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Abstract 

Since successful bioimaging in 2009, many studies have explored Cherenkov Radiation’s potential value in medical 
diagnostics and treatment. By highlighting major accomplishments to date, this review proposes that Cherenkov 
Radiation has strong potential to become a novel class of modality in cancer molecular imaging. The basic principles 
of Cherenkov Radiation are explained. Variable conditions such as threshold energy and refractive index of tissues 
are described in the context of cancer diagnostics. Cherenkov luminescence imaging and tomography are outlined, as 
well as the milestone clinical trials with respective strengths and weaknesses. Application of Cherenkov in radiation 
dosimetry is discussed. Current research in Cherenkov photodynamic therapy is introduced, with many studies 
implying better penetrance than conventional therapy. Finally, current limitations of Cherenkov Radiation, especially 
its inability to reach deeper anatomical structures are examined. Despite significant challenges to overcome, 
applications of Cherenkov Radiation are gaining momentum in the field of oncology. 
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1. Introduction 
 

Fundamentally, molecular imaging allows for visualization of the biochemical processes of an active cell, without 
disturbance of the target cell and its environment (Rowe & Pomper, 2022). Molecular imaging is especially useful for 
cancer diagnostics and treatment monitoring, as cancer cells behave very differently compared to normal cells in 
metabolism. Cancer cells are characterized by their ability to rapidly grow and divide. In order undergo uncontrolled 
proliferation, cancer cells must consume additional nutrients to meet the increased energy demands (Chen et al., 2007). 
Molecular imaging utilizes the abnormal metabolic rates by using tracers that participate in the metabolic processes. 
Tracers may be radiolabeled or have other intrinsic properties that can be detected (Rowe & Pomper, 2022). Once a 
tracer is thought to be taken within the cell, a sensor or a scanner can detect the tracer and translate the detection into 
spatial representations such as images or graphs. The most ideal molecular imaging will have a high-affinity tracer 
that follows metabolic process unique to cancer, that can be detected by a scanner with high sensitivity, and high 
spatial, contrast and temporal resolutions. In addition, the imaging must be affordable to allow continuous, repetitive 
use for each patient. The current molecular imaging modalities used in oncology are limited in variability. Clinically, 
the most common are Magnetic Resonance Spectroscopy (MRS) and radionuclide modalities such as Single Photon 
Emission Computed Tomography (SPECT) and Positron Emission Tomography (PET). Although widely available, 
with low sensitivity and limited metabolites, MRS is used mostly for brain and prostate cancers in clinical settings 
(Hernot et al., 2019). SPECT is also widely available but is challenged by low resolution and low sensitivity (Wilson 
et al., 2020). PET is highly sensitive, and carries potential for high specificity, with more tracers being developed 
(Jadvar, 2016). However, its current high cost prevents widespread use. Therefore, improving current modalities and 
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developing new imaging methods are necessary to advance the field of oncology. 
Cherenkov radiation (CR) is a form of light emission that occurs when a charged particle exceeds the local speed 

of light in a dielectric medium. CR biomedical imaging was first successful in 2009, and many innovative studies 
produced high quality animal and human tissue imaging (Robertson et al., 2009). CR’s unique broadband emission 
spectrum, spectral weight in the ultraviolet and blue wavebands, and local generation of light within a given tissue, 
have made it an attractive new modality in cancer imaging and treatment. This review will first introduce the general 
concept of CR, and then highlight the major milestones of CR applications in the field of oncology. Most articles were 
chosen from keywords “Cherenkov Radiation”, “oncology”, “Cherenkov luminescence imaging” searches in Pubmed 
and OVID databases. Others were excavated from articles found from the databases. All articles were accessed for 
credibility and were peer reviewed. By summarizing the notable accomplishments from 2009 to date, the authors 
intend to demonstrate that CR has the full potential to become significant and permanent class of modality in molecular 
imaging for oncology. 
 
2. Cherenkov Radiation Theory and Required Conditions 
 

In 1988, Oliver Heaviside predicted that a point charge would produce a conical wavefront whenever it was to 
travel at a speed greater than the speed of light in a medium as shown in Figure 1 (Ciarrocchi & Belcari, 2017; Das & 
Boruah, 2022). This theory later explained the 1934 phenomenon when Cherenkov observed a blue glow surrounding 
a radium salt solution. 

