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Despite major advances in targeted drug therapy and radiation therapy, surgery remains the most effective
treatment for most solid tumors. The single most important predictor of patient survival is a complete surgical
resection of the primary tumor, draining lymph nodes, and metastatic lesions. Presently, however, 20%–30%
of patients with head and neck cancer who undergo surgery still leave the operating room without complete
resection because of missed lesions. Thus, major opportunities exist to develop advanced imaging tracers
and intraoperative instrumentation that would allow surgeons to visualize microscopic tumors during surgery.
The cell adhesion molecule integrin �v�3 is specifically expressed by tumor neovasculature and invading
tumor cells, but not by quiescent vessels or normal cells. Here we report the combined use of an integrin-
targeting near-infrared tracer (RGD-IRDye800CW) and a handheld spectroscopic device, an integrated point
spectroscopy with wide-field imaging system, for highly sensitive detection of integrin overexpression on infil-
trating cancer cells. By using an orthotopic head and neck cancer animal model, we show that this tracer–
device combination allows intraoperative detection of not only invasive tumor margins but also metastatic
lymph nodes. Correlated histological analysis further reveals that microscopic clusters of 50–100 tumor cells
can be detected intraoperatively with high sensitivity and specificity, raising new possibilities in guiding sur-
gical resection of microscopic tumors and metastatic lymph nodes.

INTRODUCTION
Squamous cell carcinoma (SCC) is a malignant tumor of epithe-
lial origin. More than 90% of all head and neck cancers are SCC
(1). About 60% of patients with SCC head and neck (SCCHN)
cancer have lymph node metastases, whereas �20% to 25% of
patients with SCCHN have developed distant metastases primar-
ily in the lungs (2). Oral SCC comprises 2%–3% of all new
malignancies diagnosed in the USA, and it is the 10th most
common malignancy. However, during the last a few decades,
the average 5-year survival rate of 50% has not changed despite
advances in surgical and medical therapies (3).

Ravasz et al. examined the relation of local recurrence with
the presence or absence of tumors at the surgical margin, which
was combined with other indications of postoperative radiother-

apy (4). Local recurrence was observed in 20% of patients and
was correlated with tumor thickness over 5 mm, spidery growth,
and tumor-positive margins. Standardized reporting of head
and neck cancer resections, according to guidelines issued by
the UK Royal College of Pathologists, was introduced as a
routine procedure in 1998 (5). They reported the frequency, type,
and morphological features of involved margins and assessed
the influence of tumor site and pathological tumor and node
stages from 301 radical resection specimens for oral/oropharyn-
geal SCC (cases from 1998 to 2005). Seventy resections (23%)
had involved margins, and the frequency was related to the
primary tumor site and pathological tumor and node stages. It is
reasonable to assume that large tumors are more difficult to
resect, given the anatomical restraints at many sites within the
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oral cavity and oropharynx. An involved, deep, soft tissue mar-
gin was present in 61 (87%) of the 70 cases. It was also noted
that it is difficult to “visualize” particular growth patterns and
other features of the deep advancing tumor front, both pre- and
intraoperatively, as those particularities are only evident after
microscopy (5).

Positive tumor margins are strongly associated with tumor
recurrence and poor patient survival. To achieve complete re-
section, surgeons attempt, on average, 3–4 rounds of intraop-
erative pathological consultations, which significantly lengthen
the operative procedure. The pathological consultations require
surgeons to send resected tumor margins to a histology labora-
tory to be processed via frozen sections. A few selected hema-
toxylin and eosin (H&E)-stained slides have to be evaluated
quickly by a pathologist for the presence of malignant tumor
cells, which requires an extra 20–30 minutes per round. Three
additional potential problems that are associated with the pro-
cedure include sampling error (where the tissue is collected),
false negative reading of frozen sections, and significant delay
of the surgery (average of 3 rounds per head and neck cancer
surgery). Intraoperative tumor imaging has the potential of
allowing surgeons to clearly delineate tumor margins and assess
residual disease. Transoral surgical laser resections of head and
neck cancers are associated with improved postoperative func-
tion (6). If tumor margins could be accurately intraoperatively
assessed, unnecessary removal of healthy tissue would be min-
imized, complete removal of tumors would be ensured, and neck
dissection would be limited to only those cases with tumor-
positive lymph nodes. An accurate assessment of tumor margins
would provide the opportunity to increase survival and improve
the quality of life for patients with head and neck cancer.
Therefore, an improved, real-time imaging method to intraop-
eratively guide malignant tumor margin detection at the point-
of-care is urgently needed.

