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Abstract Medical techniques based upon optical imaging technologies are
important tools in clinical practice. The use of optical imaging in medical diagnosis
is well established, and a large array of techniques are in current use, such as white
light endoscopy, autofluorescence imaging, and optical coherence tomography. The
applications of these techniques are expanding, and newer imaging technologies are
becoming available to address problems and limitations associated with existing
methods. Beyond diagnostics, optical imaging is increasingly a useful component
of interventional medical procedures, such as image-guided surgery. In procedures
such as surgical tumor resection, fluorescence imaging can aid surgeons in improv-
ing both accuracy and completeness of removal. Relevant to both diagnostic and
therapeutic applications, Cerenkov luminescence imaging is a potential clinical
technique which relies upon generation of visible-spectrum light by beta particles
in a dielectric medium; this method could allow for coupling of a multimodal optical
component to existing molecular imaging techniques, such as positron emission
tomography, and also provide a means of monitoring distribution of administered
clinically relevant radionuclides such as lutetium-177.
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1 Introduction

Optical imaging modalities are a crucial component of medical diagnosis and
treatment. They are widely utilized for both diagnostic and interventional proce-
dures. Thanks to the rapid pace of innovation in optical imaging technologies,
clinicians have a wider array of imaging tools available than ever before. Further-
more, a number of promising new modalities are approaching clinical viability, for a
broad variety of applications. This review will describe the current state of optical-
based imaging modalities in diagnosis via endoscopic imaging and in treatment via
image-guided surgery. Additionally, Cerenkov luminescence imaging, a promising
new technology with many potential medical applications, will be described in
detail.

2 Diagnostic Endoscopic Imaging

Endoscopy, a classification of medical procedures which utilize an endoscope to
examine the endoluminal surfaces of internal body cavities, is a vitally important
clinical tool, both for diagnosis and for guidance of interventional procedures such as
surgery. Information gleaned from diagnostic endoscopic examinations help clini-
cians diagnose diseases and guide treatment decisions. Naturally, optical imaging
technologies are integral to endoscopic procedures. This review section will discuss
the current state and technological horizon of optical imaging modalities in diag-
nostic medical endoscopy.

Optical Imaging and Clinical Endoscopy The current standard of care for most
clinical endoscopic imaging is non-fluorescent white light endoscopy (WLE). This
optical imaging modality relies upon full-spectrum visible light illumination for
visualizing internal anatomy. It can be used both for wide-field imaging and, with
magnification, for examination of internal microanatomy. Although WLE is widely
used clinically and does not require the administration of contrast agents, it has many
shortcomings. Endoscopic diagnosis with WLE relies mainly upon the clinician’s
subjective ability to recognize macroscopic or microscopic morphological abnor-
malities in surface mucosa and other superficial structures. Generally, WLE is useful
for the detection of conspicuous and superficial abnormalities; indistinct and
non-facile abnormalities may escape detection with WLE. Furthermore, WLE detec-
tion of lesions is often not sufficient to merit diagnosis; invasive tissue biopsy

204 E. P. Stater et al.



samples and subsequent histopathological analysis are frequently required for
confirmation. Due to these limitations, newer optical imaging technologies are
coming to the forefront to improve both the utility and versatility of endoscopy as
a diagnostic technique.

Visible-Spectrum Modalities Several visible-spectrum optical imaging technolo-
gies have emerged with the aim of improving the accuracy, sensitivity, and speci-
ficity of WLE. The most widely used, chromoendoscopy, utilizes the administration
of colored dyes as contrast agents to provide differentiating contrast to specific
tissues and anatomical structures. A wide variety of application-specific dyes can
be used for chromoendoscopic procedures. Administered dyes can be absorptive to
specific epithelia or tissue types (e.g., methylene blue with upper gastrointestinal
endoscopy for detection of Barrett’s esophagus), non-absorptive to highlight extra-
cellular structure and tissue topography (e.g., indigo carmine with colonoscopy for
detection of colon polyps), or reactive to detect specific biochemical processes (e.g.,
phenol red with gastroendoscopy to visualize gastric Helicobacter pylori infection).
A key advantage of this method is that it does not require the purchase of expensive
specialized endoscopes, but rather can be performed with existing WLE equipment.
However, it does require patient administration of contrast dyes, which can be
unpleasant and invasive, and/or carry the risk of potential side effects. Furthermore,
many chromoendoscopic procedures require removal of mucus in the region of
interest prior to application of the contrast dyes, increasing the clinical time, com-
plexity, and cost of the procedure.

Narrowband imaging (NBI) is a newer technology based on visible-spectrum
light, in which white endoscopic illumination light is filtered into specific wave-
lengths, typically at 415 nm (blue light) and/or 540 nm (green light). These light
bands correspond to the optimal absorptive wavelengths of hemoglobin contained in
shallow mucosal blood vessels or deeper basal layer blood vessels, respectively. NBI
endoscopy therefore enhances the optical contrast of blood vasculature over con-
ventional WLE without requiring the administration of contrast agents (Fig. 1a). It
can be useful for improving visual identification of vascular abnormalities that are
associated with disease conditions, such as neoplasia. However, performing NBI
endoscopy requires the purchase of NBI-capable endoscope systems.

