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Abstract. Background: The method of quickly identifying
metastatic mediastinal lymph nodes has become an urgent
problem for lung cancer surgery. Indocyanine green (ICG)
has the characteristic of being retained in or around the
lymph nodes, its pharmacokinetic characteristics and optimal
imaging time have not yet been elucidated. Materials and
Methods: The IVIS Lumina Imaging System was used to
detect near infrared (NIR) fluorescence signals at different
ICG doses, times and excitation/emission wavelengths in
vitro. An artificial lymphogenous metastatic model of
squamous lung carcinoma was established in 32 SCID-CB17
mice using Ma44.3 cells. An intratracheal injection of 1.25
ml/kg ICG (1.25x1072 mg/ml) was performed, then 780 nm
Ex and 845 nm Em were used to visualize ICG at four
different times. The metastatic mediastinal lymph nodes and
the implanted local tumor site in the left lung were confirmed
with bioluminescence and hematoxylin and eosin (H&E)
staining of pathological specimens. Results: ICG had the
strongest NIR fluorescence signal when using 780 nm Ex and
845 nm Em at 2 to 4 h after administrating 125x1072 mg/ml
ICG in vitro. Combined with pathological H&E examination,

Correspondence to: Chundong Gu, Department of Thoracic
Surgery, The First Affiliated Hospital of Dalian Medical University,
Zhongshan Road 222#, Dalian 116011, P.R. China. Tel: +86
41183635963 ext. 2061, Fax: +86 41183622844, e-mail:
guchundong@dmu.edu.cn and Hidetaka Uramoto, Department of
Thoracic Surgery, Kanazawa Medical University, 1-1 Uchinada,
Ishikawa 920-0265, Japan. Tel: +81 762862211 ext. 5721, Fax: +81
762861207, e-mail: hidetaka@kanazawa-med.ac.jp

Key Words: Indocyanine green, fluorescence imaging, mediastinal
lymphatic metastasis, orthotopic implantation, squamous lung
carcinoma.

fluorescence imaging of ICG reflected true-positive
mediastinal metastasis of the mediastinum at 0.5 h and 2 h
after the injection of ICG in vivo. While true-positive local
tumor growth at the site of implantation in the left lung was
reflected within 4 h after the injection of ICG. Conclusion:
ICG was able to display the metastatic mediastinal Lymph
nodes within 2 h after endotracheal injection in an orthotopic
squamous lung carcinoma implantation model.

Pulmonary squamous cell carcinoma (SCC) is an important
pathological type of non-small cell lung cancer (NSCLC) and
is closely related to smoking (1, 2). SCC mainly occurs in the
adjacent hilum area, so it can easily invade vital structures in
the mediastinum. In addition, SCC has the characteristics of
early lymph node metastasis and is usually diagnosed at an
advanced stage (3). Thus, most patients have a poor prognosis
and the 5-year survival rate is only 20-30% (4). Surgery, an
important treatment method for lung squamous cell carcinoma,
is performed to remove the lesion as well as the lymph nodes
to eliminate positive or potential lymph node metastasis. Thus,
the intraoperative lymph node clearance rate will inevitably
determine the patient outcome (5, 6). However, lymph node
dissection may result in arrhythmia, injury of the thoracic duct,
vessels, esophagus, and trachea, prolonged hospitalization and
a reduced quality of life. Hence, lymph node dissection is a
double-edged sword. Incomplete dissection may leave residual
neoplastic tissue or lead to recurrence. In contrast, extended
excision can lead to the excessive exposure of the wound and
damage of the adjacent tissues. The development of methods
to quickly identify metastatic lymph nodes and realize accurate
intraoperative resection has become an urgent issue in clinical
practice.

