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Abstract

While radioguided surgery (RGS) traditionally relied on detecting gamma rays, direct detection of
beta particles could facilitate the detection of tumour margins intraoperatively by reducing
radiation noise emanating from distant organs, thereby improving the signal-to-noise ratio of the
imaging technique. In addition, most existing beta detectors do not offer surface sensing or
imaging capabilities. Therefore, we explore the concept of a stretchable scintillator to detect
beta-particles emitting radiotracers that would be directly deployed on the targeted organ. Such
detectors, which we refer to as imaging skins, would work as indirect radiation detectors made of
light-emitting agents and biocompatible stretchable material. Our vision is to detect scintillation
using standard endoscopes routinely employed in minimally invasive surgery. Moreover, surgical
robotic systems would ideally be used to apply the imaging skins, allowing for precise control of
each component, thereby improving positioning and task repeatability. While still in the
exploratory stages, this innovative approach has the potential to improve the detection of tumour
margins during RGS by enabling real-time imaging, ultimately improving surgical outcomes.

1. Introduction

In 2023 cancer remains the leading cause of death worldwide [1]. By 2030, it is estimated that every year 45
million patients will require tumour removal surgery [1]. During the cancer-removal surgery, clinicians aim
to ensure a negative surgical margin, meaning excising malignant tissue with an additional thin layer of
healthy tissues, as illustrated in figure 1 and detailed in [2, 3]. Nonetheless, approximately 10% of surgeries
result in a positive surgical margin (PSM) [4], which ultimately results in additional costs for the healthcare
system due to the need for further treatment, raising anxiety levels in patients already distressed while also
increasing the risks of postoperative complications [4, 5].

Multiple strategies are available to surgeons to locate the tumours and safely remove them. Usually, this
process relies on preoperative medical imaging—CT, MRI, ultrasound (US)—to plan the surgery [3]. The
surgical site can be marked with physical markers such as hook wires, micro coils or fluorescent dyes to
enhance the visualisation of the cancerous tissues for the surgeons and any other clinician involved in the
procedure. Finally, the surgeon can operate relying on another imaging technique to visualise the structures
intraoperatively.

The field of intraoperative imaging, which helps clinicians to make surgical decisions in real-time, is
continuously evolving. While some research groups focused on improving conventional techniques—such as
radiography or US—a plethora of new intraoperative imaging techniques have emerged. Among them are
surgical spectral imaging [6], fluorescence-guided surgery [7] and opto-acoustic imaging [3]. To produce a
systematic review of the medical intraoperative imaging techniques available is not within the scope of this
article, and more in-depth focused reviews can be found in [2, 8-11]. However, it is worth noting that none
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Figure 1. Schematics illustrating the concept of tumour margins in the context of breast-conserving surgery (BCS). (a) Positive
surgical margin (PSM). Cancer cells are present at the edge of the excised tissue. (b) Unclear or close margin. No ink on tumour:
there was no evidence of cancer cells after microscopic examination. However, the margins are not wide enough compared to BCS
guidelines. (c) Negative surgical margin corresponding to BCS guideline. No cancer cells are at the outer-inked edge of the tissue.

of these techniques demonstrated results that would allow establishing a standard of care in the field [10].
Therefore, there is still a need to develop new imaging modalities to improve intraoperative tumour margin
detection.

In minimally invasive surgery (MIS), the challenge deepens since access through the incision port limits
visual inspection and restricts direct finger palpation and indirect palpation through a medical instrument.
Besides, these methods are rarely sufficient to assess the location of the resection margins or they are still at
the experimental stage [12, 13].

Radioguided surgery (RGS) is one of the oldest intraoperative imaging approaches. RGS refers to imaging
techniques involving the detection of radioactively labelled tumours intra-operatively [14]. Before the
surgery, the patient is injected with a radiopharmaceutical designed to accumulate in the cancerous tissues.
During the surgery, the clinician operates a radiation detection probe or camera to locate the radioactive
regions within the body. Then, the surgeon uses this information to excise the diseased tissues [15].

Selverstone pioneered this technique in 1949 using a S_ emitting tracer—a radioactive isotope of
phosphorus, *?P—to intraoperatively locate tumour residual following brain tumour excision [16].
Subsequently, most radiation probes have been tuned to detect v radiation. Specifically, the
radiopharmaceuticals were designed for the development of preoperative PET and SPECT scanners [17].
Since y-rays are uncharged particles, they are penetrating and can only be stopped by high atomic number
materials such as lead. Therefore, the radiation detector can be placed away from the source, offering more
flexibility.

In contrast, beta particles—positrons (/3 ) or electrons (/5_ )—can only travel a few millimetres in water
and tissues. What seemed to be a limitation, is now becoming a windfall with the continuous improvement
of radiation detectors. Indeed, detecting [ particles instead of v would improve the detection resolution by
catching the radiation closer to its source. Moreover, it removes the background noise induced by any
radiation emitted from distal parts of the body, while reducing the inherent radiation exposure to the
medical team [15, 18].

