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Transforming oncology surgery
with label-free technologies




Smart surgery plays a lead role in the new era of intelligent
medical technology. It provides surgeons with real-time
information to improve decision-making in the operating
room and offers benefits across the care continuum.

Figure 1 outlines key enabling technologies that are powering
the smart surgery revolution.

Label-free sensing technologies have much potential to drive
progress in smart surgery, especially in the field of oncology surgery.
Marker free imaging technologies avoid the need to tag tumours
using markers, which is beneficial because it avoids the regulatory
and clinical burden of introducing new markers to the market.
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Oncology surgery

A primary goal of oncology surgery is the complete removal
of diseased tissue. For more than a century, intraoperative
diagnosis of tissue was performed by pathologists using
light microscopy on frozen sections of removed tissue to
identify morphological changes associated with cancer!.
This technique had significant limitations, ranging from
patients spending extended time under general anaesthesia
to inaccuracies caused by technical limitations and
subjective interpretation [\,

Today, real-time intraoperative sensing is used to detect
tumour tissue, identify the location of critical structures and
characterize tissue. In recent years, this has been achieved
using biomarkers administered to the patient to allow easier
sensing of the target. The most widely used example is
Indocyanine Green (ICG), which is detected during surgery
using fluorescence imaging.

New labels for the detection of specific tumour types are
currently under development. However, the need for extensive
testing related to safety and efficacy makes the regulatory and
clinical route long, risky and expensive. Here, we look at three
alternative approaches that can be used to sense cancerous
tissue during surgery without the need for labels:

* Raman Spectroscopy based on the inelastic scattering
of light, this technique can be used to identify the
composition of tissue non-invasively

e Autofluorescence Spectroscopy by measuring the naturally
occurring fluorescence of tissue, this analysis technique
can be used to identify tissue composition and environment

* Mass Spectrometry measuring the mass-to-charge ratio
of molecules in samples can be used to identify the
composition of tissue invasively

Let’s look at current developments, technical challenges and
future potential for each of these technologies in relation to
smart oncology surgery.

Raman Spectroscopy

The latest smart surgery applications and research

In recent years, various studies have demonstrated the capability of Raman spectroscopy to differentiate tumour from healthy
tissue in vivo. Tumours that have been successfully identified include gliomas, glioblastoma multiforme and meningiomas
amongst others (see ref [2] for a detailed review). While very promising, the technology has so far only been used

intraoperatively on humans in a few pioneering studies.

Notable advances have been made by a research group in
Montreal and its associated company ODS Medical:

Desroches et al. ¥l demonstrated the capabilities of its
hand-held system in a neurosurgery study involving
19 grade 2-4 glioma patients in targeted tissue
surgical biopsy. They report a sensitivity of 80% and
a specificity of 90% in differentiating dense cancer
tissue from “non-diagnostic” tissue (280 samples).

Jermyn et al. achieved a sensitivity of 93% and
specificity of 91% in identifying tissue with cancerous
cells present (17 patients, 161 samples)®. They also
report an increase in sensitivity and specificity to
100% and 93% respectively when including spectral
information acquired with intrinsic fluorescence
spectroscopy (15 patients, 230 samples) ..

Also worth noting is Vancouver-based Verisante Technology
Inc. It was the first to develop clinical hand-held Raman
probes and initiated a human trial for intraoperative brain
tumour detection in 2015. However, the company appears
to have since moved in a different direction.