So-called “digital endoscopy” procedures utilize legacy WLE equipment with the
addition of software-based image post-processing to improve the quality of endo-
scopic images and provide more relevant information to clinicians. Post-processing
is flexible and can be applied to conventional WLE, NBI, or chromoendoscopic
procedures (Fig. 1b). Software suites available for this purpose include Fuji Intelli-
gent Chromo Endoscopy (FICE) by Fujinon Corporation (Saitama, Japan) and
Pentax i-SCAN by HOYA Corporation (Tokyo, Japan.) Usage of these software
suites has shown some benefits in certain clinical diagnostic applications, but
comparative results have generally been mixed. The i-SCAN suite has been shown
to improve diagnosis of esophagitis when coupled with WLE versus WLE alone [6];
however, it also failed to show significant improvement in diagnosis of gastric
neoplasia or small adenomatous colon polyps [7, 8]. Similarly, FICE software has
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shown improvement in detection of depressed-type gastric neoplastic lesions [9] but
not in detection of adenomatous colon polyps [10].

Fluorescence Imaging Modalities Fluorescence imaging is an emerging and
promising avenue for the present and future of clinical imaging, including in
endoscopic applications. Analogous to WLE in visible-spectrum light imaging, the
most widely used form of fluorescence imaging in endoscopic procedures is
autofluorescence endoscopy (AFE). AFE endoscopes exploit differences in the

Fig. 1 (a–d) Comparison of endoscopic optical imaging modalities to conventional white light
endoscopy (WLE). (a) An intestinal dysplasia imaged by WLE and narrowband imaging (NBI)
[1]. (b) A neoplastic colon polyp imaged by WLE with and without Fuji Intelligent Chromo
Endoscopy software (FICE) image post-processing [2]. (c) A colon adenoma imaged by WLE
and autofluorescence imaging (AFE) [3]. (d) A papillary bladder lesion imaged in bladder cystos-
copy with hexaminolevulinate by WLE and induced fluorescence endoscopy (IFE) [4]. (e) Example
of 2D cross-sectional and 3D reconstructed images of a porcine esophagus imaged via optical
coherence tomography (OCT), demonstrating micron-scale resolution of subsurface esophageal
strata. Muscularis propria (MP), submucosae (SM), muscularis mucosae (MM), lamina propria
(LP), and epithelium (E) can be identified [5]. Referenced figure panels have been adapted and
reprinted with permission of their respective owners
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concentrations of naturally occurring fluorophore biomolecules, such as collagen, to
generate wide-area images of internal tissues without exogenous contrast agents.
Fluorescence excitation is provided by illumination with a high-intensity blue light
on the endoscope; emission is visualized (via false color video) with an optical
camera configured to capture light at various emission wavelengths. AFE imagery
can provide information about abnormalities that may not be easily detectable with
WLE, such as differences in tissue density, epithelial thickness, or blood flow rate
(Fig. 1c). Though AFE systems can address some of the limitations of standard
WLE, they are constrained by many of the same drawbacks. Furthermore, although
AFE has been shown to improve detection rates of lesions, it also typically has a
higher rate of false positives, such as in detection of early gastric neoplasia [11],
necessitating more frequent follow-up biopsy analyses.

Analogous to white light chromoendoscopy, induced fluorescence endoscopy
(IFE) relies upon administration of exogenous fluorescent contrast agents and
illumination with excitatory wavelength light to visualize specific internal anatomy.
IFE can provide enhancement of visual contrast beyond what is possible with WLE,
chromoendoscopy, NBI, or AFI. Furthermore, the use of far-red or near-infrared
fluorophores with IFE can increase the penetration depth of imaging and enable
detection of non-superficial structures and lesions, overcoming a key limitation of
other optical endoscopic technologies. However, this newer technology has not yet
seen widespread clinical adoption, due mainly to the limited number of fluorescent
contrast agents available to clinicians. Frequently used contrast agents in clinical IFE
include 5-aminolevulinic acid (5-ALA) and hexaminolevulinate (for cancer detec-
tion in upper gastroendoscopy and bladder cystoscopy, respectively) and the near-
infrared fluorophore indocyanine green (ICG, for enhanced fluorescent labeling of
vasculature) (Fig. 1d). Another near-infrared fluorochrome, methylene blue, is FDA-
and EMA-approved as a chromogenic dye; because it is also fluorescent, its use with
IFE has been investigated to help surgeons locate and avoid injury to the ureters of
colorectal surgery patients [12]. Additionally, IFE holds promise for endoscopic
visualization of targeted molecular probes; however, this application has not yet
been exploited clinically, due to the lack of targeted fluorescent contrast agents with
regulatory approval.

