Review Article

Intraoperative near-infrared imaging of mesothelioma
Gregory Thomas Kennedy, Andrew Newton, Jarrod Predina, Sunil Singhal
Department of Surgery, University of Pennsylvania School of Medicine, Philadelphia, PA, USA
Contributions: (I) Conception and design: GT Kennedy, S Singhal; (II) Administrative support: All authors; (III) Provision of study materials or
patients: All authors; (IV) Collection and assembly of data: GT Kennedy, S Singhal; (V) Data analysis and interpretation: GT Kennedy, S Singhal; (VI)
Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.
Correspondence to: Sunil Singhal, MD. Department of Surgery, University of Pennsylvania Perelman School of Medicine, 3400 Spruce Street, 6 White
Building, Philadelphia, PA 19104, USA. Email: Sunil.Singhal@uphs.upenn.edu.

Abstract: Though difficult to achieve, complete resection of malignant pleural mesothelioma is paramount
to improving patient survival. Surgeons have traditionally been limited to using visual inspection and
manual palpation to locate and remove cancerous tissue. However, intraoperative molecular imaging (IMI)
is a promising new technology in surgery. Molecular imaging utilizes a fluorescent tracer that selectively
accumulates in cancer cells. An imaging device is then used to detect and augment the fluorescent signal
emitted from the fluorescent cancer cells. Our group and others have demonstrated that molecular imaging
with either indocyanine green (ICG) or a folate receptor alpha (FRα) targeted fluorophore can accurately
identify a number of intrathoracic malignancies. Early studies of intraoperative imaging have suggested its
efficacy for malignant pleural mesothelioma. In a murine model of mesothelioma, intraoperative imaging was
found to have sensitivity of 87% and specificity of 83%. In a pilot human study, eight patients with biopsyproven epithelial malignant pleural mesothelioma were administered 5 mg/kg of intravenous ICG injection
24 h prior to resection. The following day, a near-infrared (NIR) imaging device was used to detect tumor
fluorescence intraoperatively. After what was believed to be complete tumor excision, the wound bed was
re-imaged for residual fluorescence indicative of retained tumor. When residual fluorescence was detected,
additional tissue was resected, if feasible, and specimens were sent for pathologic correlation. In all cases,
intraoperative fluorescence localized to mesothelioma deposits which were confirmed on final pathology.
Following resection, fluorescence was confirmed ex vivo with a mean tumor-to-background ratio (TBR) of 3.2
(IQR: 2.9–3.4). It is hoped that this technology will improve outcomes for mesothelioma patients by allowing
for a more complete oncologic resection.
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The cancer surgeon’s challenge
Local recurrence has long been the Achilles heel of
cancer surgery, with multiple studies demonstrating the
importance of achieving a complete (R0) resection in
improving 5-year survival rates (1). Thus, a successful tumor
resection requires removal of all gross disease to achieve
disease clearance as well as removal of all small tumor
nodules. Complete (R0) resection is particularly difficult
to achieve in surgery for malignant pleural mesothelioma
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due to the technical difficulty of pleurectomy/decortication
and extrapleural pneumonectomy as well as the insidious
nature of the cancer itself (2). Surgeons have traditionally
been limited to two tools—visual inspection and manual
palpation—to achieve disease clearance. Despite the
difficulty in obtaining an R0 resection, it is paramount
to improve the 5-year patient survival. In fact, many
studies have shown that resection margin positivity is an
independent predictor of worse survival (2,3).
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Intraoperative molecular imaging (IMI): a new
tool in the surgeon’s armamentarium

tumors (11).

One potential solution to the challenge of intraoperative
identification of small tumor deposits is molecular targeted
imaging with a fluorescent contrast agent that demarcates
cancerous cells and improves tumor clearance (4-7).
Targeted molecular imaging has several advantages over
conventional imaging technologies. First, it does not
require ionizing radiation and is thus safe for the patient.