The studies highlighted above focus on the use of hand-
held real-time diagnostic devices, capable of differentiating
tissue in situ. Such devices typically consist of a fibreoptic
bundle in combination with filter and focusing optics at the
distal end. Optical components like these can withstand
temperatures of surgical autoclave sterilization, meaning
they can be engineered into reusable devices. Additionally,
the relative simplicity on the distal side (passive, optical
components) translates into a lightweight and small
handpiece which should meet the demands of complex
surgical procedures.
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Technology challenges

The technical challenge with Raman spectroscopy

for tissue classification in surgery is two-fold: .
gery Nevertheless, advances in laser

1 Only a small fraction of the detected light has technology, optical filters and detector

undergone inelastic scattering. Typically, less than

one in a million scattering events is due to Raman sensitivity unlock new possibilities.
scattering, the rest being due to Rayleigh scattering, Together with innovation in sensor
hich I h shif :
which does not cause a wavelength shift arrangement and advanced processing
2 In practice, the sensor interrogates a large range of and classification algorithms this
)

molecules and the detected signal is the average of all hni is b . bl
their contributions. This complicates differentiation of tec nique 1s becoming more viable

fingerprints of different tissues as they largely consist for use within diagnostic tools for the
of similar matter operating room.

What's next

We see two outstanding issues which need to be Significant research is underway to make machine learning

addressed to bring Raman spectroscopy to maturity more transparent and it is only a question of time before
in surgical applications. we see adequate growth in training data sets. For example,

the University of Nottingham has initiated a study to assess

1 In vivo studies have based their success on machine Fast Raman spectroscopy intraoperatively with 600 subjects
learning techniques, but the training and testing data undergoing Mohs surgery for skin cancer (NCT03482622).
sets were very small. Typical machine learning training Rather than using a handheld device to provide point-
data sets for binary classification are in the range measurements, the group intends to use a custom Raman
of thousands of samples even for relatively simple micro-spectroscopy imaging system, which provides 2D

classifications. Performance can often degrade in larger  jmages of excised tissue ®.
test populations. For example, the optical MelaFind
melanoma detection system was first reported as having
a specificity of 85% (246 samples) !, but a subsequent
larger study (1,612 samples) found the system had a
specificity of only 9.9% .

2 A fundamental problem with machine learning is lack
of transparency. The system provides a clinician with
a binary answer, but the reason for it is not apparent.
To convince clinicians and regulatory bodies that
algorithm outputs are trustworthy, they must also be
explicable. (See our insight piece “Acting smarter with
data” for more details).

https://www.sagentiainnovation.com/insight/acting-
smarter-with-data/
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Tissue autofluorescence spectroscopy

The latest smart surgery applications and research

Autofluorescence monitoring is a keen area of interest for
intraoperative analysis, especially in oncology. It detects

the natural fluorescence that occurs when intracellular and
extracellular endogenous fluorophores of tissue are excited
by light at a suitable wavelength®. So, in contrast to the use
of fluorescent probes, this technique does not require the
administration of a label.

Endogenous fluorophores have much potential as intrinsic
biomarkers for real-time intraoperative characterization
since they are highly sensitive to minute chemical changes
in their surroundings. In recent years, various studies

have demonstrated the ability of tissue autofluorescence
to distinguish tumour tissue from normal tissue in

several organs. The technology’s effectiveness has been
demonstrated in various ex vivo samples (including on
tissue excised during surgery).

Tissue autofluorescence analysis has been integrated into
the minimally invasive da Vinci surgical robot, providing real-
time guidance with tissue diagnostic information "%, A group
at the University of California used this system for real-time
inspection of oral cancers during transoral robotic surgery in
swine and human patients. The same group has combined
autofluorescence with ultrasound in a catheter for improved
imaging of plaques in coronary arteries. These studies
demonstrate the exciting applications of autofluorescence
analysis in surgery.

Technology challenges

While the technology holds promise, in vivo use remains

a challenge. Tissue components, such as red blood cells,
collagen and lipofuscin have strong fluorescence, making it
difficult to distinguish between the relevant tumorous signal
and the tissue background. Fluorescence intensity is also
dependent on the endogenous fluorophore concentration,
which can be very low in peripheral tumour volumes and in
tumour margins.

Additionally, distinguishing regions through simple

emission wavelength analysis may not provide sufficient
differentiation. More technically complex fluorescent lifetime
measurements are often required to provide good specificity.
Technical limitations typically constrain fluorescent lifetime
measurements to spot measurement, rather than field
imaging.

