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Intraoperative molecular imaging to identify lung adenocarcinomas
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Abstract: Intraoperative molecular imaging is a promising new technology with numerous applications
in lung cancer surgery. Accurate identification of small nodules and assessment of tumor margins are two
challenges in pulmonary resections for cancer, particularly with increasing use of video-assisted thoracoscopic
surgery (VATS). One potential solution to these problems is intraoperative use of a fluorescent contrast
agent to improve detection of cancer cells. This technology requires both a targeted fluorescent dye that will
selectively accumulate in cancer cells and a specialized imaging system to detect the cells. In several studies,
we have shown that intraoperative imaging with indocyanine green (ICG) can be used to accurately identify
indeterminate pulmonary nodules. The use of a folate-tagged fluorescent molecule targeted to the folate
receptor-a (FRa) further improves the sensitivity and specificity of detecting lung adenocarcinomas. We have
demonstrated this technology can be used as an “optical biopsy” to differentiate adenocarcinoma versus other
histological subtypes of pulmonary nodules. This strategy has potential applications in assessing bronchial
stump margins, identifying synchronous or metachronous lesions, and rapidly assessing lymph nodes for lung

adenocarcinoma.
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The problem

In cancer surgery, a successful tumor resection involves
removal of all disease—this requires negative margins
on the final pathology specimen and removal of all small
tumor nodules. Intraoperatively, a surgeon has only two
tools, visual inspection and finger palpation, to improve the
outcome of a tumor resection (1).

In lung cancer surgery, positive margins (R1 or R2
residual disease) occur in up to 20% of patients undergoing
attempted curative resection (2,3). Reduced tactile sense and
exposure with video-assisted thoracoscopic surgery (VATS)
compared to open thoracotomy makes intraoperative
identification and removal of small pulmonary nodules
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increasingly challenging as the percentage of patients having
minimally invasive surgery compared to open thoracotomy
increases (4). In one study of patients with non-small cell
lung cancer amenable to VATS who underwent open
thoracotomy, 8.4% had metastatic nodules in other lung
lobes that would not have been discovered by VATS (5).
Others have shown that significantly more overall nodules
and more malignant nodules are resected in metastasectomy
by thoracotomy compared to VAT (6).

Traditional intraoperative imaging techniques to assist
in intraoperative identification of small pulmonary nodules
such as spiral wire localization, pulmonary ultrasound, CT
guidance, and fluoroscopic guidance can be technically
challenging and require # priori knowledge of the location of
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the lesion (7-10). However, many small pulmonary nodules
are not identified preoperatively; in studies of pulmonary
metastasectomy, 18-20% of patients had an ipsilateral
malignant nodule that was not imaged preoperatively

(11,12).

The solution

One potential solution to the problems of positive margins
on staple lines and identification of small pulmonary
nodules is the use of intraoperative molecular imaging to
improve detection of tumor cells (13,14). Intraoperative
molecular imaging requires two innovations: (I) a
fluorescent contrast agent that can be injected systemically
and selectively accumulate in the tumor tissues (14); and (II)
a camera system that can detect and quantify the agent in
tumor tissues (13,15).

Intraoperative molecular imaging has several features
that make it attractive as an adjunct to a surgeon’s hands,
eyes, and clinical decision making in assisting with a
tumor resection. First, it is safe because it does not require
ionizing radiation. Second, the technology is visual and
does not necessitate special training or expertise. Third,
intraoperative imaging is easy to understand and makes
it possible to visualize large surfaces in real time without
disrupting the flow of an operation (16).

Specialized fluorescent dyes

A variety of fluorescent contrast agents have been used
for visualization during surgeries for both benign and
malignant disease. Some agents that fluoresce within the
visible light spectrum (390-700 nm) have the advantage
that they can be seen without special equipment. However,
their effectiveness is limited by poor tissue penetration due
to tissue scatter and absorption by biomolecules such as
deoxyhemoglobin, oxyhemoglobin, water, and lipid as well
as tissue autofluorescence (17,18).