This intraoperative technique historically lacked crucial imaging feedback as it relied on an audible or a
visible rate meter to estimate radioactive activity [19]. In the recent past, the idea of visualising radiation
with detectors positioned closer to the imaged tissues has emerged [20]. Especially, some groups have been
working on intraoperative imaging with [21] with fixed detectors attached to the bed paired with a movable
PET laparoscope. Or directly with a freehand SPECT system [22] and drop-in gamma probes [23].

Recently, much attention has been given to biointerfaced sensors, i.e. sensors that interface with
biological tissues [24, 25]. Most of the research has been dedicated to fabricating on-skin sensors, commonly
known as electronic-skin (E-Skin) [26-29]. In contrast, developing invasive sensors deployed on-organs is a
trickier task, as there is a high risk to trigger an immune response [25]. However, this hazard can be leveraged
by carefully designing them [25].

Although radiation can be detected directly using semiconductors [30], the preferred method is to
intercalate a scintillating material between the source of the radiation and a photosensor [31]. Indeed,
scintillators have a higher energy range, better sensitivity to lower-energy radiation and reduced cost in
comparison with semiconductors [30].

What would be the potential benefits of integrating these concepts into radiation detectors that are
directly attached to the organs? In the specific application of nuclear imaging, we hypothesise that bringing a
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radiation detector closer to the source would improve the signal-to-noise ratio (SNR), thereby reducing the
radiation dose required to obtain high-quality images [13, 20]. This would also extend the imaging while
providing instantaneous feedback during surgery.

Therefore, we explore the concept of 3 particle visualisation using elastic detectors placed directly on the
region of interest (ROI). We introduce a novel class of scintillation detectors deployed on-organs and pair
them with commercial endoscopes to generate real-time visualisations of tumourous tissues within the target
anatomy. The detectors must be sufficiently elastic to conform to the complex morphology of the organs and
adapt to beating and breathing motions without irritating surrounding tissues. We refer to these detectors as
imaging skins for the shared morphological and mechanical properties with their biological counterpart.

In section 2, we describe the materials requirements for developing stretchable radiation detectors that
can produce functional intraoperative images. Section 3 explores the concept of imaging skins, focusing on
their deployment and integration into the surgical workflow to enable real-time imaging of tumours during
RGS. The imaging skins, in their essence, must be capable of transducing radiation into a visible output.
Consequently, we discussed the limitations and challenges associated with integrating these devices into
clinical practice in relevant sections of the manuscript.

2. Radiation detection and image reconstruction

2.1. Beta-emitters

In clinical settings, S-radiation have energies in the ~100-1000 keV range [37], as reported in table 1. It is
important to note that many radioisotopes are tuned for PET imaging, thus catching positron (/3. )/electron
annihilation. The direct detection of beta radiation is less common, but the imaging can be recommended
when radiopharmaceuticals uptaking organs are close to the surgical site, as in the case of the uptake of
F-FDG in the brain, kidneys and bladder [38].

2.1.1. Positive beta decay (positron ()

When a beta-positive radiotracer decays, it releases a positron. This particle can only travel a short distance
(~1mm) [34] before its annihilation upon interaction with an electron. The currently available radioprobes
focus on detecting the positron energy before it encounters an electron by using inorganic scintillating
material such as CsI:T1 [39]. Nonetheless, the radiopharmaceuticals can accumulate in distant organs,
creating background noise due to the 511 keV ~y-rays detection. Many methods can help isolate this radiation
signal, such as gamma subtraction. Though, it implies including a means to detect v and S radiation
simultaneously.

2.1.2. Negative beta decay (electron 5_)
Another solution, the detector must be designed to only catch 5_-radiation- electron of a few MeV [19, 37].
B_—imaging does not suffer from background noise due to tracer uptake in surrounding healthy tissues
since electrons can only travel a few millimetres in water and tissues [37]. As a result, these radiations can
only be detected through direct contact [40]. With the direct detection of beta radiation in RGS, we could
minimise the amount of radioactive tracer injected. Hence, we would reduce the overall radiation dose
received by the patient and the medical team. Moreover, this absence of signal contamination from
background organs allows small tumours to be detected [41].

Regardless, 5_ radiation is still secondary in diagnostic imaging and the quantity of radiopharmaceut-
icals is reduced. Yet, commonly used isotopes such as *°Y or *'T emit them. We referred the reader to the
table 1 for commonly used (-emitting radioisotopes.

2.2. Scintillator requirements
Selecting the appropriate scintillator to target a specific radiation type while ensuring reasonable costs for a
single-use medical device is a challenging task. This article highlights key features to seek when selecting
suitable light-emitting agents for their application in imaging skins. Although traditional scintillators were
initially based on inorganic materials, their toxicity and high production costs may limit their use in
intraoperative applications. However, the field of scintillation has expanded greatly and offers many new
possibilities, an advantage that we delve into in this article [42, 43].

New scintillators must meet the current standards in medical imaging, need to be easily embedded in
stretchable materials and be able to convert radiation into optical information with a high light output.
Based on the work of [42, 44, 45], we outline the essential characteristics for a scintillator to achieve valuable
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Table 1. Most common beta-emitters in tumour imaging. Adapted from Richter et al [32], Conti and Eriksson [33], Lau et al [34],
Kumar and Ghosh [35] and Crisan et al [36].