Successful application in SCCHN may allow expansion of
the technique to other cancers. By definition, carcinomas begin
“in situ” on the epithelial side of the basement membrane and
are considered to be benign as long as the cells forming them
remain on this side. Eventually, however, carcinomas acquire
the ability to breach the basement membrane, and individual
cancer cells or groups of cancer cells begin to invade the nearby
stroma (7). At the leading invasive edge, the melanoma cells
display beta integrins that enable the cancer cells to attach to the
extracellular matrix in front of them (8). The cyclic peptide,
cyclopentapeptide cyclo(lys-Arg-Gly-Asp-phe) [c(KRGDf)], is
known to target �v�3 integrin. Integrins are a family of het-
erodimeric glycoproteins consisting of � and � subunits that
noncovalently interact with form cell surface adhesion recep-
tors. This receptor class is involved in invasive tumor cells and
tumor-associated neovasculature. The cell adhesion molecule
integrin �v�3 is highly expressed on tumor neovasculature and
invasive tumor cells, but not on quiescent vessels or normal cells
(9, 10). Thus, integrin �v�3 may be a specific biomarker of
tumor neovasculature and infiltrating malignant tumor cells. In
recent years, several research groups have developed a series of
Arg-Gly-Asp (RGD) peptide-based positron emission tomogra-
phy (PET) radiotracers for noninvasive imaging of integrin �v�3
expression to detect tumor neovasculature (11-13). Among

these, F18-labeled RGD peptides are under clinical investigation
in patients with cancer (14). However, RGD peptides have never
been used for the detection of infiltrating tumor cells in intra-
operative settings. IRDye800CW (LI-COR Biosciences, Lincoln,
Nebraska) has an emission spectrum centered around 800 nm. In
2007, this dye passed animal toxicity studies using a protocol
reviewed by the Food and Drug Administration (FDA). RGD
peptides have already been used as PET imaging radiotracer in
humans. Therefore, RGD-conjugated IRDye800CW could be
readily translated to the clinical setting.

METHODOLOGY
Cell Culture
We established metastatic SCCHN tumor cell E3 from a poorly
metastatic 686LN parental cell line by 4 rounds of in vivo selection
using an orthotopic SCCHN xenograft mouse model (15).

The metastatic SCCHN cell E3 was cultured in 5% CO2 at
37°C in Dulbecco’s Modified Eagle’s Medium/F-12 (Invitrogen,
Carlsbad, California) supplemented with 10% fetal bovine serum
(Sigma-Aldrich, St. Louis, Missouri), 200 mM L-glutamine, 50
U/mL penicillin, and 50 �g/mL streptomycin (Invitrogen).

Orthotopic SCCHN Xenograft Mouse Model
Orthotopic animal experiments were performed on 6-week-old
nude female mice (Harlan, Indianapolis, Indiana). We estab-
lished highly metastatic SCCHN tumor cell E3 from a poorly
metastatic 686LN parental cell line by 4 rounds of in vivo
selection using an orthotopic SCCHN xenograft mouse model
(15). The orthotopic metastatic SCCHN mouse model was de-
scribed in our previous publication. In brief, we injected meta-
static E3 cells (1 � 106 cells in 50 �L phosphate buffered saline
[PBS] with 10% matrigel) into the submandibular subcutaneous
tissue to the mylohyoid muscle of the nude mice to create an
orthotopic SCCHN xenograft. These metastatic cells not only
formed large primary tumors but also spread to lymph nodes
and lungs within 30 days.

Near-Infrared Tracer
IRDye 800CW (untargeted dye, control) optical probe and IRDye
800CW RGD optical probe (LI-COR Biosciences) were used for
detecting tumor margins of the infiltrating (invasive) tumors.
These dyes were diluted to the concentration of 5 �M with PBS,
and 100 �L was injected into each nude mouse.