In recent years, near infrared (NIR) spectroscopy has
shown unique advantages in optical in vivo imaging,
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histopathological examination and photodynamic therapy for
tumors (7, 8). NIR fluorescent dye has a strong absorption
peak (700-900 nm spectral region) and can be stimulated to
produce fluorescence. Indocyanine green (ICG), as the only
water-soluble NIR fluorescent dye approved for human use
by the American Food and Drug Administration (FDA), has
been used for imaging of retinal blood vessels and tumors (9-
11). In 1986, Matsumura et al. proposed that malignant tumor
proliferation would induce abnormal neovascularization, so
the disordered arrangement among the endotheliocyte in these
new vessels with irregular and dilated vascular morphology
could allow small molecules to penetrate the vessel walls into
intercellular substance followed by lymphatic blockage (12),
and the small molecules assemble and arrest in peritumoral
or intratumoral lesions. Some subsequent studies (13, 14)
found a similar phenomenon wherein ICG as fluorochrome
macromolecules continues to accumulate for a long time in
tumors due to the retention characteristics of tumor tissues.

Sporadic case reports (15, 16) have shown that when
injected around the tumor in chest tumor operations, ICG
could accumulate in the intrapulmonary lymph nodes, but
not the distant mediastinal lymph nodes. Oh et al. (17)
reported that the injection of ICG through the segmental
bronchus could delay the rate of ICG metabolism and in
theory increase its efficiency of lymphatic drainage. Thus,
the intratracheal injection of ICG is likely to be an effective
method of showing mediastinal lymphatic metastasis.
Although this retention gradually weakened with time, it can
still be compared with the background of the surrounding
normal tissues. Thus, surgeons may accurately identify
metastatic lymph nodes intraoperatively through continuous
fluorescence-based imaging of ICG.

In the present study, we used a lymphogenous metastatic
model of pulmonary squamous cell carcinoma, which was
induced in SCID mice via surgical orthotopic implantation.
After the intratracheal injection of ICG, NIR spectroscopy
was performed to explore the dynamic features and optimal
imaging time of the primary lesion and mediastinal lymph
node metastasis to provide feasible theoretical support for
accurate mediastinal lymphadenectomy during surgery.

Materials and Methods

Cell lines and cell cultures. The squamous lung carcinoma cell line
(Ma44.3), which was established from the primary lesion of a 68-
year-old man with squamous cell lung carcinoma, pT2NOMO, stage
IB (18), was kindly gifted by Prof. Kondo and cultured as
monolayer in RPMI-1640 medium (GE Healthcare, Chicago, IL,
USA) supplemented with 10% fetal bovine serum (GE Healthcare)
and maintained in an environment with a humidified incubator
under 5% CO, at 37°C.

Surgical orthotopic implantation of primary cultured cancer cells
in SCID mice. Thirty-two male SCID mice (CB-17) of 6-8 weeks
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of age were ordered from CLEA Japan Inc. (Tokyo, Japan) and were
maintained in the Laboratory for Animal Experiments. The
protocols of all animal experiments were approved by the
Institutional Animal Care and Use Committee of the Kanazawa
Medical University and were performed according to their
guidelines (No: 20-2019). The artificial lymphogenous metastatic
model was established according to Ishikura’s method (19). The
procedure was as follows: The mice were anesthetized by ketamine-
medetamidine and placed in the right lateral position, then the skin
was incised under the left scapula to dissect the subcutaneous
axunge and muscles. When the ribs and intercostal muscles were
seen, a microinjection needle (Hamilton Co. Reno, NV, USA) was
inserted approximately 5 mm through the intercostal muscles, and
primary cultured tumor cells with 10 mg/ml Matrigel (Thermo
Fisher Scientific, Waltham, MA, USA) were inoculated at the left
lung in a final volume of 10 pl medium (2.0x105 cells/ml). Finally,
the skin incision was closed with 3-0 silk.

Four (12.5%) of 32 mice orthotopically implanted with Ma44.3
cells died during the modeling process, the remaining mice were
randomly divided in equal numbers, into 4 groups according to the
different ICG injection times (0.5 h, 2 h, 4 h and 6 h).