B Emission
energy (keV)

Isotopes Half-life Mean Max
c 20.4 min 386 960
B 1.8h 250 635
%Cu 12.7h 278 653
BT 8Ga 1.2h 836 1899
87y 3.3 days 396 902
124 687 1535
1 4.18 days 975 2138

%Cu 12.8h 579

B8~ Ny 64.24h 2280

By 8.02 days 606

Table 2. Key criteria for selecting optimal scintillators [45].

Characteristic Criteria

Light yield >20000 photons MeV
Stopping power 100% at 2 mm

Decay <10pus

Afterglow <0.1% @ 3 ms

Thermal stability +0,1% per °C
Spectrum 500-700 nm

output and summarise them in table 2. In the following paragraph, we review these specifications and
expand them to meet our specific needs.

e Emission peak (nm) In this article, we explore the idea of detecting the light emitted by scintillating stretch-
able detectors with commercially available endoscopic cameras, such as the couple-charge device recently
proposed in [46] based on Cherenkov luminescence imaging. Therefore, since these detectors are designed
to image photons in the visible spectrum, the peak emission of the scintillating material must be in the
same range. For instance, the peak photo-response of silicon photodetectors is 400-900 nm [45], and the
maximum sensitivity region of CMOS and CCD cameras is around 500-700 nm [47].

e Light yield (photons MeV ') The light yield of a scintillating material is its tendency to generate light
according to the absorbed particle energy. This parameter is critical when multiple sources of radiation
can impact the detector. Particularly this could help discern particles with different specific energy such as
511 keV gamma radiation from beta particles with a few MeV [42].

e Density (gcm™?) and atomic number With high density and a large atomic number, we ensure that
all the particles that reach the detector will produce scintillation and not only go through the material.
Furthermore, this can help reduce the depth of material required, which is essential to obtain stretchable
imaging skins [42].

o Decay time (s) To monitor these imaging skins in real-time, we need a detector with a fast decay. In modern
CT scanners, the refreshing rate is higher than 10kHz [44]. However, commercial cameras have a short
exposure time. The averaged shutter speed is in the ms range (100 Hz), but scientific cameras commonly
achieve a 1 kHz refreshing rate [47]. Therefore, Lecoq suggests that the scintillator decay duration should
be as short as possible and at least shorter than 10 us [44].

o Afterglow (%) Ideally, the scintillator should not express any afterglow as it will add noise to the image. A
scintillator with an afterglow smaller than 0.1% after 3 ms is considered sufficient [44].

e Raw material price Ideally, the cost of the raw material and its fabrication price must be minimal. For
instance, Lutetium (Lu) composed scintillators, such as (Lul3: Ce3+), meet many of these criteria, as repor-
ted in 3, but their fabrication cost makes it a hindrance to their application in clinics [42].

e Stability The quality and efficiency of the scintillator should not be affected by external factors such as
temperature, radiation, mechanical manipulation or time. For instance, we expect to employ these imaging
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skins on the surface of organs or the bare skin of the patient. Therefore, the scintillator must prove stability
between room and body temperature (20 °C-37 °C) [42].

e Biocompatibility Conventional scintillators made of inorganic materials have historically been employed in
medical imaging for their high light output [42]. However, they are usually composed of toxic metal elements
such as lead, which is a significant obstacle to their translation in surgery [42]. Organic scintillators were
investigated for many decades [48], but their weak light yield limited their application in medical imaging
[49].

Nonetheless, these molecules are more easily manipulable and therefore deposited with low-cost tech-
niques at room temperature [50]. Recently, some organic scintillators showed similar or even better light
yield than some common scintillators [50, 51], as reported in table 3. Wang et al even developed a method
to enhance the radioluminescence of metal-free organic scintillators [51].

Several groups have recently developed scintillators specifically for flexible imaging [46, 52, 53]. In this
perspective article, we aim to explore and push the concept further with elastic scintillators designed for
surgical imaging. Although creating such images is feasible, identifying suitable materials is crucial. In the
following section, we discuss materials able to facilitate soft intraoperative imaging.

2.3. Substrate

Intraoperative stretchable detectors must comply with strict specifications to enable their use in

clinical practice, especially when it comes to surgical applications. The most important aspect is
biocompatibility—which prevents body rejection and inflammation at the imaging skin deployment

site. Multiple research groups investigated these needs [56—59]. We summarised them in the following
section and expanded this list with our identified requirements. Finally, we regrouped potential materials in
table 4.

2.3.1. Biocompatibility

Implanted devices must meet the requirements defined by ISO 10993 [60]. The material should not trigger
an immune response from irritation or noncompliance with the surrounding tissues. It should be
hemocompatible, not cytotoxic, and minimise biofouling [59, 60].

2.3.2. Biodegradability

The material used to make the imaging skins must be biodegradable: any degradation should not create
secondary infections. If any deterioration of dust should happen in the body, the human body must be
capable of disposing of it by phagocytosis, bioabsorption, or metabolisation [58]. Finally, any
non-biodegradable material must be well encapsulated.

2.3.3. Stretchability

The stretchability of a specific material ensures that the imaging interface can adapt to complex tissue
anatomies and deformations induced by natural motion such as breathing or heartbeats [59]. The
stretchability is a measure of the tensile strength, the maximum stress a material can endure before
deforming or breaking [61]. The stretchability can be intrinsic [62] or engineered, by integrating serpentine
architectures in non-stretchable materials for instance [57].

