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Cerenkov luminescence is a blue-weighted emission of light produced by a vast array of
clinically approved radioisotopes and LINAC accelerators. When f particles (emitted during
the decay of radioisotopes) are present in a medium such as water or tissue, they are able to
travel faster than the speed of light in that medium and in doing so polarize the molecules
around them. Once the particle has left the local area, the polarized molecules relax and
return to their baseline state releasing the additional energy as light (luminescence). This
blue glow has commonly been used to determine the output of nuclear power plant cores
and, in recent years, has found traction in the preclinical and clinical imaging field. This brief
review will discuss the technology which has enabled the emergence of the biomedical
Cerenkov imaging field, recent pre-clinical studies with potential clinical translation of
Cerenkov luminescence imaging and the current clinical implementations of the
method. Finally, an outlook is given as to the direction in which the field is heading.
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INTRODUCTION

A luminescence from radioactive compounds was first mentioned by Marie Curie. She observed
a faint blue glow from the bottles of radium she had isolated and stored in her home [1]. This
observation was not pure Cerenkov luminescence (CL) as we now know but was due to the
fluorescent excitation from alpha (a) particles emitted by radium of fluorescent impurities in
the solution such as radium bromide and uranium chloride. Following this observation, the
process by which CL is generated was outlined by Pavel Cerenkov and mathematically
described by Frank and Tamm [2, 3]. These seminal works established the cornerstone for
CL and have been integrated to measure the activity levels of the cores of nuclear power plants,
where the faint blue glow is synonymous with fuel load [4]. Naturally, the levels of radioactivity
in a power plant are orders of magnitude higher than those commonly used in clinical
radiotherapy or radioisotope administration for the screening or treatment of cancers. The
former allows for CL to be observed by the naked eye whilst the latter is only detectable using
highly sensitive cameras. CL imaging (CLI) was first described in 2009, and since then has
demanded the attention of the biomedical imaging field [5]. This brief review aims to highlight
some of the recent developments in the field of CLI with a focus on current and potential clinical
applications of CLI including screening, surgical resection and dosimetry.
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FIGURE 1 | The process in which Cerenkov luminescence is generated. (1)

Top, the particle travelling at a velocity faster than light in the dielectric mediume.g.,
water or tissue polarizes the surrounding molecules in the medium. Bottom, once
the particle has passed, molecules retumn to their ground state and release

blue weighted light (CL, blue wavy lines). () The produced waves are coherent in
nature travelling as a wavefront of light in the same direction as the particles travel at
a forward angle theta. Reproduced with permission from [14], © 2017 Springer
Nature Limited.

Recent Clinical Cherenkov Approaches

PHYSICAL PRINCIPLES OF CERENKOV
LUMINESCENCE

As the goal of this review is to highlight current and emerging pre-
and clinical approaches of CL, the physics behind CL generation
will be described in brief and cover the main aspects of the
phenomenon. Radioactive isotopes have unstable atoms which
decay in order to achieve stability. During this decay there is a
release of radiation in the form of energy and a particle: alpha (a),
beta (B) or gamma (y). The majority of CL is generated by either
positively (") or negatively (B7) charged B particles [5-10]. To
date numerous studies have outlined the use of 12  emitters for
CLI [11]. Since these subatomic particles are charged they are
capable of polarizing the medium they pass through. For linear
accelerators (LINACs), this process is the same although in this
case electrons pass through the tissue at two to three orders of
magnitude higher kinetic energy [12]. As the charged particle
travels through a dielectric medium, it rapidly polarizes the
surrounding molecules, aligning them in a polarizing field
surrounding the particle. In media such as water or tissue the
speed of these particles is faster than the speed of light in that
medium, an essential condition for CL generation. The high
velocity of the particle results in the molecules being rapidly
excited (polarized) followed by rapid return to their baseline
energetic state as the subatomic particle has passed by, as
shown in Figure 1I. The rapid relaxation causes the polarized
molecules to release the acquired energy as blue weighted light
(CL). The emitted light will travel as a wavefront in the direction of
the particles travel at an angle (theta), as shown in Figure 11I. In
this sense it is important to note that CL is in fact an indication of
the response of a surrounding medium to radioactive decay or
LINAC-generated radiation as opposed to detecting the particle
itself. On average, a P particle from radioisotopes, is capable of
travelling from 1 to 4 mm in a random fashion from the point of
decay with increased travel distance, depending on the kinetic
energy of the particles [13]. The CL released is heavily weighted to
the blue end of the spectrum with most light being emitted in the
U.V. and reducing at a rate of 1/A\> towards the red end of the
spectrum as shown in Figure 2 [11].

