which results in missed close margins.
Moreover, fresh tissue can only be grossed in tissue sections of at least 5 mm, com-
pared to the 2 to 3 mm after fixation, which can also result in missed close margins.
The conclusion is that the sampling error needs to be improved to create the best
IOARM procedure. The procedure as described in Chapter 3 has reached its potential,
so a new method must be developed. Therefore, objective methods are needed in
which an entire resection surface can be scanned.

RAMAN SPECTROSCOPY-BASED IOARM

In Chapter 4, we report on the development and validation of a Raman spectroscopy-
based device to objectively measure the distance from the resection surface to the
tumor border by a thin fiber-optic needle probe that is inserted into the resection
specimen.

To realize this procedure, first, the needle and an insertion strategy had to be de-
veloped. Chapter 5 shows that the thickness of the needle and the velocity of the
insertion matter greatly on the tissue deformation during the insertion in tongue
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tissue. We selected a velocity based on these results and further optimized the fiber-
optic needle to suit our needs (such as deformation, contamination, and leaving no
marks behind in the tissue during measurements). This resulted in a disposable thin
fiber-optic needle probe, which left no visible marks in the resection tissue. The de-
sign of the needle prevents needle tip contamination and allows for fast consecutive
measurements. However, the deformation could not be completely solved by optimiz-
ing the thickness of the needle, tip geometry, or insertion velocity. Therefore, we
developed a vacuum chamber around the fiber-optic needle probe, that keeps the
tissue in place during insertion.

Raman spectroscopy has been a focus for many oncological applications, such as the
detection of pre-malignant lesions, detection of cancer, reduction of unnecessary

biopsies, and guidance towards complete tumor removal”*2,

Our institute has a long-standing Raman research line in oral cancer, that has pro-
gressed for many years. Cals et al showed that Raman spectroscopy could distinguish
tumor tissue from adipose tissue, nerves, muscle tissue, salivary gland tissue, connec-
tive tissue, and squamous epithelium in 100%, 100%, 97%, 94%, 93%, and 75% of the

3334 |n 2016 Barroso et al showed that oral cavity squamous cell

cases, respectively
carcinoma could be distinguished from healthy surrounding tissue based on the water
concentration®. Oral cavity squamous cell carcinoma has higher water content com-
pared to the surrounding healthy tissue. This information could be used to distinguish

tumor from healthy tissue and, therefore, to detect the tumor border.

Due to these previous efforts, we were able to implement all this knowledge into the
newly designed Raman fiber-optic needle probe, as described in Chapter 4. The previ-
ous measurements were performed with a confocal microscope, whereas now we used
a needle that concomitantly collected data as it was inserted into a freshly resected
specimen. Early on, we noticed that water concentration alone was insufficient to dif-
ferentiate between tumor and healthy tissue, particularly at the tumor border. How-
ever, we did notice that the Raman signal intensity ratio of the CH-stretching region
(indicative of the lipid-to-protein ratio) and the Raman signal-to-autofluorescence
ratio could contribute to distinguishing tumor tissue from healthy tissue. In this way,
a tissue classification model was developed and tested, which allowed for the margin
length prediction model to be developed and also tested, as shown in Chapter 4.

This resulted in an easy-to-use device that allows its user to objectively assess the
resection margin at a chosen location within 5 seconds. Moreover, the speedy mea-
surement also allows its user to perform measurements at many locations. Lastly, the
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measurements could be carried out by anyone with little training, so that the device
could be in, or nearby the operating room.

OUTLOOK

In this thesis, we have demonstrated an easy-to-use and accessible method for 10-
ARM, which had a great impact on improving the percentage of adequate resections.
Finally, we have also established a way to objectively measure the resection margin
on freshly resected tissue employing Raman spectroscopy.

However, to truly create an objective method, we must develop a systematic process
to measure the entire resection surface, a so-called measurement strategy. The goal
of the development of a measurement strategy is to guarantee that the entire resec-
tion surface is assessed within a limited time frame.

After the measurement strategy has been devised and has been tested, the last
remaining step is a multi-center study to compare the performance of the device
with the standard of care of the selected institutes. In most cases, this means the
Raman device will be compared with the defect-driven intraoperative assessment
(many institutes still use this inferior and outdated method). The following situations
will be compared: 1) Raman device versus the retrospective numbers (surgeon), 2)
Raman device versus the IOARM method from Chapter 3 (pathologist and surgeon).

