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Abstract: The Cerenkov luminescence imaging (CLI) has built a bridge between the nuclear and op-
tical imaging, and opened a new direction of optical imaging in clinic translation. However, the wide 
applications of CLI are limited by the weak intensity and poor penetration capacity. By coupling 
highly sensitive charged coupled device camera with optical fiber bundle based endoscope, Cer-
enkov luminescence endoscopy (CLE) has recently been developed to overcome these limitations. 
Using the CLE, diseases deep buried in the body, such as the gastrointestinal (GI) tract cancer, can 
be identified by radiotracer, which can hardly be detected by CLI from the surface of the body. Here, 
we review recent progress on CLI and CLE, including the principle, imaging instrument, as well as 
applications. In addition, the intensity enhanced strategies for Cerenkov luminescence are presented, 
which may provide an ideal solution to the obstacle of CLE in the translation studies. In the end, we 
present possible future directions of the CLE technology. 
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INTRODUCTION 

With unique advantages such as the high imaging sensi-
tivity, relatively good tissue specificity, and short acquisition 
time and low cost, optical imaging (OI) technology has be-
come a hot research topic in the field of molecular imaging 
in last two decades [1]. Up to now, OI has been widely used 
in the field of gene expression, tumor detection, drug devel-
opment as well as therapy evaluation, involving the small 
animal based preclinical studies [2-5]. In World Molecular 
Imaging Congress 2009, Roger Yonchien Tsien, who shared 
the 2008 Nobel Prize in chemistry, reported that the tumor of 
a mouse could be resected under the guidance of fluores-
cence microscopy, which opened the door to the surgical 
navigation using OI [6]. Afterwards, European scientists 
developed a prototype system of surgery navigation guided 
by OI, which has been successfully applied to clinical resec-
tion of human ovarian cancer and further promotes the clini-
cal translation of OI technology [7, 8]. Although the OI 
technology has achieved successful applications in clinical 
surgery navigation, two obstacles also limit its widely clini-
cal applications. The first one is the scarce probes that can be 
used for human studies. Until now, only the Iodocyanine  
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Green (ICG), Methylene Blue and fluorescein have been 
approved by Food and Drug Administration (FDA) [9]. The 
second one is the short penetration depth of optical signal 
when transmitted in living body. Light would be greatly at-
tenuated because of the absorption of biological tissues, so 
that the optical signals can hardly be detected at the surface 
for the deeply buried diseases [10]. Recently developed Cer-
enkov luminescence endoscopy (CLE) technology may pro-
vide an ideal solution to the obstacle of CLI in the translation 
studies. Firstly, the optical signal detected by CLE is the 
Cerenkov radiation, which is emitted during the decay of 
radionuclides. There are many kinds of radionuclides ap-
proved by FDA in the clinical use. Secondly, with the help 
of an endoscope, the CLE can directly arrive the lesion site 
and collect the luminescence signals, which avoids the at-
tenuation of light caused by long propagation path in living 
body [11-15]. 

CERENKOV LUMINESCENCE IMAGING (CLI) 

Cerenkov radiation (CR) was first discovered by a Rus-
sian scientist of Pavel Alekseyevich Cerenkov in 1934, who 
shared the 1958 Nobel Prize in physics [16]. The CR is a 
kind of visible and near-infrared light, which is continuous in 
its spectrum and emitted when a charged or a high-energy 
particle moves in a dielectric media with speed larger than 
the phase velocity of light in the media [16-18]. In 2009, 
Roberson et al. first applied CR to the field of OI using 2-18-
fluoro-D-glucose (18F-FDG), and named this new imaging 
concept as Cerenkov luminescence imaging (CLI) [19]. The 
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radioactive decay of nuclides, such as 18F (110 min half-life) 
and 131I (8 days half-life) that are popular PET and SPECT 
isotopes in clinics, is companied by the emission of CR (also 
called the Cerenkov luminescence, CL). Using an optical 
detector, such as a CCD camera, the companied CL could be 
collected to form an optical image. Because of the widely 
available characteristic of medical isotopes in clinics, the 
CLI technology bridges the newly OI and traditional nuclear 
imaging technology, and soon becomes a hot topic in recent 
years [9, 19-25]. 