Notably, the refractive index of the medium has a direct effect
on the kinetic energy threshold needed for the particle to produce
CL as shown in Figure 2I. In most tissues the minimum energy
required for CL generation is 219 keV assuming an average
refractive index of 1.4 (but may range from 1.35 to 1.7) and as
shown in Figure 2I, this threshold decreases as the refractive
index of the medium increases [11]. The resulting CL emission
spectrum as a function of wavelength is shown in Figure 2II.
Notably, numerous clinically approved radiotracers such as
"E-FDG, *'I and ®*Ga readily produce B particles that reach
or surpass the required energy levels to generate CL e.g., '°F
undergoes a decay process resulting in B particles 96.9% of the
time with a mean kinetic energy of 219 keV. Nevertheless, the CL
emitted from radioisotopes is dimmer than ambient room light
and requires dark, stray photon free conditions with highly
sensitive optical equipment in order to be detected [5]. As a
result, CL imaging of radioisotopes must be carried out in
completely dark enclosures. In comparison to this, radiation
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FIGURE 2 | The energy limits for § particles to produce CL and the
corresponding CL spectrum. (I) The refractive index has a direct effect on the
kinetic energy required for a p particle to produce CL. This example assumes a
B particle with a kinetic energy of 0.511 MeV. (ll) The CL spectrumis blue
weighted with the amount of light produced corresponding to the wavelength
and path length. Representative of a particle with charge e and f = 0.9 in a
dielectric medium with a refractive index of 1.4. Reproduced with permission
under creative commons license (4.0) from [11], ©Ciarrocchi et al. 2017,
BioMed Central Ltd.

therapy using LINACs (X-Ray based) is capable of producing
bright CL that can be used to determine dosimetry and
therapeutic location. In these situations, ambient room light
does not pose as much of an issue as gating can be employed
to capture only CL [12].

PRECLINICAL IMAGING

Positron emission tomography (PET) is a well-established
technology both preclinically and clinically. PET provides

Recent Clinical Cherenkov Approaches

nuclear imaging with high sensitivity and whole-body imaging
but suffers from poor spatiotemporal resolution along with high
establishment and acquisition costs. Optical imaging can achieve
higher resolution than that seen with PET however, unlike PET
this resolution depends on the wavelength and dramatically
decreases with increased imaging depth in tissues [15].
Notably, the blue-weighted emission of CL is the most
susceptible to tissue scattering and absorption reducing the
effective resolution and achievable penetration depths. Unlike
CLL the resolution for PET imaging is predominantly uniform
across the imaged area [16]. Whilst CLI is limited by the
scattering and penetration depths of light it can provide
higher resolution than PET at shallow depths (the ballistic
regime of light, a few hundred microns in tissue), can utilize
numerous compounds (mostly non-radioactive dyes) and is
orders of magnitude cheaper than PET to establish and
acquire [15]. Additionally, optical cameras have a much
smaller footprint than the majority of PET systems, however
there have been recent developments reducing the footprint of
PET/CT (PET/computed tomography) scanners to the same
range as optical scanners [17]. Highly sensitive charge coupled
device (CCD) cameras have been developed and have become a
commonplace piece of equipment in preclinical settings. The
ability to electron multiply (EMCCD) the sensors has further
increased their sensitivity to single photon levels where they have
a wide range of applications from microscopy to whole-animal
imaging. The technological developments of CCDs have
developed sensors with extremely low read noise, an essential
component for detecting CL where acquisition times often range
in the order of seconds to minutes [18].