Light can be slowed by the medium it passes, and its speed may be significantly less than speed of light in 
vacuum, c = 299,792,458 m/s. For example, the speed of light in water compared to in vacuum is reduced by 25%. 
Cherenkov radiation occurs when a charged particle passes through a polarizable dielectric medium with a speed 

greater than light’s speed in that medium. As the 
charged particle travels, it rapidly polarizes the nearby 
molecules, aligning them in a polarizing field. As these 
polarized molecules return to their ground state, they 
emit light photons, observed as luminescence 
radiation. The emitted light will travel as a wavefront in 
the direction at an angle θ from the direction of particle 
travel, shown in Figure 1. 

The kinetic energy of the particles must exceed 
certain thresholds to produce CR. The required 
threshold energy can be obtained through the 
following equation, where m is the mass of the particle, 
c is the speed of light, and n is the refractive index 
(Tanha et al., 2015): 
 

 
In addition, the intensity of Cherenkov radiation is 

related to the velocity and kinetic energy of the particles and the r efractive index of the environment. Figure 2 shows 
the inverse relationship between the energy threshold and the index of refraction. It is known through experimental 
trials that most biological tissues require at least 219 keV of energy when assuming a refractive index of 1.4. 
 

 
Figure 1. Cherenkov radiation is generated at an angle to 
the direction of the travelling particle, defined as θ, which 
is related to the energy of the particle. The diagram taken 
from (Das & Boruah, 2022) and adapted by the authors of 
this study. 
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The intensity of produced photons increases 
with the refractive index. Since different tissues have 
different refractive indices as shown in Figure 3, it is 
possible to observe different intensities of CR and 
differentiate between healthy and tumor tissues. 

The charged particles originate from 
radioisotopes with 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 (α), beta (β) or gamma (γ). Although 
theoretically all charged particles can produce CR as 
long as they exceed the threshold, radioisotopes that 
can produce useful CR in biomedicine are limited to 
beta emitters (Mc Larney et al., 2021). Gamma 
particles cannot produce CR due to low energy of 
secondary electrons from Compton scattering and 
tissue interference. Additionally, alpha particles used 
in medicine cannot exceed the energy threshold 
required to produce CR. Fortunately, many beta emitter radionuclides currently used in the industry contain greater 
energy than threshold, and thus can produce Cherenkov photons in water and tissue. 

In addition, high energy x-rays emitted by linear 
accelerators (LINACs) are also able to produce CR 
(Bianfei et al., 2022). This is relevant as LINACs are 
commonly used during clinical radiotherapy. During 
the external beam radiation therapy (EBRT), 
Compton scattering occurs where x-ray photons 
transfer energy to electrons, causing some to be 
ejected from their orbitals. If the ejected electron 
travels faster than the velocity of light in the tissue, 
CR will be generated (Axelsson et al., 2011). This 
property gave the potential for Cherenkov to be used 
to monitor EBRT in real time. Similarly, high-
energy electron beams, heavy ion and proton 
radiation are recorded to produce CR during cancer 
therapy, opening the potential for CR to be further 
utilized in other high energy sources (Andreozzi, 
Brůža, et al., 2018; Masuda et al., 2018). 

 
3. Cherenkov luminescence imaging (CLI) 
 
3.1 Clinical CLI imaging utilizing Radioisotope emission 
 

The current industry defines Cherenkov luminescence imaging (CLI) as any imaging technology that utilizes the 
Cherenkov radiation. The most comparable modality to CLI among widely used imaging techniques is PET. PET is 
able to provide images that are highly sensitive and its readings encompass the whole body. However, it is limited by 
poor spatial-temporal resolution, and high cost. In comparison, CLI products can achieve higher resolution at 
superficial depths, utilize non-radioactive dyes and are significantly cheaper and faster to produce. However, images 
of deeper tissues suffer with poorer resolutions. Since luminescence via CR is mostly in the ultraviolet and blue visible 
blue range, the light is easily absorbed and scattered by nearby tissues (Cao et al., 2015; Ciarrocchi & Belcari, 2017). 

 

Figure 2. Cherenkov energy threshold for β particles to 
produce CR vs the refractive index of the environment.  
This graph assumes a β particle with a kinetic energy of 
0.511 MeV (McLarney et al., 2021). 