In vivo and vitro imaging. Ma44.3 cells (1x103) were seeded in 96
wells with 100 pl of complete medium, while control wells only
with the same volume of complete medium. The original
concentration of ICG (2.5 mg/ml) was diluted at 101, 102, 103, 104,
105, 106, 107, 108, 10% and 10!0, then were added in wells and
detected at different times (0.25 h,0.5h, 1 h,2h,3h,4h,6h,8
h, 12 h, 16 h, 24 h, 48 h and 72 h) and excitation/emission
wavelengths (Ex/Em: 680/790, 680/845, 700/790, 700/845, 720/790,
720/845, 740/790, 740/845, 760/845 and 780/845nm) by an IVIS
Lumina Imaging System (Caliper Life Sciences, Waltham, MA,
USA). The ICG signals of the seeded cells wells and the control
wells were quantified with the Living Image 4.0 software program
(Caliper Life Sciences) and were represented as the total radiance
(uw/cm?) and average radiance (p/sec/cm?/sr) (20).

The artificial model of lymphogenous metastasis was
anesthetized with ketamine-medetamidine. With the neck fixed and
the head tipped back, an incision was made in the middle of the
neck, and the submandibular gland and surrounding tracheal tissue
were separated. After exposure of the trachea, 1.25 ml/kg ICG
(1.25%10-2 mg/ml) was injected into the trachea and the skin was
closed at the left lateral position. After administration, mice were
persistently anesthetized with isoflurane and placed on their dorsal
surface, then ICG luciferase signals at 0.5 h, 2 h, 4 h and 6 h using
an IVIS Lumina Imaging System (20). Engrafted tumors were
illuminated with a 780 nm excitation light, and the NIR
fluorescence of ICG was acquired using an 845 nm filter.

Histopathological evaluation. Formalin-fixed, paraffin-embedded,
3-um-thick sections were obtained from the major organs (bilateral
lungs, heart and mediastinal tissues) with hematoxylin and eosin
(H&E) for the histopathological diagnosis. All histological slides
were evaluated by two independent observers (certified surgical
pathologists; X.G. and S.Y.) using a blind protocol design
(observers blinded to the clinicopathological data).

Statistical analysis. Data are presented as the meanzstandard
deviation. Differences between groups were assessed by a two-way
analysis of variance or Student’s ¢-test. All statistical analyses were
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Figure 1. The change in regularity of ICG in vitro. (A): The change of ICG signal at different concentrations in Ma44.3 cells planked well, and no
cells planked well (Control well). The best concentration of the ICG was fixed on 1.25x10-2 mg/ml within 72 h. (B and C): The change of ICG signal
at different times in Ma44.3 cells planked well and the control well. The ICG (1.25x10-2 mg/ml) showed better luminous efficiency (780 nm Ex and

845 nm Em) between 2 h and 4 h. (D and E): The change of ICG signal at different Ex and Em in Ma44.3 cells planked well or and the control well.
The ICG (1.25x10-2 mg/iml) could reflect the higher radiant efficiency at any time (0.25, 2, 4 or 6 h) when using 780 nm Ex and 845 nm Em.
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Figure 2. (A): State of the SCID mouse at postoperative day I and 15. (B): Representative H&E staining images of local tumor growth of the
implanted site in the left lung and metastases of the mediastinum in mouse orthotopically implanted with Ma44.3 cells at 2 weeks. (Original

magnification: x20; x100; x400).

performed using the SPSS 22 software program (SPSS Inc,
Chicago, IL, USA). p-Values<0.05 were considered to indicate
statistical significance.

