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Abstract

Assessment of the sentinel lymph node (SLN) in patients with early stage breast cancer is vital in selecting the
appropriate surgical approach. However, the existing methods, including methylene blue and nuclides, possess low
efficiency and effectiveness in mapping SLNs, and to a certain extent exert side effects during application.
Indocyanine green (ICG), as a fluorescent dye, has been proved reliable usage in SLN detection by several other
groups. In this paper, we introduce a novel surgical navigation system to detect SLN with ICG. This system contains
two charge-coupled devices (CCD) to simultaneously capture real-time color and fluorescent video images through
two different bands. During surgery, surgeons only need to follow the fluorescence display. In addition, the system
saves data automatically during surgery enabling surgeons to find the registration point easily according to image
recognition algorithms. To test our system, 5 mice and 10 rabbits were used for the preclinical setting and 22 breast
cancer patients were utilized for the clinical evaluation in our experiments. The detection rate was 100% and an
average of 2.7 SLNs was found in 22 patients. Our results show that the usage of our surgical navigation system with
ICG to detect SLNs in breast cancer patients is technically feasible.
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Introduction

A sentinel lymph node (SLN) is the first lymph node (LN) or a
group of LNs draining from the breast [1]. Since SLN mapping,
as introduced for the management of breast cancer by Giuliano
et al., is currently thought to be the standard for staging
clinically negative axilla [2-4], sentinel lymph node biopsy
(SLNB) for breast cancer is a promising surgical technique to
avoid unnecessary axillary lymph node (ALN) dissection,
leading to the improvement of post-operative quality of life [5].
Presently, three detection reagents are used for detecting
SLNs in clinical settings: (1) blue dye, which is widely used due
to its inexpensiveness, but has limited ability to visualize
afferent lymphatic vessels and SLNs [6]; (2) radioactive
colloids, which require a physician specializing in nuclear
medicine, to use a handheld gamma counter, making SLN
localization difficult; and (3) indocyanine green (ICG), which
gives a fluorescent signal has been used by several other
groups for locating SLNs in breast cancer to give a reliable

higher signal-to-background ratio (SBR) [7-20], and in addition
cheap and of low toxicity [7,21,22]. The fluorescent dyes, such
as ICG, with a high SBR and detection depth in real-time
observation enable superior SLN detection compared to the
other two reagents. The only concern of the drug is allergic
reaction occasionally [23].

Since ICG emits near-infrared (NIR) fluorescence,
undetectable by human eyes, an appropriate intraoperative
detection system is required to produce real-time images with a
high SBR. Current systems, in breast cancer research, use a
single-camera for NIR imaging , requiring the shadowless
surgical lights to be turned off to detect SLNs, and then turned
on to resume the surgery. This on/off switching of shadowless
light is inconvenient and extends the duration of the operation.
A system with three-cameras has advantages in multispectral
imaging and superior background noise reduction [2,6,24-28].
However, the complexity of the system in reducing background
noise increases the number of operation complication during
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surgery [26-29]. Therefore, an easily operated system that
provides real-time images with a high SBR is needed.

In this study, we proposed a new surgical navigation system
with two cameras for high SBR real-time imaging. To ensure
convenience and practicality for clinical application, our surgical
navigation system was designed to localize the SLN by
providing an automatic real-time color and fluorescent image
display recording during surgery. We assessed ICG as a
fluorescent dye for SLN detection. In order to identify an
optimized dose/concentration of ICG for future clinical use, we
performed a preclinical test, in which serial ICG dilutions are
evaluated in SLN resection experiments in nude mice and
rabbits. Subsequently, clinical studies were further conducted
in breast cancer patients to evaluate the feasibility of the
surgical navigation system in detecting SLNs. Our study
provides evidence that our surgical navigation system could
provide surgeons with real-time images to accurately locate
and resect SLNs during surgery.