 

Figure 3. Refractive index values for miscellaneous tissues, 
including cartilage, heart, lungs, thyroid, breast, and neck. 
Note differences between malignant and benign breast, 
thyroid tissues (Khan et al., 2021). 
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Therefore, although CR is thought to be useful, the current technology is limited by the type and condition of the tissue 
assessed. 

Robertson et al. (2009), were the first to produce CR bioimages after injecting mice with 2-deoxy-2-[18F]fluoro- 
d-glucose (18F-FDG). Highly metabolic cells such as cancer cells increase their uptake of 18F-FDG as it is an analogue 
of glucose. 18F-mediated CLI has been further applied in various studies. Notably CLI was employed to define 
glioblastoma tumor margins (Lewis et al., 2018). Glioblastoma is a brain tumor in which the majority of the patients 
require brain surgery. For the operation to be successful, the tumor border where excision occurs must include all 
malignant cells. Rats implanted with human glioblastoma cells were injected with either the 18F-FDG probe or the 
control fluorescent probe. The study by Lewis et al. (2018) has found that CLI performed better than the control in 
determining the accurate tumor boundary. 

The feasibility, safety, and performances of 18F-FDG probes in determining tumor margins were also evaluated 
in breast-conserving surgeries (Grootendorst et al., 2017). Patients with grade 3, estrogen receptor–negative/Her-2– 
negative tumors all received wide excision with sentinel lymph node biopsy or axillary lymph node dissection. CLI 
assessed tumor margins in 10 of the 12 patients with a significant correlation found between CLI and margin 
histopathology. Furthermore, the procedure was performed safely through low radiation exposures to clinical staff 
(Grootendorst et al., 2017). 18F-FDG was also used for the first clinical application of endoscopic CLI. The CCD 
attached to endoscopes were used to identify cancerous gastrointestinal lesions, where imaged patients received 
diagnostic doses of 18F-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 (Hu et al., 2015). 
18F has been similarly utilized to study tumor margins of lymphoma, liver cancer, and prostate cancer (Ciarrocchi et 
al., 2021; Costa et al., 2022; Ritter et al., 2021). 

Spinelli et al. were the first to capture CR images of a human living tissue by using 131I (Spinelli et al., 2013). 
Thyroid specific uptake of iodine has made 131I an attractive radioisotope for the image. For other tumor cells, other 
radioisotopes are preferred. 68Ga has become especially popular due to its favorable properties, such as a short half- 
life of 67.7 min and 89% beta emission, and relatively low threshold compared to other radioisotopes (Naji & AL- 
Nahhas, 2012). A major advantage of 68Ga radioisotope is the ability of the metallic ion to chelate to various proteins 
and antibodies. Antibodies that target specific tumor markers can be designed, allowing for greater specificity. For 
example, a Swedish group developed a novel PET/magnetic resonance/CR triple-modality imaging agent, 68Ga- 
SPIONs, by labeling superparamagnetic iron oxide nanoparticles with 68Ga (Madru et al., 2013). 68Ga-SPIONs 
demonstrated accurate and sensitive Cherenkov luminescence imaging of sentinel lymph nodes (SLN) - lymph nodes 
near cancerous tissue. 68Ga-SPION shows potential for Cherenkov luminescence to be used alongside conventional 
PET and MRI. In addition, the novel imaging probe 68Ga-DOTAKEK-(GX1)2 was applied for PET/CR dual-modality 
imaging, enabling simultaneous PET and Cherenkov diagnosis for gastric cancer (Yin et al., 2021). Furthermore, a 
recent study reported that [68Ga]Ga-PSMA-11 CR imaging could correctly identify tumor margin status in 83% of 15 
prostate cancer patients, suggesting that CR imaging is a promising technique for obtaining rapid pathology results in 
image-guided prostate cancer surgery (J. O. Heuvel et al., 2022). Specificity and sensitivity of 68Ga-chelated 
radioisotopes show promise and are anticipated to enter further clinical trials. In addition to 18F and 68Ga, other 
radioisotopes such as 47Sc, 64CU, 89Zr, 90Y and 124I are being studied for CR mediated diagnosis and bioimaging, 
especially in the scope of dosimetry and monitoring radiotherapym (Bianfei et al., 2022). 