A morphological mismatch between medical devices and soft tissues can create a gap between the
entities. This can lead to irritation of the tissues from the repeated friction and can trigger immune responses
[59]. Therefore, different research groups agree on the fact that mechanical conformability is essential to
biocompatibility [63]. The inflammatory response is minimised when the imaging skin-like sensor has
Young’s modulus that matches the modulus of tissue [59]. Specifically, the elastic modulus of human tissue
ranges from only a few kPa (for the brain tissues) [64] to a few GPa with bones [63], as illustrated in figure 2.
Moreover, displacement of the imaging sensor will result in performance degradation and additional noise.
Therefore, the material selected to create imaging skin systems must be adequate for the specific type of
tissue targeted within the human body.

2.3.4. Optical properties

For this application, the material must have suitable transparency. Indeed, the material must not attenuate
the light signal generated and therefore be transparent to impede light dispersion. High nanoparticle
concentration can also cause this phenomenon. For instance, in [66], the detector transmittance ranges from
65% to 85% according to the filler concentrations.
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Figure 2. Elastic moduli comparison between human tissue, organs and diverse material. The elastic modulus of human tissue
ranges from only a few kPa (for the brain tissues) [64] to a few GPa with bones [63]. Matching the substrate and image tissue
moduli can help facilitate imaging and ensure a minimising inflammatory response. Reprinted from [65], Copyright (2019), with
permission from Elsevier.

2.3.5. Structural design

Although the design of the scintillator is not directly related to the material characteristics. We think that it is
an important feature that must be carefully selected. Indeed, the shape of the device directly affects its
biocompatibility, altering the distribution of forces at the tissue-sensor interface [25].

For instance, controlling the detector thickness is crucial. By reducing the detector thickness,
conformability and resolution can be improved by lowering the number of beta particles interacting with the
substrate rather than the scintillator. However, this also increases the likelihood of radiation not interacting
with the scintillating materials and remaining undetected [45, 52]. Hence, while the scintillator thickness
should be minimised to ensure ease of deployment and adaptability to the surgical environment, the
absorption of a sufficient amount of radiation to obtain suitable SNR should be always guaranteed.

Furthermore, selecting the optimal thickness depends on other factors, including the radioisotopes being
detected and their energy range, as well as how they interact with the substrate. For instance, determining the
minimum thickness to capture radiation requires consideration of factors such as the type of particles being
detected and potential interference from annihilation gamma rays. Therefore, selecting an appropriate
thickness is a delicate balancing act that involves considering all these parameters. To facilitate this, an
automated platform for parameter testing in simulation could be developed.

2.4. State-of-the art in stretchable scintillators

To date, only one flexible scintillator has been used clinically to detect 5 emissions. In [52], the authors
evaluated the performance of their scintillator for autoradiography with a radiation-shielded EMCCD
camera. Though they did not disclose the specifications of their material, they were able to detect activity at
0.9kBqml~! for '®F using a 6 um flexible scintillator. In [67], a 12 um thick version of the scintillator was
used to detect tumour margins in breast-conservation surgery (BCS). They successfully proved that their
technique was efficient for the intraoperative assessment of excised surgical specimens.

The scintillator could not conform to the specimen shape, possibly due to the limited stretchability of the
selected material. Also, using '*F radiopharmaceutical agents for breast cancer imaging is a suboptimal
solution, and increasing the injected dose improves imaging sensitivity. Hence, it is crucial to establish a
reference that correlates radiation dose to the pathologies. In summary, this study confirms the potential of
scintillators for detecting beta particles in clinical settings. However, further research is necessary to achieve
this goal.
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In both applications, there is a clear advantage—every time the flexible scintillator was employed, the
acquisition duration was significantly reduced. In [52], it took 300 s in comparison to micro-PET/CT which
took 30-35 min by image acquisition time. In [46] the acquisition time was about 10, in comparison with
180-300 s with Cherenkov luminescence imaging. In these papers, the authors used commercially available
scintillators. Although this simplifies the development of their protocol, looking at a new scintillator could be
greatly beneficial, as acknowledged by the authors in [46].

Other groups have demonstrated the potential of flexible and/or stretchable radiation detectors but
focused on catching x-rays. Despite the different energy ranges of beta particles and x-rays, the mechanism of
scintillation is comparable. This is because scintillation converts energy from incoming radiation into light.
Thus, we can apply some of their findings to the detection of beta particles.

Oliveira et al demonstrated the integration of scintillators into stretchable materials that can conform to
human organs and perform high-quality imaging. The sensor is made of a safe polymer material for
biomedical applications [66], and performed comparably to commercially available sensors. In their study
[68], Ou et al developed a high-resolution, three-dimensional x-ray imaging method that does not require
flat-panel detectors, by using a series of solution-processable, lanthanide-doped nano-scintillators with
ultralong-lived x-ray trapping. While thin-film transistor detectors offer great sensitivity, they are expensive
and have limited resolution [68].

