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Surgical resection remains the cornerstone of therapy for patients with early stage solid
malignancies and more than half of all cancer patients undergo surgery each year. The technical
ability of the surgeon to obtain clear surgical margins at the initial resection remains crucial to
improve overall survival and long-term morbidity. Current resection techniques are largely based
on subjective and subtle changes associated with tissue distortion by invasive cancer. As a result,
positive surgical margins occur in a significant portion of tumor resections, which is directly
correlated with a poor outcome. A variety of cancer imaging techniques have been adapted or
developed for intraoperative surgical guidance that have been shown to improve functional and
oncologic outcomes in randomized clinical trials. There are also a large number of novel, cancerspecific contrast agents that are in early stage clinical trials and preclinical development that
demonstrate significant promise to improve real-time detection of subclinical cancer in the
operative setting.

Introduction
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Imprecise techniques currently used in conventional surgery to assess tumor resection have
lead to positive tumor margin rate of 15–60%.1-5 While the field of medical oncology has
integrated recent molecular findings and targeted technology, current surgical resection
techniques use palpation and subtle visual changes to judge the border between normal and
cancerous tissue. A number of cancer-specific imaging modalities have recently been
developed and tested in the preclinical and clinical setting to improve intraoperative
identification of cancer in real-time.
Development of intraoperative oncologic imaging for the past several decades has adapted
conventional imaging techniques to the operating room. These techniques, which include
fluoroscopy, ultrasound, CT and MR imaging (MRI), are becoming more prevalent in
advanced surgical suites. MRI to guide surgery of glioblastoma is a model of successful
adaptation of cancer imaging through a series of clinical trials. Despite the costs and
disruption of workflow, MRI is rapidly becoming standard of care for surgical removal of
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glioblastoma with over 70 centers in the US at various stages of implementation. Perhaps
more suited to the intraoperative environment is the use of wide-field optical imaging
techniques using a fluorescent contrast agent. This review will examine the use of
conventional anatomic techniques and the recent explosion of optical agents, molecular
imaging probes and fluorescent imaging devices that are being developed to fill the need for
accurate intraoperative neoplasm detection. The scope of this examination will include both
real-time image-guided surgical techniques that are currently in advanced stage clinical trials
and promising imaging strategies that are looming on the horizon.

The implication of positive surgical margins
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Surgical excision remains the mainstay of therapy for many primary and regional solid
tumors. Achieving clear oncologic margins remains a critical element of any surgical
approach since residual disease is associated with poor survival and the need for adjuvant
chemotherapy, radiation therapy or both.6,7 Although each tumor type presents unique
challenges for pathological margin analysis, surgical excision requires three steps for
detection: initial assessment prior to incision, post-resection margin analysis, and detection
of regional metastasis. Traditionally, the tumor is resected followed by examination of the
specimen or the wound bed by frozen section for the presence of subclinical disease at the
margin. Although very sensitive, frozen sections are time consuming, are reversed in almost
10% of cases, and can at best sample only 5–10% of the wound bed. In many tumor
resections the cut surface of the specimen or wound bed is too large to send more than a
fraction of the tumor margin while orientation of the sampled tissue is challenging due to the
size, mobility and three-dimensional nature of the specimen or wound bed (Fig. 1).
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Sampling error of the gross pathological specimen is compounded by the limited amount of
tissue that can be examined histologically by a pathologist. In order to adequately assess
tumor margins approximately two tissue blocks per centimeter of tissue should be assessed
with at least 2 sections per block.8 Importantly, pathological examination requires excessive
resection of healthy tissue. If intraoperative imaging could accurately assess tumor margins,
it is possible that less healthy tissue would be removed and survival rates could be
improved. When positive margins exist, there is no consensus on the amount of residual
tumor that will regrow or require adjuvant treatment, but the adverse impact of positive
surgical margins on patient outcome has been well documented.4,9
The range of techniques developed for intraoperative margin assessment speaks to the
clinical demand for improved strategies. To fill this need, a collaborative approach between
disciplines (surgeons, pathology, and radiology) will be required to successfully achieve
negative margins and identify cancer with certainty in the operating room.