Compared with the common OI technology, CLI has a 
huge advantage of the widely available radionuclides ap-
proved by FDA [9]. Liu et al. reported that many kinds of 
radiotracers, including �+ (used for PET) radionuclides and �-

(used for SPECT) radionuclides, emitted the CR [22]. They 
also investigated the relationship between the radioactivity 
of radionuclide and the CLI intensity, as well as the Cer-
enkov luminescence spectrum of each radionuclide (Fig. 1). 
With such various kinds of radiotracers, CLI enables much 
wider applicability than the commonly used OI techniques, 
which would accelerate the clinical translation of the OI 
technology. Especially, a dual-modality imaging of the CLI 
and nuclear imaging can be achieved with only one single 
radiotracer, which allows the cross validation of CLI using 
the proven nuclear imaging technology. 

Compared with the proven nuclear imaging technology, 
CLI has all of the advantages OI has, such as high through-
put, high sensitivity, low cost, easily accessible, as well as 
reasonable spatial and temporal resolution. Until now, CLI 
has been successfully applied to tumor detection, drug de-
velopment and therapy evaluation, gene expression monitor-
ing, as well as clinical studies [26-32]. Ruggiero et al. used 
both the CLI and immune-PET to observe the uptake and 

localization of 89Zr-DFO-J591 in the dual subcutaneous 
LNCaP tumors bearing mice (n=3) (Fig. 2A and B). The 
biodistribution results showed a strong correlation between 
the CLI and immune-PET (Fig. 2C) [9]. Xu et al. used CLI 
to screen the optical signal from the H460 xenografts in 
treated mice (treated with Bevacizumab) from pre-treatment 
to the third day after treatment (Fig. 2D and E). The results 
were validated with PET scan which showed a great consis-
tency between them (R2=0.9309, Fig. 2E) [33]. 

Besides the applications in small animal studies, CLI has 
obtained some successful human trial applications. Spinelli 
et al. reported the first human trial of CLI in 2013 [27]. They 
acquired the CLI image of the thyroid of a patient who suf-
fered from hyperthyroidism and was treated with a 15 mCi
131I. They named this method as the Cerenkography and very 
encouraging and promising result was obtained [27]. To in-
vestigate the feasibility of acquiring CR emissions from the 
patients undergoing routine diagnostic scans of 18F-FDG, 
Thorek et al. conducted another pilot trial of human studies 
[26]. In the experiment, four patients (2 lymphoma, 1 lung 
cancer, and 1 breast cancer) firstly underwent the PET/ 
Computed Tomography (CT) scan and then CLI. Results 
showed a good relationship between PET/CT scan with CLI 
images on the site of lymph node, as shown in Fig. (3C-E
[26]. 

Although the CR signals could be observed during the 
decay of many kinds of clinically-used radionuclides, two 
big obstacles exist to limit the further wide applications of 
CLI technique. The first one is the weak intensity of the CR 
emission. As a secondary product, the CR emission is about 
9 orders of magnitude lower than the ambient light [26, 34, 
35]. To effectively detect the CR emission, a relatively  
long integration time and a completely dark environment are  

Fig. (1). CLI images of different radionuclides. (A) Optical signal images, with the different activities of each holes in each lines (18F: 5, 2, 
1, and 0.1 mCi; 131I: 10, 5, 1, and 0.1 mCi; 90Y: 5, 1, 0.2, and 0.01 mCi; 64 Cu:10, 5, 1, and 0.1 mCi; 177Lu: 10, 5, 2, and 0.5 mCi; 111In: 
10, 5, 1, and 0.5 mCi; and 99mTc: 20, 10, and 5 mCi). (B) Relationship between activity and average CLI radiance. (C) Spectrum of CR. 
Adapted with permission from ref [22]. 
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Fig. (2). Representative applications of CLI in small animal studies. (A-C) Application of CLI in tumor detection; Adapted with permission 
from ref [9]. (D-E) Application of CLI in drug therapy monitoring; Adapted with permission from ref [33]. (A) In vivo CLI image of 89Zr-
DFO-J591 tumor in 3 mice between 24 and 96 h after administration; (B) Corresponding coronal and transverses immune-PET images of 
mouse 3; (C) CLI images of organs after acute ex vivo biodistribution at 96 h. (D) In vivo CLI and PET images of mice bearing H460 
xenografts before and after treatment with Bevacizumab; (E) Quantitative correlation analysis of CLI and PET results (n=3). 