Xu et al also fabricated a stretchable scintillator that is made of organic manganese halide powders mixed
with polydimethylsiloxane [54]. Similarly, Mao et al developed a stretchable scintillator by blending organic
manganese halide powders with polydimethylsiloxane, which serves as an organic-inorganic cuprous halide
sensor [55]. Their scintillator demonstrates nearly all expected characteristics. They also proved that the
scintillator can be fabricated inexpensively and integrated within a system, while also showing remarkable
stability to bending and to the environment with emission peaks slightly outside our range. Nonetheless, the
authors successfully captured images of a small circuit chip, achieving a spatial resolution of 5.60 LP mm ™!
and a light yield of 25000 photons MeV 1.

In the research presented here, the detectors were used ex-vivo through autoradiography [46, 52, 67].
However, employing a similar detection method during surgeries poses numerous challenges, particularly in
MIS. Therefore, we discuss them in detail in the remainder of this article.

2.5. Data analysis

We previously explored materials suitable for producing stretchable scintillation detectors for intraoperative
use. Ideally, the imaging skins should have a high spatial resolution (LP mm™!) and meet the current
standards for nuclear imaging. However, as seen in other imaging techniques, numerical analysis can further
enhance this resolution. Moreover, simulating the radiation interaction with the imaging skin can help
ensure the validity of the design consideration. Therefore, these medical devices would require a specific
framework to obtain valuable medical images. In this article, we envision smaller and more affordable
imaging systems that would surpass the capacity of conventional medical imaging devices. Therefore, in this
section, we review how simulation and sensing could support the objective of stretchable imaging to acquire
valuable medical images with commercially available cameras.

2.5.1. Simulation

Monte Carlo (MC) simulations are widely employed to model radiation transportation in different scientific
fields [69]. Simulation of the interaction of radiation with human tissues can help improve the data analysis
and image quality. Moreover, MC simulation can help model complex scenarios requiring large human,
equipment and time resources [69, 70]. Plus, modelling the interaction between the radiation sources,
human tissues and the imaging skins can help select the optimal design of these detectors. For instance, CT
collimators were tailored to reduce scatter for multi-sliced detectors and CT. Simulation is a must for
designing imaging skins [69]. In 2017, Roncali et al reviewed different applications of MC simulations for the
design of radiation detectors and proposed unifying the simulation [70]. This approach could help select the
materials while favouring the reconstruction of images. MC simulation could aid in modelling responses of
specific organs, thus removing the need to adapt to the morphology of the patients [69].

2.5.2. Acquisition

To achieve our goal, we suggest utilising commercially available endoscopes to capture the light emitted by
the radiation detectors. Indeed, endoscopes are by construction photodetectors already integrated into MIS.
Nevertheless, we anticipate that the signal will be significantly influenced by the position of the endoscope
relative to the scintillating skin. And further research will be crucial to ensure the high sensitivity of this
system.



10P Publishing

Prog. Biomed. Eng. 5 (2023) 033001 S Dietsch et al

To avoid this issue, one solution would be to integrate the photodetector into the imaging skins. It would
require using biocompatible stretchable photodetectors, which adds an extra layer of complexity and physical
thickness to the radiation detectors. Moreover, incorporating the whole detection framework within the
imaging skin would require developing a method to transfer sensor information.

Alternatively, CCD/CMOS sensors with a small or medium format are readily accessible in the market of
mobile devices [71]. CCD/CMOS sensors have a maximum quantum efficiency of around 500-700 nm [47],
an emission requirement that we want to match by carefully selecting the scintillator, as discussed in
section 2.

2.5.3. Shape sensing

In the context of this work, there is a clear need to assess the methods to process the collated information,
such as determining how topography can be related to the visual information and exploring ways to translate
the data into meaningful medical images for clinicians. Integrating a method to detect the shape of the
imaging skins is essential to obtain reliable and qualitative medical images.

Knowing the physical deformation of the imaging skins will help account for and correct signal
discrepancies produced by the topography of the imaging skin and help improve the correctness of the
images. The imaging skins will conform to the complex shape of internal organs. However, reconstructing or
flattening images is a novel and ambitious challenge. In this paragraph, we explore different methods that
could be employed to facilitate image reconstruction.

Numerous strategies have been derived to monitor the shape of surface 3D objects. Proprioceptive
sensing can be contact-based—through the integration of physical sensors or non-contact-based through the
detection or specific markers with cameras [72, 73].

Shape-sensing can also be performed through electrical resistance, impedance or capacitive strain
sensing. It usually requires electrical circuits and complex wiring, which is inadequate for surgical settings
[74]. Nonetheless, the miniaturisation of the data transceiver and the integration of the electrical circuit into
the imaging skin could be a solution. Nonetheless, these sensing elements might impact radiation imaging
with their metallic components. Lastly, shape-sensing has also been achieved using magnetism [75],
although the sensing can be affected by local field distortion from other metallic objects in the field and
might also affect the radiation imaging.

Ideally, shape sensing can be implemented by using visual sensing. Surgical robots already possess stereo
imaging. Bai et al monitored the shape of an actuated soft surface with a displacement resolution of
0.006 £ 0.055 mm at 30 fps using a stereo camera and a 4 x 4 array of markers [72].