Conventional imaging translated into intraoperative strategies
Intraoperative diagnostics are conventional imaging techniques that have been adapted to the
operating room or modified to become more time efficient (such as frozen section or rapid
PTH testing). There have been several landmark studies that represent the potential benefit
of imaging to guide surgical oncologists (Table 1).
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Glioblastoma is a highly infiltrative disease where tumor delineation is poorly identified and
resection of normal tissues comes at great cost to functional outcomes.10 When MRI was
initially utilized for tumor resection, preoperative MRI imaging was hindered by significant
problems related to preoperative image registration and intraoperative anatomy.11,12 These
impediments, associated with brain shift after craniotomies, initiated the need for real-time
imaging modalities. At the onset of intraoperative MRI implementation to surgically assist
resection of glioblastoma, the known safety of MRI technology facilitated the approval
process despite the workflow impediment, which included the introduction of a large magnet
in the presence of surgical instrumentation and added wait time for intermittent imaging.
Implementation was possible because of the clinical need to improve outcomes in this
disease type. The clinical need and familiarity of the surgeon with MRI image interpretation
led to the adaptation of neurosurgery suites outfitted with magnets for repeated imaging
during the procedure. Over the past 15 years, studies have shown real-time intraoperative
MRI guidance improves extent of resection without increasing neurological deficits and also
having a positive impact on survival.11-14 In a randomized control trial, intraoperative MRI
achieved a radiographic 96% total resection compared to 68% without surgical guidance.11
Despite increased volume of brain removed when MRI guidance is used, morbidity is
unchanged.15,16 However, a recent systematic review of existing data suggests that there is
only mid-level (level 2) evidence that intraoperative MRI-guided resection increased extent
of tumor resection, improved quality of life and prolonged survival compared to
conventional neuronavigation-guided resection.17 Despite the premium on operating room
real estate, the limited number of operative indications for this technique and the
considerable financial investment required for developing MRI-capable operating rooms,
this technology has been placed in centers throughout the country, suggesting the viability of
real-time oncologic navigation. Evidence that improved surgical resections results in
decrease return to operating room for repeat resection in addition to decreased hospital costs
and length of stay18 has led to the implementation of approximately 60 centers in the United
States with this technology.
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Ultrasound has been shown to be advantageous for image-guided tissue sampling of
suspicious lesions or lymph nodes, however intraoperative use for detection of disease for
surgical excision has been less widely adapted. Ablation therapy for hepatocellular
carcinomas is performed with guidance from conventional B-mode ultrasound.19,20
Development of harmonic imaging and microbubble contrast agents has improved diagnosis
of smaller hepatic tumors.21 Microbubbles are FDA approved gas-filled lipid or protein
structures that are approximately 10 microns in diameter. Microbubbles are echogenic
micelles that mechanically oscillate in the presence of ultrasound pressure. Considering the
blood-pool tracer properties of microbubbles, they are frequently used during contrastenhanced ultrasound to detect and monitor cancer via visualization of hyper and hypovascularity. Improved image guided ablation using microbubble contrast agents reduced the
need for additional, more invasive procedures since lesions could be treated in a single
session.22 Compared to earlier generation ultrasound contrast agents, development of
perfluorocarbon and lipid-based microbubbles provide significant vascular detail and are not
associated with significant toxicities.23 In neurosurgery, tissue hardness is often used to
determine normal from involved brain which is amendable to detection by ultrasound that
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can accurately detect subtle differences in the elastic properties of tissues.24,25 These
properties have been leveraged into a variety of non-contrast based ultrasound techniques
for detecting the border between normal brain and tumor. Use of ultrasound for
neuronavigation has been shown to improve detection of subcortical lesions and found to be
cost-effective relative to other techniques such as MRI26.
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Breast conservation surgery (BCS) is standard of care for surgical treatment for early stage
breast cancers. However, positive pathological margins (tumor cells present ≤ 2 mm of the
surgical margin) following BCS are a significant concern, with a reported incidence of 20–
60%.27,28 Of these cases, 15–60% result in need for re-excision.29,30 This exposes patients
to additional cost, time, risk of anesthesia, post-operative pain, and poor cosmetic outcomes.
It has been shown that patients with positive margins have higher rates of breast cancer
recurrence.31,32 Current strategies for tumor identification include adaptation of
conventional radiology techniques (wire-guided localization) and postoperative techniques
(intraoperative specimen radiography/micro-CT and intraoperative ultrasound-guided
resection), pathological confirmation of tissue samples (frozen section analysis,
intraoperative touch preparation cytology, and standardized surgical cavity shaving).
However, these techniques produce results that vary among treatment centers; each modality
has limitations within the operative setting and none have been shown to be superior in
outcomes to other techniques.32 A recent randomized clinical trial33 using intraoperative
ultrasound compared to palpation-guided surgery found a significant improvement in tumorinvolved margins. In this study of 134 patients, 3% of subjects in the ultrasound group had
positive margins compared with 17% in the palpation group. As an added benefit, the
ultrasound group also had significantly smaller resection volume with less patients requiring
adjuvant therapy. Although not yet reported, ultimately the benefit of this technique will be
in prolonged disease-specific survival.33
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While structural-based imaging has exceptional resolution, it provides limited diseasespecific information that is critical for successful ablation, especially in previously treated
surgical fields. Thus far, relatively few intraoperative imaging strategies have been uniquely
developed for wide field, direct tissue visualization performed in the operating room.
Integration of anatomic imaging in brain and sinus surgery provides real-time information
for instrument navigation during a procedure, but does not allow visualization of iatrogenic
manipulations performed during the procedure. CT and MRI navigation techniques are
dependent on fixed registration sites that are available for the craniofacial skeleton, but not
widely applicable elsewhere in the body. Successful surgical imaging needs to provide
actionable information not otherwise available to the surgeon in a disease-specific manner
that would lead to an intervention-dependent improvement in outcome. Thus, despite the
wide array of preoperative imaging modalities available for specific disease sites, few are
broadly applicable to surgical oncologists. Ideally a technique could be introduced that
would be used in multiple cancer types.