Near-Infrared Fluorescence
Before the imaging experiment, the mice bearing orthotopic
head and neck tumors were intravenously injected with 0.5
nmol (per 25 g of mouse) of RGD-IRDye800CW or control-
IRDye800 CW (without RGD). Further, 22 hours later, these mice
were transported to the imaging suite. This room was equipped
with a spectroscopic device (called SpectroPen) and illuminated
by a light-emitting diode light (16, 17). The mouse was sacrificed
by cervical dislocation, and we opened the skin of the anterior
neck region to expose the primary tumor for visualization.
Near-infrared (NIR) signals from primary tumor, lung, lymph
node, and mylohyoid muscle tissue without primary tumor were
detected by the spectroscopic device. The spectral data were
recorded on a color video and displayed on a monitor. Collected
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organ specimens were fixed in formalin and were paraffin-embed-
ded. The paraffin-embedded specimens were sectioned into 6-�m
sections and placed on glass slides and stained using H&E. All
protocols for animal studies were reviewed and approved by the
Institutional Animal Care and Use Committee at Emory University.

Handheld Spectroscopic Device (SpectroPen) for
Intraoperative Use
To translate RGD-IRDye800CW as an intraoperative imaging
agent, we developed a pen-sized, fiber-optic probe device for
spectroscopic measurements at NIR wavelengths (16). The pen is
a compact 1- � 10-cm probe connected to a 5-m fiber-optic
cable for both laser excitation and efficient light collection. The
excitation source is a 785-nm diode laser with a focal spot of
1–2 mm on the tissue sample. It covers the spectral range of
800–930 nm with a resolution of 0.6 nm. An attached spectrom-
eter and laptop computer instantly acquire and analyze the
spectral data at a speed of 1–2 seconds. For the surgeon to
monitor the entire surgical field, we have integrated the Spec-
troPen device with an integrated, wide-field, color/NIR imaging
system (Figure 1). There are 3 optical channels that are separated
by using dichroic beam splitters, which are as follows:

(1) An NIR channel for the probe.
(2) A second NIR channel for detecting the laser focal area.
(3) A color monitor channel for spatial reference.

The signals in these 3 channels are processed by a computer
and are co-displayed and recorded on a color video. During a
surgical procedure, the SpectroPen channel provides spectro-
scopic information about tumor presence or absence.

RESULTS
Detection of NIR Signals from a Mouse Bearing Head
and Neck Tumors that Infiltrated to the Mylohyoid
(Neck) Muscle and Metastasized to the Lungs
The NIR signals (color coded blue) from the bulk of the primary
tumor were very strong and oversaturated the detector (Figure
2A). The NIR signal from the ear was measured to show the
background from skin. This NIR signal was minimal and ap-
peared dim blue (Figure 2B) with the same image intensity
display scale. We resected the entire primary tumor, but there
were residual tumors that infiltrated the mylohyoid neck muscle
beyond the tumor boundaries. These residual infiltrating tumors
were clearly detected by the SpectroPen device (Figure 2C). We
removed the lungs from the same mouse and scanned them
using the SpectroPen. Then, the NIR signals were found from the
spot indicating lung metastasis (Figure 2D). Specimen of the
mouse neck region without the neck bone was collected from
the mouse as shown in Figure 2C and was paraffin-embedded.
The paraffin block was sectioned by 6 �m and stained using
H&E. The H&E-stained specimens were found to contain infil-

Figure 1. Schematic diagram adapted from Figure 1 in the study by Mohs AM et al. (Reference 16) showing the inte-
grated spectroscopy and imaging system for near-infrared (NIR) intraoperative surgical guidance for tumor resection (A).
The spectroscopic channel (provided by the SpectroPen) allows ultrasensitive detection of tumor cells at specific loca-
tions. The wide-field imaging system has 3 components, NIR channels for the probe detection (labeled NIR), a laser fo-
cal area (labeled Las), and a color video channel (labeled Col) for spatial reference. A photograph of the “pen” that is
a 1- � 10-cm probe connected to a spectrometer via a 5-m fiber-optic cable (red star in Figure 1A) (B).
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trating tumor cells (Figure 2E). We collected specimens of the
NIR-positive lung lesions and paraffin-embedded these in a
certain orientation, so that we could easily identify the location
of micrometastases with positive NIR signals (Figure 2F). We
admit that the image–histology correlation was not performed
in a fully user-unbiased manner. We also collected specimens of
the NIR-positive lungs lesions and fixed these in formalin and
then paraffin-embedded. The whole lungs were sectioned into
6-�m sections and placed on glass slides. Every fifth slice was
scanned with the SpectroPen for NIR signals. We found that
several sections were positive of the NIR signal at 805 nm
(Supplemental Figure 1). NIR signal was also observed at 880 nm
from the glass slide. Then, we H&E-stained the NIR-positive
slides and analyzed for the presence of metastases. All the lung

sections that were positive for NIR signal contained metastatic
cell clusters (Supplemental Figure 1). In these samples, the av-
erage size of the metastatic cluster of tumor cells was 50–100
cells. These results indicate that it might be feasible to detect
small clusters of 50–100 tumor cells in intraoperative settings.