Materials and Methods

Surgical navigation system
The prototype surgical navigation system (Figure 1a) used in

this study was developed by the Institute of Automation,
Chinese Academy of Sciences (CASIA). The system had two
charge-coupled device (CCD) cameras: an electron-multiplying
CCD (EMCCD) was used to collect NIR fluorescent images

(ProEM 1024B Excelon, Princeton Instrument, USA); a color
CCD was used to collect visible color images (Pilot
piA1400-17gc, Basler, Germany), in which two beams of light,
separated by a beam splitter cube (NT49-683, Edmund Optics,
USA), were received by the camera that then produced the
video images on an external monitor. A fluorescence filter
(wavelength 810nm-870nm) was placed in front of the EMCCD
camera, while a visible light filter (wavelength 400nm-650nm)
was put in front of the color CCD camera. The F-mount flange
distance of the Nikon lens (Nikon Nikkor 70-300mm, f/
4.5-5.6G) was 46.5mm and was chosen for this design for clear
imaging. The hardware parts are shown in Figure 1b.

Illumination was provided by a light emitting diode (LED)
(NIR light source, center wavelength 760nm, maximum power
20W) for fluorochrome excitation and a 150W halogen lamp
(KL1500LCD, SCHOTT, Germany) for white light color
imaging. The white light was also coupled with a fiber optic
bundle and homogenized by a beam expander. According to
the separation of the light spectrum, it was ensured that when
the shadowless surgical light was closed, the doctors could see
the operative field via a halogen light. Under these conditions,
the visible light did not affect the fluorescence imaging results.

Based on the hardware system, the surgical navigation
system control software was developed in two modes. One
was the real-time video imaging mode, in which the color and
fluorescence real-time videos were displayed separately. The
other was the camera capture mode. After setting the
parameters of the two cameras, one click could complete the

Figure 1.  Schematic diagram of the surgical navigation system and its application in surgery.  a. The principle figure of the
surgical navigation system clarifying the operation course of the system. When the LED light illuminated the surgical area, the ICG
dye emitted NIR light. The emission and reflection of the halogen light went through the lens to the prism. Then, the light was
equally divided into two beams by the prism. One beam went through the filter to the color CCD and the other to the EMCCD. All of
the data collected from the CCD were transferred to the computer, and the computer controlled the CCD. b. The hardware of the
surgical navigation system. c. User interface of the software offering exposure time and auto capture interval time parameter
settings. d. Image acquisition interface as an example of the capture mode results. e. Preoperative preparation in the operating
room. f. Intraoperative diagnosis with a surgical navigation system carried out during the surgery.
doi: 10.1371/journal.pone.0083927.g001
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simultaneous acquisition of the two camera images. The user
interface (Figure 1c) provided complete control of the system
including the camera EM mode, exposure time, image display,
image overlay and image archiving. In the camera capture
mode, after a set of images was acquired, the fluorescence
and color images were displayed (Figure 1d). All pictures and
videos could be acquired automatically during the surgery. The
image processing function was designed in the software. The
registration point of white light and fluorescent images was
automatically calculated by the similarity matching algorithm.
Then, these two images converged according to the results in
the software. This feature allowed doctors to clearly locate the
lesion.

Imaging Agents
ICG was purchased from the Yichuang Pharmaceutical

Limited Liability Company (Dandong, China). To prevent
exposure to the sunlight and fluorescence bleaching, the ICG
was stored at 4°C. Two hours prior to surgery, 25 mg ICG was
dissolved in 5 ml of water to yield a concentration of 5 mg/ml,
which was an optimal concentration based on our preclinical
study.

Lymphatic mapping in animal models
The Institutional Animal Care and Use Committee of Shantou

University Medical College approved all animal studies. Five
nude mice (nu/nu, Vital River Laboratory Animal Technology
Co., Ltd., Beijing, China) and 10 rabbits (New Zealand white
rabbits, Experimental Animal Center of Guangdong, Foshan,
China) were used to map the lymphatic vessels and lymph
nodes. In the mouse study, female mice were anesthetized by
an injection of a 0.2mL mixture of ketamine, xylene and sterile
distilled water at a ratio of 7:3:4. Fluorescent images were
acquired with the imaging system after subcutaneous injection
of 0.1mL ICG on the right side of the second mammary pad.
After gently massaging the surrounding breast tissue to
develop the lymph channels the skin was cut and the SLNs
were removed.