Radiotracer detection in small animals can be achieved on the
order of tens of seconds with CLI as compared to tens of minutes
for PET [19]. In the case of small animal imaging the limitations
of PET are further exacerbated where the low resolution is
undesirable in model organisms such as mice [20]. Optical
imaging is therefore highly suited to small animal imaging.
This is especially true for CLI where the smaller organism size
allows generated CL to escape from the tissue and be detected
[11]. Since the first demonstration of CLI, it has been rapidly
adopted in preclinical imaging where many of the systems used
for fluorescence imaging were already capable of detecting CL
[21, 22]. This positions CLI as a cheaper, faster and higher
resolution alternative to PET for shallow imaging depths with
the ability to screen multiple animals simultaneously. The knock-
on effect of this is that targeted radioisotopes or new
radioisotope-based therapies can be quickly assessed using pre-
clinical CLI reducing the time and cost needed to generate
preclinical data that may translate to the clinic [8, 23, 24].

Cancer research has established numerous methods for
xenograft generation, including patient derived tumors [25,
26]. Whilst clinical research is limited to FDA approved
treatments, which is often a long and expensive process,
preclinical research has so far undoubtedly been the driver for
furthering the application of CLI and has often enabled the
clinical translation of CLI The most commonly administered
B emitting radioisotope is '*F-FDG, which takes advantage of the
Warburg effect (increased uptake in highly metabolic cells such as
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FIGURE 3 | Preclinical applications of CLI. (I) CLI is used to determine

the specificity of antibody-based targeting over time of *Cu-NODAGA-
PSMA-IgG (top) or ®/Cu-NODAGA-PSMA-Mb (bottom). PSMA positive
tumors are on the RHS with PSMA negative tumors on the LHS.
Reproduced with permission from [23], © 2017 SNMMII. (I) CLI can readily act
as a complementary modality to PET, NIRF and { imaging. Reproduced with
permission from [42] under Creative Commons Licence,

© Lee et al. 2019.

those found in tumors) [27, 28]. Due to its increased uptake in
tumors '®F-FDG has been used in clinical imaging for decades and is
widely produced using cyclotrons facilitating access to both
researchers and hospitals [29]. The increasing availability of
radioisotopes and affordability of optical imaging technologies
has spurred an abundance of custom and off the shelf preclinical
CLI systems. All of these systems are united by a common theme: a
highly sensitive camera (usually EMCCD) is used in combination
with a “fast” lens i.e., one with a low f number (e.g., 0.95) to ensure
the most efficient collection of light. Lastly, the system and imaging
are undertaken in an enclosed dark room or box where photons of
light from non-Cerenkov sources e.g., room lights cannot interfere
with tracer originating signals. Pixel binning (usually four or eight

Recent Clinical Cherenkov Approaches

binning) is often performed in order to increase sensitivity along
with longer acquisition times on the order of minutes (~300s). The
resulting image (molecular) is then corrected for gamma strikes
using median filtering and overlaid onto a white light (anatomic)
image captured using either the same optical setup or a secondary
color camera [30]. Having established the optimum settings for
acquisition the method has now been implemented in a variety of
pre-clinical settings. With suitable phantoms and preliminary
testing, the detected light intensity can further be used to
calculate the level of radioactivity in the tissue [5, 31].

CLI is predominantly used to monitor radioisotope uptake from
a host of B, B, and y emitters, although the exact process of CL
generation by y emitters is unknown it is likely due to Compton
electron interactions [11]. Preclinical CLI is often carried out using a
system originally designed for bioluminescence and fluorescence
imaging known as the IVIS® system [5, 32-34]. In comparison to
PET, CLI has shown an up to 8 times decrease in workflow time with
three orders of magnitude higher sensitivity to radioisotopes under
suitable conditions [35, 36]. Due to the functional uptake of
compounds like '®F-FDG in tumors due to the Warburg effect,
CL is regularly used preclinically to perform surgical resection and
biodistribution of tracers as well as tracking tumor development in
vivo [32, 37]. CLI has further been used to assess the levels of
ongoing apoptosis due to chemotherapy treatment of drug
resistant gastric cancer [38]. In this example, the efficacy of
vincristine and cisplatin were tested against SGC7901/VCR and
SGC7901/WT. %®Ga-DOTA-Annexin V was used to determine
apoptosis levels in the tumors with higher CL levels corresponding
to higher levels of apoptosis. This may have direct implications for
treatment choice based upon patient derived xenografts using CLI
to track treatment effect [38].