Optical imaging strategies
Optical imaging leverages the light emitted from a light source (xenon or laser most
commonly) to image unique tissue properties. Optical imaging utilizes either native tissue
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properties or administered optically labeled targeting agents. The advantages of optical
imaging over before mentioned conventional methods are numerous. For one, it allows for
real-time feedback with limited disruption in workflow. In addition, optical imaging
provides wide-field imaging of the surgical wound bed. When used in combination with an
optical contrast agent, optical imaging permits cancer-specific detection as opposed to
peripheral tissue alterations/distortions associated with solid tumors.

Autofluorescence-guided surgery
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Ultraviolet (UV, 200–400 nm) and visible light (400–700 nm) can be used to excite
fluorophores in tissue that results in endogenous tissue fluorescence.34 Clinical studies using
autofluorescence combined with conventional white light endoscopy have been successfully
applied to open-field surgical applications and endoscopic imaging. Application of UV or
short wavelength light to tissue from a filtered light source (weak excitation) or laser (strong
excitation) results in tissue emission of light that is dependent upon the optical properties of
the tissue. Those molecules responsible for excitation and emission of light are referred to as
fluorophores, whereas molecules that absorb but not return light are chromophores (Fig. 2).
Endogenous fluorophores include many cancer-specific molecules, such as NADH (reduced
nicotinamide adenine dinucleotide) and porphyrins (heme pathway derivative). The most
prominent chromophore relevant to cancer imaging is hemoglobin. Significant changes in
tissue architecture, such as vascular and metabolic composition that occur early in the
transition from normal to cancerous tissues, can result in distinct fluorophore composition
that can be measured by optical imaging. Although widely used for diagnosis and
surveillance in minimally invasive assessment of Barrett’s esophagus, melanoma, colonic
polyps, head and neck cancer and bronchogenic lesions,35-38 a limited number of studies
have evaluated the application of autofluorescence for margin assessment during surgical
resection. Evaluation of breast tissue specimens using optical composition maps have
improved identification of positive margins in breast cancer by identifying areas with high
cell density.39
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For open field examination of mucosal lesions of the head and neck, a simple hand held
device (VELscope, Burnaby, Canada or Indentafi, StarDental, Lancaster, PA) can
demonstrate decreased autofluorescence due to destruction of collagen matrix and increased
vascularity (Fig. 3). Loss of fluorescence signal correlates with the presence of inflammation
or malignancy. Optical sampling has been shown to detect early stage malignant
transformation based on histological and genetic endpoints. Alterations at the tumor margins
using fluorescence visualization were found to extend beyond those detected by white light,
with approximately 47% of margin biopsies found to have occult cancer or severe
dysplasia.40 A multisite, randomized clinical trial using tissue autofluorescence is underway
to determine if tumor autofluorescence can more accurately predict the actual tumor border
compared to white light in oral cavity cancer. Unlike many studies assessing fluorescence
imaging, this trial will use clinical endpoints rather than histological parameters.37 Although
tissue autofluorescence is applicable to surveillance of previously untreated patients and can
be used to direct biopsies,41 assessment of tumor margins in open field surgery is
complicated by the presence of blood and limited depth of penetration of endogenous
fluorophores. Initially autofluorescence demonstrated promise and posed limited safety
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concerns in surveillance, however the variation in optical properties has failed to generate
data that confirms successful application of these techniques to improve oncological
outcomes when compared to conventional techniques.