Similarly, female New Zealand rabbits were anesthetized
with an injection of sodium pentobarbital (30 mg/kg
intravenously) through the ear vein and placed in a prone
position on a fixation bed. After the rabbits were sedated
(typically 4–5 min), fluorescent images were then acquired after
subcutaneous injection of 0.1 ml ICG around the areola. A
varied concentration of ICG was administered into the second
armpit areola to locate the SLN and to quantitate the light
intensity. The light intensity statistics were performed using the
Prism 5.0 (GraphPad-Prism) computer program.

Patient characteristics and surgical procedure
Twenty-two breast cancer patients, ranging from 32 to 68

years of age (median age of 49 years) with early stage breast
cancer were admitted to the Breast Center of the Cancer
Hospital of Shantou University Medical College and were
enrolled in the study. Of those, twelve (54.5%) were
premenopausal women and ten were postmenopausal
(45.5%). All patients had a tumor size less than 5 cm (i.e.,
T1-2N0M0) and negative lymph nodes, and were eligible for

sentinel lymph node biopsy (SLNB). Informed consent was
given formally to all patients before surgery. All subjects gave
written informed consent after the experimental procedures
were fully explained. This study was approved by the
Institutional Review Board (IRB) of the Cancer Hospital of
Shantou University Medical College and performed in
accordance with the ethical standards of the Declaration of
Helsinki.

Before surgery, the surgical navigation system was moved
above the operating field and prepared for imaging where the
NIR light source and halogen fiber were covered by sterile
sheets. In this setting, the lens of the camera was situated
approximately 60 cm above the patient. Preoperative and
intraoperative pictures are shown in Figures 1e and f. The
injection concentration of ICG was 5mg/ml, which was based
on a published paper and our pre-clinical trials [30]. ICG was
subcutaneously injected into 2-4 points of the areola. With
continuous massage for 5-10 minutes, the lymph vessels
connecting to the injection point were visualized, using the
surgical navigation system, along with a light spot showing SLN
on the fluorescent image window. With the assistance of the
video showing the maximum gray value, the surgeons could
trace the SLN according to the fluorescent image. SLNs
detected were then removed under the navigation of real-time
NIR fluorescence imaging. The excised SLNs were also
examined by NIR imaging, and then sent in for pathological
examination.

Results

Surgical navigation system test
The spatial resolution, field of view and working distance

were the main parameters tested after finishing the prototype of
the surgical navigation system. The detailed specifications of
the system are shown in Table 1. In a practice setting, the
distance between the LED light source and surgical area was
around 10-20cm; if the distance was beyond 20cm, the
fluorescent image became indistinguishable. The results of the
standard television card tests with this system are shown in
Figure S1.

Table 1. Specifications of the surgical navigation system.

System Features Performance parameters
Chip area EMCCD 1.3’’; COLOR CCD 2/3’’
Lens focal length 70-300mm
Working distance 600mm
Surgical field of view 79mmW*79mmH to 125mmW*125mmH
Sensor resolution (spatial) 1024*1024 imaging pixels
 13 x 13 μm pixels
 13.3 x 13.3 mm imaging area (optically centered)
Sensor resolution (temporal) 8.5fps(full frame),16.7fps(binning 2Xver)
Image windows Visible, fluorescent, overlay

doi: 10.1371/journal.pone.0083927.t001
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Optimized dose/concentration of ICG in vivo
SLNs could be detected as early as 3 to 5 minutes after

injection and the enabling time for surgery was 10 minutes after
injection (Figures 2a to e). The peak of intensity at a
concentration of 5mg/ml and dose of 0.1ml of the ICG solution
appeared 90 minutes after injection (Figure 2a). Based on our
experiments, we chose three concentrations (0.025mg/ml,
1mg/ml, and 5mg/ml) for a feasibility test. In preclinical studies,
strong light intensity was visible in the EP tube at a
concentration of 0.025mg/ml in vitro, but could not be detected
in vivo. The 1mg/ml concentration was suitable for animal
detection, but sufficient for clinical usage. Finally a
concentration of 5mg/ml was recommended for clinical use due
to its strong light intensity and long duration.

