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Abstract

Intraoperative fluorescence imaging (IFI) can improve real-time identification of cancer cells 

during an operation. Phase I clinical trials in thoracic surgery have demonstrated that IFI with 

second window indocyanine green (TumorGlow®) can identify sub-centimeter pulmonary 

nodules, anterior mediastinal masses, and mesothelioma, while use of a folate receptor-targeted 

near-infrared agent, OTL38, can improve the specificity for diagnosing tumors with folate receptor 

expression. Here we review the existing preclinical and clinical data on IFI in thoracic surgery.
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Introduction

The goal of a successful cancer operation is localization and accurate discrimination of 

malignant versus benign tissue to maximize removal of cancer while minimizing removal of 

non-cancerous tissue. Thoracic surgeons perform a wide variety of cancer operations, and 

each presents unique challenges in achieving this goal. Challenges in thoracic cancer 

operations include 1) identification of small primary, synchronous, or metachronous 

pulmonary nodules; 2) accurate selection of lymph nodes with metastatic disease during 

pulmonary resection or esophagectomy; 3) assessment of mediastinal mass margins and 

differentiation of tumor from surrounding critical structures such as the phrenic nerve; 4) 

recognition of residual disease following tumor debulking as in pleurectomy for 

mesothelioma.
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Traditionally, thoracic surgeons have only had two intraoperative tools, visual inspection and 

manual palpation, to meet these challenges.(1) Intraoperative fluorescence imaging (IFI) is 

an emerging technology with the potential to dramatically improve oncologic operations. 

This technology requires (i) a fluorescent dye that will selectively accumulate in tumor 

tissues, and (ii) a specialized imaging system to detect and quantify the dye. Several features 

of IFI make it more attractive than other intraoperative adjuncts to a surgeon’s hands, eyes, 

and clinical decision making during a tumor resection. First, it does not involve exposure to 

ionizing radiation. Second, the imaging is easy to interpret for surgeons unfamiliar with the 

technology. Third, IFI causes minimal interruption and integrates nicely into the normal flow 

of an operation. In this review, we summarize the existing preclinical and clinical data on IFI 

applications in thoracic surgery.

Preclinical Studies of Fluorescent Dyes for IFI

Three fluorescent dyes have been used in clinical trials to target patients with thoracic 

malignancies: indocyanine green (ICG) and two receptor-targeted agents, EC17 and OTL38. 

The feasibility and potential limitations of IFI with these dyes were first suggested by 

preclinical animal studies. ICG, a non-targeted near-infrared (NIR) contrast agent with 

excitation and emission wavelengths of approximately 805 nm and 830 nm and the only 

clinically approved NIR fluorophore, was the first dye studied. ICG has traditionally been 

used for vascular perfusion imaging; common applications include assessment of perfusion 

to tissue flaps and bowel anastomoses.(2, 3) When used to assess perfusion, a low dose of 

ICG (5–10 mg) is given as a bolus immediately prior to imaging. More recently, it has been 

demonstrated that NIR imaging with ICG can also detect hepatocellular carcinoma (HCC), 

colorectal and pancreatic cancer liver metastases, and sentinel lymph nodes in breast cancer 

and melanoma.(4–8) When used for liver tumors, a low to medium ICG dose ranging from 

10 mg – 0.5 mg/kg is given 1–7 days before surgery. ICG, which is cleared hepatically, then 

accumulates within the tumors due to impaired biliary excretion. When used for sentinel 

lymph nodes, albumin-bound ICG (ICG:HSA) is given in peritumoral injections, and NIR 

imaging can highlight draining lymphatic channels and nodes.

Our group was the first to show that an alternative method of ICG delivery, the second 

window technique, can be used for NIR imaging of lung tumors.(9, 10) The second window 

technique is different from other methods of IFI with ICG in that a much higher dose (5 

mg/kg) is given via slow infusion 24 hours prior to surgery. In order to differentiate it from 

IFI with low dose ICG as a perfusion agent, we coined the term TumorGlow® for IFI with 

ICG via the second window technique. The hypothesized mechanism of ICG accumulation 

in tumors using the second window technique is the enhanced permeability and retention 

(EPR) effect. The EPR effect is the concept that macromolecules cannot escape the tight 

junctions of normal capillaries but extravasate from the leaky capillaries of tumors.(11, 12) 