In general, CRs emitted by radioisotopes are low in intensity, and most rely on charged coupled devices (CCD) 
or PET scanners to obtain discernable image. CCDs are popular photodetectors commonly used for digital imaging 
and video since the 1980s. They are designed to detect low intensity photons, through many photoactive regions made 
of metal-oxide-semiconductor (MOS) capacitors (Lesser, 2014). Once a capacitor interacts with photons, a surface 
charge is generated for that capacitor. By calculating the specific capacitors activated, and the surface charges 
generated, CCDs are able to translate the positional and intensity values of the photon to an image (Hui, 2020; Lesser, 
2014). However, even with CCDs, the luminescence produced by the CR is dimmer than the ambient room light, and 
therefore requires absolute darkness to be detected. This absolute dark environmental condition is a significant 
disadvantage against widely utilizing CR during clinical practice. 
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3.2 Cherenkov Luminescence Tomography (CLT) 
 

CLI is a method of two-dimensional (2D) planar imaging, which cannot provide the three-dimensional (3D) 
spatial distribution of the radionuclide probes (Hui, 2020; Wang et al., 2021). This problem can be solved by its 3D 
derivatives, such as CLT (Z. Hu et al., 2010). CLT reconstructs the spatial distribution of the internal radionuclide 
probes by integrating the CL images measured from the body surface with the structural information and other prior 
information. Li et al. first proposed 
the concept of CLT, reconstructing 
the 3D distribution of 18FDG in a 
homogeneous mouse model (Li et 
al., 2010). The homogenous model 
is relatively simple, and is quite 
different from the real imaging 
organisms, resulting in inaccurate 
results. This can be solved by a 
more complex heterogeneous 
model with more defined data 
points as shown in Figure 4 (H. 
Guo et al., 2017). 

However, increasing the 
amount of measured data has the 
disadvantages of increasing the 
reconstruction time and limiting 
the reconstruction efficiency. 
Using a small amount of data to obtain accurate reconstruction results is an important problem to be addressed (Wang 
et al., 2021). 
 
3.3 Cherenkov Radiation mediated Dosimetry 

CR can be used for monitoring the dose and dose distribution of radiotherapy to prevent radiotherapy-related 
adverse events. Patients whose radiotherapies approach the eyes often experience flashes of blue and white light during 
the treatment (Bianfei et al., 2022). In 2008, Newman et al. concluded that the source of this light is the high-energy 
x-ray radiation that results in the production of CR inside the eyes (Newman et al., 2008). Since this observation, CR 
induced by external beam radiation therapy (EBRT) is regarded as a possible treatment and monitoring modality. 
EBRT delivers radiation to tumors using a linear accelerator (LINACs). The production of CR from LINACs is the 
same as radioisotope decay although for LINACs electrons pass through the tissue at two to three orders of magnitude 
higher kinetic energy. In addition, it is possible to increase photon beam energy at will, and apply beam hardening 
filtration for greater depth penetration than radioisotopes. These advantages strengthen LINAC’s candidacy for optical 
molecular imaging with CR. 

In 2011, Axelsson et al. captured CR images during EBRT in tissue-mimicking media and noted that the intensity 
of CR increased with increasing radiation energy in the same medium (Axelsson et al., 2011). Furthermore, the study 
has found that CR could excite the photosensitizer protoporphyrin IX, and stated the possibility of concurrent 
monitoring of EBRT by CR induced molecular fluorescence. Another study has utilized luminescent probe platinum 
oxyphor G4 (PtG4) to measure tumor oxygenation in vivo by Cherenkov-excited luminescence scanned imaging. The 
produced image showed submillimeter resolution and nanomolar sensitivity (Pogue et al., 2018). The use of PtG4 also 
allowed for the distribution values to be translated via Monte Carlo simulations to show three dimensional dose 
distributions. (Glaser et al., 2013). Subsequent studies have further demonstrated that dosimetry monitoring in real 
time for EBRT with both MV electron and x-ray beams might be possible for superficial tissues (Decker et al., 2021) 
Zhang et al used a time-gated intensified CCD (ICCD) that was coupled with a commercial lens to access canine oral 

 
Figure 4. The multispectral representation of a xenograph tumor of various 
regions, a reconstruction that was possible due to weight mediated data 
representation. (H. Guo et al., 2017) 
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tumor (Zhang et al., 2012). The subsequent images showed that under irradiation, the intensity of Cherenkov emission 
is directly proportional to radiation dose (Figure 5). 