Results

Different doses, times and light excitation of ICG in vitro.
NIR fluorescence could only be effectively displayed when
the ICG concentration was greater than 1.25x10~% mg/ml.
The best concentration of ICG was 1.25x102 mg/ml within
72 h; in contrast, concentrations of 1.25x107! mg/ml and
1.25x10™* mg/m were less bright. Figure 1A shows a
representative image of ICG signals detected at 2 h using
780 nm Ex and 845 nm Em. When the concentration of ICG
was 1.25x1072 mg/ml, the highest total radiant efficiency and
average radiant efficiency was observed between 2 and 4 h
(Figure 1B and C). In addition, 780 nm Ex and 845 nm Em
maximized CG signal (Figure 1D and E).

Tumor formation rate in the orthotopic transplantation

metastatic mediastinal tumor model. The state of the mice
on postoperative days 1 and 15 is shown in Figure 2A, there
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was no redness, bleeding or subcutaneous mass in the
incision. According to Ishikura et al. report (19), the tumor
growth was only found in the implanted left lung and
mediastinum, but not in the contralateral lung, thymus, liver,
kidneys or adrenal glands. Therefore, the bilateral lungs,
heart and mediastinal tissues were taken in this study.
Metastasis to the mediastinum was observed in all 28 mice
(100%), but local tumor growth at the site of implantation in
the left lung was only detected in 12 [3, 4, 2 and 3 mice in
corresponding group according to the different ICG injection
times (0.5 h, 2 h, 4 h and 6 h, respectively)] out of 28
(42.9%) mice at 15 days by H&E staining of pathological
specimens (Figure 2B).

Distribution of ICG in tumor in situ (left lung) and ex situ
(mediastinum) imaging. All 28 mice survived the
intratracheal injection of ICG. Combined with pathological
examination, the NIR signal of ICG reflected true-positive
metastasis of the mediastinum only at 0.5 h and 2 h after the
injection of ICG. At subsequent times, ICG was not useful
due to the false-positive results or because the signal was not
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Figure 3. ICG distribution of the surgical orthotopic transplantation model. near infrared (NIR) imaging of integral and regional organ at 0.5, 2,
4 and 6 h after intratracheal injection of ICG (injected dose: 1.25 ml/kg). The green, blue and yellow arrows point to the developing spleen, primary

focus and metastases, respectively.

detectable (Figure 3). In addition, ICG fluorescence signaling
also reflected true-positive local tumor growth at the site of
implantation in the left lung at 0.5 h, 2 h and 4 h after
intratracheal injection, and the strongest ICG fluorescence
appeared at 4 h. However, false-positive results were found
in the contralateral lung due to the non-selectivity of tracheal
injection (Figure 3). The comparison between ICG imaging
and pathological H&E staining at different times is shown in
Table I.

Discussion

Many studies (21-23) have shown that different tumors can be
well displayed with the intravenous injection of ICG due to
pharmacokinetic changes. After the intravenous injection, ICG
quickly binds to the plasma protein and is transferred to the
liver, then excreted through the biliary system in a prototype
form. However, the advantages of continuous imaging have
not been reported because of the photobleaching phenomenon
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Figure 4. The dominant flow path of ICG by endotracheal injection.

Table 1. Comparison between ICG imaging and pathological H&E
staining of tumor in the left lung and the mediastinum at different time
points.

Tumor in mediastinum
by H&E staining

Tumor in left lung
by H&E staining

ICG Imaging

+) =) )% =)

