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LETTER TO TH E EDITOR

Detection of pancreatic cancer by indocyanine
green-assisted fluorescence imaging in the first and second
near-infrared windows

Dear Editor,
In the United States, pancreatic cancer is considered

the fourth most common reason for cancer-related deaths;
over 53% of patients are diagnosed at end-stage with a 5-
year survival rate of less than 3% [1]. Incomplete removal
of all cancerous cells generally leads to local recurrence of
pancreatic cancer [2]. Thus, the detection of tumormargin
status plays an essential role in the complete resection of
pancreatic cancer. Most of the existing imagingmodalities,
like computed tomography and magnetic resonance imag-
ing, are primarily used for preoperative planning; these
modalities also have issues of bulky equipment, radiation
concerns, and slow imaging speed [2]. Thus, these modali-
ties can neither provide an intraoperative diagnosis of can-
cer with high sensitivity and specificity nor be used to
define tumor margins [3].
Indocyanine green (ICG), a clinically approved fluores-

cent dye, has become a popular choice in various clinical
applications, e.g., dental imaging [4, 5]. Many studies sug-
gested that ICG could become an ideal fluorescent agent to
enhance the imaging contrast between normal tissues and
certain tumors, such as breast cancer, gastric cancer, head
and neck cancer, and pancreatic tumor [6]. However, most
of the existing studies using ICG performed the imaging in
the first near-infrared window (NIR-I, 700-1000 nm) [6].
Compared to traditional NIR-I, imaging in the second NIR
window (NIR-II, 1000-1700 nm) could achieve a deeper
tissue penetration depth and acquire good imaging qual-
ity because of its low autofluorescence and photon scatter-
ing[7], especially with ICG [8]. Existing studies reported
ICG-assisted NIR fluorescence imaging in NIR-II (ICG-
NIRF-II) for the detection of thoracic malignancy[9] and
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human dental diseases [4]. To our best knowledge, no pre-
vious study has reported the use of ICG-NIRF-II to image
pancreatic cancer in humans. In this letter, we designed an
ICG-NIRF imaging system (Figure 1A) and used the U.S.
Food andDrugAdministration (FDA)-approved ICGas the
fluorescent agent to image murine and human pancreatic
cancers in both NIR-I and NIR-II (Supplementary file).
Nine patients diagnosed with pancreatic neuroen-

docrine tumor (PNET) and 1 with pancreatic ductal ade-
nocarcinoma (PDAC) (stage I-III) at the Ochsner Medi-
cal Center-Kenner of Louisiana State University Health
Sciences Center (New Orleans, LA, USA) were enrolled.
Human tumor specimens were collected during standard-
of-care surgical procedures. Under light microscope, the
excised PNET was more solid with a deeper staining in
purple blue color, due to the hyperplasia of tumor cells,
than the adjacent normal pancreatic tissue (Supplemen-
tary Figure S1).
Informed written consent was obtained from each

patient. For patients with PNET, 7 were dosed with ICG at
0.22 mg/kg and 2 at 0.50 mg/kg through intravenous injec-
tion. The patient with PDAC was dosed with ICG at 0.22
mg/kg. Intraoperative ex vivo imaging of tumor and tumor
margins was then performed. Ten female immunocompe-
tent athymic nudeNu/Jmice of about 6-8 weeks old, trans-
plantedwithCFPAC-1 cells, were used as the animalmodel
for ICG-NIRF imaging with 0.22 mg/kg.
In themousemodel, tumor tissues demonstrated higher

fluorescence intensity than normal tissues under both
ICG-NIRF-I and ICG-NIRF-II imaging. In the short imag-
ing window (4 h), ICG-NIRF-II had a higher tumor-
background ratio (TBR) of the fluorescence peak intensi-
ties than ICG-NIRF-I (4.30 ± 0.38 vs. 2.16 ± 0.06); ICG-
NIRF-I had a higher TBR in the long imaging window (24
h) than in the short imaging window (11.42 ± 1.28 vs. 2.16
± 0.06) (Figure 1B-D). Thus, all those TBRs (>2.0) of the
short and long imagingwindows indicate that tumorswere
positive under both ICG-NIRF-I and ICG-NIRF-II imag-
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F IGURE 1 Detection of murine and human PNET with ICG-NIRF imaging. (A) Schematic diagram of the ICG-NIRF imaging
system. (B-C) Images of murine model at 4 h (B) and 24 h (C) after ICG injection in NIR-I and -II windows. (D) TBR of tumor to normal
tissues of murine model in ICG-NIRF-I and -II imaging. (E-F) Images of human (Subject 6) PNET tissues (E) and tumor margin and normal
pancreatic tissues (F) in NIR-I and -II windows. (G) TBR of PNET to tumor margin and normal pancreas in human patients (Subject 6) at the
imaging window of 7 h. Imaging conditions: laser power 170 mW, 40 ms exposure time for ICG-NIRF-I imaging and 30 ms exposure time for
ICG-NIRF-II imaging. Abbreviations: ICG-NIRF: indocyanine-green near-infrared fluorescence, NIR-I/-II: near-infrared-first/-second
windows, NM: normal tissues near tumors; PNET: pancreatic neuroendocrine tumors; TBR: tumor-background fluorescence ratio.