Previously described visible-spectrum imaging modalities are applicable to
either wide-area imaging (e.g., during open or laparoscopic surgery) or magnifica-
tion endoscopy. However, with respect to fluorescence imaging, confocal laser
endomicroscopy (CLEM) is the preeminent technology for fluorescent endoscopic
examination under magnification. CLEM combines blue laser fluorescence imaging
with intravital confocal microscopy, enabling live confocal plane imaging of
endoluminar microanatomy at cellular or subcellular resolutions. This enables supe-
rior image quality, increased penetration depth, and improved anatomical differen-
tiation when compared to conventional magnification endoscopy. The development
of clinical CLEM technology confers two primary benefits to endoscopic diagnosis:
first, in some instances, it may permit completely optical percutaneous biopsy of
patients, negating the need for potentially traumatic tissue sample collection and
outside histopathological analyses; second, in cases where traditional tissue biopsies
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are still required, it can enable more accurate identification of relevant biopsy sites. A
variety of contrast agents are used in CLEM, though all are currently used off-label
for this application. Fluorescein is administered intravenously to provide fluorescent
contrast to blood vasculature. Other contrast agents can be applied topically at the
imaging site, which may or may not require prior removal of mucin from the surface.
Topical imaging agents can include fluorescent stains to highlight intracellular
regions and lamina propria (fluorescein sodium) or cell nuclei (cresyl violet or
acriflavine). Additional fluorescent contrast agents with longer-wavelength excita-
tion, such as methylene blue, have been demonstrated in preclinical research and
could be used in future clinical work as well; however, currently, only scopes
equipped with blue light lasers (488 nm) are approved for clinical use. The micro-
scopic field of view of CLEM necessitates wide-area image-guided placement of the
CLEM probe prior to image acquisition. Existing CLEM endoscopes usually rely on
simultaneous wide-area WLE for correct placement of the microscopic probe at the
lesion of interest. Therefore, the CLEM examination site selection is subject to the
same limitations inherent to macroscopic WLE. However, other probe guidance
methods have been used with CLEM, such as ultrasonography or X-ray fluoroscopy
[13, 14].

Near-Infrared Imaging Modalities Beyond fluorescence imaging in the clinic,
a new technique, optical coherence tomography (OCT), utilizes interferometry
with near-infrared (NIR) light backscattering to construct a high-resolution image
of three-dimensional tissues from a series of two-dimensional tomographic cross-
sectional images. From an application point of view, OCT is similar in function
to high-frequency ultrasonography; however, OCT relies on light rather than sound
for generation of an image. Furthermore, the emitted near-infrared light is able to
traverse air-filled spaces; unlike HF ultrasonography, it does not require direct probe
contact (nor a water interface) with the tissue areas of interest. This makes it a useful
imaging modality for mapping the surface and subsurface topology of large or
expansive endoluminal cavities and therefore highly suited for endoscopic imaging.
OCT scans can provide information on cutaneous and subcutaneous endoluminal
surface density and morphology, enabling rapid wide-area identification of subsur-
face abnormalities. OCT endoscopes provide excellent spatial resolution, with
sub-20 μm resolutions possible. OCT systems also provide temporal resolution by
scanning multiple times per second, thus allowing acquisition and observation of
images in real time. The primary benefit of OCT to clinical endoscopy comes in
the ability to rapidly map the volumetric microstructure of large and complex
endoluminal cavity surfaces (Fig. 1e). Though NIR provides improved light pene-
tration into tissue compared to shorter wavelengths, the depth of OCT scanning is
limited to a few millimeters due to excessive light scattering at greater depths.
Endoscopic OCT has been clinically approved for upper GI endoscopic procedures
and for intravascular endoscopy. It is also being evaluated for a variety of new
indications, including diagnosis of urothelial carcinoma in the bladder [15],
and imaging of bronchial airway remodeling in patients with chronic obstructive
pulmonary disease [16]. A compact OCT endoscope housed within a small,
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self-contained capsule-shaped module has been developed for esophageal OCT; the
“capsule” is swallowed by a fully conscious patient and then recovered via a narrow
tethering fiber. This development raises the possibility of esophageal endoscopy
without the need for sedation, which is a significant barrier to early screening of
Barrett’s esophagus [17].

Multimodal Imaging Despite advances in imaging technology, all endoscopic
imaging modalities are constrained by inherent physical or technical limitations
which limit clinical usefulness. To overcome this, different imaging modalities
could be combined together into a single endoscopic procedure, with the ultimate
goal of mitigating the shortcomings in one imaging modality by supplementing it
with others that are not subject to the same disadvantages. Aside from the use of
wide-field WLE, which is routinely used in conjunction with other endoscopic
modalities (e.g., to guide magnification endoscopy techniques such as CLEM),
multimodal endoscopic imaging is mostly at the investigative stage. Several novel
applications have been demonstrated in clinical pilot studies; for example, a trimodal
endoscope was devised to combine WLE, NBI, and AFI to reduce the high false-
positive rate associated with AFI colonoscopy in screening for colorectal adenomas
and for gastric neoplasia [11, 18]; in another study, OCT was combined with WLE
and IFE cystoscopy (with hexaminolevulinate) to reduce false positives in the
diagnosis of urothelial carcinoma [15].