Additionally, the technology is intuitive and visual, making
it easy to understand without advanced training. Finally,
intraoperative imaging is rapid, making it easy to visualize
large tissue surfaces in real time without disrupting the flow
of operations.
This technology requires the development of two
interrelated components: (I) a targeted fluorescent tracer
that accumulates rapidly and selectively in the tissue of
interest and (II) an imaging modality to detect and quantify
the contrast agent in vivo (5). A variety of fluorescent
contrast agents have been used for targeting tumors during
surgeries for both benign and malignant disease. Contrast
agents that emit light within the visible color spectrum have
the advantage that specialized equipment for detection is
not necessary; however, tissue penetration is very limited
due to tissue scatter and blood absorption (8). Those
agents that emit light in the near-infrared (NIR) spectrum,
however, are not subject to the same degree of tissue scatter
and thus can achieve increased depth of penetration. The
primary drawback is that NIR imaging requires a specialized
imaging device for displaying the emitted signal.
With regard to imaging devices, NIR cameras originally
designed for imaging large animals have been adapted to
humans in prototype imaging systems (9,10). These systems
require two light sources—one for white light and one
for NIR fluorescence—that illuminate the surgical field.
White light reflected from the surgical field is collected
by a motorized zoom lens and directed to a color video
camera. Normally, there is virtually no NIR fluorescence
from the surgical field. However, when an exogenous
NIR fluorophore is introduced, the invisible near infrared
fluorescent light is emitted to a NIR camera. Both cameras
acquire their images, permitting simultaneous visualization
of anatomy (white light) and function (NIR light) (8).
Although many commercial grade fluorescent imaging
systems are available, we have demonstrated that a small
portable interchangeable imager of fluorescence is much
less expensive and still effective for detecting fluorescent

Preclinical studies
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Several groups have demonstrated the efficacy of IMI for
the detection of intrathoracic and extrathoracic malignancies
(7,12-19). Our group has investigated two different tracers
for the intraoperative detection of pulmonary nodules
and occult metastases—indocyanine green (ICG) and
a folate receptor alpha (FRα) targeted fluorophore. All
studies discussed hereafter received approval from the
University of Pennsylvania Institutional Review Board and,
where applicable, the Institutional Animal Care and Use
Committee.
ICG was the first fluorescent dye tested for the IMI of
lung nodules. ICG is a non-targeted NIR contrast agent
with excitation and emission wavelengths of approximately
785 and 800 nm, respectively. ICG localizes to solid tumors
due to the enhanced permeability and retention (EPR)
effect. Though ICG cannot extravasate into normal tissue,
it is able to leak from the defective capillaries and wide
fenestrations of neovasculature in tumor tissue. Several
groups have demonstrated in human patients that ICG
can be used to detect hepatocellular carcinoma (HCC) and
colorectal cancer liver metastases (12,14).
We demonstrated in preclinical studies in mice and
canines that fluorescent NIR imaging with ICG can both
delineate tumor margins and identify residual disease in
a surgical wound that is not visible to the naked eye (20).
First, we developed a murine model to simulate local
resection and facilitate identification of retained disease.
Eighty percent of flank tumors were removed and the
animals were then examined by a blinded, experienced
surgeon using visual inspection and finger palpation. Mice
with residual tumor identified by these methods were
excluded and the remaining mice were imaged with ICG.
This technique identified 85% of residual cancers. In a
follow-up experiment, mice following partial resections
of flank tumors without residual disease identified by
traditional methods (i.e., visual inspection and finger
palpation) were collected. Twenty-two such mice were
closed and used as controls whereas another 22 mice
underwent additional surgery to resect disease with ICG
guidance. All of the controls developed recurrent flank
tumors within 1 week, while 20 out of 22 mice that had
image-guided surgery using ICG had no tumor recurrence
at 1 week (20).
In a second proof-of-principle study, ICG imaging was
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used in canines with spontaneously occurring sarcomas (21).