Finally, we want to investigate if the device with the measurement strategy can per-
form better or equally well as the pathologist. Even if it is equally good, the device is
easier to implement, in or nearby the operation room, does not require a pathologist,
leaves the specimen intact, and lastly does not need a dedicated team of physicians.

Another application of the device would be the measurement of the depth of invasion.
Conceptually, at least two measurements are needed: one from the closest normal
adjacent mucosa and another from the tumor to the deepest point of invasion. This
aligns with the recommendations from the 8" edition of the AJCC*®. If feasible, this
measurement could be performed during outpatient clinics, allowing for an instant
decision on whether to perform an elective neck dissection. Currently, this deci-
sion is made roughly two weeks after the initial surgery, necessitating a secondary
operation in some cases. This application could potentially reduce the number of
second operations needed and brings us a step closer to “first-time-right” surgery. As
Pedro Domingos, a specialist in artificial intelligence has said, “It is not man versus
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machine; it is man with machine versus man without”¥.This is the way to ensure

that all patients around the world could receive what they are entitled to, namely,
intraoperative assessment of resection margins.
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Summary

Per year, 350,000 patients are diagnosed with oral cavity cancer worldwide. This is
primarily squamous cell carcinoma (OCSCC). Surgery is the main treatment, aiming
for complete tumor resection with a margin of more than 5 mm of healthy tissue
(adequate resection margin). Sadly, adequate tumor resections are only achieved
in 15%-26% of the cases. Most surgeons currently rely on preoperative imaging and
intraoperative visual inspection and palpation to achieve an adequate resection. The
intraoperative assessment of resection margins (IOARM) is needed to improve the
number of adequate resections.

In this thesis, we investigated the potential of different forms of intraoperative as-
sessment of the resection margins. This thesis shows that there are limited studies
that have investigated intraoperative assessment in oral cancer surgery. However, the
studies that were found show that the specimen-driven I0OARM approach has higher
performance for both soft tissue and bone. Furthermore, our institute’s specimen-
driven IOARM approach - which is based on visual inspection, palpation, and grossing
of the fresh tissue - is described in detail with a protocol and a short video. This
method is easy to adopt by any pathologist and/or surgeon worldwide, as no expensive
materials are needed. The performance of our specimen-driven IOARM shows an im-
provement from 15% to 58% adequate resections. The implementation of our method
shows drastic improvements, nonetheless, it remains a subjective and labor-intensive
method that requires the availability of a highly dedicated and specialized team of
surgeons and pathologists. This hinders the widespread adoption of our method and
therefore an easy-to-use technology is necessary.

Such a technology is Raman spectroscopy, which is a non-destructive optical tech-
nique, that provides information about the overall molecular composition of tissues,
without the need for labels. We developed a Raman spectroscopy-based IOARM-device
(RIOARM-device). It employs a thin fiber-optic needle probe that is inserted into
the specimen to rapidly (5 seconds) determine the distance between the resection
surface and the tumor border. To discriminate OCSCC from healthy oral tissue, a
tissue classification model was developed, with a sensitivity of 0.87 and a specificity
of 0.91. An independent validation of this model showed a sensitivity of 0.85 and a
specificity of 0.92. Then, the tissue classification model was used to develop a margin
length prediction model, which showed after an independent validation, a mean dif-
ference of -0.17 mm between the margin length predicted by Raman spectroscopy
and histopathology.

Additionally, for the development of the fiber-optic needle probe, we investigated
which needle characteristics were optimal for insertion into oral tissue. Tissue defor-
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mation due to the insertion of a needle is strongly influenced by the tip geometry and
insertion velocity. Moreover, an endurance test was performed with 100 insertions per
needle, which showed no notable difference.

Lastly, the depth of invasion (DOI) is a significant predictor for occult lymph nodes and
is used to decide whether an elective neck dissection is indicated. Sadly, the DOI can
only be measured after a resection is performed and a second operation is needed.
However, with the RIOARM-device, the DOI could be measured preoperatively.