Due to properties such as size, shape, charge, and polarity, these macromolecules are then 

retained within the tumors.(13) Although ICG is a small molecule (0.775 kDa), it is 98% 

protein bound in circulation and therefore acts as a macromolecule.(14)

We initially demonstrated in mice that TumorGlow® is effective at identifying residual 

disease in a surgical wound not visible to the naked eye and that delineation of tumor 
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margins compared to normal tissue is very precise using this technology.(9) ICG will 

accumulate in murine models of several thoracic malignancies including lung cancer, 

esophageal cancer, thymoma, and mesothelioma.(9, 15, 16) In preclinical canine studies, we 

demonstrated that TumorGlow® can localize spontaneously occurring sarcomas and lung 

cancers.(17, 18) However, we also discovered one of the major limitations of TumorGlow®, 

which is poor discrimination between tumors and surrounding peritumoral inflammation. In 

one study of 8 canines with lung tumors, 5 dogs had no post-obstructive pneumonitis, and 3 

dogs had large tumors with significant post-obstructive pneumonitis.(18) In the 5 dogs with 

no post-obstructive pneumonitis, tumors were highly fluorescent, and all fluorescence was 

within 5 mm of the tumor edge. Conversely, in the 3 dogs with post-obstructive pneumonitis, 

there was no difference in fluorescence between the tumor edge and 5 mm from the tumor, 

and there was significant fluorescence even at 10 mm from the tumor edge.

The limitations in ICG specificity including accumulation in areas of inflammation 

prompted us to seek a targeted molecular imaging agent that would specifically bind to and 

identify pulmonary adenocarcinoma. In collaboration with our co-author (PSL), we tested 

the first targeted IFI agent for thoracic surgery, EC17. EC17 is a folate analog conjugated to 

fluorescein isothiocyanate (FITC) with maximum excitation and emission wavelengths of 

470 and 520 nm.(19) This ligand was chosen because the folate receptor-alpha (FRα) is 

highly expressed on certain malignancies of epithelial origin, including pulmonary 

adenocarcinomas.(20, 21) FRα is a cell surface glycoprotein with high affinity for 5-

methyltetrahydrofolate, the primary plasma form of folate.(21) FRα has previously been 

targeted for folate conjugated chemotherapies and immunotherapies.(22–26) A fluorescein 

dye was chosen due to a long history of data demonstrating safety.(27–29)

We demonstrated in mice that EC17 can identify additional tumor deposits at the resection 

margins and is superior to traditional methods of hand palpation and sight at detecting 

residual disease in the wound bed.(30) The major limitations of EC17 in preclinical studies 

were poor depth of penetration and tissue auto-fluorescence due to fluorescence in the 

visible light spectrum.(19)

Thus, a third fluorescent dye, OTL38, was designed to improve on the limitations of EC17. 

OTL38 is a folate analog conjugated to the NIR dye S0456 with maximum excitation and 

emission of 776 and 796 nm.(31) In theory, it combines the major advantage of EC17, 

increased specificity, with the major advantages of NIR drugs such as ICG, increased depth 

of penetration and decreased auto-fluorescence. Increased depth of penetration into solid 

organs and decreased auto-fluorescence are seen in the NIR spectrum (700–900 nm) due to 

decreased light scatter and blood absorption.(32, 33) This improves discrimination between 

tumor tissues which are accumulating dye and normal tissues which are not accumulating 

dye to increase the signal-to-background ratio (SBR).

We directly compared OTL38 and EC17 in several controlled experiments in vitro using 

cadaveric human lungs and in vivo using murine flank tumors and confirmed that OTL38 

had decreased auto-fluorescence and increased depth of penetration compared to EC17.(19, 

34) We also demonstrated that OTL38 had high specificity for FRα-expressing tumor cells 
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lines in vitro, that OTL38 localized to murine lung cancer xenografts and spontaneous lung 

cancers in dogs in vivo, and that tumor margins correlated with fluorescence.(34, 35)

Clinical Applications

Identification of Small Nodules and Synchronous Disease

A major challenge in surgery for pulmonary malignancies is localization of small nodules 

and detection of synchronous or metachronous disease. This has become even more relevant 

with the increased use of video assisted thoracoscopic surgery (VATS), which does not allow 

tactile feedback. In the early VATS experience, Suzuki et al. found a 54% need for 

conversion from VATS to thoracotomy that increased to 63% for nodules ≤ 10 mm in size 

and > 5 mm from the pleural surface. Conversions were primarily due to inability to locate 

small nodules.(36) In a more contemporary series of non-small cell lung cancer patients who 

underwent open thoracotomy but had tumors amenable to resection by VATS, 8.4% had 

metastatic nodules in other lung lobes that would not have been discovered by VATS.(37)

Several other preoperative and intraoperative localization methods exist to improve 

intraoperative identification of small nodules.(38) Preoperative localization methods include 

placement of small metal objects (wires, microcoils, or fiduciaries) or dyes (methylene blue, 

lipiodol, or technetium-99) under bronchoscopy or computed tomography (CT) guidance.