Preclinical Modality Pipeline A number of promising new optical imaging tech-
nologies are being evaluated for endoscopic applications.

Raman spectroscopy, an imaging technique which relies upon inelastic scattering
of laser light to detect differences in vibrational or rotational molecular states, has
been investigated for in vivo imaging systems, including endoscopy. Raman spec-
troscopy is particularly notable for its chemical specificity, which is useful for
measuring biochemical states and changes in biological tissue. It can be combined
with far-red or near-infrared light sources for deep tissue penetration. Though
promising, Raman spectroscopic endoscopy and other Raman-based imaging
methods thus far have faced technical obstacles, primarily due to the low intensity
of inelastic light scattering signatures, which limit the accuracy and speed of image
acquisition compared to existing clinical modalities. A variety of innovative Raman-
based imaging technologies have been developed to overcome these limitations,
such as selective-sampling Raman spectroscopy, coherent anti-Stokes Raman spec-
troscopy, surface-enhanced Raman spectroscopy, and spatially offset Raman
spectroscopy. Endoscopic Raman spectroscopy has been evaluated in patient feasi-
bility studies for a variety of applications, including colonoscopic identification of
precancerous adenomatous polyps, endoscopic diagnosis of gastric dysplasia, and
detection of nasopharyngeal cancers [19–21].

Cerenkov luminescence (CL), light emissions caused by the transit of charged
particle radiation through a dielectric medium at greater than the speed of light, has
been evaluated for medical imaging purposes. The resultant technology, called
Cerenkov luminescence imaging (CLI), utilizes Cerenkov light generated by the
decay of an injected β particle-emitting isotope, which are typically used to provide
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radiocontrast in positron emission tomography (PET) scans or for targeted radio-
therapy. CLI is adaptable to endoscopy for selected applications and could be useful
for optical detection of radiotracers via an endoscope. A prototype CLI endoscope
has been demonstrated in animal studies using conventional endoscopic equipment
coupled with the PET radiotracer 18F-fluorodeoxyglucose [22]. Further medical
applications of CLI are discussed at length in the latter section of this review.

Incident light that is reflected by tissues is modified in numerous ways by the
physical and biochemical properties of that tissue, which manifests in changes to
absorbance via intensities of specific wavelengths, variation in angular trajectories,
alteration of light polarity, etc. Reflectance spectroscopy takes advantage of these
resultant differences, using advanced analysis to construct quantitative “scattering
signatures” of reflected light to reveal morphological and biochemical information
about probed tissues without labeling. For endoscopy, reflectance spectroscopy
has several promising applications, most notably to detect the oxygenation level of
blood. The ratio of oxyhemoglobin to deoxyhemoglobin can be extrapolated by
the differential absorbance and reflectance profiles of each compound, providing an
endoscopic tool for detection of poorly perfused regions in mucosal tissue. A white
light reflectance spectroscopy method has been used to measure via colonoscopy to
analyze the success of induced colon polyp ischemia procedures in real time, as well
as identification of sites of mesenteric ischemia [23, 24].

Two-photon endomicroscopy (TPEM) is yet another emerging technology with
potential to be translated into clinical endoscopy. Two-photon imaging utilizes two
excitation photons using a femtosecond pulsed beam to produce fluorescent emis-
sion by excitation of individual atoms by two simultaneous photons. This method
can utilize near-infrared excitation sources for deep tissue penetration. Furthermore,
simultaneous absorbance of two photons is an extremely low-probability event
outside of the focal point due to insufficient photon density; therefore, emission
from outside the focal point is negligible. This permits exclusion of background light
outside of the focal plane, but without the pinhole aperture required in confocal
microscopy. TPEM is therefore a potentially advantageous alternative to CLEM,
with acquisition of deeper images possible. Like CLEM, however, TPEM would
require administration of fluorescent contrast agents. Prototype TPEM units have
been demonstrated in animal models but thus far have not yet been evaluated in
human patients [25, 26]. Clinical TPEM also requires further development and
approval of fluorescent contrast agents which are optimized for two-photon
excitation.