In conclusion, the RIOARM-device enables widespread adoption of IOARM in oral
cancer surgery, could be used to measure the DOI, and should not be limited to oral
cancer surgery only.
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Samenvatting

Per jaar worden wereldwijd 350.000 patiénten gediagnosticeerd met mondholtekan-
ker. Dit is voornamelijk plaveiselcelcarcinoom. Chirurgie is de belangrijkste behande-
ling, gericht op volledige tumorresectie met een marge van meer dan 5 mm gezond
weefsel (adequate resectiemarge). Helaas worden adequate tumorresecties slechts
behaald bij 15%-26% van de gevallen. De meeste chirurgen vertrouwen momenteel op
preoperatieve beeldvorming en intra-operatieve visuele inspectie en palpatie om een
adequate resectie te bereiken. De intra-operatieve beoordeling van resectiemarges is
nodig om het aantal adequate resecties te verbeteren.

In dit manuscript hebben we het potentieel van verschillende vormen van intra-
operatieve beoordeling van resectiemarges onderzocht. Dit manuscript toont aan dat
er een beperkte aantal studies zijn die intra-operatieve beoordeling bij mondholte-
kankerchirurgie hebben onderzocht. De gevonden studies tonen echter aan dat het
preparaat-gedreven intra-operatieve beoordeling een betere prestatie heeft voor
zowel wekedelen als voor bot. Bovendien wordt het preparaat-gedreven intra-ope-
ratieve beoordeling van ons instituut - die is gebaseerd op visuele inspectie, palpatie
en bewerking van vers weefsel - gedetailleerd beschreven met een protocol en een
korte video. Deze methode is eenvoudig over te nemen door elke patholoog en/of
chirurg wereldwijd, omdat er geen dure materialen nodig zijn. De prestaties van
onze specimen-gedreven intra-operatieve beoordeling tonen een verbetering van 15%
naar 58% adequate resecties. Hoewel de implementatie van onze methode drastische
verbeteringen laat zien, blijft het een subjectieve en arbeidsintensieve methode
die de beschikbaarheid van een zeer toegewijd team van chirurgen en pathologen
vereist. Dit belemmert de brede implementatie van onze methode, daarom is een
gebruiksvriendelijke technologie noodzakelijk.

Een dergelijke technologie is Raman-spectroscopie, een niet-destructieve optische
techniek die informatie geeft over de algehele moleculaire samenstelling van weef-
sels, zonder de noodzaak van labels. We hebben een Raman-spectroscopie-gebaseerd
IOARM-apparaat (RIOARM-apparaat) ontwikkeld. Het maakt gebruik van een dunne
fiber-optische naald die in het preparaat wordt ingebracht om snel (5 seconden) de
afstand tussen het resectieoppervlak en de tumorrand te bepalen. Om plaveisel-
celcarcinoom te onderscheiden van gezond mondslijmvlies, werd een weefselclas-
sificatiemodel ontwikkeld met een sensitiviteit van 0,87 en een specificiteit van
0,91. Een onafhankelijke validatie van dit model toonde een sensitiviteit van 0,85
en een specificiteit van 0,92. Vervolgens werd het weefselclassificatiemodel gebruikt
om een model voor de voorspelling van de marge-lengte te ontwikkelen, dat na een
onafhankelijke validatie een gemiddeld verschil van -0,17 mm liet zien tussen de
marge-lengte voorspeld door Raman-spectroscopie en de histopathologie.
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Daarnaast hebben we voor de ontwikkeling van de fiber-optische naald onderzocht
welke eigenschappen van de naald optimaal waren voor inbrengen in mondweefsel.
Weefseldeformatie als gevolg van de inbreng van een naald wordt sterk beinvloed door
de geometrie van de punt en insertie snelheid. Bovendien werd een uithoudingstest
uitgevoerd waarbij er 100 keer een insertie met één naald werd uitgevoerd, waarbij
geen opmerkelijk verschil werd waargenomen.

Ten slotte is de invasiediepte een belangrijke voorspeller voor occulte lymfeklieren
en wordt gebruikt om te beslissen of een electieve halsklierdissectie is geindiceerd.
Helaas kan de invasiediepte pas worden gemeten nadat een resectie is uitgevoerd
en is een tweede operatie daardoor soms nodig. Met het RIOARM-apparaat kan de
invasiediepte echter voorafgaand aan de operatie worden gemeten.