(39–51) Intraoperative localization methods include the use of ultrasound, CT, and 

fluoroscopy.(50, 52–55) Disadvantages of these techniques include complications such as 

pneumothorax with the preoperative localization techniques, exposure to radiation with CT 

or fluoroscopy, and the expertise needed for pulmonary ultrasound. Conversely, IFI is safe, 

does not involve radiation exposure, and is easy for the surgeon to perform and interpret. IFI 

has the added benefit of the ability to detect synchronous disease, which would not be 

possible without manual palpation with most of these other techniques.

TumorGlow® can detect Pulmonary Nodules—In our first clinical trial, we evaluated 

the ability of TumorGlow® to localize solitary pulmonary nodules.(56) In a study of 18 

patients with a pulmonary nodule requiring resection by thoracotomy, TumorGlow® 

identified 14 out of 18 primary nodules in situ. The smallest nodule detected was 0.2 cm, 

and an additional 5 cancerous nodules were detected with TumorGlow® that were not 

evident on preoperative cross-sectional imaging, all of which were sub-centimeter in size. 

Three of these nodules were in different lobes than the primary lesion. Two of the nodules 

that did not fluoresce in vivo were fluorescent after they were bisected on the back table. 

The average depth of these nodules from the pleural surface was 1.7 cm, while the average 

depth of nodules that fluoresced in vivo was 0.4 cm. The two nodules seen preoperatively 

that were not identified by TumorGlow® were a metastatic melanoma and a pulmonary 

embolus. This trial demonstrated that TumorGlow® can detect small pulmonary nodules and 

find synchronous disease, and that one of the biggest limitations of IFI is depth of 

penetration.

A second proof of principal study in 5 patients demonstrated the other major limitation of 

TumorGlow®, which is suboptimal specificity due to dye accumulation in areas of 

inflammation.(18) In this study, 4 patients had relatively small tumors with no surrounding 
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inflammation, while one patient had a large tumor with distal obstructed lung. In each 

patient, the suspected margin was marked both by finger palpation and by NIR imaging. On 

pathology review, both NIR imaging and finger palpation accurately identified the margin 

for the small tumors without inflammation, but in the patient with a large tumor and 

inflammation, finger palpation underestimated the true extent of the tumor while NIR 

imaging identified a large section of atelectatic lung with no tumor cells.

These results with an ICG dose of 5 mg/kg and imaging 24 hours after infusion have 

recently been replicated by Mao et al.(57) In their study, NIR imaging with second window 

ICG identified 68 out of 76 nodules in 36 patients. All nodules not detected with imaging 

were at least 1.3 cm deep to the pleural surface. As was seen in our experience, they found 

that NIR imaging with second window ICG could detect sub-centimeter nodules and that 

additional lesions were found only with NIR imaging. Kim et al. reported the identification 

of pulmonary neoplasms with NIR imaging using an ICG dose of 1 mg/kg 24 hours prior to 

surgery in 11 patients.(58) Tumor fluorescence was seen in 8/9 patients with pulmonary 

neoplasms as well as in 2 patients who had no residual tumor but had post-obstructive 

pneumonitis following neoadjuvant chemoradiation. However, imaging in this study was 

only performed on the back table and not in vivo.

EC17 Improves Tumor Specificity but Sacrifices Depth of Penetration—Building 

on the promising results for pulmonary nodule detection with TumorGlow®, we 

subsequently used the folate-receptor targeted agent, EC17, to identify pulmonary 

adenocarcinomas in a clinical trial. In our initial study, we enrolled only patients with biopsy 

proven pulmonary adenocarcinoma. IFI with EC17 correctly identified 46 out of 50 lung 

adenocarcinomas; the four tumors that were not identified did not express FRα.(59) 

However, the fluorescence of EC17 within the visible spectrum further exacerbated the 

limitations related to depth of penetration. Due to limited depth of penetration, only 7 of the 

50 tumors in this study were seen in vivo; the rest were fluorescent only after they were 

bisected. While the inability to see tumors in vivo was a major limitation to finding small 

nodules and synchronous disease, the high specificity observed suggested another 

application for targeted IFI, which is rapid pathologic diagnosis.