With equipment costs running to
thousands of dollars and equipment
set-ups comprising computers, multiple
display monitors and illumination
sources, another key challenge is the
cost and size of the systems. What's
more, as time-resolved fluorescence
is currently a point

measurement, the user

must scan a probe over

the tissue region,

and overlay the results .

on image data to track

moving tissue in real time.

What'’s next

Recent studies have attempted to address these limitations.
Haidar and co-workers quantitatively measured fluorescence
lifetime to improve imaging at tumour margins (due to the very
low concentrations of fluorophores). The decay time of the
fluorescence signal is dependent on environmental conditions,
such as pH, temperature and structural changes, but not
fluorophore concentration. This allowed the development of a
scoring system to map tumours in brain tissue samples ',

In a recent study, only modest specificity and sensitivity of
83% and 75% respectively were achieved!'2. Notingher
and co-workers were able to enhance the sensitivity to 95%
by combining autofluorescence and Raman spectroscopy
in what they called ‘multimodal spectral histopathology’['*.
As discussed earlier, Raman spectroscopy has been used
to diagnose cancers with high sensitivity and specificity 41,
However, Raman spectroscopy is comparatively slow and
is thus ill-suited to image larger areas with the necessary
accuracy within the limited timeframe for diagnosis in vivo.

Notingher and co-workers used autofluorescence images

to guide the Raman measurements to achieve high spatial
and spectral information with small and large breast cancer
tissue surfaces, achieving a specificity of 82% and sensitivity
of 95% 31, This has not yet been performed under real-

time, intraoperative conditions, but only on surgical margin
specimens.
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Mass spectrometry

The latest smart surgery applications and research

In the last decade, intraoperative mass spectrometric (MS) tools
have gained increasing attention. Two types of surgical tools
have emerged, for sampling and diagnostics. Sampling tools
allow real-time analysis while the tumour is being removed,
whereas diagnostic tools locate the tumour allowing the surgeon
to perform incision and removal.

There are two promising technologies in the first category: the
iKnife (using rapid evaporative ionization MS “REIMS”) and the
picosecond infrared (PIR) lasers (PIRL) scalpel ['>16],

The iKnife was developed by scientists at Imperial College
London and converts molecular constituents into charged
gaseous particles (ions) using a surgical tool. The overall
analysis time for aerosol transfer, MS analysis and data
classification is 0.5-2s ['"]. This gives the surgeon close-to-real-
time feedback and orientation to resection margins. It has also
achieved good accuracy in ex vivo analysis of liver, lung, colon
(94.4% accuracy) and breast carcinoma (95.8 % accuracy) &9,

However, the iKnife requires a blade with a hot surface to allow
evaporation to occur, which damages and thermally ablates
surrounding tissue. This makes it impossible to confirm that

the tumour has been fully removed by histological investigation.
A further drawback is the relatively low resolution provided,

due to the blade width of 4mm, which could cause false
negatives for the presence of tumours .

The current size and cost of this device precludes its use in
many clinical settings, while mobility issues limit the ease with
which it can be moved between operating rooms.

The PIRL scalpel is a comparable sampling tool. Here a PIR
laser is used as an alternative to mechanical surgical tools.

It provides high energy intensity in a confined area, leading

to superheating and local tissue ablation, with minimal energy
transfer to the surrounding area"®..

In addition to tissue ablation and rapid molecular detection,

the laser has the ability to function as a cutting instrument.