Detection of SLN by ICG in nude mice in vivo
To determine the feasibility of the system in a preclinical

setting, 0.1mL of a 1mg/ml ICG solution was injected into the
armpit of a mouse (Figure 3). The fluorescent and visible
images are shown in Figures 3a and b. Using the software
alignment operation, the fluorescent image was overlaid with
the visible image (Figures 3c and f). Finally, the light-emitting
tissue was confirmed as the SLN (Figures 3d and e) by
pathological examination.

In vivo detection of SLN by ICG in rabbits
Five experiments were conducted on rabbits to ensure that

SLNs could be located by using ICG. During the surgical
experiment, real-time videos were shown on the monitor
(Figures 4a and b). Figure 4c is the overlay of the pseudocolor
fluorescent signal on top of the color image. Following excision
of the SLN, a fluorescent image was taken (Figure 4d). The
visible image and the merged image are shown in Figures 4e
and f. The video of the fluorescence for the entire surgical
procedure is shown in Video S1.

Detection of SLN in breast cancer patients by ICG
Clinical statistical results are shown in Table 2. Five minutes

after injection, the draining lymph vessels and SLNs were
visualized on the fluorescent image window, using the color
and overlay images (Figure 5). According to the light-emitting
position, an incision was executed with a scalpel. Then the
light-emitting region could be targeted with the assistance of
our system. The surgeons were able to identify the SLN
according to the fluorescent image (Figure 5d) and accurately
locate it on the color image (Figure 5e). The fluorescent and
color images were overlaid together by using our software
(Figures 5f and i). After removal of the light-emitting region

Figure 2.  Pharmacokinetic experiments on rabbits.  Five pharmacokinetic experiments using ICG with five concentrations were
done on rabbits with the injection doses of 0.1 ml in the areolar area. Our software to evaluate the changes of the light intensity
value at each time point tested the light intensity of SLN in rabbits. The results are shown in Figures a-e. The error bars mean the
variance of light intensity from 3 rabbit experiments per group at a certain concentration and time point. Then, we entered data into
the computer program Prism 5.0 (GraphPad-Prism). The light intensity statistics were performed using the software. From the
results we could obtain the time point of the surgery and the effective time of the operation.
doi: 10.1371/journal.pone.0083927.g002
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(Figure 5h), the SLN kept lighting up (Figure 5g). The surgery
video is shown in Video S2.

SLNB using the surgical navigation system was performed
on all patients and all resected LNs were evaluated by
pathological examination. One or more SLNs were found in all
22 patients (100%). The total number of identified SLNs was
59, or 2.7 per patient (range 1-6). All 59 SLNs detected by the
surgical navigation system gave a fluorescent signal and the
pathology results confirmed they were LN tissues (detection
rate=100%). All patients then received axillary dissection with a
total of 361 LNs removed. The mean number of LNs removed
was 16.4 per patient (range 9-32).

Eight out of 59 SLNs (13.6%) contained metastases, while
27 out of 361 LNs (7.5%) showed metastases. One patient
possessed to have pathological LN metastases, but not SLN
metastases, whereas pathological examination of another three

patients revealed metastases, but not in the ALN. The slice in
Figure 6a is from the patients who did not have SLN
metastases. The slice in Figure 6b is from a patient whose SLN
was diagnosed with metastases. No side effects were reported
after the injection of ICG.

Discussion

Radiology approaches such as X-rays, computed
tomography (CT), magnetic resonance imaging (MRI), positron
emission tomography (PET) and single photon emission
computed tomography (SPECT) have been considered to
assist surgical procedures, but most of them were non-
applicable for intraoperative surgery. In contrast, the
fluorescence imaging approach offers superior application of
non-radiation and high resolution and sensitivity, compared

Figure 3.  The SLN resection experiments in nude mice.  There were two groups of figures directly acquired by the CCD
cameras. The last column images were obtained after the processing of the two images in the front. When the ICG solution with a
concentration of 1mg/ml was injected into the third areola of a nude mouse, ten minutes later we got a. fluorescent image for
mapping the SLN. At the same time, we got b. the color image. According to the software computation, the pseudo-green
fluorescent image was overlaid on top of the color image. The result of the image fusion was c. the overlay image. After dissection
of the SLN, d. fluorescent image and e. color image were acquired simultaneously. From the f. overlay image, we could clearly see
the fluorescence information in the color image. All dissections were sent in for pathological examination. All of the tissue sections
were judged to be the SLN.
doi: 10.1371/journal.pone.0083927.g003
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with radiological imaging visual inspection and palpation during
surgery [31]. So, for the intraoperative application, the
instrument with fluorescence imaging would be provided with
the following standards: high SBR real-time imaging of the
surgical procedure, easy operation, non-radiation and non-
physical contact to patients.