Detection of NIR Signals from Lymph Nodes Containing
Metastatic Tumor Cells
We completely removed primary tumors from 3 mice bearing
head and neck tumors, and searched NIR-positive lymph nodes
by using the SpectroPen device (Supplemental Figure 2). Once
the NIR signal was detected, we resected the suspicious lymph
nodes, which were reconfirmed for NIR signal ex vivo. Then,
positive lymph nodes were formalin-fixed and paraffin-embed-

Figure 2. Video still of color/NIR merged images of a mouse bearing head and neck tumors that infiltrated to the mylo-
hyoid (neck) muscle and metastasized to the lungs. The images were taken before tumor resection (A). The blue color
represents intense NIR signal where the SpectroPen is pointing. The NIR signal from the ear was used as background
(B). The images were taken after primary tumor resection (C). Primary tumor was resected; however, the tumors infil-
trated the mylohyoid muscle. Thus, there remained residual infiltrating tumors that were easily detected by the Spectro-
Pen. Lungs were resected, and the SpectroPen could detect NIR signal from the lungs, suggestive of lung metastasis (D).
Specimens of their neck region, including residual cohorts of tumor cells (most of the bulk tumors were removed) without
the neck bone, were collected and paraffin-embedded, which were sectioned by 6 �m and stained using H&E to iden-
tify infiltrating cohorts of tumor cells (where yellow arrows are pointing) (E–F).
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ded for histological validation, and we found that 8 out of 8
lymph nodes contained infiltrating tumor cells.

Spectra from the SpectroPen
Figure 2 shows the representative NIR spectra of the primary
tumor, infiltrating clusters of tumor cells in mylohyoid tissues at
tumor margin, tumor-involved lymph node, and lung with mi-
crometastases. The upper spectra in black traces were obtained
from RGD-IRDye800CW-injected mice, whereas the bottom
spectra in red traces were obtained from control IRDy800CW-
injected mice. RGD-IRDye800CW-injected mice exhibited strong,
saturating NIR signals from the bulk primary tumors, whereas
IRDye800CW-injected mice exhibited weak NIR signals from the
bulk primary tumors (Figure 3A). Once the bulk primary tumors
were removed, we could easily detect the NIR signals from the
invasive clusters of tumor cells in the mylohyoid muscle tissues
of RGD-IRDye-injected mice (Figure 3B). But when the
IRDye800CW was used, we were unable to detect the NIR sig-
nals. We also detected NIR signals from the lymph nodes and
lungs of the RGD-IRDye800CW-injected mouse (Figure 3, C and
D, upper panel), but could not detect the NIR signal from lymph
nodes and lungs of IRDye800CW-injected mice (Figure 3, C and
D, bottom panel).

Detection of NIR Signals from a Nonmetastatic
(Encapsulated) Tumor
A mouse bearing a medium-sized tumor was intravenously
injected with 0.5 nmol of RGD-IRDye800CW, and 22 hours later,

this mouse was sacrificed by CO2 asphyxiation followed by
cervical dislocation; the skin on the anterior neck region was
opened to expose the tumor for visualization. The tumor was
encapsulated within a boundary (Figure 4A), and had not yet
infiltrated beyond the boundary of the tumor into the neck
muscle. Once the tumor was completely removed, we could not
detect any NIR signals from the neck area and the lung as shown
in Figure 4, B and C. The collected lung specimens were forma-
lin-fixed and paraffin-embedded. In addition, we could not find
tumor cells in H&E-stained lung specimens (data not shown).
From another mouse bearing a similar-size tumor, we par-
tially removed the tumor and collected specimens from the
neck region without the neck bone for histological evalua-
tion. From H&E-stained specimens, we could not find infil-
trating clusters of tumor cells beyond the tumor boundary
into the neck muscle (Figure 4D), consistent with the lack of
NIR signals in Figure 4B.