The technology was successful in 14 out of 15 animals,
demonstrating strong tumor fluorescence. The tumor that
was weakly fluorescent turned out to be a myxosarcoma on
final pathology. This particular histologic subtype tends
to be composed of loosely arranged stellate or spindleshaped cells separated by mucinous stroma rather than
solid tumor parenchyma. Following removal of the primary
canine tumors, the resection beds were examined by both
the primary surgeon and assistant who assessed them for
residual fluorescence. Ten wound beds were not deemed
to be significantly fluorescent and biopsies confirmed that
there was no residual tumor on final pathology. Five canines
had highly fluorescent resection beds, and positive margins
were confirmed in 4 of 5 of these animals with the fifth
animal showing inflammation on final pathology.
As the above results suggest, ICG’s mechanism of tumor
localization via the EPR effect lacks a degree of tumor
specificity, in that it does not discriminate well between
tumor cells and peritumoral inflammation. In light of this
deficiency, other receptor-targeted contrast agents have
been developed to enhance the specificity of the technology.
Our group has tested a contrast agent (EC17) to target FRα
based on the principle that pulmonary adenocarcinomas
highly overexpress this receptor.
Early studies of intraoperative imaging have suggested
its efficacy for malignant pleural mesothelioma. In
a preliminary study of ICG molecular imaging, we
have shown that intraoperative imaging can enhance
mesothelioma resection using a murine surgical model of
MPM (22). Eighty mice were injected intravenously with
ICG, underwent partial resection, and then randomized to
surgery with intraoperative imaging versus surgery without
imaging. Surgeons identified incomplete resections in 25%
of mice randomized to surgery with IMI versus in 7.5% of
mice undergoing surgery alone. Residual tumor deposits
ranged from 0.4 to 1.9 mm, with mean TBR of residual
disease of 2.8 (IQR 2.5–3.6). Sensitivity and specificity of
molecular imaging was 87% and 83%, respectively.
Human studies with intraoperative imaging
Our work with intraoperative imaging has focused on
both lung cancer and mesothelioma. In the initial proof
of principle clinical trial of EC17, 30 patients with an
indeterminate pulmonary nodule were intravenously
administered the folate receptor-targeted contrast
agent (23). Intraoperatively, patients underwent an “optical
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biopsy” in which their lesion was graded fluorescent or
non-fluorescent to determine if the nodule was a primary
pulmonary adenocarcinoma. Standard frozen section
pathology and immunohistochemical staining on permanent
sections were then performed as the gold standard for
validation of molecular imaging. Nineteen of the 30 patients
had fluorescent nodules, all of which were confirmed on
final pathology to be primary adenocarcinomas. There
were no false positive or false negative results by molecular
imaging, whereas frozen section improperly diagnosed one
lesion as benign leading to improper surgical management
of that patient. Additionally, molecular imaging required
2.4 min for mean time to diagnosis compared to nearly
30 min for frozen section. Thus, this paper demonstrated
that molecular imaging can rapidly and accurately diagnose
pulmonary adenocarcinomas, and is a valuable adjunct to
standard pathology.
Finally, we demonstrated that EC17 can identify small
tumor deposits at resection margins in a murine model
and in a series of three human patients (24). In the mouse
study, we used a cohort of mice status post partial resection
with residual tumor intentionally left at the surgical
margins. Without intraoperative imaging, a surgeon was
able to detect residual tumor in 18 out of 60 mice with
positive wound bed margins by visual inspection and finger
palpation alone (30%) and falsely identified four mice as
having positive margins. A second investigator who could
utilize intraoperative imaging with EC17 in addition to
visual inspection and finger palpation identified the same
18 mice with positive wound bed margins plus an additional
30 mice with residual tumors (80% accuracy). Thus, it was
calculated that fluorescent imaging was 80% sensitive and
100% specific for positive margins while visual inspection
and manual palpation was only 30% sensitive and 90%
specific. A follow-up series of three human patients
with biopsy proven lung adenocarcinoma showed sharp
demarcation between tumor and normal tissue and no
residual fluorescence in the tumor bed or at the specimen
margins following resection.