Samengevat maakt het RIOARM-apparaat een brede acceptatie van intra-operatieve
beoordeling van resectiemarges bij mondholtekankerchirurgie mogelijk, kan het
worden gebruikt om de invasiediepte te meten en hoeft het gebruik niet beperkt te
blijven tot alleen mondholtekankerchirurgie.
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LIST OF ABBREVIATIONS

AJCC
AF
AUC
BCE
CCcD
CE
CIS
DM
DOI
DSS
EGFR
END
EPF
ESI
FWHM
FS

NBI
NDP
NPV
0cscc
OR

(0N
PALGA
PIM
PMMA
PNI
PORT
PPB
RCP

American joint committee on cancer
autofluorescence

area under the curve

before (the) common era

charge coupled device

common era

carcinoma insitu

distant metastasis

depth of invasion

disease specific survival

epidermal growth factor receptor
elective neck dissection

electronic patient file

extra supplementary information
full width at half maximum

frozen section

grossing room

hematoxylin and eosin

high wavenumber

interpretation error

intraoperative assessment of resection margins
inadequate resections

local recurrence

lymphovascular invasion
narrowband imaging

Nanozoomer digital pathology
negative predictive value

oral cavity squamous cell carcinoma
operation room or odds ratio
overall survival
pathologisch-anatomisch landelijk geautomatiseerd archief
potentially inadequate margin
polymethylmetacrylate

perineural invasion

post-operative radiotherapy
positive predictive value

royal college of pathologist
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RIOARM Raman spectroscopy-based objective intraoperative assessment of
resection margins

ROC receiver operating characteristic

RR regional recurrence

RRFS regional recurrence-free survival

RSNR Raman signal-to-noise ratio

RT radiotherapy

SCcC squamous cell carcinoma

SD standard deviation

SE sampling error

TT tumor thickness

uicc union for international cancer control

us ultrasound

WHO world health organisation

WPOI worst pattern of invasion

ww watchful waiting
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DANKWOORD

Allereerst wil ik alle patiénten en hun familieleden bedanken voor hun inzet en
welwillendheid om deel te nemen aan het onderzoek. Zonder hen was dit onderzoek
nooit tot stand gekomen.

Mijn ouders (Marzouk Aaboubout en Nadia Erahoutan), jullie vormen de basis van
wie ik ben, als mens en als arts. Zonder jullie enorme inspanningen en voortdurende
motivatie was ik nooit naar het vwo gegaan en had ik nooit geneeskunde gestudeerd.
Waar docenten van de basisschool weinig vertrouwen hadden in mijn kunnen en
mij een laag schooladvies gaven, bleven jullie altijd optimistisch. Jullie namen mij
mee op sleeptouw en investeerden ontzettend veel tijd en energie. Dankzij jullie
onvoorwaardelijke steun en toewijding ben ik nu arts, en is dit proefschrift tot stand
gekomen. Jullie hebben mij geleerd dat doorzettingsvermogen en hard werken een
vereiste zijn.

Mijn dankbaarheid is te groot om in woorden uit te drukken, maar ik hoop dat jullie
weten dat ik jullie elke dag dankbaar ben.

Geachte Prof. dr. Koljenovi¢, beste Senada, jij bent de drijvende kracht achter dit
onderzoek. Met jouw onvermoeibare inzet, genadeloos en onuitputtelijk, heb je dit
project voortgestuwd. Dagen, avonden, nachten en weekenden: altijd was je beschik-
baar, altijd stond je klaar voor de volgende horde. Op de afdeling Pathologie kon ik
op elk moment binnenlopen, en je maakte altijd tijd vrij, zelfs als dat eigenlijk niet
goed uitkwam.

Jij bent het bindmiddel van de Raman-groep. Dat bleek niet alleen uit je overweldi-
gende toewijding, maar ook uit de vele gezellige etentjes en borrels. Je directheid
siert je en maakt de samenwerking soms intens (lees: vaak), maar zoals het gezegde
luidt: ijzer smeden doe je als het heet is.