Clinical trials for brain tumor resections using 5-ALA
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The use of 5-aminolevulinic acid (5-ALA) in malignant glioma surgery was one of the first
‘proof-of-principle’ investigations to confirm that fluorescent-guided surgery could be used
to improve surgical resections. 5-ALA is a precursor in the hemoglobin synthesis pathway
and when delivered in excessive dosage to patients will result in preferential accumulation
of protoporphyrin IX (PpIX) within cells that possess high metabolic rates. PpIX absorbs
blue light (approximately 400 nm) and emits in the red range (approximately 640 nm).
Commercially available filter systems can be used to modify existing operating microscopes
to incorporate fluorescence guided imaging into the surgical workflow. An example of this
multi-functional adaptation is shown in Figure 4 for glioma surgery.42 In a landmark study
from seventeen centers in Germany, a randomized clinical trial42 of 322 patients
demonstrated that complete resection was achieved in a significantly higher percentage of 5ALA patients compared to those resected by white-light. Furthermore, progression free
survival was significantly better in patients who underwent fluorescent guided resection,
albeit the study was not powered to demonstrate a difference in overall survival.43 More
aggressive resections using 5-ALA imaging resulted in fewer subsequent surgical
interventions and did not translate into significantly higher long-term neurologic morbidity
beyond 7-days. Furthermore, patients with incomplete resection had shorter progression-free
interval.44,45
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In addition to showing clinical benefit, correlating the presence of fluorescence with tumor
pathology is critical to gather specificity and sensitivity information that allow subsequent
comparisons between different imaging strategies. In one study, 95% of tumor biopsies were
positive for fluorescence in patients who underwent 5-ALA guided resection yielding an
overall sensitivity of 75% and a specificity of 71%. However, in non-fluorescent samples,
74% were positive for tumor cells (negative predictive value 26%), which was primarily due
to the absence of fluorescence in necrotic tumor areas or reactive gliosis.46 However, if this
tissue is considered clinically and radiographically neoplastic by the surgeon, the impact on
overall outcomes is limited. Not surprisingly, it has been shown that higher levels of
fluorescence correlate with elevated PpIX levels and proliferation as measured by Ki67
immunohistochemistry.47 Larger adoption of 5-ALA fluorescence for surgical guidance has
been limited by the absence of FDA approval for the drug that is commercially available in
Europe (Gliolan, Medvac, Germany). Advanced stage clinical trials are currently ongoing in
the United States to evaluate the effectiveness of this strategy in surgical resections
(Clinicaltrials.gov: NCT01502280). This study is sufficiently powered to determine the
overall survival and the progression free survival. Similar studies are being conducted to
compare completeness of surgical resection between intraoperative MRI guided resections
and fluorescence guided surgery (Clinicaltrials.gov: NCT01575275).
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Compared to visible light, near-infrared (NIR, 700–900 nm) imaging of fluorescent probes
has significantly superior tissue penetration (5–10mm) with little interference from
fluorescence emanating from endogenous fluorophores (Fig. 2B). Central to the accurate
identification of cancer using real-time fluorescence is maximizing the desired signal over
background fluorescence, referred to as the signal-to-noise ratio or in cancer imaging, tumor
to background ratio (TBR). Tissue penetration of light in the visible range (<600 nm) is
inhibited primarily because hemoglobin absorbs light within that range and is in high
concentration in most peritumoral tissues. Because water or lipids absorb light above 900
nm, NIR light provides a unique window between 700 and 850 nm where there is limited
interference by biological tissues. Furthermore, NIR does not generate significant
autofluorescence, which subsequently improves TBR, however scattering of light in a depthdependent manner prevents its use in conventional whole body imaging. Tissue penetration
is limited to 5–10 mm and significant light scattering results in a diffuse image at depths
above 5 mm (Fig. 5).
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While the limited tissue penetration of these probes is not well suited for whole body
imaging, the excellent tissue definition in the absence of overlying tissue makes NIR probes
uniquely suited for intraoperative imaging. This approach can be challenging considering
NIR light cannot be visualized by the naked eye and thus requires charge coupled devices
(CCD) cameras which can capture incoming photons into electron charges that convert to an
image that can be viewed on a monitor. Available NIR camera systems that are FDAapproved for intraoperative use are either incorporated into existing operative hardware or
are free standing devices specifically designed for NIR imaging. Operating microscopes
used in ophthalmology, neurosurgery and plastic surgery (Leica Microsystems OH5 or Carl
Zeiss Pentero) have incorporated a conventional white light microscopy with a NIR imaging
camera systems using a band filtered xenon light source. This conveniently allows the
surgeon to maintain a wide-field view with the ability to alternate between color and NIR
light during the procedure. However, because NIR light is outside the visible range, the
viewing of the NIR images requires operating from the screen rather than through the
microscope oculars.
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The use of NIR imaging is likely to become rapidly adopted in less invasive surgical
approaches. Laparoscopy and robotic instrumentation in certain procedures have improved
post-operative morbidity and enhanced access to tumors.48,49 However, use of these surgical
techniques in cancer surgery limits the tactile feedback and three-dimensional visualization
critical to obtaining information about the tumor during resections. Fortunately, minimally
invasive approaches represent the ideal setting for use of NIR in oncologic surgery for the
following reasons: 1) the surgeon is required to operate from a monitor rather than direct
visualization; 2) absence of tactile feedback limits appreciation for subtle changes in tissue
density often used to determine the presence of cancer; 3) a low ambient light environment,
and; 4) fluorescence imaging systems can now be incorporated into existing operative
hardware. Currently the surgical robot can be retro-fitted for fluorescence imaging (Firefly,
Intuitive Surgical, Sunnyvale, CA) which has been used primarily for identification of
anatomic structures but not approved for oncologic surgery. Recently laparoscopic
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instrumentation has been introduced with similar imaging capabilities associated with the
robotic instrumentation (PinPoint, Novadaq (Vancouver, Canada).
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Freestanding fluorescence imaging devices (SPY, LifeCell, Branchburg, NJ) currently
approved for intraoperative use have several advantages. The laser-based (as opposed to
xenon light source) fluorophore excitation used in these devices provides significantly
higher emission from excited fluorophore and sophisticated post-imaging software is
available to analyze captured images and obtain semi-quantitative data. Although
freestanding fluorescence imaging systems incur additional investment and impede
traditional workflow, these systems allow separation of background autofluorescence from
desired signal in real-time and tissue-photon interactions. Clinical studies have been
published using a range of devices including the Fluorobeam (Fluoptics, Grenoble, France),
Mini-FLARE (Frangioni Laboratory, Boston, MA), and the Photodynamic Eye (Hamamatsu
Photonics, Hamamatsu, Japan).50,51 Because of the intuitive need for intraoperative
imaging, there has been a significant expansion of experimental devices under evaluation for
this purpose. These newer camera systems use multiple camera systems operating in parallel
using the same objective to acquire color, fluorescence, and light attenuation imaging to
correct for light intensity fluctuations within the tissues in real time.52,53
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Devices that are currently in use for surgical guidance are designed to image indocyanine
green (ICG) because it remains the only available NIR imaging agent approved for clinical
use in the US. ICG has been widely shown to be effective in measuring blood flow and
tissue perfusion. Although these instruments are designed for ICG, they are capable of
imaging fluorophores with similar excitation and emission profiles. This is highly relevant
since development of new cancer-specific agents using optical dyes that can be conjugated
to targeting molecules could be imaged with existing operative hardware.