Our surgical navigation system fulfilled the above criteria.
Compared to other current intraoperative systems, ours not
only kept the advantage of easy operation in a single-camera
system with improved quality of imaging and convenience of
operation during surgery, but also ensured the core function of
high SBR real-time imaging in three-camera systems. In
comparison of new approach named goggle system [32], our
system takes the advantage of high image resolution and low
temporal noise. Therefore, with the guidance of our system, the
surgeons could accurately and rapidly locate the SLN with the
high quality visible images and the fluorescent images during
the surgical procedure.

Since the detection rate was 100% and an average of 2.7
SLNs was detected in all patients in our study, this
demonstrated that SLN detection with our system was practical
and applicable, especially for the early stage breast cancer
patients. It was reported that, a combination of radioactive
colloid and blue dye was used for SLN mapping, which
ensured the identification rate reaching 95%-97%, while each

detection method had certain obvious shortcomings resulting in
significantly lower identification rates by themselves
[8,10,33-38]. With the usage of ICG in our study, the detection
rate was 100%, which was almost the same as or even better
than using the combination method. In future work, we plan a
large sample study using our system to specifically compare
ICG and blue dyes in terms of testifying their sensitivity and
specificity during the surgical procedure [8].

To explore the optimized injection dosage and time of ICG
for system detection, a series of trials was performed in our
preclinical study. The results showed that, the SLN could be
clearly visualized by using 1mg/ml ICG solution. However, the
light intensity and duration were not enough for surgical
purposes. Pre-clinical trials showed that the 5mg/ml ICG
solution had strong fluorescence light intensity and the duration
was long enough for 2.5 hours. The surgery of SLN dissection
usually took 20-30 minutes, so that the fluorescence of ICG at
5mg/ml could be adequate for the whole process. Therefore,
for clinical studies, we chose the concentration of 5mg/ml ICG
solution. In future research, we will develop a surgical
navigation system with improved sensitivity, which can detect
weaker fluorescent signal and perform experiments that clarify
the lowest concentration of the solution suitable for clinical use.

Although our surgical navigation system proved feasible in
detecting SLN in breast cancer research with the usage of ICG,

Figure 4.  The SLN resection experiments in rabbits.  When the SLN was dissected, we took a photo as shown in a. fluorescent
image. The b. color image was acquired at the same time. c. The overlay image also showed the fluorescent position in the color
image. After resection, the SLN was put on medical gauze. It was shining brightly as d. the fluorescent image. Although in the e.
color image there was no difference in the light, the f. overlay image showed that it was illuminated. All of the dissections were sent
in for pathological examination. All of the tissue sections were judged to be the SLN.
doi: 10.1371/journal.pone.0083927.g004
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it also took the potential of application in other clinical areas,
such as cervical cancer SLN detection studies [39].

In the future, with the aid of our surgical navigation system,
we will try to dissect the orthotopic breast tumor by using the
targeted NIR probe, which can distinguish the margins between
the tumor and normal tissues, and guide the surgical resection
appropriately [40,41].

Conclusions

In this paper, to solve the problem of positioning the SLN in
early stage breast cancer research, we have developed a

surgical navigation system and presented an efficient method
for detecting SLN during surgeries with the advantage of real-
time tracing of lymph flow and the one-step procedure.
Accurate navigation and reliable treatment results will aid
surgeons with better judgment during surgery. Our approach
delivers valuable information and provides a useful method that
facilitates more detailed exploration for surgical navigation
research.

Table 2. Characteristics of 22 patients who underwent ICG-guided SLNB.

Study
no.  Age  

Menstrual
state Tumor location

Tumor size
(cm) cTNM pTNM

ICG dose
(ml)

SLN
no.  