Summary Diagnostic endoscopic procedures are arguably the most commonly
used and most diverse application of optical imaging in medicine today. Nearly
every modality of optical imaging in current clinical use is represented in the array of
endoscopic imaging technologies currently available to physicians. Furthermore,
endoscopic procedures also have the largest frontier of technological advancement,
with a number of novel advanced optical technologies at or near the clinical
translation threshold.
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3 Optical Imaging in Interventional Procedures

Beyond diagnostic procedures, optical imaging technologies are of increasing
importance in current and future interventional medical techniques. For example,
in oncology, surgery is the primary treatment modality for most solid tumors.
Although optical imaging plays an essential role in cancer diagnosis and preopera-
tive planning, during the surgery, the operating surgeon often depends on visual
appearance and manual palpation to differentiate between tumor and normal tissue
and to establish a sufficient tumor-free margin. Reliance on white light limits the
visual contrast apparent to the surgeon to a narrow dynamic range in the colorimetric
spectrum. Thus, limitations in specificity and sensitivity are a critical aspect of
oncologic surgeries, and real-time image guidance is highly desirable in the operat-
ing room [27–29].

In this review, we explain the concept of optical image-guided surgery in surgical
oncology. Image-guided surgery enables surgeons to perform surgery under the
guidance of live intraoperative images, wherein surgeons are able to track the
resection area on a monitor with reliable real-time feedback on any remaining
tumor tissues or other diseased areas, such as ischemia. Because of the delicate
nature and time sensitivity of surgery, the imaging time must be short, and image
processing must be rapid – essentially in real time, at high temporal resolution and
with minimal latency [30]. As a result, surgical procedures are easier to undertake
with greater certainty that the critical landmarks are secured. Tumor cells left behind
at the edge of the surgical resection area, defined as positive margins, result in
increased recurrence and poor prognosis for patients with head and neck cancer,
brain cancer, breast cancer, non-small cell lung cancer, colorectal cancer, and
urogenital tract cancer [31–38]. Image guidance allows careful identification of
primary and microscopic tumors and the complete removal of cancerous tissue [39].

Elevated cellular metabolism, increased expression of growth factor signaling
receptors, hypoxia, and increased tumor angiogenesis are common traits that sustain
the hyperproliferative potential of tumor cells. These biomarkers specific to cancer
cells or the tumor microenvironment potentially allow cancer to be distinguished
from normal tissue and could be exploited as potential targets to direct imaging
agents [28]. An approach to incorporate biomarker-targeted molecular imaging
agents in the imaging procedure improves the tumor-to-background signal ratio
needed for fast assessment of lesions [30, 40]. Ease of image acquisition, relatively
low-cost imaging devices, high resolution, and real-time applicability of imaging
agents for use in optical imaging methods are highly desirable for use in real-time
image-guided surgery [30]. However, there are substantial technical issues such as
specific tumor labeling, imaging system portability, and patient-like animal models
in which to develop the technology, which need to be addressed for image-guided
surgery going forward toward clinical use [41].

Image-Guided Surgery Fluorescence-guided surgery emerged as a technique
using fluorescence to visualize cancer cells to guide intraoperative procedures.
Classical fluorescent techniques primarily use probes in the visible light spectrum
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in the wavelength range of 400–600 nm. This spectrum region is related to a higher
level of nonspecific background light and limited tissue penetration depth [28]. In
the early years of this millennium, fluorescent imaging for cancer-specific navigation
was successfully used in neurosurgery. Stummer et al. demonstrated that 5-ALA
accumulates as fluorescent protoporphyrin IX in malignant gliomas and helps in
their precise surgical resection. Complete resection of tumor tissue with maximal
preservation of normal surrounding brain tissue significantly improved survival and
life quality of glioblastoma patients (Fig. 2a) [45, 46].

To improve imaging depth with minimal interference of light scattering and tissue
autofluorescence, optical modalities utilize fluorescent emission light in the NIR
wavelengths of 700–900 nm, known as the first near-infrared window (NIR-I).
Furthermore, fluorophores emitting in the range of 1,000–1,700 nm, in the second
near-infrared window (NIR-II), were developed to enhance imaging quality at
increased tissue depth [47, 48]. The NIR spectrum range allows a high ratio of
signal to background in biological tissue and in oncologic imaging yields a high
tumor-to-background ratio [30, 49]. Clinical applications of NIR fluorescence imag-
ing have been demonstrated in sentinel lymph node (SLN) mapping, tumor imaging,
and visualization of vasculature [50].

At present, clinically approved nontargeted contrast agents for image-guided
surgery include ICG and methylene blue (Fig. 2b, c). Their fluorescence emission
is localized within the NIR-I spectrum [28, 39]. Applications of ICG include induced
NIR fluorescence in cancer-related surgery for SLN mapping, intraoperative identi-
fication of solid tumors, and angiography during reconstructive surgery [43]
ICG-based imaging agents offer significant improvements during SLN mapping in
prostate, breast, gastric, rectal, and vulvar cancers [51–55].

An integrated diagnostic approach based on premixing of ICG with 99mTc-
nanocolloid resulted in an imaging agent that is both radioactive and fluorescent
and enables preoperative and intraoperative SLN imaging in laparoscopic lymph
node dissection. ICG-99mTc-nanocolloid injected into the prostate allowed the loca-
tion of the pelvic sentinel lymph SLNs to be established preoperatively by SPECT/
CT imaging. During surgery fluorescence was used to visualize previously identified
nodes and improve surgical guidance. Correlation between the radioactive and
fluorescent signal in the removed lymph nodes showed that ICG-99mTc-nanocolloid
in combination with SPECT/CT and a fluorescence laparoscope can facilitate precise
dissection of SLNs [51].