Therefore, we proceeded with a second study in which 30 patients with indeterminate 

pulmonary nodules underwent IFI with EC17 to determine the accuracy of EC17 in rapid 

intraoperative identification or “optical biopsy” of primary pulmonary adenocarcinomas.(60) 

In this study, IFI identified 19/30 nodules. Frozen section pathology results for the 

fluorescent nodules were 13 pulmonary adenocarcinomas, 4 cancers of unknown origin, 1 

squamous cell carcinoma, and 1 benign lesion. Based on the frozen section results, 18/19 

patients underwent a lobectomy. However, on final pathology, all 19 fluorescent nodules 

were pulmonary adenocarcinomas. Of most significance, the patient with a fluorescent 

tumor but a benign frozen section diagnosis received a wedge resection instead of a 

lobectomy and ultimately needed a second surgery for formal lobectomy. Frozen section 

pathology results for the 11 nodules that did not fluoresce were 5 benign nodules, 4 

carcinomas of unknown origin, and 2 metastatic renal cell carcinomas. Final pathology 

demonstrated 3 non-caseating granulomas, 2 primary squamous cell carcinomas, 2 

hamartomas, 2 metastatic renal cell carcinomas, 1 metastatic leiomyosarcoma, and 1 
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mucoepidermoid carcinoma. In summary, the sensitivity and specificity of optical biopsy 

with EC17 for pulmonary adenocarcinomas were both 100% (19/19 and 11/11, 

respectively). On average, optical biopsy took only 2.4 minutes compared to 26.5 minutes 

for standard frozen section, and it was more accurate in diagnosing pulmonary 

adenocarcinomas.

In these clinical studies with EC17, we noticed significant auto-fluorescence within the 

thoracic cavity.(61) The most auto-fluorescence was seen from the bronchus and pulmonary 

artery. While the auto-fluorescence could be improved by changing the image capture 

settings on the fluorescence imaging camera, it was not possible to eliminate auto-

fluorescence from these structures. These data clearly demonstrated that a targeted NIR 

agent was needed.

OTL38 Improves Specificity Compared to TumorGlow® and Depth of 

Penetration Compared to EC17—In an attempt to improve depth of penetration and 

decrease auto-fluorescence in order to see more tumors in vivo while maintaining tumor 

specificity, we next evaluated OTL38 in a phase I clinical trial.(62) In our first 20 patients 

with biopsy proven pulmonary adenocarcinoma, we found 16/20 tumors were fluorescent in 

vivo, while all tumors were fluorescent ex vivo. The 4 tumors that were not fluorescent in 

vivo were deeper from the pleural surface. We also identified 4 sub-centimeter malignant 

nodules not seen on preoperative imaging.

Next, we evaluated the sensitivity and specificity of OTL38 for a variety of pulmonary 

nodule pathologies and determined the value that targeted IFI adds to preoperative 
18fluorodeoxyglucose positive emission tomography (FDG-PET). In a study of 50 patients, 

92.0% (69/75) of total nodules and 95.6% (65/68) of malignant nodules were fluorescent.

(63) IFI identified 94.9% (56/59) of malignant pulmonary nodules identified by FDG-PET 

but also found nodules that were not FDG-PET-avid in 18% (9/50) of patients and additional 

nodules not seen on preoperative FDG-PET in 12% (6/50) of patients. IFI was particularly 

helpful in identifying sub-centimeter malignant nodules, of which 100% (15/15) were 

fluorescent but only 26.7% (4/15) were FDG-PET-avid. Figure 1 shows an example of a sub-

centimeter pulmonary adenocarcinoma in situ identified only with IFI. We hypothesized that 

fluorescent non-pulmonary adenocarcinoma nodules have low level FRα expression or 

accumulation of tumor associated macrophages, which express folate receptor-beta.(64) In a 

follow-up study of IFI with OTL38 for pulmonary squamous cell carcinomas, approximately 

70% (9/13) of nodules accumulated OTL38.(65) All 9 nodules had FRα expression, albeit at 

low levels in 4 patients, suggesting low levels of FRα expression are sufficient for 

identification with OTL38. The efficacy of OTL38 is currently being further investigated in a 

5-institution phase II clinical trial (NCT02872701). A summary of studies using IFI for 

pulmonary nodule detection after injection of systemic contrast agents is shown in Table 1.