Since the use of CR produced by EBRT 
was established as feasible, further studies 
were conducted to further study the 
relationship between CR and radiation dose, 
dose depth and dose rate for accurate 
translation (Helo et al., 2014). 
Experimentally it was confirmed as the 
previous study that CR was linear with dose 
and independent of dose rate. More 
importantly, Cherenkov beam direction and 
transverse profiles showed great potential to 
be used to check the range and field width 
constancy of electron beams. This showed 
the potential use of CR as a monitor during 
radiotherapy for precise targeting of electron 
beams. The correlation between the diffusion 
of CR and its optical signal was further 
proven, introducing a more accurate method 
for verifying dose delivery in real time 

(Decker et al., 2021). CR imaging exhibited accurate intensity matching, suggesting that CR is suitable for quality 
assessment of radiation therapy that relies heavily on precise intensity (Andreozzi, Mooney, et al., 2018; Black et al., 
2019; Miao et al., 2019).  

The first clinical application of CR imaging in EBRT was performed on a breast cancer patient. Jarvis et 
al. acquired a CR video during whole-breast radiation and demonstrated the correlation between the intensity of CR 
and the superficial dose (Jarvis et al., 2014). Hachadorian et al. continued the whole breast imaging and improved the 
accuracy of CR images by reducing the noise of ambient light (Hachadorian et al., 2018). Currently CR imaging is 
being studied as part of the protocol to reduce variability and errors in whole-breast radiation therapy, minimizing the 
risk of recurrence and healthy tissue toxicity caused by inaccurate coverage (Hachadorian et al., 2021). In addition to 
conventional EBRT, MRI guided radiotherapy, bremsstrahlung x-rays and positron emitters were explored for CR 
use, with positive results (Darr et al., 2020; Jarvis et al., 2014). 

 

 

Figure 5. Images that compare the delivered dose compared with 
light intensity. Average pixel values and delivered dose at dmax 
shows direct relationship. Image obtained from (Zhang et al., 2013) 

Table 1. Summary of human trials involving Cherenkov Radiation 
Delivery Source Application Highlight Reference 

131I 131I Thyroid cancer First CR tumor diagnostic image Spinelli et al., 2013 

68Ga-PSMA 68Ga Prostate cancer (after 
tumor cell as excised) 

Tumor cells were successfully detected on the incised 
prostate CLI images as confirmed by histopathology. Darr et al., 2020 

68Ga-PSMA 68Ga Prostate cancer,  
in vivo 

First to demonstrate ability to distinguish between a 
positive and negative surgical margin, imaging within 45 
min and low radiation exposure to staff 

Heuvel et al., 2020 

[68Ga]Ga- 
PSMA-11 

68Ga Prostate cancer Imaging can correctly identify margin status, including 
close margins, in 83% of cases Heuvel et al., 2020 

LINAC x-ray Breast cancer The first clinical application of CR imaging in EBRT Zhang et al., 2013 

LINAC x-ray Breast cancer Whole breast imaging with more reduced visual noise. Hachadorian et al., 
2018 

LINAC x-ray Breast cancer Use of CR as a coupled monitoring system for accuracy of 
radiation beam 

Hachadorian et al., 
2021 
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4. Photodynamic Therapy (PDT) 
 

Photodynamic therapy (PDT) is a minimally invasive therapeutic modality that is primarily used to treat cancer 
(Brown et al., 2004). PDT uses two entities, a photosensitizer (PS) drug and electromagnetic radiation. PS drug’s 
specific activation only in the presence of radiation allows for high precision (Ellis-Davies, 2007; Mayer & Heckel, 
2006). Once activated PS drugs can generate cytotoxic reactive oxygen species (ROS) such as singlet oxygen (1O2) 
to destroy cancer cells (Clement et al., 2017). However, the majority of photoresponsive compounds react most 
effectively to irradiation with light showing wavelengths < 500 nm, typically showing a limiting penetration depth of 
only micrometers into biological tissue. Moreover, highly energetic UV light can cause harm to cells, possibly causing 
apoptosis or DNA damage (D’Orazio et al., 2013; Matsumura & Ananthaswamy, 2004). Cherenkov radiation (CR), 
which exhibits an emission spectrum in the near-UV range (250–600 nm) carries the advantage of covering the 
wavelength range of most photoresponsive compounds currently known (Elrick & Parker, 1968; Jelley, 1955). 