Whilst the Warburg effect has proven to be robust and reliable for
all levels of tumor imaging, it is in fact a non-specific way of
delivering radioisotopes to tumor targets. As a result, antibody
targeting in combination with radiotracers for both screening and
therapy has seen a fast adoption in cancer research [39]. This rapid
development has seen the FDA clinical approval of 31 cancer specific
antibodies (at the time of writing), with targets ranging from gastric
cancer to lymphoma and leukemia. The use of antibody conjugated
radioisotopes has significant advantages over non-targeted
radioisotopes with reduced off target effects and uptake. Naturally
this has been employed in CLI, with the modality serving as a
method for the screening and testing of novel PET radiotracers. One
such example is the CLI of **Cu-NODAGA-PSMA-IgG and **Cu-
NODAGA-PSMA-Mb, an intact and small-molecular-weight
derivative minibody, as shown in Figure 3I [23]. In this case
both the anti-PSMA antibody (huJ591, IgG; 150 kDa) and
minibody (Mb; 80 kDa) were functionalized with the chelator
1,4,7-triazacyclononane-1-glutaric acid-4,7-diacetic acid
(NODAGA) followed by radiolabelling with **Cu. Here, CLI was
capable of differentiating the uptake kinetics between both
compounds with the results being validated with PET. Tumors
could be readily identified in both modalities highlighting the
applicability of CLL

The wide availability of medical imaging methods further
allows CLI to conveniently slot into multi-modality studies.
One recent example is the investigation into dual labelled
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FIGURE 4 | Clinical screening implementations of CLI. (I) (a) CLI of the
thyroid gland in a patient 24 h post '®'l administration. (b) Overlaying the CL
image and the anatomical white light image reveal the CL image is well
correlated with the anatomy and expected location of radioactivity

uptake. Color scale is in arbitrary units. Reproduced with permission from [43]
under creative commons licence, © Spinelli et al., 2013. (I) CL images along
with corresponding PET/CT images from the same patient. (A, B) CL images
of ipsi- and contralateral axillae. (C, D) The low CL signal from "®F-FDG
negative lymph node and the high CL signal from the 18F-FDG positive lymph
node. Both CL images are overlaid on the white light anatomical image. E, CL
images are confirmed by the PET/CT scan. For clinical screening images are
always taken in an enclosure devoid of ambient light (complete darkness).
Reproduced with permission from [10], © 2014 SNMMI.
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ICAM-1 (intercellular adhesion molecule 1, i.e. CD54, which is
known to be produced in many cancer types) for the early
detection of pancreatic cancer [40]. In this work ICAM-1 was
conjugated to both *Zr and 800CW for the in vivo detection of
pancreatic cancer foci in tumor tissue. Mice bearing subcutaneous
BXPC-3 and ASPC-1 tumors (human pancreatic
adenocarcinoma cell lines), ICAM-1 expressing and non-
expressing tumors, respectively, were administered 800CW/
87r-ICAM-1. The distribution of the molecule was readily
detected with PET, near-infrared fluorescence (NIRF), B
particle imaging and Cerenkov with all modalities showing
high uptake of the compound in BXCP-3 tumors as shown in
Figure 3II [40]. A separate study also took advantage of
multimodality imaging with CLIL In this case, ovarian cancer
resection was achieved using pertuzumab (targets human
epidermal growth factor receptor 2, HER2) labelled with **Zr
and again 800CW [41]. PET and NIRF imaging were performed
on mice expressing subcutaneous and orthotopic SKOV3 tumors
(human ovarian adenocarcinoma cell line) at 2, 6, 24, 48 and 72 h.
At the final timepoint CLI was used both post operatively in
combination with f particle imaging to ensure complete resection
of the tumors [41]. These studies highlight the applicability of CLI
for preclinical tracer development and provide an example of the
pathway for direct clinical translation of CLI.