Pulmonary Metastasectomy

Prolonged survival can be seen after pulmonary metastasectomy in appropriately selected 

patients with a limited number of metastases.(66) During pulmonary metastasectomy, 18–

20% of patients have an ipsilateral malignant nodule discovered by manual lung palpation 
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that was not imaged preoperatively.(67, 68) In an effort to improve the detection of 

pulmonary metastases during VATS, we evaluated the ability of TumorGlow® to detect 

pulmonary metastases in a pilot study. In this study, 9/11 metastatic lung lesions in 8 patients 

were fluorescent on NIR imaging.(69) Histologies included melanoma, osteosarcoma, renal 

cell carcinoma, chondrosarcoma, leiomyosarcoma, and colorectal carcinoma, which 

demonstrated that ICG will accumulate in a wide variety of tumor pathologies. The two 

lesions that were not fluorescent were once again deeper in the lung parenchyma (1.6 and 

1.8 cm from the pleural surface). We have since demonstrated that TumorGlow® can detect 

colorectal cancer lung metastases as small as 0.2 cm (under review).

Several patients in our pilot study of TumorGlow® for pulmonary metastasectomy had 

sarcoma pulmonary metastases. Based on the results of these cases and others with 

TumorGlow® for chest wall and mediastinal sarcomas,(17, 70) we are now routinely using 

TumorGlow® for resection of sarcoma pulmonary metastases (unpublished data). OTL38 is 

also a promising agent for targeted IFI of osteosarcoma pulmonary metastases. 

Osteosarcomas frequently have upregulated FRα,(71, 72) and we discovered that targeted 

IFI with OTL38 can identify osteosarcoma pulmonary metastases.(73)

Practical Recommendations Regarding IFI for Pulmonary Nodules

Based on our experience with IFI for indeterminate pulmonary nodules, we provide practical 

recommendations. First, a contrast agent should be selected based on preoperative data. 

While EC17 had high specificity for pulmonary adenocarcinomas, the limited depth of 

penetration was a major limitation demonstrating that an NIR agent is a necessity for 

effective real-time IFI. The decision between OTL38 and TumorGlow® is primarily 

histology dependent based on the most likely preoperative diagnosis. For a biopsy proven 

pulmonary adenocarcinoma or squamous cell carcinoma, we recommend using OTL38. For 

a biopsy proven pulmonary metastasis in a patient undergoing pulmonary metastasectomy, 

we recommend using TumorGlow®. Patients with indeterminate pulmonary nodules are 

more challenging. In patients with a significant smoking history and a high probability of 

lung cancer, we recommend OTL38. This is for two reasons: 1) most lung cancers have 

upregulated FRα, and 2) ICG accumulation in areas of inflammation creates a large amount 

of background fluorescence in patients with a significant smoking history. In patients with 

pulmonary metastasis high on the differential, particularly in patients without a smoking 

history, we recommend TumorGlow®, which will accumulate in a more diverse group of 

solid tumor histologies. Table 2 summarizes the advantages of each contrast agent. A 

representative IFI case for pulmonary adenocarcinoma with each imaging agent is shown in 

Figure 2.

The second recommendation relates to management of a fluorescent nodule. Our practice is 

to resect all fluorescent nodules if it does change the scope of an operation. We have found a 

sufficient number of additional malignant nodules with both OTL38 and TumorGlow®. 

Currently, we still use frozen section diagnosis as the standard of care in the case of 

indeterminate pulmonary nodules. Although IFI has been more accurate than frozen section 

in some cases, we have enough false positives (primarily granulomas) with both OTL38 and 

TumorGlow® that we would not perform a lobectomy based on a fluorescent nodule in a 
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wedge resection alone. Likewise, we would not terminate the operation for a non-fluorescent 

nodule in a wedge resection as folate receptor expression is not 100% even in pulmonary 

adenocarcinomas. This practice will likely change in the near future as multiple or 

multiplexed dyes are used to better discriminate histology.