Indocyanine Green (ICG)
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ICG was approved for clinical use in the mid-1950s for cardiac output, hepatic function and
most commonly fluorescence angiography. ICG is a negatively- charged molecule that binds
to large plasma proteins such as albumin immediately after injection and as a result remains
within the vascular system in non-diseased tissues. Once bound to plasma proteins, ICG has
an absorption peak at 807 nm and emission at 820 nm, which is centered within the NIR
imaging window and ideal for soft-tissue penetration. Within minutes after systemic
injection (0.1 to 0.5 mg/kg dosing), ICG is rapidly cleared by the liver and excreted into the
bile. Toxicity of ICG is very rarely reported, but is primarily associated with allergic
reactions. Because it contains a small amount of iodine, contrast allergies associated with
iodinated contrasts agents are a relative contraindication, but allergic reactions are
associated with doses above 0.5 mg/kg.54
As previously mentioned, multiple NIR imaging platforms are currently available for
intraoperative use to perform intraoperative angiography and sentinel lymph node mapping.
Lymph node mapping is used to identify the sentinel lymph nodes (SLN), which are the first
echelon draining nodes most likely to contain cancer. SLN identification is routinely
performed in breast cancer and melanoma. Lymph node mapping methods involve a
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peritumoral injection of ICG with or without administration of Tc-99m or methylene blue
dye. This allows surgical isolation and removal of the SLN. NIR fluorescence often cannot
assist with localization until after the surgical incision has been made, and in this setting
alternate methods (i.e. Tc-99m) are required to identify SLN. Furthermore, compared to blue
dyes, ICG requires a larger administered dose and cannot be visualized without additional
hardware. As a result, SLN will likely not become an effective use of NIR imaging in SLN
biopsy.50,55
Photoacoustic imaging is another modality for detecting ICG-labeled tissues. Because the
imaging technique couples laser excitation of ICG with ultrasound detection, it may
circumvent many of the issues regarding sentinel lymph node biopsies.56 The scattering
artifact associated with optical imaging is detrimental to acquiring high resolution at deep
tissue depth. Photoacoustic imaging takes advantage of low acoustic scattering to improve
deep tissue resolution.57,58 With the improved penetration, resolution, and non-ionizing
characteristics of photoacoustic imaging, routine clinical applications are on the horizon
with several clinical trials underway to detect cancer in breast (Clinicaltrials.gov:
NCT01780532) and prostate tissues (Clinicaltrials.gov: NCT01551576).
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ICG angiography has been shown to provide real-time feedback during cerebral aneurysm
clipping that compares favorably to conventional digital subtraction techniques.59
Intraoperative angiography has been used in multiple fields to identify clinically silent, low
tissue perfusion that can result in wound healing complications in abdominal wall repair and
breast reconstruction.60,61 Although plasma-bound ICG remains intravascular in normal
tissues, tumor growth volume is associated with expression of growth factors that promote
vascular permeability and poorly-aligned endothelial cells with large gaps and poor
lymphatic drainage. This results in the enhanced permeability and retention (EPR) effect that
promotes non-specific accumulation of protein bound ICG. While not tumor specific, the
presence of administered ICG in tumors is due to passive accumulation which can be
leveraged for passively-targeted tumor imaging in humans62 and for margin assessment in
preclinical models.63
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NIR imaging using ICG as a contrast agent is currently not FDA-approved to guide surgical
resections, however it has been investigated in several tumor types. Initially used for NIR
cholangiography, investigators noted that hepatocellular carcinomas demonstrated
significant fluorescence that was retained over time, which was subsequently extended to
include liver metastasis of colorectal origin. In fact, subsequent studies identified significant
improvement in detection of clinically unidentified lesions after preoperative injection of
ICG.64-66 Recently the technique was shown to be specific for metastatic hepatocellular
carcinoma with a positive predictive value of 100%.64 Multimodality imaging using
fluorescence and ultrasound-guided hepatic resections demonstrated improved detection of
small lesions (<3 mm) leading to a more complete resection.67 Systemic administration of
ICG for patients undergoing partial nephrectomy for renal cell carcinoma has demonstrated
that NIR imaging could help to differentiate normal renal tissue from tumor, although some
reports are not consistent with others finding no correlation with histological presence of
tumor.68-70
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Breast imaging using optical tomography has shown that neoplasms have a longer retention
(~10 minutes) in the breast tumor with rapid clearance in normal tissues. NIR diffuse optical
tomography was shown to be comparable to conventional MRI techniques at localization
and histological identification.71,72 Using ICG as the contrast agent, NIR diagnostic
endoscopy has shown that fluorescence signal correlated with the presence of submucosal
invasion, and the imaging approach could distinguish benign lesions from gastric
cancers.73,74 This and other studies have suggested the possibility of achieving sufficient
tumor-to-background ratio using ICG as a non-specific, vascular-bound contrast agent to
identify tumors intraoperatively. Tumor imaging with ICG using conventional fluorescent
microscopy is feasible (Fig. 6), however the transient retention of ICG in the tumor and the
spillage and persistence of extracorporeal blood introduced into the surgical field during
resection may limit the ability to differentiate tumor from normal tissue. Preclinical work
has demonstrated improved disease detection and survival after image-guided surgery in
animals using novel NIR imaging devices in combination with laboratory animal imaging
systems (Pearl Impulse, LICOR, Lincoln Nebraska).63