Fig. (3). Human trial of CLI. (A) The CLI image of thyroid gland. (B) Overlay image between CLI image (colorful) and photograph (gray-
scale color) of the patient thyroid. (C) Negative CLI scan of right axilla without 18F-FDG positive lymph node. (D) Image of left axillar, 
overlaid with significant CR signal. (E) Result of PET/CT scan. (A) and (B) were adapted with permission from ref [27]; (C)-(E) were 
adapted with permission from ref [26]. 

needed. The another obstacle is the great attenuation of the 
CR light during the propagation in a living body [36, 37]. 
According to the biological window of biological tissues, the 
shorter of the wavelength of light, the great of the attenua-
tion would be [10]. From Fig. (1B), it can be obviously ob-
served that the major components of the CR emission are 
located in the range of short wavelength, indicating that the 

CR light encounters a large attenuation rate. Because of 
these two limitations, most of the CLI applications are lim-
ited to in vitro studies, small animal imaging or surface im-
aging of human body [26, 27, 37, 38]. For the radionuclide 
deeply buried in the living body, it become very hard to de-
tect from the surface of the body [12]. Even though the re-
cently developed Cerenkov luminescence tomography (CLT) 
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technique could resolve the three-dimensional distribution of 
radiotracers inside the small animals [39-43], it still cannot 
solve the problem of detecting deeply buried lesions, be-
cause the primary hypothesis of CLT was the CR emission 
could be detected from the surface of living body [12]. 

CERENKOV LUMINESCENCE ENDOSCOPY (CLE) 

Endoscopic imaging technique can obtain an accurate 
image of lesion target deep inside living body by taking the 
detector close to the lesion surface via an organ cavity with a 
minimally invasive manner, which would provide a powerful 
technical support for the limitation of penetration depth en-
countered in the clinical translation of OI technology. Be-
cause of this feature, it has obtained wide applications in 
clinical medicine, such as the gastroscopy [44], colonoscopy 
[45], bronchoscopy [46], and confocal laser endomicroscopy 
[47]. By integrating the advantages of endoscopic imaging 
technique and CLI, a novel technique named Cerenkov lu-
minescence endoscopy (CLE) has recently proposed, provid-
ing with an ideal solution to the limitations of scarce probes 
and poor penetration depths of OI in translation studies. In 
this scenario, the probe end of the CLE, an optical fiber 
based endoscope, is inserted into a living body with a 
slightly invasive manner and reach the location where the 
radiotracers accumulated. The CR signals emitted from the 
surface of lesion were then collected with the endoscope and 
propagated in the optical fibers, and finally detected by the 
CCD camera to form an image [11-15]. By constructing a 
mathematical model to accurately describe the CL propaga-
tion in the CLE system and incorporating some tomographic 
techniques, the location and distribution of radiotracers can 
be three-dimensionally estimated. 