NIR light is invisible to the naked eye. However, when
NIR light is used to excite a NIR fluorophore, NIR light
is emitted at one wavelength and detected at another
wavelength allowing precise localization of the fluorophore.
In the NIR spectrum (700-900 nm), there is decreased
scatter and blood absorption, which allows increased depth
of penetration into solid organs, and decreased tissue
autofluorescence, which improves discrimination between
normal and fluorescent tissue to increase the signal-to-

background ratio (SBR) (18,19).
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Near infrared camera

Early NIR camera systems designed for large animal studies
served as prototypes for the FLARE™ imaging system. The
FLARE™ system was first used clinically for sentinel lymph
node mapping with methylene blue or indocyanine green
(ICG) in women with breast cancer (19-21). This system
consists of a cart with control electronics, a computer, a
cooling system, an articulating arm, and an imaging head
containing a custom high power light emitting diode (LED)
light source, 700 nm (emission wavelength of methylene
blue) and 800 nm (emission wavelength of ICG) NIR
cameras, a white light color video camera, and custom
optics. The NIR cameras and the white light camera
acquire their images simultaneously and can be displayed as
either separate images or simultaneously as an overlay (19).
It is important to filter white light in the 400-650 nm range
in order to get optimal NIR images (18).

Many commercial grade clinical intraoperative fluorescence
imaging devices are now available. In addition, our group has
demonstrated that a small portable interchangeable imager of
fluorescence (SPIFF) can be less expensive but still effective for
detecting fluorescent tumors. This system consists of an NIR
charged coupling device (CCD) camera with an articulating
light filter and an LED light source with an attached heat
sink mounted on a small metal platform. The system is
connected to a laptop with imaging software that allows
control of the exposure time, gain, and image capture (22).
Our previously published clinical studies have used a
combination of this prototype small portable imaging
system, the Artemis Fluorescent Imaging System (Quest
Medical Imaging BV, Middenmeer, The Netherlands), and
the FloCam (BioVision Technologies Inc., Exeter, PA, UK).

Results

All animal studies conducted at the University of
Pennsylvania that are discussed in this manuscript were
approved by the University’s Institutional Animal Care
and Use Committee. All clinical trials conducted at the
University of Pennsylvania were approved by the University
of Pennsylvania Institutional Review Board.

ICG imaging

The first fluorescent dye tested for intraoperative
molecular imaging of lung nodules was ICG. ICG is a
non-targeted NIR contrast agent with excitation and
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emission wavelengths of approximately 785 and 800 nm.
ICG specificity for tumors is obtained by the phenomenon
of the enhanced permeability and retention (EPR) effect.
ICG cannot escape the tight junctions of normal capillaries
but extravasates from the leaky capillaries of tumors and
becomes trapped in that tissue (23). Several groups have
demonstrated in human patients that ICG can be used
to detect hepatocellular carcinoma (HCC) and colorectal
cancer liver metastases (24,25).

We demonstrated in pre-clinical studies in mice and
canines that fluorescent NIR imaging with ICG is effective
at identifying residual disease in a surgical wound that is
not visible to the naked eye and that delineation of tumor
margins is very precise using this technology (26). In
our first experiment, an experienced independent surgeon
examined the wound bed of mice status post incomplete
resections of flank tumors by visual inspection and finger
palpation. Mice with residual tumor identified by these
methods were excluded. The remaining mice were then
imaged with ICG, and 85% of residual tumors were
identified. In a second experiment in mice status post partial
resections of flank tumors with no residual tumor by visual
inspection or finger palpation, 22 mice were closed and used
as controls, while the other 22 mice underwent additional
surgery with ICG guidance until the tumors were completely
resected. All of the control mice developed recurrent flank
tumors within 1 week while 20 out of 22 mice that had image
guided surgery had no flank tumor recurrence at 1 week.

In another preclinical study, canines with spontaneously
occurring sarcomas were imaged with ICG (27). The tumor
fluoresced strongly in 14 out of 15 animals. In one canine,
there was only weak tumor fluorescence; the final pathology
of this tumor was a myxosarcoma, which was composed
largely of myxomatous matrix rather than solid tumor
parenchyma. After the primary sarcomas were resected, the
wound beds were examined by the primary surgeon and
assistant and classified as positive or negative for significant
residual fluorescence. Negative fluorescence was seen in ten
animals, and biopsy of the most fluorescent area of these
wound beds showed no residual tumor. Five of the animals
had areas with high fluorescence consistent with a positive
margin, and residual tumor cells were confirmed in four out
of five of these canines. Tissue from the area of fluorescence
in the animal with no residual tumor showed inflammation
on pathology.