Development of cancer-specific NIR imaging contrast agents
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Given that non-specific uptake is unlikely to achieve the tumor-to-background ratio required
to convince surgical oncologists to consider fluorescence as a specific marker of cancer,
molecular probes have been developed which target the hallmarks of cancer.75 Areas of
molecular probe development have included tumor microenvironment,76,77
nanoparticles,78,79 receptor ligands,80,81 antibodies/affibodies directed against cell surface
molecules,82-85 and self-quenching probes that are activated by peritumoral enzymes86
(Table 2). While preclinical data supports use of many of these agents, the translational
hurdles posed by consistent manufacturing, costs associated with toxicology studies,
documentation for IND submission and safety concerns have limited the translation of these
agents in humans. Furthermore, industry is often reluctant to support clinical translation
since revenue associated with diagnostic agents is a fraction of therapeutic agents despite
similar initial investment for FDA approval.87 Because ICG cannot be covalently linked in a
stable or predictable manner to other molecules, most of these experimental agents use nonFDA approved optical dyes, which add additional regulatory hurdles.
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Despite these hurdles, optical agents have been introduced in humans in early phase clinical
trials. Folate conjugated to fluorescein isothiocyanate (folate-FITC) was delivered
intravenously in patients with ovarian cancer resulting in successful imaging of peritoneal
metastases using a charge-coupled digital camera in parallel with conventional color
imaging. A significantly higher number of intraperitoneal metastatic sites were detected
using fluorescence imaging compared to color imaging as determined by five independent
surgeons. 88 This study demonstrated important ‘proof-of-principle’ for surgical imaging but
the approach may be limited in other tumor types. Additional studies using folate-FITC as
an intraoperative cancer imaging agent in the United States are currently underway in lung
cancer with safety as the primary endpoint (clinicaltrials.gov, trial NCT01778920). Kirsch
and colleagues have developed cathepsin activated near-infrared fluorescent probes which
have been shown to be highly sensitive in detection of microscopic residual sarcoma in
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preclinical surgical models,89,90 and are currently being evaluated in clinical trials
(clinicaltrials.gov, NCT01626066)
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Antibody-based imaging represents an important intersection of therapeutic and diagnostic
medicine. Several therapeutic antibodies have been examined in preclinical models for
imaging of cancer, including cetuximab, panitumumab, and bevacizumab.91-95 While none
of these biologics are currently available for intraoperative imaging in humans, human
clinical trials are underway in Europe (clinicaltrials.gov, NCT01508572). Use of an FDAapproved targeting molecule facilitates clinical translation since there is an established
safety profile, lower manufacturing costs, and reduced time for approval. While these
benefits exist, the use of a previously approved therapeutic agent is likely associated with
overlapping intellectual property issues that could hinder preclinical development and
translation. Although human trials have not been performed, there is the speculative risk that
therapeutic antibodies used to image regional lymphatic metastatic disease may be
associated with non-specific interactions between the Fc portion of the antibody and
immune cells within the lymph nodes. In addition to the application of therapeutic
antibodies for imaging, several antibodies have been designed for surgical guidance or PETbased imaging.96 Several of these have been assessed as dual-labeled PET/optical or MRI/
optical probes.97,98 Although novel, these dual-purpose agents present additional hurdles in
development and translation before their potential is fully realized.