A later human study by our group demonstrated that
ICG can be successfully utilized in the identification of
pulmonary nodules (25). In 18 human patients undergoing
resection of a pulmonary nodule, ICG based molecular
imaging successfully identified 14 of 18 primary nodules.
Interestingly, the technology also discovered that an
additional 5 subcentimeter cancerous nodules that were
not identified on conventional preoperative imaging. ICG
imaging demonstrated remarkable accuracy and tissue
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Figure 1 Intraoperative NIR imaging of two mesothelioma deposits in a representative patient from the pilot human study. Preoperative
CT scan is shown at left, followed by conventional thoracoscopic view in vivo, fluorescence imaging, and overlay of fluorescence imaging
onto the brightfield view.
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Figure 2 Back table ex vivo specimens resected from the same patient as described in Figure 1. Preoperative CT scan is shown at left,
followed by brightfield imaging, fluorescence imaging, and overlay of fluorescence imaging onto the brightfield view.

penetration, identifying nodules as small as 0.2 cm and as
deep as 1.3 cm below the tissue surface. Among the primary
nodules not identified by ICG, one was a metastatic
melanoma and another a pulmonary embolus on final
pathology. Both lesions lack epithelial cells, supporting the
theory that the EPR effect drives ICG localization into
tumor tissue.
In the pilot human study, eight patients with biopsyproven epithelial malignant pleural mesothelioma were
administered 5 mg/kg of intravenous ICG injection 24 h
prior to resection. All patients tolerated ICG injection
without evidence of toxicity. The following day, a NIR
imaging device was used to detect tumor fluorescence
intraoperatively (Figure 1). After what was believed to be
complete tumor excision, the wound bed was re-imaged for
residual fluorescence indicative of retained tumor. When
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residual fluorescence was detected, additional tissue was
resected, if feasible, and specimens were sent for pathologic
correlation. In all cases, intraoperative fluorescence
localized to mesothelioma deposits, which were confirmed
on final pathology. Following resection, fluorescence was
confirmed ex vivo (Figure 2) with mean TBR of 3.2 (IQR:
2.9–3.4). The number of additional resected specimens
following wound bed imaging ranged from one to four per
patient (mean 1.8) with an average size of 0.9 cm (range:
0.3–2.2 cm). These tumor specimens were frequently found
in difficult-to-reach anatomical locations, including the
costophrenic sulcus and directly beneath the thoracotomy
site. These results are the basis of an ongoing phase I
human trial and a further trial is planned with FRα-targeted
agents, given the known FRα overexpression of malignant
mesothelioma (26).
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Summary and future directions
IMI is a new tool with a variety of applications to the
general field of surgical oncology and more specifically
to thoracic malignancies, including malignant pleural
mesothelioma. Our group has demonstrated that ICG, a
non-specific contrast agent, can accurately identify lung
cancers of various subtypes. Furthermore, preliminary
results suggest that ICG is effective in identifying
mesothelioma in humans and a murine model. Additionally,
we have shown that a FRα-targeted fluorescent tracer can
identify pulmonary adenocarcinomas with greater than
90% specificity. Early studies have shown similar efficacy in
identifying pulmonary metastases, positive surgical margins,
and lymph node positivity. The application of this tracer
to mesothelioma is the subject of ongoing inquiry by our
laboratory.
The potential of this work is far-reaching. In the future,
additional targeted contrast agents can be developed for
other cancer subtypes to expand the clinical utility of
molecular imaging to the entire field of surgical oncology.
Ultimately, it is hoped that this technology will improve
outcomes for cancer patients by providing a rapid,
minimally invasive diagnosis, decreasing total operative
time, and allowing for a more complete oncologic resection.
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