Kothapalli et al. developed the first prototype system for 
CLE in 2012 [11]. The system consisted of two parts, the 
optical fiber based endoscope and CCD camera (IVIS-200, 
Xenogen) [11]. Fig. (4A) shows the schematic of the system. 
To reveal the feasibility of the CLE system, they performed 
in vivo small animal experiments by using an optical bundle 
with a diameter of 6 mm. Mice (n=4) bearing subcutaneous 
C6 glioma were firstly administrated with 940-970 �Ci 18F-
FDG via tail vein injection, and then the CLE system was 
utilized to acquire the CR signal with the distal end of fiber 
bundle placed close to the region of interest. The encourag-
ing results are shown in Fig. (4B). However, because the 
optical fiber based endoscope was not tightly coupled with 
the CCD camera, this CLE system cannot acquire the photo-
graph of the imaging object, and hardly avoids the leakage of 
ambient light. Afterwards, Liu et al. improved the CLE sys-
tem by building another one, in which the optical fiber bun-
dle based endoscope was tightly coupled with the highly 
sensitive intensified CCD camera by a micro-imaging lens 
[14]. The minimum activity which can be detected by this 
system is about 1.21 �Ci (as shown in Fig. 4C). By using 
this improved CLE system, they performed a feasibility ex-
perimental study of intraoperative imaging in guiding mini-
mally invasive surgical resection of tumor [14]. In the ex-
periment, mice (n=5) bearing subcutaneous C6 glioma were 
received about 1 mCi of 18F-FDG via the tail vein and kept 
warm for 60-70 min. Tumors were then imaged with the 
IVIS and the CLE systems before and after excision of the 
tumor. Corresponding results showed that the CLE system 
worked well explored the feasibility of using the CLE for the 
detection of tumor in vivo for guided surgery, as shown in 
Fig. (4D) [14]. 

Fig. (4). (A) Schematic of the CLE system proposed by Kothapalli et al.; (B) Results of in vivo mice experiment imaged using the system of 
(A); (C) Result of system sensitivity evaluation for Liu’s system; (D) Results of the small animal in vivo experiment in Liu’s paper; the 
above is the CLI images while the below is the images acquired by using the CLE system. (A) and (B) were adapted with permission from 
ref [11]; (C) and (D) were adapted with permission from ref [14]. 
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Different from the CLE system developed by Kothapalli 
and Liu, Cao et al. proposed another CLE system by seam-
lessly connecting the clinically-used fibergastroscope with a 
highly sensitive electron multiplying CCD (EMCCD) cam-
era via an optical adapter, as shown in Fig. (5A) [12]. The 
sensitivity of the system was measured approximately 
32.92�10�3 �Ci/�L for in vivo studies, and the luminescent 
lateral resolution was better than 1 mm (as shown in Fig. 
5B), which was comparable with that of PET [12]. The final 
in vivo pseudotumor experiment revealed the great potential 
of the CLE system in the living organisms (Fig. 5C). Based 
on this fibergastroscope-based CLE system, Hu et al. set up 
another CLE system by replacing the fibergastroscope with 
the clinically-used bronchofiberscope (the schematic shown 
in Fig. 5D), and conducted human trial studies for the first 
time [15]. In the human trials, patients suffered from rectal 
cancer were first undergone the PET/CT scan and then under 
the CLE examination. Results illustrated the feasibility and 
potential of the CLE system in distinguishing and quantify-
ing cancerous lesions in clinics (Fig. 5E), and this pilot study 
can be recognized as a great breakthrough in accelerating the 
clinical translation of CLE technology. 

The emergence of the CLE technique provides a possibil-
ity to overcome the obstacles of OI technology in clinic 
translation, and the published results indeed revealed the 
potential of the CLE system in clinical applications. How-
ever, a great attenuation exists in the developed CLE system, 
compared with the CLI results, which results in a relatively 
low detection sensitivity of radiotracers and affects the effec-
tive applications in clinic. According to the observed result 
of Cao et al. [12], the attenuation rate can be as large as 

93%, which is mainly caused by the small aperture of endo-
scope (the diameter is no more than 2 mm for clinically-used 
endoscope) and the weak CR emission of radiotracers. Thus, 
to improve the detection sensitivity of the CLE system, 
which could be achieved by increasing the intensity of the 
acquired CL, would be of significance for the CLE technique 
in the wide applications in clinics. 