Identification of Sentinel Lymph Nodes

Appropriate sampling of thoracic lymph nodes is critical to accurate lung and esophageal 

cancer staging. It can be challenging to perform an appropriate lymphadenectomy in non-

small cell lung cancer due to a propensity for skip metastases to N2 nodal stations in the 

mediastinum and poor FDG-PET accuracy for lymph nodes smaller than 1 cm.(74–76) In 

esophageal cancer, locoregional lymph node metastases can be seen even after extensive 

lymphadenectomy.(77) Failure to give appropriate adjuvant therapy for lymph node 

metastases due to inaccurate or incomplete lymph node sampling could lead to recurrence. 

Therefore, there is significant interest in thoracic surgery to identify sentinel lymph nodes to 

ensure proper staging. Trials of lymph node staging modalities that do not use fluorescent 

dyes have had limited success.(78)

The feasibility of real-time sentinel lymph node mapping in lung cancer using IFI with ICG 

was first reported in 2011 by Yamashita et al.(79) They gave a peritumoral injection of 10 

mg ICG followed by imaging immediately and 10 minutes after injection. They detected 

sentinel lymph nodes in 80.3% (49/61) of patients, and in 2 patients with positive lymph 

nodes, one had a false negative sentinel lymph node.(80) The most common reason for 

failing to identify a sentinel lymph node was ICG leakage from the injection site. In an IFI 

with ICG dose escalation trial by Gilmore et al., a peritumoral injection of 1000 µg ICG 

allowed detection of the sentinel lymph node in 80% (4/5) and 2500 µg allowed detection in 

100% (4/4) of patients.(81)

Yuasa et al. were the first to use IFI with ICG for lymphadenectomy in esophageal cancer.

(82) In this study, 0.5 ml of ICG was injected in two areas of the submucosa around the 

tumor. Fluorescent lymphatic channels and lymph nodes were then visualized. Sentinel 

lymph nodes were detected with ICG in 95% (19/20) of patients. In 4 patients with lymph 

node metastases, 1 had a false negative sentinel lymph node. In another study of 10 patients 

having submucosal peritumoral injection of ICG, 6/10 patients total but 5/5 patients given 

ICG:HSA had sentinel lymph nodes identified with IMI.(83) Overall lymph node status 

correlated with the status of the sentinel lymph node in all cases. In another recent study, 9 

patients had a peritumoral injection of ICG for lymphadenectomy during esophagectomy.

(84) There were 34 lymph node metastases in 3 patients. In all 3, there were lymph node 

metastases in the first nodal basin identified with ICG.

While these studies demonstrate the feasibility of sentinel lymph node identification after 

peritumoral injection of ICG, no group thus far has been successful in selectively identifying 

lymph nodes containing cancer cells. Our group has tried three iterations of intravenously 

injected dyes with no success. Issues include depth of penetration, loss of fluorescence in 

pigmented lymph nodes, passive drainage of the dye through all lymphatic channels draining 

the tumor, and non-specific binding of targeted dyes to other receptors that are upregulated 

in lymph nodes. A tracer or combination of tracers that could be injected systemically and 
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allow identification of both the tumor and the sentinel lymph node and/or lymph nodes 

harboring metastases would be ideal.

Assessment of Resection Margins

Anterior mediastinal masses represent a diverse group of rare neoplasms. For most solid 

anterior mediastinal masses, the mainstay of treatment is complete surgical resection.(85) 

For malignant thymoma, one of the most common mediastinal masses, postoperative 

radiation is recommended for patients following R1 resection or R0 resection with pathology 

stage II or greater.(86) Achieving complete surgical resection of mediastinal masses can be 

challenging due to proximity to surrounding critical structures including the heart, great 

vessels, and phrenic nerve. We have demonstrated that TumorGlow® can improve 

visualization of thymomas and thymic carcinosarcomas in pilot studies.(70, 87) More 

complete surgical resections of these neoplasms could potentially decrease the need for 

postoperative radiation and improve dissection of the tumor while sparing the phrenic nerve 

and other critical mediastinal structures (Figure 3). A larger clinical trial of TumorGlow® for 

anterior mediastinal masses is ongoing.