SLN
metastasis

ALN
no.  

ALN
metastasis Surgery

1 43 pre Right upper outer 3×1.9 T2N1M0 T2N1M0 2 2 1/2 11 1/11 MRM +SLNB
2 46 pre Left lower inner 1.2×0.8 T1N0M0 T1N0M0 1 1 0/1 32 0/32 BCS +ALND+SLNB
3 50 pre Left upper outer 0.5×0.3 T1N0M0 T1N0M0 1 3 0/3 21 0/21 MRM +SLNB
4 68 post Left upper outer 2.9×2.4 T2N1M0 T2N0M0 0.5 3 0/3 21 0/21 MRM +SLNB
5 38 pre Left lower outer 1.8×0.6 T1N0M0 T1N0M0 1 1 0/1 18 0/18 MRM +SLNB
6 48 pre Right upper outer 4.0×2.8 T2N1M0 T2N0M0 1 6 0/6 30 0/30 MRM +SLNB
7 66 post Left upper inner 4.2×3.7 T2N1M0 T1N0M0 1 2 0/2 16 0/16 MRM +SLNB
8 47 pre Left lower outer 5.7×1.6 T3N1M0 T3N2M0 1 3 1/3 25 4/25 MRM +SLNB
9 62 post Left lower borderline 0.9×0.8 T1N0M0 T1N0M0 1 3 0/3 13 0/13 MRM +SLNB
10 55 post Right upper inner 4.0×4.0 T2N1M0 T2N0M0 1 4 0/4 9 0/9 MRM +SLNB
11 59 post Left upper inner 3.0×2.2 T2N1M0 T2N3M0 1 1 1/1 17 11/17 MRM +SLNB
12 67 post Right upper outer 1.8×1.6 T1N0M0 T1N1M0 1 1 0/1 12 2/12 BCS +ALND+SLNB
13 32 pre Right upper borderline 3.6×2.9 T2N1M0 T2N0M0 1 4 0/4 12 0/12 MRM +SLNB
14 40 pre Left middle 1.8×1.2 T1N1M0 T2N0M0 2 4 0/4 10 0/10 MRM +SLNB
15 45 pre Left lower outer 1.5×0.8 T1N0M0 T1N0M0 2 4 0/4 15 0/15 BCS +ALND+SLNB
16 57 post Left lower outer 2.0×1.0 T2N0M0 T1N0M0 2 3 0/3 11 0/11 MRM +SLNB
17 33 pre Right lower 2.3×1.2 T2N1M0 T2N1M0 2 4 1/4 20 0/20 MRM +SLNB
18 63 post Left upper outer 2.4×2.6 T2N1M0 T2N0M0 2 3 0/3 5 0/5 MRM +SLNB
19 53 post Right upper outer 2.5×1.7 T2N1M0 T2N1M0 2 2 1/2 14 0/14 MRM +SLNB
20 33 pre Left upper outer 3.1×1.6 T2N0M0 T2N1M0 2 1 1/1 6 0/6 MRM +SLNB
21 50 post Left upper 5.3×4.5 T3N1M0 T3N3M0 2 2 2/2 19 9/19 MRM +SLNB
22 43 pre Left upper outer 1.6×1.2 T1N0M0 T1N0M0 2 2 0/2 24 0/24 MRM +SLNB