Ran et al. investigated the possibility of activation based on CR generated by 18F (Ran et al., 2012). Other studies 
have attempted to introduce novel ways to produce CR with greater penetrance and photoactivation of the PS drugs 
(Bulin et al., 2013; Ran et al., 2012). One study utilized 18F but as a PET radiotracer, which was able to activate 
luciferin, a possible breast cancer treatment (Krebs et al., 2021). By demonstrating the activation and subsequent 
detection, the study has suggested that CR induced by therapeutic radiopharmaceuticals such as 90Y could offer a 
possibility for a synergistic combination of radiotherapy with targeted photopharmacology in future applications. In 
addition, some studies employed 137Cesium and 90Y as a possible source for therapeutic CR (Y. Guo et al., 2020; Hartl 
et al., 2016). Most studies have suggested that PDT induced by Cerenkov radiation has deeper tissue penetration than 
traditional PDT. However, the strategy of coupling radionuclides with photosensitizers may cause severe side effects. 
In response, Qian et al, designed a new modality of PS drug delivery via nanovesicles, for additional protection from 
inaccurate activation CR due to tissue scattering (Qian et al., 2022). 
 
5. Challenges and Future Prospects 
 

Cherenkov Radiation is limited by half-life, faint intensity, and penetrance. As the CR process is dependent on 
emissions of the charged particles during decay, the speed of decay is an important factor to consider (Mc Larney et 
al., 2021). For example, half-life of 18F (110 minutes) is not suitable for longer experimental investigations that might 
require days. Therefore, the choice of radioisotope to be used for clinical studies and therapy may be limited by the 
individual half-life. To compensate for limitation of radioisotope choice, more materials are being tested for potential 
use. CR is also limited by low intensity of the radiation - in the nanoWatt to picoWatt per cm2 range (Tanha et al., 
2015). This characteristic is especially challenging during radioisotope-mediated CLI. The faint luminescence requires 
the environment to be completely dark, reducing the practicality (Bianfei et al., 2022; Tanha et al., 2015). This 
limitation has driven the effort to develop more sensitive CCDs that can differentiate ambient light, as well as Monte 
Carlo modeling to estimate minimum potential dose necessary for CLI, within the safety range (Shu et al., 2018; Tian 
et al., 2022). The dependence of dark has also driven exploration of CLI use in laparoscopy or endoscopy, which does 
not require light. Additionally, CR generated by energy modalities such as EBRT and other high energy yields does 
not require light control as greater kinetic energy generated results in intensity near six-fold of emitting radioisotopes 
(Tanha et al., 2015). Finally, the spectrum produced by CR is continuous and ranges from the UV to NIR wavelength, 
and its intensity is related to wavelength by 1/λ2. The most intensive CL is in the spectrum of the UV/blue band, which 
is easily scattered and absorbed by biological tissues (Ma et al., 2014). Therefore, only a small portion of CL emitted 
from the radionuclide in vivo can be detected. This resulted in most of the clinical trials currently limited to surface 
tumors, such as thyroid, breast, and laparoscopically, prostate and gastric cancers. However, penetrance is shown to 
be greater for EBRT, and further research will aim towards evaluating new probes that produce more penetrating light. 
 
6. Conclusion 
 

Since its first use in biomedical sciences, Cherenkov radiation has emerged as an attractive new modality for safe 
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and cost efficient bioimaging compared to conventional imaging technologies. While the first decade was limited 
mostly to animal models, an increasing number of studies have conducted human clinical trials to better marginalize 
the tumors for surgical excisions. There is a growing trend of evolving radioisotopes that can simultaneously be 
detected by PET, MRI and CR related CCD. Further, three-dimensional imagery of CR is being refined through a new 
modality known as Cherenkov luminescence tomography (CLT). In addition to vast research dedicated to diagnostics, 
photodynamic therapy utilizing CR is also receiving more attention, due to their higher penetrance compared to 
conventional therapies. Currently, all the advanced CR related applications in oncology are in the clinical trial stages, 
and more time is needed to see full clinical potential. Developing tracers or probes that can produce longer lasting CR 
with greater intensities, and developing scanners that can detect faint signatures will further cement the place of CR 
in the growing field of cancer molecular imaging. 
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