Conclusion
Intraoperative cancer detection, with synchronous resection, is likely to significantly
improve surgical outcomes over the next decade. Conventional anatomic imaging strategies
adapted for the operating room, together with optical imaging techniques have been
successfully tested in humans and have been demonstrated to improve oncologic and
functional outcomes. A significant challenge over the next decade will be to identify a
cancer-specific contrast agent that can successfully differentiate a wide range of tumors with
superior sensitivity and specificity.
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Figure 1. Sampling error in oncologic surgery
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An unresected tongue cancer (upper left pane) requires circumferential mucosal margin
assessment that would require almost 8 cm of healthy tissue to be sampled in order to
confirm a negative margin (upper right). Once resected (lower left) the wound bed requires
almost 40 samples of tissue within the three dimensional cavity (lower right). Geographic
mapping of the sample location is complicated by the size and mobility of the defect.
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Figure 2. Tissue interaction with light
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(A) Light as it enters a medium such as tissue will be reflected and succumbs to scattering
that limits penetration. Light can also be absorbed by molecules within the tissue
(chromophores) or excite endogenous or exogenously administered molecules to emit light
at a different wavelength. (B) Penetration of light through tissue is dependent on the
absorptive properties of the tissue at various wavelengths. Near infrared (NIR) light has the
best penetration through soft-tissue.
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Figure 3. Autofluorescence has been adopted for screening and identification of margins in oral
cavity cancer
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Blue/violet light is applied to the mucosa surfaces (A) and areas of decreased
autofluorescence correlate with inflamed or neoplastic changes (B).
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Figure 4. Multi-modality imaging techniques adopted in the surgical suite
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(a) Preoperative contrast-enhanced T1-weighted MR images show patchy/faint CE and (g)
hyperintensity on FLAIR sequences. (b) The intratumoral area outside the region of
maximum positron emission tomography (PET) tracer uptake verified by the intraoperative
navigation system (c) appeared as whitish glioma tissue under the surgical microscope, (d)
with no detectable PpIX fluorescence. (e) The corresponding histopathology reveals lowgrade glioma tissue according to the WHO criteria in the H&E stain (f) with a low
proliferation rate (MIB-1: <10%). (h) In contrast, the intratumoral area inside the region of
maximum PET tracer uptake (i) showed similar glioma tissue appearance in the microscopic
view, (j) but revealed strong PpIX fluorescence under violet-blue excitation light. (k) The
corresponding histopathology reveals high-grade glioma tissue in accordance with an
anaplastic focus according to the WHO criteria in the H&E stain (l) with a high proliferation
rate (MIB-1: 32%). The final histopathological diagnosis revealed a focally anaplastic
astrocytoma (WHO grade III) and the patient was treated with radiochemotherapy. The
width of each histopathological image (e, f, k, l) was 300 micrometers (μm). Image and
legend information was taken from Widhalm et al, PLoS ONE 2013.
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Figure 5. Small fragments of tumor have tissue penetration of greater than 5 mm
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Layers of skin were used to measure the penetration of a small tumor fragment (18 mm3). A
mouse bearing a head and neck tumor was injected with cetuximab conjugated to a NIR dye
(emission 705 nm) and then the skin and tumor fragments harvested and imaged by
stereomicroscopy as above ex vivo. Three layers of skin alone (A, D) had minimal
fluorescence. Tumor was clearly visualized alone (B, E) or with layers of overlying skin (C,
F). Notice significant scattering associated with overlying tissue.