In [76], Zampokas et al worked on improving the method to perform 3D reconstruction from
stereo-endoscopy. Using stereo-endoscopy can help the data analysis as it can help determine the image depth
from the triangulation of matching pixels. However, the task is not as straightforward as it seems due to the
precise resolution, shadowing or anything that could create visual occlusion and image distortion. Therefore,
there are methods to automate this process and reconstruct the 3D images from this depth information.

Van Meerbeek et al showed how a cluster of optical fibres could help reconstruct the shape of a soft
surface. They trained a machine learning algorithm to monitor the twisting and bending of an elastomer
foam. Although their result is promising, their optoelectronic system is too bulky and thus inadequate for
application in surgery [77]. Lun et al integrated a shape-sensing fibre optic, a fibre Bragg grating sensor
(FBGS) in a spatial shape inside a silicon substrate [78]. Here, they also employed a neural network to
reconstruct the shape and achieved an RMSE of 1.17 mm error. Similarly, McDonald-Bowyer et al
incorporated an FBGS to track the deformation of a pneumatically-actuated silicon retractor during
robotic-assisted laparoscopic surgery. Therefore providing means to correlate US images to the underlying
organ morphology [79].

2.5.4. Image processing

Whilst large datasets of radiation imaging skins have yet to be obtained, such information sources could be a
tool to help improve image processing. Deep learning had applications in many fields but especially proved
useful in classification, denoising and improving image resolution [80]. Notably, it has already been used to
improve CT imaging by helping remove ring artefact in CT scan [80].

In the proposed application, the scintillator must be as thin as possible to ensure stretchability for perfect
coupling with the surface of the organ. However, it must be noted that the scintillator thickness impacts the
quality of the image. A thicker scintillator will strengthen the signal but will induce a spatial blur. Therefore,
spatial blur must be accounted for and corrected during image processing [81].
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Figure 3. Illustration of the imaging concept. The imaging skin is deployed on the surface of an organ through a standard surgical
port. It emits light revealing the underlying tumour structure. During the surgery, the clinician can visualise the endoscopic view
stream on the screen.

3. Intraoperative use of the imaging skins

In this article, we introduce the concept of imaging skins. A novel beta-radiation detector that would be
deployed laparoscopically on the surface of organs. As conventional nuclear imaging techniques such as PET
or SPECT imaging, the imaging skins will be capable of transducing radiation activity into functional
images. The imaging will rely on the scintillation capabilities of converting the energy by beta-particles into
light. The scintillation of the imaging skin would then be recorded with a commercially available endoscope,
as illustrated in figure 3. This is a main advantage compared to beta-probes on the market. Currently, they
can only detect radiation over a small surface area. With imaging skins, monitoring larger tissue surfaces and
overlaying the radiation signals over the endoscopic stream becomes possible. As of today, determining a
PSM outcome takes days or weeks as it is done after the surgery. This extended and instantaneous
information will help oncological surgeons make critical decisions. Especially, it will help them to
discriminate tumour margins from healthy tissues in real-time during the surgery. In this section, we
discussed the potential challenges of integrating imaging skins into a surgical workflow.

3.1. New surgical instruments

Surgical robot companies such as Intuitive Surgical offer a wide range of surgical tools [82]. In the
foreseeable future, we can imagine that such companies will develop instruments specifically designed for
manipulating thin deformable materials devices similar to imaging skins. These surgical tools will enable the
insertion of the imaging skin through a trocar port and facilitate their swift and precise deployment on the
ROI. Most importantly, the envisioned instruments should not damage the imaging skin nor the
surrounding tissues during the surgery.

Manipulation of soft deformable objects is already a challenge in open inguinal hernia repair [83]. In this
study, the authors demonstrated the effectiveness of rolling the mesh before the insertion to facilitate the
deposition on the ROI. In MIS settings, rolling the imaging skins before the surgery would have a double
beneficial impact. As mentioned, it would facilitate the placement of the imaging skin on the ROI. Secondly,
it would also simplify the insertion through the trocar. It would also be possible to pre-pack the skin into a
roll before surgery, making sure that the insertion through the trocar port remains easy while guaranteeing
the sterility of the imaging skin, as illustrated in figure 4(a). Alternatively, we could envision having the
imaging skin clipped by a laparoscopic gripper and rolled along the surgical tool during the insertion [83].
Similarly, [84] showed that the Swiss-roll (rolling with a thin layer of plastic between it) method facilitated
the self-gripping mesh placement in laparoscopic surgery.

Another way to allow the insertion of the imaging skin would be to use an umbrella-like insertion
method. For instance, in [85], they explore the deployment of a mesh using the umbrella technique. The idea
is to clip the skin at the centre and push to insert it. One could envision an umbrella-like surgical tool
designed to deploy deformable objects. The surgeon would load the skin before surgery, close the tool during
insertion through the trocar and open it for deployment on the surgical site.
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In the past decades, NASA has extensively explored the use of origami-based structures to the point that
they organised a dedicated design competition on this topic [86]. However, origami-inspired techniques in
surgery are currently at an early stage with solutions such as origami layer surgical retractor [87, 88].
Nonetheless, the challenge is similar. When in space, the goal is to fit a large solar panel into a rocket and
deploy it in space. Here, the goal is to accommodate an imaging skin deployment system into a trocar port
and deploy it onto the surgical site. In [89], Nakase ef al investigated the insertion of large-sheet-style surgical
material with an origami structure through a trocar. A solution that could fit the imaging skin insertion
needs.