Detection of NIR Signals from Control IRDye
For the control experiment, we injected the control IRDye800CW
(without RGD conjugation) in a mouse bearing a large tumor.
The primary tumor had a weak NIR signal (Supplemental Figure
3A). After removal of the primary tumors, there were residual
infiltrating tumors; however, we could not detect NIR signals
from these cells (Supplemental Figure 3B). In addition, we could
not detect any NIR signal from the lungs (Supplemental Figure
3C) despite the presence of H&E-stained specimen-confirmed
lung metastases (Supplemental Figure 3D).

Figure 3. The plots of NIR spectra collected by the SpectroPen. The black spectra in the top row were collected from
the mouse shown in Figure 2 (injected with RGD-IRDye800CW), whereas the red spectra in the bottom row were col-
lected from the mouse shown in Supplemental Figure 1 (injected with IRDye800CW). NIR spectrum plots were collected
from the primary tumors (A). NIR spectrum plots were collected from the mylohyoid muscle following removal of primary
tumors (beyond the primary tumor margin/border), representing the presence of residual infiltrating tumors beyond the
tumor boundary (B). The plots were obtained from the involved lymph node with tumor cells (C). The plots were collected
from the lungs with metastases (D).
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DISCUSSION
In contrast to radionuclides used in radioimmunoscintigraphy,
fluorophores have no finite half-life and can be excited with
light to produce multiple emissions. This is advantageous for the
following 2 reasons:

(1) The optical imaging probe can be synthesized and
stored nearly indefinitely, unlike radionuclides with
finite half-lives.

(2) Imaging of infiltrating clusters of tumor cells can be
carried out in 24–48 hours following systemic admin-
istration of the optical imaging probes because infil-
trating clusters of 50–100 cells have not developed (or
associated with) leaky neovasculature.

Therefore, the optical probe may require 24–48 hours to
reach the target cells in human. Thus, radionuclides with a
half-life of 2–6 hours will be inappropriate for the purpose.

The NIR wavelength range between 650 and 950 nm is con-
sidered a “clear window” for in vivo imaging because of
reduced blood absorption, tissue scattering, and autofluores-
cence (18). IRDye800CW (LI-COR Biosciences) with fluorescence
emission centered around 800 nm is a commercially available
NIR dye with functional groups for conjugation, and it has passed
animal toxicity studies using a protocol reviewed by the FDA in
2007 (https://www.licor.com/clinical_translation/index.html).

Houston et al. have compared optical imaging with nuclear
imaging by using cyclic RGD conjugated with a dual-labeled
probe with a radiotracer (111indium) for gamma scintigraphy
and with RDye800CW (19). Image acquisition time was 15 min-
utes for the gamma scintigraphy images and 800 milliseconds
for the optical images acquired using an intensified charge-
coupled device-equipped whole-body animal imager. Their re-
sults show that the signal-to-noise ratio (SNR) was significantly
higher for optical than nuclear imaging. Furthermore, an anal-

Figure 4. Video still of color/NIR merged images of a mouse bearing head and neck tumors that is well circumscribed as a
negative control. When the tumor size is not large enough, tumor cells are encapsulated (confined), and there were no infil-
trating tumor cells unlike the mouse shown in Figure 2 (A). With the tumor removal, there remained no residual tumors and no
NIR signal was detected (B). For this stage of tumor development, lung metastasis is yet to occur (C). As anticipated, its lungs
did not have any NIR signal detectable by the SpectroPen. H&E staining of the neck region from the same mouse: tumor cells
have not infiltrated the mylohyoid neck muscle beyond the tumor boundary (D). Specimens from their neck region, including
partial tumors (most of the bulk tumors were removed) without the neck bone, were collected, formalin-fixed, and paraffin-em-
bedded, which were then sectioned by 6 �m for H&E staining. No infiltrating cohort of tumor cells was found.
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ysis of signal-to-noise versus contrast showed greater sensitiv-
ity of optical over nuclear imaging for subcutaneous tumor
targets. Their work strongly supports that IRDye800CW offers a
potentially better tracer than radioisotopes for intraoperative
guidance. Furthermore, Sampath et al. used a similar dual-label
approach using trastuzumab (Herceptin®, Genentech, Inc.) (20)
in subcutaneous xenograft models to show enhanced SNRs in
NIR fluorescence compared with nuclear imaging. Because sub-
cutaneous xenograft models offer shallow penetration depths,
the results may be as expected and similar to what might be
encountered for intraoperative guidance where the surgical
fields are exposed.