05h (+) 1(333%) 2 (50.0%) 1 (14.3%) 0
& 2(66.7%) 2 (50.0%) 6 (85.7%) 0

2h  (+) 3(750%) 1(33.3%) 3 (42.9%) 0
& 1(250%) 2 (66.7%) 4 (57.1%) 0

4h 4 1(500%) 2 (40.0%) 0 (0.0%) 0
& 1(500%) 3 (60.0%) 7 (100.0%) 0

6h  (+) 00.0%)  3(750%) 0 (0.0%) 0
© 3(1000%)  1(25.0%) 7 (100.0%) 0

and rapid metabolism of ICG in vivo (24, 25). It was,
therefore, not suitable for persistent imaging of the mediastinal
lymph nodes in most lung cancer surgeries. Then, poly-
nanoparticle-loaded ICG was designed to overcome these
deficiencies. This had a better tumor permeability and
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aggregation and prolonged the circulation of ICG in vivo or
caused ICG to be more specifically concentrated in tumor
tissues (13, 26). However, the distribution and role of the
poly-nanoparticle in vivo was still unclear; thus, it has not
been applied in clinical practice. Furthermore, metastatic
mediastinal lymph nodes in patients with lung cancer were
poorly displayed after the intravenous administration of ICG
because of the rich adipose tissue surrounding the mediastinal
metastases and the lack of necessary nourishing blood vessels
(27). In the orthotopic transplantation metastatic mediastinal
tumor model, we once attempted to show metastatic
mediastinal lymph nodes by intravenously injecting ICG into
the tail vein; however, ICG signaling was not deserved in the
mediastinal lymph nodes of any of the mice.

Intratracheal injection can delay the excretion of ICG and
continuously increase its aggregation in regional lymph
nodes due to the passage of lymphatic vessels from
structures, such as the interlobular septa and visceral pleura,
which have abundant lymphatic capillaries (28). This
method, therefore, increases the probability that ICG will
accumulate in the mediastinal lymph nodes. In addition, an
understanding of the accumulation of ICG in neoplastic
tissues in vivo could facilitate the intraoperative
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arrangement of the ICG injection time to optimize the
accumulation of ICG . In this study, accumulation of ICG
in left lung primary lesions and mediastinal metastases was
visualized by endotracheal injection. We found that ICG
could display both pulmonary tumors and mediastinal
metastases within 2 h of endotracheal injection. However,
the highest sensitivity in ICG imaging of mediastinal
metastases was only 37.5%, which is far below the
sensitivity of imaging of pulmonary tumors.

We found that ICG had the strongest NIR signal at 780
nm Ex and 845 nm Em after administering the 1.25%1072
mg/ml of ICG for 2 to 4 h in vitro, and we hypothesized that
the optimal development time of ICG may be shifted to an
earlier time and the ICG fluorescence signal may be
weakened because of the metabolic dynamics of ICG in
vivo. However, the optimal imaging time of ICG for primary
lung tumor was not longer than that time, this maybe
because the tumor induces disorderly and unsystematic
neovascularization and the arrest of ICG. The effective
detection of ICG in metastatic mediastinal lymph nodes was
in line with our hypothesis. Based on the examination of
H&E-stained pathological specimens, we could see that the
number of peripheral vessels surrounding metastatic
mediastinal lesions was significantly lower in comparison
to pulmonary lesions; thus, the ICG accumulated at the
lymph nodes likely reached the lymph nodes via lymphatic
circulation. Takizawa et al. (16) reported that ICG was
imaged through the lymphatic vessels to the sentinel lymph
nodes in a patient with lung cancer, which confirmed our
results. However, the metabolic mechanism through which
ICG reached the metastatic mediastinal lymph nodes
remains unclear; thus, further studies were needed (29-32).

The present study is associated with certain limitations
(Figure 4). First, there were a few animal deaths in the
process of animal modeling, which was inconsistent with the
results of Ishikura et al. (19). We believe that the difference
in mortality was due to individual-animal differences and the
large tumor burden in the mediastinum. Second, due to the
limitations of experimental techniques, we were unable to
inject and limit the ICG solution in the left principal
bronchus during the operation, which resulted in the
distribution of ICG in the contralateral lung and false-
positive imaging of the NIR signal. However, in human lung
cancer surgery we can easily complete the injection and
restrict ICG to the regional lobar or segmental bronchus,
which might reduce false-positive ICG fluorescence in the
other lobe.

Conclusion

Endotracheal injection of ICG was able to show the
metastatic mediastinal lymph nodes within 2 h in an
orthotopic squamous lung carcinoma implantation model.
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