One of the greatest challenges for prostate cancer management is lymphatic
spread of metastases, giving rise to tumor recurrences. Lymphatic mapping using
radioguidance or fluorescence guidance in surgery via an agent targeting prostate-
specific membrane antigen (PSMA) constitutes an alternative to traditional pelvic
lymph node dissection. Preoperative PET imaging with 68Ga-PSMA tracers was the
most reliable method for identification of lymphatic macrometastases; by compari-
son, intraoperative lymphatic mapping with ICG-99mTc-nanocolloid via a fluores-
cence imaging camera combined with a handheld γ-ray probe was shown to be the
most reliable for identifying micrometastases [56].
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Fig. 2 Examples of intraoperative imaging for detection and guidance of surgical intervention. (a)
Images from a glioblastoma patient. Left, an MRI scan of the tumor following 5-ALA administra-
tion. Arrows indicate a part of the tumor showing increase of signal following 5-ALA administra-
tion. Center and right, intraoperative images showing tumor contrast of the frontal lobe under white
light and violet-blue excitation fluorescence, respectively [42]. (b) NIR fluorescence imaging of
lymph node biopsy from a breast cancer patient following ICG injection during percutaneous
assessment (upper row) and in exposed sentinel lymph node (lower row). NIR fluorescence light
penetrates tissue, allowing noninvasive imaging method of lymph nodes and lymphatic flow
[43]. (c) NIR fluorescence imaging of the ureter during abdominal surgery following intravenous
administration of methylene blue [44]. Referenced figure panels have been adapted and reprinted
with permission of their respective owners

The Present and Future of Optical Imaging Technologies in the Clinic:. . . 213



Targeted contrast agents for intraoperative imaging include amino acids and
peptides such as aminolevulinic acid, cyclic arginine-glycine-aspartate (cRGD),
folate, chlorotoxin, and specific antibodies against antigens such as CA19-9,
carcinoembryonic antigen (CEA), epithelial cell adhesion molecule (EPCAM),
PSMA, and epidermal growth factor receptor (EGFR) [28, 39]. In organic probes,
the NIR fluorophores are usually conjugated to a specific targeting ligand or mono-
clonal antibody. NIR agents target biomarkers expressed on certain types of cancers.
Antibodies for imaging increased expression of growth factor receptors such as
EGFR, Her2/neu receptor, or vascular endothelial growth factor (VEGF) receptor
are labeled with Cyanine 5.5 and Alexa Fluor 750 fluorophores. Fluorophores bound
to a specific ligand, e.g., VEGF or EGF, can be internalized, allowing uptake of the
tracer to be monitored [28].

For imaging tumor angiogenesis, alpha-v-beta-3 (αvβ3) integrin, a well-
characterized adhesion molecule found at the sprouting ends of newly formed
blood vessels, can easily be targeted with molecular probes. For this reason, it has
been used to model targeting of agents to tumors. High expression of adhesion
receptors can be detected when targeting αvβ3 integrin with cRGD conjugated to
Cyanine 5.5 or IRdye800CW [28]. Previous studies demonstrated that integrin
αvβ3 or CD13 molecules, overexpressed specifically on the surfaces of endothelial
or tumor cells, can serve as imaging targets for early tumor detection and NIR
fluorescence-guided surgical navigation in glioblastomas [49, 57, 58].

Similar approaches using activatable fluorophores are followed when targeting
the upregulation of tumor-associated proteolytic enzymes such as cathepsins and
matrix metalloproteinases (MMP). This allows detection of proteases abundant in
malignant tissue, which can be associated with specific invasive, aggressive, or
metastatic characteristics of tumors. However, proteolytic enzymes are not specific
for molecules in cancer cells, because cathepsins and matrix metalloproteinases
are abundant in inflammatory tissue. NIR probes activated by proteases such as
Cathepsin B and MMP-2 were injected in an inactivated state (quenched), and
cleaved by enzymes that result in dequenching and increased fluorescence [28, 59].

Summary Integration of optical imaging in intraoperative guidance is necessary to
improve the surgical accuracy and outcomes of clinical cancer surgery.

4 Cerenkov Luminescence Imaging and Therapy

Cerenkov Luminescence Cerenkov luminescence (CL) or Cerenkov radiation is a
continuous spectrum of light peaking in the blue-to-ultraviolet spectrum. It is
produced by subatomic charged particles traveling faster than the speed of light
through a dielectric medium such as water or biological tissues. CL was discovered
in 1934, but it was first recognized for biomedical research applications in 2009 due
to advances in highly sensitive optical cameras [60, 61]. Since then, the applications
of CL from clinically relevant radionuclides have been expanding to biomedical
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imaging as well as cancer imaging and therapy. Cerenkov luminescence imaging
(CLI) is a new medical imaging modality that captures CL emitted from clinically
relevant radionuclides via optical imaging instruments and allows multimodal imag-
ing in combination with positron emission tomography (PET) imaging. Further, CL
has been applied with nanomaterials, small molecules, and biomolecules for better
imaging and therapy in cancer research. This section covers the basics of CL and the
recent advances of CLI for diagnosis of disease as well as its applications to cancer
therapies.