ing, which was consistent with the definition in previously
published studies on other cancer types[10].
In human patients, we found that both ICG-NIRF-I and

ICG-NIRF-II imaging could identify PNET: the tumor tis-
sues showed brighter fluorescence than normal tissues
(including tumor margin and normal pancreatic tissues);
the margins had similar fluorescence intensity to the nor-
mal pancreatic tissues, indicating negativemargins, which
were confirmed by histopathology (Figure 1F-G). The
human PDAC also showed similar trend in ICG-NIRF-I
and ICG-NIRF-II imaging (Supplementary Figure S2).
Similar to the mouse model, both types of human pancre-
atic tumors had positive TBR values (>2.0) of the tumor to
normal tissues (Figure 1G and Supplementary Figure
S2E).
Compared with other fluorescent dyes (e.g., 5-

aminolevulinic acid), ICG has already been approved
by the US FDA, which could result in faster clinical
translation than a completely new synthetic dye [8]. We

successfully demonstrated that ICG-NIRF imaging could
image pancreatic tumors in both NIR-I and -II. Partic-
ularly, our results indicated that in the short imaging
window, ICG-NIRF-II had better image quality (larger
TBR) than ICG-NIRF-I. This is due to the lower autoflu-
orescence and light scattering in NIRF-II than in NIRF-I
[9]. In the long imaging window, the advantage of NIRF-II
vanished since this scheme employs the off-peak emission
of ICG and we employed a low ICG dose (0.22 mg/kg);
after long intervals of ICG injection, the ICG molecules
in the tissues were in such low concentrations that the
fluorescence was comparable to the InGaAs camera
sensor noise level [9]. The long imaging window can
acquire better image quality in ICG-NIRF-I imaging than
in ICG-NIRF-II imaging, and only the tumor remained
bright at that time.
According to existing studies, the most common expla-

nation for ICG accumulating in tumors at 24 h after injec-
tion is their enhanced permeability and retention effect
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[6]. When ICG is injected into the blood vessel, it would
not have any known metabolites and just bind with lipid
or lipoprotein complexes, and the bound protein acts as
a macromolecule [6]. Because of defective leaky capillar-
ies in the tumor, these macromolecules become trapped in
the tumors while most ICGmolecules are cleared from the
normal tissues [6]. Thus, in the long imagingwindow, high
ICG concentration in tumors and almost no ICG in normal
tissues can cause great difference in fluorescence signals
between cancerous and non-cancerous tissues, contribut-
ing to better image quality in ICG-NIRF-I imaging in the
long imaging window than in the short imaging window.
Compared to the short imaging window, ICGmolecules

would gradually be extracted by the liver into bile juice [6],
and the extracted ICG molecules could lead to decreased
ICG concentration (also decrease the fluorescence signals)
in the tumor in the long imaging window. Therefore, the
TBR of ICG-NIRF-II becomes smaller in the long imaging
window than in the short imaging window.
Although ICG is generally considered safe, the US FDA

recommends that the ICG dose be ≤ 2 mg/kg; adverse
effects of ICG were mainly reported when the ICG dose
exceeded 1 mg/kg [9]. The ICG dose used in the present
study was much lower than doses used in previous stud-
ies (usually 2-5 mg/kg) [9]. Evaluating ICG-NIRF imaging
performance at such low ICG doses is meaningful to clini-
cal translation. The image quality of ICG-NIRF-II imaging
could be improved if the ICG dose increased, especially in
human patients, whichwas confirmed in the present study
when the ICG dose was increased from 0.22 to 0.50 mg/kg
(Supplementary Figure S3).
Overall, the present study demonstrated the feasibility

of using ICG as a fluorescent agent at low doses (≤0.5
mg/kg) to distinguish pancreatic tumors from normal tis-
sues in both NIR-I and NIR-II for mouse models and
human patients. ICG-NIRF imaging has the potential to
become a novel image-guiding tool for the diagnosis of
pancreatic cancer.
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