Characterization of RGD-IRDye800CW, including in vitro
and in vivo binding to a variety of tumor cell lines (ie, U87,
A431, PC3M-LN4, and 22Rv1), was reported by Kovar et al. in
collaboration with LI-COR Bioscience at the American Asso-
ciation for Cancer Research Annual Meeting (http://biosupport.
licor.com/docs/IntegrinSpecNIRImagingv2_AACR09_JK.pdf).
Specificity of the conjugate for the integrin receptor was confirmed
by competition with either an unlabeled RGD peptide or unlabeled
RAD (Arg-Ala-Asp), nonspecific peptide in U87 cells. In addition,
whole-body animal images confirmed that RGD-IRDye800CW
maintains specificity to the target tissue when tested for in vivo
applications. Images of nude mice bearing 2 subcutaneously im-
planted tumors on the rear flank show that RGD-IRDye800CW
localized to tumor tissues. A dose of unlabeled RGD (given intra-
venously via the tail vein) before RGD-IRDye800CW resulted in
reduced signals in both tumors, confirming specificity.

We established metastatic SCCHN cells that not only form
large primary tumors but also spread to lymph nodes and
lungs within 30 days. RGD conjugated with IRDyeCW800 or
IRDyeCW800 without RGD conjugation was intravenously in-
jected 22 hours before the imaging experiment. From our pre-
liminary studies, we found that 22 hours following the injection
of 0.5 nmol of RGD-IRDye800CW provided us with the best
tumor-to-muscle uptake ratio of RGD-IRDye800CW. In addi-
tion, data from LI-COR Biosciences (http://biosupport.licor.com/
docs/IntegrinSpecNIRImagingv2_AACR09_JK.pdf) also support
a 22-hour waiting period before imaging, as the best SNR with a
reasonably good background clearance was obtained at 22
hours post injection of RGD-IRDye800CW. It is worth noting
that another important biomarker for head and neck tumors is

the epidermal growth factor receptor (EGFR). Head and neck
cancer has the highest rate of EGFR overexpression compared
with other cancers (21, 22). Cetuximab, a monoclonal antibody
directed against the EGFR, is effective in treating head and neck
cancer when used alone or in combination with radiotherapy
and has recently been approved by the FDA for head and neck
cancer (23). An EGFR-targeted NIR dye may also have excellent
potential as an intraoperative imaging probe, which can be
evaluated in future studies to expand the available number of
dyes (24). This would further improve the possible clinical ap-
plications along with additional molecular diagnostic specificity
for using this point-of-care technology in the surgical suite.

To conclude, we have reported the combination of a tar-
geted NIR tracer, a handheld spectroscopic pen device, and a
multichannel wide-field imaging system for highly sensitive
detection of the integrin �v�3, which is overexpressed by tumor
neovasculature and invading tumor cells, but not by quiescent
vessels or normal cells. By using a metastatic orthotopic head
and neck cancer animal model, we have shown that this com-
bination allows intraoperative detection of both invasive tumor
margins and metastatic lymph nodes and lungs. Correlated his-
tological data further indicate that microscopic clusters of 50–
100 tumor cells can be detected intraoperatively, raising new
possibilities in guiding surgical resection of microscopic tumors
and metastatic lymph nodes. In comparison with other imaging
modalities such as computed tomography, PET, or magnetic
resonance imaging, this optical imaging technology is highly
sensitive and molecularly specific, but its tissue penetration
depth is currently limited to about 3–5 mm, so deeply buried
or hidden tumor nodules cannot be detected under in vivo or
intraoperative conditions. This problem can be overcome or
alleviated by recent advances in photoacoustic imaging and NIR
fluorescence in the second NIR window (between 1000 and 1700
nm in wavelength), which have shown that the tissue penetra-
tion depth could be considerably (by 5- to 10-fold) improved in
comparison with optical imaging in the first NIR window (650–
950 nm) (25-27).

Supplemental Materials
Supplemental Figures 1-3: http://dx.doi.org/10.18383/j.

tom.2016.00253.sup.01
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