In 1934, the Russian scientist Pavel Alekseyevich Cerenkov observed faint blue
light when he accidentally placed a sulfuric acid solution over radium salts [62]. He
concluded the observed visible light was produced by charged subatomic particles
traveling faster than the phase velocity of light in a dielectric medium [63]. Further
theoretical studies were conducted by Ilya Frank and Igor Tamm, who described the
significance of particle energy, cone angle of emitted light, and refractive index of
media. In 1958, Cerenkov, Frank, and Tamm were awarded the Nobel Prize in
Physics for their discovery and explanation of the Cerenkov effect.

Positrons and electrons, collectively referred to as charged beta (β) particles, are
produced by radioactive decay. In dielectric media (mainly tissue/water in biomed-
ical contexts), β particles are traveling faster than the phase velocity of light. Charged
β particles with high energy interact with surrounding water and polarize the
randomly oriented water molecules. The polarized water molecules then relax to
the ground state by emitting photons in the direction of the charged particle travel,
creating a coherent wavefront [61]. The photons propagate at a forward angle (θ)
from the direction of the charged particle vector.

Cerenkov Luminescence Imaging The Cerenkov phenomenon has been applied
in the fields of physics and engineering in a variety of applications, such as in
detectors for particle physics and nuclear power plants [64]. In 2009, the first
biomedical imaging application of the Cerenkov phenomenon was reported by
Robertson et al. who described Cerenkov luminescence imaging (CLI), using 18F-
fluorodeoxyglucose (18F-FDG) in vivo imaged with widely used optical instrumen-
tation for bioluminescence imaging, which provides the necessary sensitivity [60].
This study set the foundation of CLI, and biomedical applications of CLI have been
rapidly expanding ever since. CLI provides a quantitative multimodal imaging
system in conjunction with positron emission tomography (PET) and could be
advantageous over the conventional imaging modalities in the clinic in terms of
cost, time, and applicability of radionuclides (Fig. 3a, b). Some preclinical studies
for CLI have been reported using clinically relevant radionuclides including 18F,
89Zr, 90Y, 68Ga, and 225Ac [65, 67].

CLI for experimental imaging in small animals utilizes a bioluminescence imag-
ing system equipped with a charged coupled device (CCD) camera in a chamber to
exclude ambient light [68]. 18F-FDG, a radiotracer for glycolytic metabolism, is one
of the most common radiotracers for PET imaging because it preferentially accu-
mulates in cancer cells [69]. CL from 18F-FDG has been shown to strongly correlate
with signal intensity in PET imaging [70]. In addition to small-molecule
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radiotracers, CLI with biomolecule radiotracers such as peptides and antibodies has
also been reported. For example, a gastrin-releasing peptide receptor, or bombesin
receptor, agonist was labeled with 90Y and enabled imaging of prostate tumors in
mice by CLI [71]. Further, the anti-prostate-specific membrane antigen (PSMA)
antibody labeled with 64Cu was shown to visualize PSMA-positive tumors in mice
by both CLI and PET [72].

Fig. 3 (a) Cerenkov luminescence imaging and (b) PET imaging of 89Zr in water. The activity
concentrations of 89Zr decrease sequentially in samples 1–6, ranging from 40.3 kBq/mL in sample
1 to 0.0 kBq/mL in sample 6 [65]. (c) Schematic of CL-activated “sticky tag” technology [66]. (d)
Fluorescence image of mice injected with Cyanine 7-azide following previous administration of
the αvβ3-integrin-binding radiotracer 90Y-DOTA-RGD. Enrichment of Cyanine 7 signal can be
observed in the αvβ3-integrin-expressing tumors on the left and right rear flanks due to activation of
the azide group “sticky tag” by CL [66]. Referenced figure panels have been adapted and reprinted
with permission of their respective owners
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In addition to small molecules and biomolecules, CLI is also compatible with
in vivo imaging of nanoparticles. Nanoparticles have gathered much attention in
biomedical research because of their unique properties, including ease of prepara-
tions and modifications, and better pharmacological properties than some conven-
tional chemotherapeutic agents. Some nanoparticles are excitable by Cerenkov light
and emit in longer wavelengths. The imaging system utilizing this phenomenon is
called synonymously secondary Cerenkov-induced fluorescence imaging (SCIFI) or
Cerenkov radiation energy transfer (CRET). The higher optical cross section of
certain nanoparticles sometimes permits SCIFI or CRET [61]. For example, quan-
tum nanoparticles (Qtracker 705) and quantum dots (QD605) have been shown to be
excited by CL to emit longer wavelengths of light, which is advantageous to
overcome the poor tissue permeability of UV light [63, 73]. However, the system
of SCIFI or CRET is not easily modulated because it can be activated regardless of
the surrounding environment. Hence, smart activatable agents, which could be
modulated by endogenous or exogenous stimuli when needed, may provide the
basis of a more accurate imaging system. Photoactivation of caged luciferin by CL is
one example of a smart activatable agent [74]. Luciferin is caged by an ortho-
nitrobenzyl ether protecting group, which is known to be activated by UV light.
CL from 18F-FDG successfully uncaged luciferin, the substrate of luciferase, and
induced bioluminescence from cancer cells expressing luciferase. Another example
of smart activatable agent is protease-activatable SCIFI, which can be turned on by
matrix metallopeptidase-2 enzyme activity [75]. Fluorescein is tethered with a
peptide to a gold nanoparticle and quenched due to the proximity of fluorescein
and a gold nanoparticle; once the enzyme cleaves the peptide, the gold nanoparticle
quencher is released and fluorescein becomes excitable by CL.