INTENSITY ENHANCED CERENKOV LUMINES-
CENCE ENDOSCOPY 

The intensity of the CR signal is very weak, which fur-
ther aggravates poor detection sensitivity of the CLE system, 
indicating that the detection of low dose radionuclides is 
very difficult. In the clinical studies, the dosage of the radi-
onuclides gathered around the tumor is very low. For exam-
ple, the mean activity of the radiotracer that gathered around 
the GI tract tumors in a clinical diagnosis is about 1.5�10-3 

�Ci/�L [48]. Thus, to enhance the intensity of the CR emis-
sion from radiotracers is one of possible ways to improve the 
detection sensitivity of the CLE system, even though the 
system itself remains unchanged, which would facilitate the 
clinical applications of the CLE system. 

Up to now, there are two possible ways to enhance the 
intensity of the CR signals. One is to shift the peak wave-
length of the CR spectrum from an ultraviolet/blue to a near-
infrared/visible one, because the near-infrared light has bet-
ter penetration ability in biological tissues[10]. This method 
is usually implemented using the CR luminescence to excite 
other particles, such as fluorephore [49, 50], quantum dots 

Fig. (5). (A) Photograph of the CLE system proposed by Cao et al.; (B) Result of the spatial resolution evaluation experiment using system 
of (A); (C) Results of the pseudotumor based small animal imaging; the above is CLI images while the below is the CLE images using the 
system of (A). (D) Schematic of the CLE system proposed by Hu et al.; (E) Human trial results using the system of (D). (A)-(C) were 
adapted with permission from ref [12]; (C)-(D) were adapted with permission from ref [15]. 
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(QDs) [51-54], and lanthanides [55], with the diagram shown 
in Fig. (6A). Liu et al. validated this enhancement strategy 
using QDs [54]. In their study, the CR luminescence is re-
garded as the excitation source and the QDs are excited by 
the CR to emit the luminescence with longer peak wave-
length. Results of pseudotumors based in vivo experiment 
demonstrated the feasibility and effectiveness of this inten-
sity enhancement strategy, as shown in Fig. (6B) [54]. The 
other way to enhance the emitted luminescence intensity is 
based on the emerged radioluminescence imaging (RLI) 
technology. RLI is based on the radioluminescence phe-
nomenon by which the luminescence would be generated in 
the lanthanides-based materials when it they are bombarded 
with the ionizing radiation of high energy rays, such as X-
rays, �-rays, and beta particles [56-58]. In this strategy, the 
lanthanides-based materials are excited by �-rays, which 
accompany the decay of radionuclides, and then emit lumi-
nescence. The emitted luminescence contains not only the 
CR emission but also the radioluminescence, as shown in 
Fig. (6C), so that the emitted luminescence intensity from 

target is enhanced. Carpenter et al. described this phenome-
non in 2012, and validated the feasibility and potential of 
this strategy with both phantom and in vivo experiments, as 
shown in Fig. (6D) [58]. 

Utilizing the RLI technology, Cao et al. improved the de-
tection sensitivity of their developed CLE system by mixing 
the radiotracer with a kind of lanthanides-based nanoparti-
cles [59, 60]. With the in vitro and in vivo pseudotumor ex-
periments, they showed that using the mixture of the lantha-
nides-based nanoparticles and the radiotracer enabled a supe-
rior sensitivity compared with the radiotracer only (about 50-
fold improvement, as shown in Fig. 6E), which guaranteed 
meeting the demands of the clinical diagnosis of GI tract 
tumors [59]. On the other hand, Carpenter et al. employed 
�� emitting radiotracer of 90Y to improve the detection sensi-
tivity of their developed CLE system [13]. Because 90Y is 
one kind of higher energy �� radiotracer that will bring about 
more CR light output and lower � noise, the signal-to-noise 
ratio of CLE image using 90Y is much better than that using 
18F (as shown in Fig. 6F) [13]. 