In a follow up study in humans, we showed that ICG can
be used for detection of pulmonary nodules (Figure 1) (28).
In a study of 18 patients with a pulmonary nodule requiring
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resection by thoracotomy, iz situ, ICG identified 14 out
of 18 primary nodules and an additional 5 sub-centimeter
cancerous nodules which were not identified preoperatively.
Three of the nodules not seen on preoperative imaging
were in different lobes than the primary lesion. Nodules
as small as 0.2 cm and as deep as 1.3 cm from the surface
were identified. Two out of 18 nodules did not fluoresce in
vivo but did fluoresce after they were bisected on the back
table. Further analysis showed that lack of fluorescence was
independent of size, histology, and metabolic activity. For
the 14 nodules identified preoperatively that fluoresced
in vivo, the average depth from the pleural surface was
0.41 cm while the average depth of the two nodules that
fluoresced only ex vivo was 1.7 cm. Of the two nodules seen
preoperatively that were not identified by ICG, one was a
metastatic melanoma and one was a pulmonary embolus.
Both of these lesions lacked epithelial cells, which support
the theory of the EPR effect as the mechanism of ICG
identification of lung tumors.

Another limitation we found with ICG is that it does not
discriminate well between tumors and surrounding peri-
tumoral inflammation (29). In a series of eight canines with
lung tumors, five dogs had no post obstructive pneumonitis,
and three dogs had large tumors with significant post-
obstructive pneumonitis and venous congestion. In the five
dogs with no post-obstructive pneumonitis, tumors were
highly fluorescent, and there was no fluorescence within
5 mm of the edge of the tumor. In the three dogs with
post-obstructive pneumonitis, on the other hand, there
was no significant difference in fluorescence between the
tumor edge and 5 mm from the tumor, and there was still
significant fluorescence even at 10 mm from the tumor
edge. In a proof of principal study in five humans with solid
tumors, one patient had a large tumor with surrounding
obstructed lung. The suspected margin was marked both by
finger palpation and by NIR imaging. On pathology review,
there were tumor cells beyond the margin marked by finger
palpation while NIR imaging identified a large section of
atelectatic lung that did not have tumor cells. Based on the
limitations in specificity with ICG including accumulation
in areas of inflammation, we sought a targeted molecular
imaging agent that would specifically bind to and identify
lung adenocarcinoma.

FRa targeted molecular imaging

FRa is a glycosylphosphatidylinositol (GPI)-anchored
cell surface glycoprotein with high affinity for
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Figure 1 A representative case of ICG intraoperative imaging of a primary pulmonary adenocarcinoma. (A) Preoperative computed

tomography (arrow denotes tumor); (B) ex vivo white light image of resected lobe; (C) near infrared image; (D) fluorescent image with

overlay of white light and near infrared images. ICG, indocyanine green.

S-methyltetrahydrofolate, the primary plasma form of folate.
It is part of a family of four folate receptor proteins (30).
FRa is highly expressed in certain malignancies of epithelial
origin (31), and expression of FRa is a positive prognostic
factor in non-small cell lung cancer (32). FRo has previously
been utilized as a target for folate conjugated therapies
(33,34), as well as human anti-folate receptor monoclonal
antibodies (35-37). Our group and others have shown that
FRo is highly expressed on lung adenocarcinomas (38,39).
Therefore, FRa is an appropriate target for a fluorescent
tagged molecule used for intraoperative imaging of lung
adenocarcinomas.

We have demonstrated that intraoperative imaging
with a FRa targeted fluorescent molecular agent can be
used for a variety of indications relevant to intraoperative
imaging of pulmonary adenocarcinomas (Figure 2) (40).
In our initial studies, we showed that intraoperative
molecular imaging with a folate-fluorescein isothiocyanate
(folate-FI'TC) conjugate (EC17), which has excitation and
emission wavelengths of approximately 475 and 520 nm,
correctly identified 46 out of 50 biopsy proven human lung
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adenocarcinomas; the four tumors that were not identified
did not express FRa. However, only 7 of the 50 tumors
were seen in vivo, the rest were fluorescent only after they
were bisected. The primary limitation of this study was
poor depth of penetration by the EC17, which could be
improved with a NIR fluorophore with decreased tissue
scatter and blood absorption.