Tumor Debulking

Malignant pleural mesothelioma is a highly lethal disease with median survival of 

approximately 7 months for all comers and 20 months for patients receiving trimodality 

therapy with surgery, chemotherapy, and radiation.(88) The best chance for prolonged 

survival is with complete surgical debulking of all macroscopic disease.(89) Identification of 

small mesothelioma deposits is therefore critical during surgery. We have demonstrated that 

TumorGlow® can localize additional deposits of mesothelioma not evident with visual 

inspection and finger palpation during pleurectomy and decortication (Figure 4).(16, 90) In 

the first eight patients of a human pilot study, intravenous ICG 5 mg/kg was given 24 hours 

prior to surgery. Surgeons then attempted to perform complete surgical debulking using only 

visual inspection and hand palpation. NIR imaging of the wound bed was performed after 

surgeons felt they had a complete debulking. In all 8 patients, additional disease deposits 

were identified with NIR imaging. There was a mean of 1.8 additional disease deposits per 

patient that ranged in size from 0.3–2.2 cm. A larger clinical trial to determine the effect of 

the addition of TumorGlow® to mesothelioma debulking on survival is ongoing. Table 3 

summarizes the benefits and short-comings of each IFI agent used to date in thoracic 

malignancies.

Summary

Intraoperative fluorescence imaging is a new tool for the surgeon with numerous 

applications in thoracic surgical oncology. Phase I clinical trials have demonstrated IFI is 

feasible for small pulmonary nodule localization, metastasectomy, sentinel lymph node 

identification, mediastinal mass margin assessment, and mesothelioma debulking.

A non-specific NIR contrast agent, ICG, can be used to identify small pulmonary nodules, 

sentinel lymph nodes, tumor margins, and residual disease in the wound bed. ICG 

accumulation within tumors is by the EPR effect, while sentinel lymph nodes are visualized 
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through passive drainage following peritumoral injection of ICG. The major limitation of 

tumor imaging with ICG is suboptimal specificity with accumulation in areas of 

inflammation, while sentinel lymph node identification can be impaired by ICG leakage 

from the injection site. A significant percentage of sentinel lymph nodes were false negatives 

in lung and esophageal cancer sentinel lymph node mapping studies. This may be a 

limitation of any method of sentinel lymph node identification in these malignancies rather 

than a limitation of the imaging itself. Identification of new tracers that can target both 

primary tumors and metastatic lymph nodes is an important area for further investigation.

A targeted NIR contrast agent, OTL38, can improve identification of small lung nodules 

compared to ICG by specifically targeting pulmonary adenocarcinomas and other folate-

receptor expressing tumors. OTL38 is particularly helpful in identifying sub-centimeter 

primary, synchronous, or metachronous pulmonary nodules, which are not typically 

identified on preoperative FDG-PET. For primary lung cancers and pulmonary metastases, 

this can prevent thoracotomy for manual lung palpation. A significant number of patients 

have their disease upstaged with the addition of IFI with OTL38; in the absence of IFI, these 

patients would not receive appropriate adjuvant treatment due to failure to identify 

synchronous disease.

One of the major limitations of IFI is depth of penetration. Dyes that fluoresce in the visible 

spectrum only penetrate through a few millimeters of tissue, while NIR dyes have a 1–2 cm 

maximum depth of penetration.(91, 92) Depth of penetration could potentially be improved 

by development of new fluorescent probes and imaging systems that target the second 

window near-infrared (NIR2) range of 950–1400 nm. There is decreased tissue scatter and 

auto-fluorescence at these wavelengths, which has improved detection of small, deep tumors 

in animal models.(93, 94) Depth of penetration may also be improved through the use of 

multispectral optoacoustic imaging (MSOT).(95, 96) MSOT uses laser excitation to generate 

sound waves, which are less susceptible than light to scatter, that are detected by ultrasound. 

Endogenous (oxyhemoglobin, deoxyhemoglobin, melanin) and exogenous contrast agents 

have unique signals on MSOT, and the relative amount of each agent can be used to 

determine benign versus malignant tissue.(97)

In conclusion, a number of pilot and phase I clinical trials have clearly demonstrated that IFI 

for thoracic malignancies is feasible. OTL38 is currently in a 4-institution phase II clinical 

trial to further evaluate efficacy. More phase II and III trials are needed to determine IFI 

efficacy, impact on patient outcomes, and overall clinical value. Other future research will 

involve the development of drugs targeted to other receptors that are upregulated in thoracic 

malignancies. As more fluorescent dyes are developed, a patient ultimately could be injected 

with a cocktail of imaging agents that would provide a rapid intraoperative diagnosis, 

significantly decrease the total operative time, decrease the rate of conversion to open 

procedures, and allow for a more complete oncologic surgery. This technology is applicable 

to all solid tumors and will be increasingly utilized as new tumor specific fluorescent 

contrast agents are developed and the sensitivity and usability of commercially available 

imaging systems continues to improve.
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Synopsis

In this review, we summarize the preclinical and clinical data on intraoperative 

fluorescence imaging in thoracic surgery.
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Figure 1. 