NIH-PA Author Manuscript
Ann Surg. Author manuscript; available in PMC 2016 January 01.

Rosenthal et al.

Page 22

NIH-PA Author Manuscript

Figure 6. Intraoperative imaging of tumors using ICG

A) Intraoperative imaging of tongue cancer under white light using the OH5 surgical
microscope (Leica). B) After systemic injection of 7 mg of indocyanine green the Leica
FL800 microscope can differentiate tumor border. Untargeted indocyanine green
accumulates within the tumor based on enhanced permeability and retention effect of cancer
and the high blood flow in tumors, but is otherwise non-specific.
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Examples of landmark studies evaluating image guided surgery in randomized clinical trials completed or
underway (*).
Imaging Modality

Cancer
type

Trial type

Oncologic results
(p <0.05)

Functional
results

Reference

Ultrasound

Breast

Multi-site
randomized
controlled

Improve margin
status

Decrease
volume resected

Krekel (Lancet Oncol 2013)

MRI

Glioma

Randomized
controlled

Improved complete
tumor resection

No difference in
neurologic
defects

Senft (Lancet Oncol 2011)

Optical;
Autofluorescence

Oral
cavity

Randomized
control trial

Local recurrence

--

Poh (BMC Cancer 2011)*

Optical;
Fluorescence

Glioma

Multi-site
Randomized
controlled

Improved 6-month
survival

No difference in
short-term
morbidity

Stummer (Lancet Oncol 2006)
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Molecular probes currently being explored for intraoperative optical guidance.
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Probe

Molecular target

Examples

Phase of
Development

References

Antibodies

Growth factor
receptors, growth
factors,
immunoglobulins

Panitumumab (EGFR),
Bevacizumab (VEGF),
MamAb-680
(mmammaglobin-A)

Phase I:
bevacizumnabIRDye800 (breast
and colon cancer)
CetuximabIRDye800 (head and
neck cancer)

Newman (Cancer Biol Ther 2008)

Peptides

Growth factor
receptors, integrins
(alphaVbeta3)

Epidermal growth
factor (EGF)
RGD sequences,
somatostatin receptor

Preclinical

Harlaar (Gynecol Oncol 2013)

Activated
probes

Protease

Prosense 680
(Cathepsin B),
Activatable cell
penetrating peptides
(ACPPs; instracellular
proteases)

Mostly preclinical
Phase I: cathepsing
B activatable probe
(sarcoma)

Savariar (Cancer Res 2013)

Non-specific

Tumor
microenvironment, EPR
(enhanced permeability
and retention) effect

Unconjugated
fluorescent probes
(ICG), nanoparticles
(gold nanrods),
Polymeric micelles

Preclinical

Madajewski (Clin Cancer Res 2012)

Metabolism

Heme synthesis
pathway, folate
receptor

5-aminolevulinic acid

Approved in EU: 5ALA (brain tumors)
Phase 0 and I:
folate-FITC (renal
and lung cancer)

Widhalm (PLoS ONE 2013)
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