A current requirement for CLI is the need for imaging conditions
as dark as possible where sources of ambient photons must be
eliminated and no stray photon from ambient light is allowed. This
poses difficulties for the screening of radioisotopes but places CL
endoscopy (CLE) in a strong position that can be readily and quickly
adapted for CLI. Naturally, ambient photons are dramatically
reduced (if not completely eliminated) when imaging internal
structures. Endoscopy is commonly employed in preclinical
imaging and as such using a combination of suitable adapters
and mounting current endoscopy systems on sensitive EMCCDs,
researchers can render a state-of-the-art CLE system. It should be
noted that these systems can readily double as highly sensitive
fluorescence endoscopy setups by further incorporating suitable
illumination sources and the appropriate optical filter sets.
Numerous CLE systems have been produced with one such
laparoscope based system achieving a spatial resolution of
62.5 um, a field of view diameter of 10 mm and a sensitivity
of 1.7 x 107 pCi/pl for '*F-FDG [30]. The system was capable of
detecting and resecting both orthotopic and subcutaneous
hepatocellular carcinomas in vivo with a potential for direct
clinical translation.

CLINICAL SCREENING

The assessment of radiotracer distribution in preclinical settings
has positioned CLI as a promising clinical tool for patient
screening. Clinical screening introduces further complexities
and scaling issues for CLI compared to preclinical CLI. These
complexities are namely the complete removal of ambient
photons with a human sized enclosure and the increased
depths at which tumors can be located, reducing the amount
of CL which can escape the tissue. Ambient photon removal has
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FIGURE 5 | Intraoperative assessment of tumor resection boundaries in
patients undergoing breast-conserving surgery and radical prostatectomy.
(I) (A) Cerenkov image of a wide local excision of a grade 3, estrogen
receptor-negative/human epidermal growth factor receptor

2-negative carcinoma. Filled white arrows indicate increased Cerenkov
signal from the tumor, while outlined arrows indicate non-specific
phosphorescent signal. (B) Grayscale photographic image overlaid with the
Cerenkov image. Blue lines mark the 2 mm posterior margin, while green
lines mark the 5 mm medial margin. (C) Specimen radiography image. (D)
Histopathology image from two pathology slides where the posterior margin
is visible at the bottom of image. Open arrows highlight the primary tumor.
Reproduced from with permission from [45], © 2017 SNMMI. (I) CL images
are overlaid onto grayscale photography images of prostate gland
specimens from two patients. Incisions are marked by dotted lines. Dark
and light blue marked regions of interest (ROIs) are used for background
determination in the images. The pink and green ROlIs highlight the
increased CL signal that was correlated with histopathology to be
cancerous. The orange ROI shows a non-cancerous area with increased CL
signal. Reproduced with permission from [48], © 2020 SNMMI.

been achieved via the development of custom CL enclosures.
Collection of CL which can escape the tissue is achieved via highly
sensitive cameras (single photon detection) used in corporation
with a high-speed lens (low f number e.g., 0.95) to allow
maximum light collection efficiency. The first example of
human CLI was reported in 2013 [43]. Similarly to many
preclinical demonstrations, the systems sensitivity was first
tested with ®F-FDG with and without chicken breast tissue [5,
43]. The setup was then used to detect orally administered '*'I to
a patient 24 h prior to imaging [43]. CLI could readily detect
localized uptake in the thyroid as shown in Figure 4I [43]. The
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importance of CLI in this case is highlighted by the fact that '*'T is
a B~ emitter and therefore cannot be detected with conventional
nuclear imaging methods whilst simultaneously proving CLI
could be carried out in humans. Following this, a second
demonstration of CLI was published consisting of a cohort of
six patients undergoing PET imaging for the detection of nodal
disease [10]. The patients were intravenously administered
"8F-FDG and imaged approximately 70 min post injection.
Ipsi- and contralateral CL images were taken of suspected
benign and diseased nodes in the head and neck of the
patients as shown in Figure 41II. In this case the setup showed
detection sensitivities in the nanocurie range, could differentiate
between benign and diseased nodes and the CLI images could be
readily correlated to PET images, the gold standard for such
screening [10]. In both clinical screening examples imaging could
only be carried out with the complete removal of ambient
photons. This was achieved by placing the patient in a dark
room with a light sealed door followed by an optical drape to
ensure ambient photon removal. To date there have been no
further publications progressing the clinical screening potential
of CLL