A) Preoperative CT scan demonstrating left lower lobe ground glass opacity. In vivo images 

of left lower lobe lung nodule 4 hours after 0.025 mg/kg infusion of OTL38 on B) white 

light, C) near-infrared light, and D) near-infrared overlay imaging. Back table images of 

lung wedge resection specimen on E) white light, F) near-infrared light, and G) near-infrared 

overlay imaging. Final pathology demonstrated a 0.6 cm adenocarcinoma in situ.
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Figure 2. 

Comparison of intraoperative and back table fluorescence imaging for pulmonary 

adenocarcinoma with ICG, EC17, and OTL38.
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Figure 3. 

A) Preoperative CT scan demonstrating an anterior mediastinal mass. In vivo images of 

thymoma resection 24 hours after 5 mg/kg ICG infusion on B) white light, C) near-infrared 

light, and D) near-infrared overlay imaging. Back table images of resected thymoma 

specimen with E) white light, F) near-infrared light, and G) overlay imaging. Final 

pathology demonstrated an encapsulated thymoma WHO type AB.
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Figure 4. 

A) Preoperative CT scan demonstrating right sided pleural thickening. Back table images of 

resected pleural peel during pleurectomy and decortication 24 hours after 5 mg/kg ICG 

infusion on B) white light, C) near-infrared light, and D) overlay imaging. In vivo images of 

residual visceral pleural mesothelioma deposit during pleurectomy and decortication on E) 

white light, F) near-infrared light, and G) overlay imaging.
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Table 2

Advantages of TumorGlow®, EC17, and OTL38 for IFI of Pulmonary Nodules

Depth of Penetration Lack of Autofluorescence Sensitivity Specificity

TumorGlow® ++ +++ +++ +

EC17 + + + +++

OTL38 +++ +++ ++ ++
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Table 3

Summary of contrast agent, tumor type, advantages over standard of care, and short-comings of intraoperative 

fluorescence imaging in thoracic surgery.

Agent Tumor Type Current Standard of 
Care

Benefits of IFI Short-comings

ICG

Pulmonary nodules Manual palpation if not 
identified by VATS

• Detects unidentified 
nodules

• Avoids thoracotomies

• Limited depth 
of penetration

• Poor specificity

NSCLC sentinel lymph 
nodes

Complete 
lymphadenectomy or 
lymph node sampling

• Accurate lymph node 
sampling

• Failure to 
identify sentinel 
lymph nodes 
due to ICG 
leakage

• False negative 
sentinel lymph 
nodes

Esophageal cancer sentinel 
lymph nodes

Limited lymphadenectomy 
(THE) or extended 
lymphadenectomy(TTE)

• Accurate lymph node 
sampling

• False negative 
sentinel lymph 
nodes

Mediastinal masses Visualization and palpation • Visualization for 
minimally invasive 
procedures

• Differentiation of 
tumor from critical 
structures

• Background 
fluorescence 
from the heart 
and great 
vessels

Mesothelioma Visualization and palpation • Identifies additional 
disease deposits

• Poor specificity

EC17

Pulmonary adenocarcinoma Frozen section pathology • Improves accuracy 
over frozen section 
diagnosis

• Decreases operating 
room time

• Poor depth of 
penetration

• Only useful for 
pulmonary 
adenocarcinoma

OTL38

Pulmonary adenocarcinoma Manual palpation if not 
identified by VATS

• Detects otherwise 
unidentified nodules

• Avoids thoracotomies

• Limited depth 
of penetration

Pulmonary squamous cell 
carcinoma

Manual palpation if not 
identified by VATS

• Avoids thoracotomies • Limited depth 
of penetration

• Only moderate 
FRα expression

Pulmonary nodules Manual palpation if not 
identified by VATS

• Detects otherwise 
unidentified nodules

• Avoids thoracotomies

• Limited depth 
of penetration

• Limited to 
nodules with 
folate receptor 
expression

Abbreviations: IFI intraoperative fluorescence imaging, ICG indocyanine green, VATS video assisted thoracoscopic surgery, THE transhiatal 

esophagectomy, TTE transthoracic esophagectomy, FRα folate receptor-alpha
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