With an even more futuristic approach, a research group demonstrated the possibility of printing a
hydrogel-based sensor directly on the surface of a breathing porcine lung [90]. Similarly, we could imagine
printing the imaging skin with a surgery-safe material directly on the organ. Of course, the printing
technology is still new and would have first to be minimised to fit through a trocar port.

3.2. Skin repositioning

Preoperative planning of skin placement is essential as the orientation of imaging skins affects image quality,
as noted by King et al [46]. And as of yet, no studies have been conducted towards the automated positioning
of stretchable scintillators [46]. Furthermore, unexpected events can occur during surgery. Therefore,
integrating software that can instantly adapt to the actual environment and help reposition the imaging skins
will be greatly beneficial.

For example, the initial placement may hinder the imaging of the entire ROI or novel information might
be discovered during the surgery. Moreover, several images with various poses could be required to achieve
adequate imaging. The entire process could even be repeated in different phases of the surgical procedure to
ensure the complete resection of the tumour. However, positioning deformable objects in such an intricate
environment is a complex task.

Looking at existing systems with potential for such application, in 2020 Morino et al proposed a gripper
model to facilitate the task of picking and placing [91]. In [92], the graspers resemble human fingers in shape
and in their capacity to provide proprioceptive force feedback through the BioTac finger.

Instead of a grasper, we could have a suctioning tool capable of lifting and moving the imaging skins,
such as the flexible array called MISCA with liquid suction-control, as presented in [93]. Likewise, Stilli et al
developed a pneumatic-actuated retractor to enhance the manipulation of organs during surgery without
damaging the underlying tissues [94-96]. As mentioned, the imaging skin will have comparable material
properties to the human tissues and could be employed similarly.

Bai et al presented a novel device almost in the realm of science fiction in the work presented in [72].
Instead of picking and placing the imaging skins with an external robot paired with an adapted surgical
instrument, the imaging skins would be reprogrammable using electromagnetic actuation and visual
feedback. With this idea in mind, we could externally control the skin, or more realistically, we could ensure
that the skin would conform to the shape of the organ or fix any potential shadowing, therefore improving
the imaging [72].

3.3. Camera positioning

Once the imaging skin is deployed, the camera needs to be accurately controlled to create images. Surgeons
would need an optimum resolution to make accurate diagnoses and take the appropriate decisions. They
must be able to see everything in the surgical field of view. However, they neither have the time nor the
cognitive load to achieve that manually, and automatic or semi-automatic methods are preferred.

In 1988, Cowan and Kovesi studied the problem of automatic camera placement to improve the
resolution of images of an object. They identify multiple constraints to validate the position of an imaging
device, such as resolution, focus, field of view, visibility, view angle, and prohibited regions [97]. In this work,
they computed a 3D space of all the camera positions to fully observe an object.

More recently, Ellis et al in the work presented in [98] developed a scientific interviewing strategy to
develop autonomous camera control and help the surgeons focus on the surgical procedure during two
different surgical tasks: suturing and knot tying. This research method could help understand what helps
surgeons to visualise the entire surgical field and improve automatic camera positioning during automated
robotic procedures.

These studies paved the way for the development of more advanced techniques for making camera
positioning autonomous, yet these studies did not address camera alignment in the case of a light-emitting
subject.

Staub et al worked on combining position-based and vision-based serving to bring the surgical
instrument into the line of sight of the camera. They concluded that visual serving was mandatory to ensure
perfect positioning of the surgical tool concerning optical markers [99]. Indeed, detecting visual markers on
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Figure 4. Top. Surgical field. Bottom. Corresponding surgical video feed, including superimposed augmented reality for each
surgical step. (a) Insertion of the imaging skin into the surgical field through a trocar port. The software suggests imaging skin
positioning from preoperative data and real-time endoscopic view. (b) Once the surgeon has deployed the imaging skin on-organ
according to the previous suggestion, the scanning can start. (c) When the acquisition is over, the skin is removed, and the
excision margin is overlayed on the real-time view.

a C

the imaging skins could support positioning the camera. We can imagine incorporating visual landmarks in
the centre of the imaging skin and edge detection. Although, it must be mentioned that it might be
challenging to position the camera in such an enclosed space, and optimal positioning concerning these
visual cues might be extremely demanding.

3.4. Data visualisation

In recent years, augmented reality (AR) has caught the interest of medical researchers [100-102]. In AR, the
user can simultaneously visualise reality and any virtual shape or object. Therefore, any medical images could
be superimposed in the surgical field to assist surgeons in decision-making.

For instance, during see-through AR, the surgeon will see the surrounding environment enhanced with
computer-based projection via an interface such as the Microsoft Hololens 2 (MICROSOFT, Redmond, WA,
US) or Samsung Gear VR (SAMSUNG, Seoul, South Korea). Mobile AR—integrating an external screen,
such as a phone in the currently notorious game Pokemon Go—could also be a visualisation solution.
Additionally, see-through AR could alleviate surgeon fatigue during laparoscopic procedures by eliminating
the need for constant switching between medical images on a screen and direct observation of the surgical
field [103].