The major limitation of CLI is its low intensity of signal compared to conven-
tional optical fluorescence imaging. The prolonged scanning time degrades image
quality due to confounding factors such as patient movement, and the duration of
imaging is limited because of the radionuclide half-life. The CL-activated “sticky
tag” strategy may potentially overcome these limitations by translating CL into
fluorescence (Fig. 3c) [76]. The sticky tag consists of a fluorescent dye tethered by
an aryl azide group. UV light irradiation from Cerenkov transforms the azide into a
singlet nitrene, which can be chemically incorporated into biomolecules on cellular
plasma membranes or proteins in the intracellular matrix. Therefore, radioactivity,
from, e.g., 18F-FDG or an 89Zr-labeled antibody, is converted to fluorescence that is
attached to the side of the radioactive decay. The photoactivation of Cyanine 7-azide
is demonstrated in both in vitro and in vivo (Fig. 3d).

The first human CLI was performed in 2013. CL with 550 MBq of 131I from the
thyroid gland of a patient treated for hyperthyroidism was detected using an electron
multiplied CCD camera [77]. In this study, photographic light and CL were suc-
cessfully localized in the thyroid region. However, the first human study did not
provide quantification of the thyroid. A more rigorous study was performed in the
same year using 18F-FDG in lymphoma patients, lung cancer, and breast cancer
[78]. Patients undergoing diagnostic 18F-FDG PET/CT scans were tested for the
feasibility of CLI. A cooled CCD camera was used to monitor CL and quantification
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was implemented. The study demonstrated the linear correlation between the activity
of radionuclides and the intensity of CL and also showed that the diagnostic dose of
18F-FDG is feasible for detecting nodal disease by CLI.

Cerenkov-Induced Therapy The applications of CL have also been rapidly
expanding to cancer therapy. Photodynamic therapy (PDT) utilizes photosensitizers,
which absorb light and produce reactive oxygen species (ROS) to kill cancerous
cells. Conventional PDT uses red-to-infrared light from external light sources to
excite the photosensitizers. Because the tissue permeability of light is poor, the light
source needs to be delivered to the deep tumor site by insertion of fiber optics into the
patient’s body. This invasive approach could be avoided by CL-induced PDT.
Photosensitizers in proximity to clinically relevant radionuclides may be excitable
by CL, resulting in localized cytotoxic ROS generation. It was demonstrated that CL
generated by 90Y excites porphyrin, a photosensitizer, and inhibits cell growth
[79]. Furthermore, nanoparticles have shown some promising results as a part of
CL-based PDT strategies. For example, it was demonstrated that titanium dioxide
could be excited by CL and generate ROS from water and oxygen molecules.
Further, titanium dioxide in the presence of 18F-FDG or 64Cu could induce PDT
in vivo [80]. In addition to titanium dioxide, some other nanoparticles have also been
reported to induce PDT such as chlorin e6 nanoparticles and copper sulfide
nanoparticles [81, 82].

Summary Cerenkov luminescence has garnered great attention in both science and
medicine since the first biomedical application of CL was reported in 2009. CL
provides an easy-to-prepare and cost-effective imaging modality. Because CL is
generated by most PET imaging radiotracers, multimodal imaging with both CLI
and PET may be possible. CL combined with small molecules, biomolecules, and
nanoparticles has been studied to improve in vivo radiotracer tracking capabilities.
Further, a new targeted therapeutic paradigm that selectively kills only cells in
proximity to CL-generating radiotracers may be accomplished with CL. CL-induced
PDT may provide a less invasive approach compared to the conventional PDT in the
clinic. However, there are some limitations that must be overcome, such as the weak
intensity of CL and prolonged exposure to high dose of radionuclides. Therefore,
further development of this field is needed before clinical relevance can be achieved.
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