Moju zahvalnost je nemoguce izraziti rije¢ima.

Geachte Prof. dr. Baatenburg de Jong, beste Rob, de eerste keer dat ik je sprak, was
tijdens mijn sollicitatie voor een PhD-traject met mogelijk een opleidingsplek bij de
KNO nadien. Dat gesprek kan ik mij nog goed herinneren: daar zat je dan, formeel,
maar toch ook informeel, en met veel bravoure stelde je de ene na de andere vraag.
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Prof, dank voor je enthousiasme en je vertrouwen in mij.

Geachte dr. ir. Puppels, beste Gerwin, voor mij ben jij “the Raman Godfather”.
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De uitwisseling van gedachten tussen ons, jouw technische achtergrond en mijn me-
dische achtergrond, heeft ons beiden verrijkt en versterkt. In de loop der jaren ben ik
een beetje een engineer geworden en jij een beetje een medicus.

Onze samenwerking verliep altijd op een zeer prettige manier. Waar je ook werkt, je
bent zonder twijfel een grote meerwaarde voor elk team.

Geachte dr. Nunes Soares, beste Rosa, toen Elisa vertrok voor een nieuwe uitdaging
buiten het ziekenhuis, was jij daar opeens. Bijna een kloon van Elisa: wederom een
kleine Portugese, ook erg bescheiden en timide. Jij nam moeiteloos over waar zij was
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De snelheid waarmee je alles onder de knie kreeg en je uitzonderlijke werkethos
waren indrukwekkend, alsof je dit al jaren deed. Het was altijd prettig en gezellig
samenwerken.

Als jij iets toezegt, weet je zeker dat het met grote zorg en precisie wordt uitgevoerd.

Cara Elisa e Rosa, obrigada de coracédo pelo vosso apoio e pela parceria tdo boa,
caralho.

Geachte dr. ir. Bakker Schut, beste Tom, op de 16e verdieping, tijdens borrels of
etentjes, hoor je vaak jouw kenmerkende bulderende lach. Jouw humor, gecombi-
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Daarnaast heb je ook een serieuze kant: je weet complexe technische vraagstukken
op een heldere en begrijpelijke manier uit te leggen. Dankzij jouw vermogen om met
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Geachte heer Ottenvanger, beste Lars, in de eerste fase van mijn onderzoek zag
ik je af en toe en leek je vooral veel achter de schermen te werken. Vanuit mijn
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kennis en oplossingen maakten je tot een topcollega.
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Geachte dr. ir. Caspers, beste Peter, jou wil ik speciaal bedanken voor je kritische
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Beste lan, Remko, Silvy, Mandy, Jennifer, Sabine, llya, Elly, Remco en alle anderen
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afdeling, dank voor jullie ondersteuning, het delen van kennis en voor de gezelligheid.

Geachte dr. van Lanschot, beste Florence, je was altijd een fijne collega, zowel
tijdens de fulltime onderzoeksperiode als later tijdens onze gezamenlijke tijd als
arts-assistenten. Jij had als voorganger alles uitstekend georganiseerd, waar ik enorm
van heb kunnen profiteren. Veel dank voor alles.

Geachte dr. Smits, beste Roeland, ik leerde je kennen toen ik oudste coassistent was
in het HagaZiekenhuis, en later werden wij collega’s in het Erasmus MC. Door de jaren
heen ben je uitgegroeid van een fijne collega tot een goede vriend. Dank je wel voor
je vriendschap en voor het staan aan mijn zijde als paranimf.

Mijn zusje Soumaya en broertje Farouk, ik ben jullie veel dank verschuldigd. Jullie
staan altijd voor mij klaar en weten dat ik er ook altijd voor jullie ben. We hebben
het elkaar soms niet makkelijk gemaakt, maar ondanks alles is het altijd alleen maar
liefde geweest. Ik houd van jullie.

Lieve Naoual, Ik houd enorm van je, en deze promotie is voor een groot deel aan jou
te danken. Jij hebt zoveel opgeofferd, zodat ik mij steeds weer op mijn promotie
kon focussen. Dank je wel voor je liefde, je onvoorwaardelijke steun en je eindeloze
begrip. Jij, Amir, Nassim en onze nieuwe baby zijn mijn alles.
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