CLINICAL BOUNDARY DETERMINATION

Complete resection of cancerous tissue ensuring no residual
tumor margin is essential for patient recovery. A surgeon’s
goal is to identify the extent and location of the tumor, which
is mostly carried out through visual examination and palpation,
and without compromising oncological safety completely remove
the lesion with the least possible surrounding margin of healthy
tissue. Due to the level of human error in these surgeries and non-
specificity, there is a clear need for a more accurate technique to
assess resection margins. Based on the uptake of FDA approved
radioisotopes which produce CL, CLI has emerged as a rapidly
deployed imaging modality for intraoperative tumor boundary
determination. In one such example, CLI was used to provide
guidance and tumor margin assessment using '*F-FDG and a
back table imaging approach [44].

The feasibility, safety, and preliminary performance of
"E_FDG CLI in intraoperative margin assessment was also
evaluated in breast-conserving surgery. Patients participating
in the trial underwent wide local excision of grade 3, estrogen
receptor-negative/Her-2-negative tumors with sentinel lymph
node biopsy or axillary lymph node dissection. CLI permitted the
assessment of tumor margins in 10 of the 12 patients with a
significant correlation found between CLI and margin
histopathology, as shown in Figure 5I A-D. Furthermore, the
procedure was performed safely while preserving low radiation
exposures to clinical staff [45]. 18E_EDG was also used for the first
clinical application of endoscopic CLI. A novel back-table CLI
system for “paraoperative” imaging of excised specimens was
used to identify cancerous gastrointestinal lesions, where imaged
patients received diagnostic doses of '*F-FDG. CL emitted by the
imaging agent showed good correlation with clinical whole-body
PET imaging and allowed for the quantification and
differentiation of tumors from healthy tissue [46].
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FIGURE 6 | Clinical dosimetry monitoring with CLI. (I) The patient setup for dosimetry measurement with CLI during breast radiotherapy. The CLI camera is synced

to the pulses of the LINAC to remove ambient light. Optical surface guidance systems aid in alignment of the patient prior to and tracking during treatment. Reproduced
with permission under creative commons 4.0 from [58], © Hachadorian et al., 2017, Springer Nature Ltd. (I A-C Cumulative CLI images of CL generated in the eye as a
patient undergoes radiation therapy. D displays the planned cumulative dose (color) overlaid on a sample CT slice (grayscale). Reproduced with permission from

[55] under creative commons licence 4.0, © Tendler et al., 2020. (Il) Representative CLI images of three patients undergoing TSET as they progress through the six
standard Stanford technique positions. Reproduced from with permission from [56], © 2016, American Association of Physicists in Medicine, John Wiley & Sons. (IV)
Images captured using the setup in (I) representing the uncorrected, estimated dose and corrected CLI images from both right posterior oblique (RPO) and left anterior
side (LAO) 6 MV beams from breast radiotherapy. Reproduced with permission under creative commons 4.0 from [58], © Hachadorian et al., 2017, Springer Nature Ltd.
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Most of the preclinical and clinical research in CLI has been
restricted to the metabolic uptake of '*F-FDG. However, for
prostate cancer that is hypometabolic and gathers smaller
amounts of FDG, '"*F-FDG is not a favorable imaging tool
for both CLI and conventional nuclear methods on account of
bladder signal accumulation. Due to the higher signal-to-noise
ratio of ®®Ga for CLI as a result of its higher f energy compared
to '°F, it seemed to be better fit for positive surgical margin
assessment with CLI for prostate cancer. Additionally, the
%8Ga-Prostate-Specific Membrane Antigen (°*Ga-PSMA)
radiotracer significantly binds to the tissues with elevated
PSMA expression i.e., prostate cancer cells [6]. **Ga-PSMA