It has the added benefit of not damaging cells adjacent to

the cutting site, resulting in minimal scarring ?°. The PIRL
scalpel thus has a greater level of resolution in comparison

to the iKnife (200-200 um compared to 4 mm) but this higher
resolution comes at the expense of sampling time (5-10s per
spot compared to <2 s for the iKnife ['8:17]. |deally, this timeframe
limitation should be resolved prior to use in tissue screening
analysis during surgery.
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Technology challenges

The main challenge hindering the use of mass spectrometry
techniques in smart oncology surgery relates to the trade-off
between sampling time and m/z resolution. Rapid sampling is
essential to enable shorter surgery, which minimises damage
and risk of infection. Yet resolution is also essential to ensure
the whole tumour is excised. Another limiting factor — as with
many such devices - is the cost and size of equipment, which
impacts mobility and uptake.

What's next

Improvements to the iKnife and PIRL scalpel are one area of
focus. However, additional developments in this space include
desorption electrospray ionization (DESI)-MS and the MasSpec
pen. These techniques can analyze tissue surface without
damaging the cells.

DESI is so far the most extensively used ambient ionization
technique and has high potential as an intraoperative real-time
diagnostic tool for the future.

The MasSpec pen is a disposable, handheld probe currently in
development, that uses ambient ionization MS 2. The analysis
is non-invasive, unlike the other methods discussed, and non-

destructive (requiring only a droplet of water and no pressure),

allowing further diagnostic analysis like histology.

A syringe pump delivers a small water droplet (4-10 pl) to

the sampling probe, which dissolves and extracts the tissue
surface molecules. After 3s of gentle physical contact with

the tissue surface, the water droplet is transported to a mass
spectrometer, which measures the levels of lipids, proteins

and metabolites. A machine learning algorithm is then used to
diagnose the probability of the presence of cancer in the tissue.
This whole analysis takes ~10s.

The MasSpec pen, like DESI-MS, is purely diagnostic and has
no cutting abilities. However, there is potential to harness the
surface scanning abilities, non-invasiveness and low tissue
damage as an added component to other devices where these
are limiting factors. For example, the technology could be
integrated with a cutting instrument so readings could be taken
prior to a cutting event, without requiring the surgeon to change
instrument.




Conclusions

Raman spectroscopy, autofluorescence spectroscopy and
mass spectrometry offer much potential. They could play an
important role improving oncology surgical outcomes and
operation times. And the devices that leverage them are
coming closer and closer to fulfilling this promise.

Raman and autofluorescence spectroscopy are optical and
offer rapid, label-free diagnostic sensing in the operating
room, without the need for a physical biopsy of the sample.
Both are highly sensitive to minor chemical changes within
the sample, but Raman scattering produces weaker signals
than autofluorescence. This results in a slower acquisition
time for a sufficiently strong signal. During surgery, an
acquisition time of seconds, not minutes to hours, is needed.

Equally, autofluorescence has challenges to overcome prior
to use intraoperatively. Tissue components produce a strong
fluorescence signal, making it difficult to distinguish between
tumorous tissue and background noise.

Current mass spectrometric tools have the advantage of
being combined with a surgical cutting tool, such as the iKnife
or PIRL scalpel. This allows rapid analysis while surgery is

in progress, using a simple “point and shoot” approach for
the surgeon. However, again there is a trade-off between
sampling time and achieving sufficient m/z resolution.

Development challenges remain and the sampling time,
portability, footprint, data analytics, clinical data set
requirements and human acceptance of the data need to be
considered in future devices. Interpreting gathered spectra

We will continue

to monitor these o
developments for their

potential to enable T U
commercially viable

smart surgery systems. This is a
dynamic and exciting field which will
continue to evolve at pace.

can be complex and algorithms are required to understand the
data generated then implement a simple system for the surgeon
to easily distinguish between normal and tumorous tissue.

Cost is also a major factor — these technologies are currently
expensive, which makes implementation in hospital operating
rooms difficult. However, there are opportunities for future
simplification and cost reduction.

Additional technologies are also being investigated, such

as diffuse reflectance spectroscopy (DRS), optical emission
spectroscopy (OES) 2 and electrical impedance spectroscopy
(EIS) 3. Each has its own strengths and weaknesses in
achieving rapid tissue differentiation during surgery.
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