In a second clinical study, 30 patients with indeterminate
pulmonary nodules received EC17 prior to surgery to
determine the accuracy of EC17 in rapid intraoperative
identification or “optical biopsy” of primary pulmonary
adenocarcinomas (41). Nineteen of the 30 nodules were
fluorescent. On frozen section analysis following wedge
resection of these nodules, the pathologist read 13 as
pulmonary adenocarcinomas, 4 as cancers of unknown
origin, 1 as a squamous cell carcinoma, and 1 as containing
no malignant cells. Eighteen of 19 patients underwent a
lobectomy based on the frozen section analysis. However,
final pathology determined that all 19 nodules were primary
pulmonary adenocarcinomas: 16 invasive adenocarcinomas,
2 minimally invasive adenocarcinomas, and 1 primary
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Figure 2 A representative case of folate-FITC intraoperative imaging of a primary pulmonary adenocarcinoma. (A) Preoperative

computed tomography; (B) preoperative “*fluoro-deoxyglucose positron emission tomography (arrows denote tumor); (C) bisected ex vivo

specimen; (D) fluorescent image with FloCam imaging system; (E) hematoxylin and eosin stained frozen section; (F) folate receptor-o

immunohistochemistry. FITC, fluorescein isothiocyanate.

mixed adenosquamous cell carcinoma. Importantly, the
patient whose frozen section was read as benign incorrectly
received a wedge resection instead of a lobectomy based
on the preliminary pathologic diagnosis, when the optical
biopsy was actually more accurate. Of the 11 nodules that
did not fluoresce, frozen section diagnosis was benign
for 5, carcinoma of unknown origin for 4, and metastatic
renal cell carcinoma for 2. Final pathology showed 3 non-
caseating granulomas, 2 primary squamous cell carcinomas,
2 hamartomas, 2 metastatic renal cell carcinomas,
1 metastatic leiomyosarcoma, and 1 mucoepidermoid
carcinoma. In summary, optical biopsy correctly identified
19 out of 19 primary pulmonary adenocarcinomas with no
false positives or negatives. Optical biopsy took an average
of 2.4 minutes compared to 26.5 minutes for standard
frozen section, and it was more accurate in diagnosing lung
adenocarcinomas. On further analysis, tumor histology,
differentiation, size, and SUV on PET did not correlate
with the degree of fluorescence.
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Finally, we demonstrated that EC17 can identify
additional tumor deposits at resection margins (42). In
a study of mice with residual tumor intentionally left in
the wound bed at resection margins, one independent
investigator 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 4 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 total). Therefore, fluorescent imaging was
80% sensitive and 100% specific while visual inspection and
manual palpation was only 30% sensitive and 90% specific
for positive margins in the wound bed. It was hypothesized
that the failure to detect residual tumor in some mice was
due to either insufficient resolution of the camera to detect
such a small area of fluorescence or poor penetration of
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the tissue by EC17, which is in the visible light spectrum.
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.

Summary

Intraoperative molecular imaging is a new tool with
a variety of applications to the general field of surgical
oncology and more specifically to lung adenocarcinomas.
We have shown that a non-specific contrast agent, ICG,
can accurately identify pulmonary nodules, including
lung adenocarcinomas, at the time of surgery. It can
detect nodules too small for detection by conventional
preoperative imaging techniques, including those in other
lung lobes. A folate-tagged fluorescent molecule targeted
to FRa can identify pulmonary adenocarcinomas with
over 90% accuracy for all pulmonary adenocarcinomas
and 100% accuracy for those pulmonary adenocarcinomas
expressing the FRa. We also have preliminary evidence
that our imaging techniques can identify positive surgical
margins, satellite metastases, and lymph nodes with cancer
invasion.

Multiple clinical trials are ongoing with a FRa targeted
molecule bound to a fluorophore with excitation and
emission wavelengths within the NIR spectrum that should
improve depth of penetration related to scatter and blood
absorption while still binding specifically to FRa on lung
adenocarcinomas. Other future research will involve the
development of more drugs specific to other types of lung
cancer. 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, 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.
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