was used for the first in man paraoperative ®*Ga-PSMA CLI in
prostate cancer for patients undergoing radical prostatectomy,
ss shown in Figure 5II. The validated settings of 300s
exposure time, 8-pixel binning and acquisition without any
optical spectral filters were found to favor tumor to
background ratios. The tumor to background ratios were
based on the intact prostate images and readily enabled
positive surgical margin detection from negative surgical
margins within an acceptable time and radiation exposure
level to clinical staff. The CLI data from the cleaved prostate
confirmed that the tumor had a higher radiance when
compared to benign tissue. Both of these studies
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demonstrated that ®*Ga-PSMA CLI is a promising tool for
intraoperative margin assessment in prostate cancer [47, 48].

Internal radiation, such as brachytherapy involves positioning
radioisotopes inside the body for cancer treatment. Previously,
CLI had allowed the verification of the position and tilting of
1%Ru plaques relative to melanin tumor phantoms in enucleated
porcine eyes in vitro. Here, CLI was used for the assessment of
'%Ru positive plaques in brachytherapy of uveal melanoma
patients. Plaques were identified in the fundus of all the
imaged patients. CLI allowed the assessment of plaque
position relative to the tumor, which emerged as a darker area
surrounded by CL. The CLI exposure time was adjusted to the
degree of tumor pigmentation and plaque activity at the time of
imaging. Heterogeneous tumor pigmentation, changes in
melanin content, differences in tumor vascularization and
hemoglobin content may lead to an emission pattern that
differs from the shape of the tumor. This is especially relevant
as melanin absorbs light at a wide range of wavelengths and can
affect light emission [15]. CLI provided a view of the tumor and
the plaque, which aided in the determination of the degree and
direction of plaque displacement [49].

CLINICAL DOSIMETRY MONITORING

The energy achieved by [ particles released by radioisotopes,
especially those used in medical imaging such as '°F and **Ga,
is generally less than 1 MeV [50]. Whilst the CL production can be
used to differentiate isotopes, the light levels are inherently weak,
commonly requiring long acquisition times on the order of
minutes [19, 51]. On the other hand, particles accelerated by a
LINAC readily achieve energies on the order of 6-24 MeV [51].
Accordingly, the CL production by particles accelerated by
LINACs is routinely up to six orders of magnitude brighter
than that of isotopes, especially in comparison to standard
doses of '®F [51]. The brightness of CL from LINACs has
allowed for its rapid adoption to clinical settings to bridge a
large gap in radiotherapy ie., the real-time monitoring of
delivered radiation dose to a patient from LINACs. In 2014, it
was established that CL emission could provide accurate
information on the radiotherapy dose building on previous
work that established the potential for dosimetry via CLI [52,
53]. Following this the field rapidly developed and within a year
video rate dosimetry via CLI had been established in the clinic with
a typical CLI dosimetry setup as shown in Figure 6I [54]. By
syncing the light acquisition to the pulses of the LINAC and
recording the relevant background levels for subtraction,
delivered radiotherapy to the patient was achieved without the
need for ambient light removal [12]. In doing so the work
established a method of CLI that eliminated one of its major
limitations, the need for ambient photon removal. Patients could
receive treatment whilst CLI was carried out in a non-obtrusive
manner from afar. The method has since been employed to prove
the phenomenon of flashing lights (phosphenes) reported by
patients undergoing radiation therapy, as shown in Figure 6II
[55]. The emission spectrum from the eye of a patient undergoing
therapy corresponded to the known CL spectrum. Furthermore,
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the light intensity was reported to be twice the detectable limit of
the human eye confirming the source of these flashes to be CL
generated as charged particles travelled through the vitreous
humor of the eye [55].