Augmented reality can have dual applications with imaging skins. On the one hand, visual markers can
help the surgeon and/or the surgical robot during the precise deposition of the sensor on the surface of an
organ, as illustrated in figure 4(a). On the other hand, they can help register novel information to any
preoperative images or help surgeons visualise the borders of the tumour during surgery, as depicted in
figure 4(b).

As the study presented in [104] suggests, see-through AR can help surgeons visualise the structure of
internal organs and decide on the best trocar placement. Likewise, superimposing preoperative images of the
targeted tumour could help set an imaging skin quickly by visualising the expected tumour position. Peleka
et al compared the state-of-the-art approaches to register MIS imaging information to preoperative 3D
models of a patient’s anatomy [105]. Although challenging, the techniques presented in this work seemed
successful. Automating this task would ease surgeries and tremendously reduce the cognitive load of the
surgeon, as the clinician would visualise the tumour directly and not integrate its position internally.
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Besides, the user does not even need an interface and can directly see the projection of virtual objects into
reality in spatial AR [100]. In clinical practice, the human or robotic placement of the skin could be looped
with this visual feedback to match the location of the skin to these optical markers [104]. Moreover, it could
facilitate 3D reconstruction of the underlying imaged structure by providing a precise template of multiple
sensor poses [106].

Assuming perfect positioning of the imaging skins and the camera to obtain medical images of any
underlying tumours: there is still the need to produce a rendering to help surgeons during excision.
Nowadays, most medical images are computer-based, which eases the reading and enables post-processing
analysis.

Once visualised with the imaging skin, the tumour edges could be projected onto the virtual image or
directly on the organ’s surface, using spatial AR, as depicted in figure 4(c). Additionally, AR can help with the
continuous visualisation of the recorded data once the skin-like sensor is removed.

AR studies must guarantee that the quantity of information conveyed by the display will not affect the
surgeon’s attention. Moreover, the AR must have no latency and almost perfect alignment to the medical data
to the patient organs [107].

4, Conclusions

This perspective offers the first insights into imaging skins, which are stretchable scintillators providing
intraoperative feedback on tumour margins during surgical resections.

Out of the positive findings, we saw that state-of-the-art research in the related field proved that such
detectors carry a sensitivity suitable for clinical translation [67]. Other research group demonstrated that the
imaging skins could improve spatial resolution compared to a flat scintillator when conforming to the
geometry of the specimen [46, 52]. Finally, the imaging skins can provide instantaneous feedback compared
to the accepted methods of tumour margin assessment. And the radiation signal could be overlayed onto the
endoscopic stream, providing continuous feedback to the surgeon during the excision.

To facilitate the task of researchers and engineers, we have discussed aspects which could lead to the
successful development, deployment and clinical translation of bespoke imaging skins. Therefore, we
reported on the 5-emitting radiation sources available in clinical practice.

We identified a need to develop novel radiopharmaceuticals tuned to emit 3_ particles. Indeed,
all stretchable scintillators presented here used 3, radiotracers such '®F and *"Tc. Indeed,
radiopharmaceuticals were standardised to PET and SPECT, but 3 radiotracers represent a liability in this
application as gamma-ray emission from positron—electron annihilation creates a background noise
emanating from distant organs. S_ radiopharmaceuticals would not carry the same constraints.
Additionally, using 5_ would reduce the exposure to radiation of the medical team. And, the imaging skins
could be the appropriate tool to enable intraoperative beta particle imaging.

Considering these radiation sources, we reviewed the materials required to fabricate the imaging skins.
First, we focused on the scintillating molecules that can transduce radiation into visual information. Then,
we explored surgery-compliant materials to embed these particles safely into stretchable imaging skins. In
both cases, we listed the ideal requirements to attain our objectives. It should be noted that repeatability of
the fabrication process is a must-have to ensure and provide reliable and comparable data.

Ideally, the deployment of the skins would be straightforward and not add to the—already
significant—cognitive load of the surgeon. In practice, we know that adding a novel surgical task would
extend the surgery duration. As discussed in section 3, we envision that fixing some degrees of freedom with
the incorporation of robots and augmented-reality platforms would enhance human abilities and enable
them to perform delicate manoeuvres that seemed out of reach in the past. Also, developing surgical
instruments made to manipulate thin deformable devices would greatly help the surgical workflow.

Therefore, all the surgical steps must be discussed between engineers and clinicians to ensure the design
of the most effective imaging protocol. Studies must be carried out to prove the usefulness of the imaging
skin compared to state-of-the-art intraoperative tumour imaging protocols.

Afterwards, we focused on the data analysis. In this work, it was envisioned to use affordable cameras to
record medical images. The algorithms that would treat this information are yet to be written. Namely, using
stretchable materials with infinite degrees of freedom will not facilitate the task of engineers during image
reconstruction. However, with simulation and integration of sensors, such as shape-sensing ones, they
possess tools to accomplish the task. Moreover, the last generation computers have the computational
capacities to process a large amount of data.

To summarise, there are many challenges to overcome before we see the imaging skins employed in
surgery. Regardless, this emerging concept could revolutionise the intraoperative imaging field and lead to
better outcomes for patients.
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