Fig. (6). (A) Schematic of enhancing the CR intensity by using the peak wavelength shifting strategy; (B) Representative result of (A). In the 
result, nude mouse with four pseudotumors was used. Each pseudotumor contains different mixtures and the injection method is also differ-
ent. 1: Na131I with subcutaneous injection; 2: QD655+Na131I mixture with subcutaneous injection; 3: Na131I with intramuscular injection; 4: 
QD655+Na131I with intramuscular injection. Adapted with permission from ref [54]. (C) Schematic of enhancing the CR intensity based on 
the RLI technology; (D) One of the representative results of (C), left was PET image and right was optical fused image. In the result, a nude 
mouse bearing four pseudotumors was employed. Each pseudotumor contains the mixture of 18F and lanthanides-based materials with differ-
ent categories. The lanthanides-based materials contained in the pseudotumors are different: the left foreleg is Ba0.55Y0.3F2:Eu3+, the left 
flank is Ba0.55Y0.3F2:Tb3+, the right flank is the mixture of equal concentration of Ba0.55Y0.3F2:Tb3+ and Ba0.55Y0.3F2:Eu3+, and the right fore-
leg is an inactive undoped nanophosphor. Adapted with permission from ref [58]; (E) Result of in vivo sensitivity experiment after using 
Gd2S2O:Tb to enhance the luminescent intensity, specially, the ratio of signal to background (SBR) was set as a function of the activity of 
68Ga. Adapted with permission from ref [59]; (F) Sensitivity comparison between 18F and 90Y. Adapted with permission from Ref [13]. Pers
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CHALLENGES AND OPPORTUNITIES 

We present above an account of recent progresses on the 
CLI and CLE technologies. With the development of highly 
sensitive signal detection technique and clinically-used 
probes, we believe that the CLI technology would be a pow-
erful tool with a great potential in clinical translation. By 
integrating the endoscopic imaging technique, the recently 
emerged CLE technology further expand these applications 
from surface imaging to endoscopic detection, accelerating 
the translation of the CLI technology into the clinics. We 
anticipate some new directions in the future development of 
the CLE technology, which provides both big challenges and 
great opportunities for researches: 

1. Instrumentation 

Current progresses show that great attenuation exists in 
the available CLE system, which gives rise to a relatively 
low detection sensitivity of radiotracers. To improve the de-
tection sensitivity by developing intensity enhanced CLE 
technology may be a great challenge and big opportunity for 
the researchers in the near future. The most direct way is to 
improve the CLE system by building a new fiber endoscope. 
In this fiber endoscope, the number of optical fibers and the 
field of view need to be enlarged enough to increase the lu-
minescence collection capacity; the transmission efficiency 
of the fibers around the CR spectrum should been improved 
to decrease the luminescence attenuation quantity. 

2. Imaging Agents 

Referencing to the study of Zavaleta et al. [61], except 
for the optimization of CLE system described above, another 
way to improve the sensitivity is to increase the intensity of 
the emission luminescence. The RLI technology may be a 
good option. The problem is the cytotoxicity of the lantha-
nides-based nanoparticles. To synthesize the clinically appli-
cable multimodal imaging probe based on the combination 
of lanthanides nanoparticles and radionuclides, which has a 
very good biocompatibility and extremely low cytotoxicity, 
is the direction of the long term hard work for biochemistry 
researchers. 

3. Imaging Processing Algorithms 

The existing studies on the CLE technology are all based 
on two-dimensional planar images, which cannot provide 
accurate location and depth information of the interested 
lesion or accurate quantification information. Some re-
searchers, such as Piao et al., Chen et al., and Qin et al. [62-
65], have done some algorithmic studies on the endoscopic 
optical tomography, which provides three-dimensional in-
formation of the imaging target. However, these algorithms 
cannot directly apply to the applications of GI tumor detec-
tion using the CLE. For the case of GI tumor detection, the 
tumor where the luminescence signals emit is only several 
millimeters away from the surface of GI tract. Such a small 
thickness is hardly discretized by finite element mesh. Thus, 
a more specific imaging model and more usable inversion 
algorithms should be developed for the CLE system in appli-
cation of GI tumor detection, which is a challenge task in 
front of algorithmic researchers. 
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