CLI has also been applied to determine the uniformity of delivered
dose from total skin electron beam therapy (TSET) [56]. In this
example (Figure 6 III), the CLI device was setup to record planar
visualizations of the 6 MeV TSET beam as it interacted with a plastic
sheet. Recording of images whilst rotating the LINAC gantry angle 1°
at a time from 239.5° to 300.5° allowed the determination of the
optimum angle for treatment, 252.5° and 287.5° for this setup,
providing uniform and optimized dose delivery to the patient
area. The method highlights the potential variability with TSET
treatment whilst demonstrating how CLI can provide a cost-
effective method for optimum alignment delivering the best
potential clinical treatment. It is likely that many TSET centers
could benefit from such an alignment. This work has further been
developed to verify how accurate CLI is in comparison to in vivo
detectors (IVDs) the current standard of care for TSET dosimetry
[57]. The authors used a combination of perspective and inverse
square corrections to show a correlation of the CLI values to IVDs
with an R? of 0.99 for dose estimates at both the surface (0 mm) and
at depth (6 mm) in the tissue. This further highlights the applicability
of CLI for quantitative TSET measurements during treatment [57].

One of the current limitations for dosimetry based CLI is the
ability to compensate for patient specific tissue properties and
differences including but not limited to tissue composition (e.g.
fibroglandular or adipose), skin color and radiation burn (erythema)
[58]. As the recorded CL is inherently affected by the absorption and
scattering of the tissue, accounting for these differences will enable
CLI to accurately represent the deposited dose to the tissue.
Considering that 50% of all breast cancer patients will undergo
this treatment, accurate representation and recording of dose
deposition is essential for improved patient care. Fortunately, the
composition of breast tissue in terms of fibroglandular and adipose
content can be readily discerned using CT. One such example took
advantage of the CT Hounsfield units (HU) from treatment planning
CT scans of patients to characterize and develop a correction factor
for the recorded CL, as shown in Figure 6IV. The correction factor
was first shown to qualitatively match the planned dose deposition
and increased the quantitative similarity between CLI and the
planned dose from an R* of 0.67-0.85 for 6 MV beams and from
091 to 0.95 for 10 MV beams respectively [58]. The synergistic
combination of CT and CLI provided a robust method for
quantification of delivered dose in vivo, confirming the success of
the planned radiation dose to the breast. Establishment of this
correction factor provides a significant step in the application of
CLI for quantitative dosimetry measurements that are in good
agreement with the planned patient treatment.

LIMITATIONS AND OUTLOOK

The main limitation for CLI is undoubtedly tied to its reliance upon
imaging of light within the visible spectrum. As previously
mentioned, the CL intensity is brightest in this region of light,
and the technology to capture these wavelengths is well developed.
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This has allowed single photon sensitivity for CLI at cost-effective
prices. However, the absorption and scattering of light at these
wavelengths is a detrimental limiting factor to the achievable
penetration depths, on the order of a few hundred um to a mm
from the source [15, 59]. It is likely that the majority of CLI
detection in fact comprises of wavelengths which can escape
tissue in the first optical window, above 600 nm, especially in
clinical imaging [12, 51]. Fortunately,  particles can travel a few
mm in tissue producing CL along this path as long as they have
sufficient energy [13]. The long travel lengths (mm’s) of  particles
likely assists in the detection of deep-seated tumors with CL
production close or at the skin surface but simultaneously
reduce the effective CLI resolution and localization of tumors.
Furthermore, capturing visible light with single photon
sensitivity requires complete removal of ambient photons from
all sources requiring light-tight enclosures. The construction and
sealing of such enclosures have undoubtedly slowed the clinical
adoption of CLI for both patient screening and resection.

The visible spectrum limitations for CLI have been sought to
be overcome in a myriad of ways. Many have tried FRET/CRET/
SCIFI to convert the visible spectrum to longer red wavelengths,
particularly in the case of radioisotopes [14, 60, 61]. In the case of
LINAC based CLI, impressive engineering has synced the
acquisition of the camera with the LINAC pulse, allowing the
complete removal of ambient room light [12]. Further work has
aimed to carry out CLI in the region of light at shortwave infrared
(SWIR) wavelengths where absorption, scattering and
autofluorescence are orders of magnitude reduced compared
to visible wavelengths. This has been achieved with both
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