ALN axillary lymph node, ALND axillary lymph node dissection, SLNB sentinel lymph node biopsy, MRM modified radical mastectomy, BCS breast conserving surgery
doi: 10.1371/journal.pone.0083927.t002
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Figure 5.  ICG-guided intraoperative detection and resection of the SLN in humans.  According to the preclinical trials, 22
cases of patients were taken from the SLNB surgery. In the beginning, the ICG solution was injected into the areolar region. About 3
minutes later, the lymphatic drainage and SLN would be clearly displayed on the monitor as shown in a. the fluorescent image in
vivo. Because near-infrared light is not visible, there was no light information in the b. color image in vivo. Through the software of
the surgical navigation system, the location of the SLN is shown in c. where the overlay image in vivo could be distinguished
accurately. According to the guidelines of the fluorescent image, the surgery could quickly find the location of the SLN. d. The
fluorescent image was captured before dissection. From the e. color image and the f. overlay image, SLN could be located with
tweezers. The SLN was carefully removed and put on gauze. With the near-infrared light irradiation, the SLN was bright as shown in
g. the fluorescent image during dissection. Such a visible image was displayed in h. the color image during dissection. Finally, the
merged image of the pseudo-green fluorescence image and the color image is shown in i. the overlay image during dissection. All
dissections were sent in for pathological examination. All of the tissue sections were judged to be the SLN.
doi: 10.1371/journal.pone.0083927.g005
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Figure 6.  The normal and tumor-metastasis pathology slices of SLN dissected by ICG-guided surgery.  All of the dissected
SLNs were sent in for pathological examination. After the conventional Hematoxylin-Eosin (HE) staining, the results proved that all
of the dissected tissue specimens were lymph nodes. Figure a. shows normal sentinel lymph node cells with no cancer metastasis.
Figure b. shows infiltrating ductal breast cancer.
doi: 10.1371/journal.pone.0083927.g006
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Supporting Information

Figure S1.  The resolution test of the surgical navigation
system. The aim was to find the highest spatial frequency at
which two lines could be distinguished from each other. Figure
a (color image) and b (fluorescent image) were the images
taken by the surgical navigation system. Figure c whose
horizontal axis represents the pixel number and the vertical
axis represents the gray value was the analysis of Figure a.
Correspondingly, Figure d showed the analysis results of
Figure b. The numbers, such as 350, 400, 550…, in figure a
and b were the television line numbers which represented the
ability of the resolution of the video system.
(TIF)

Video S1.  This is a video of ICG-guided removal of the
SLN in the rabbit. It includes the whole course of finding the
SLN in the rabbit. This was the epitome of all rabbit removal
experiments.

(MOV)

Video S2.  This is a video of ICG-guided surgery of the SLN
in humans. The course was just like the experiment for the
rabbit. It also includes the whole course of finding the SLN in
humans during surgery. Lymphatic vessels and SLN are clearly
displayed in this video.
(MOV)

Acknowledgements

The authors thank Adjunct Assistant Professor Dr. Karen M.
von Deneen from the University of Florida, Dr. Yang Du and Dr.
Zhenhua Hu for their modifications of this paper.

Author Contributions

Conceived and designed the experiments: cc GJZ JT.
Performed the experiments: CC JY HD DH WH GJZ. Analyzed
the data: CC JY. Contributed reagents/materials/analysis tools:
CC JY. Wrote the manuscript: CC GJZ JT.

References

1. Denninghoff VC, Kahn AG, Falco J, Curutchet HP, Elsner B (2004)
Sentinel lymph node: detection of micrometastases of melanoma in a
molecular study. Mol Diagn 8: 253-258. doi:
10.2165/00066982-200408040-00007. PubMed: 15887981.

2. Mieog JSD, Troyan SL, Hutteman M, Donohoe KJ, Vorst JR et al.
(2011) Toward Optimization of Imaging System and Lymphatic Tracer
for Near-Infrared Fluorescent Sentinel Lymph Node Mapping in Breast.
Cancer - Annals of Surgical Oncology 18: 2483-2491. doi:10.1245/
s10434-011-1566-x.

3. Giuliano AE, Hunt KK, Ballman KV, Beitsch PD, Whitworth PW et al.
(2011) Axillary Dissection vs No Axillary Dissection in Women With
Invasive Breast Cancer and Sentinel Node Metastasis: A Randomized.
Clinical Trials - Archives of Surgery 146: 980-980.

4. Valsecchi ME, Silbermins D, de Rosa N, Wong SL, Lyman GH (2011)
Lymphatic Mapping and Sentinel Lymph Node Biopsy in Patients With
Melanoma: A Meta-Analysis. J Clin Oncol 29: 1479-1487. doi:10.1200/
JCO.2010.33.1884. PubMed: 21383281.

5. Kootstra J, Hoekstra-Weebers JE, Rietman H, de Vries J, Baas P et al.
(2008) Quality of life after sentinel lymph node biopsy or axillary lymph
node dissection in stage I/II breast cancer patients: a prospective
longitudinal study. Ann Surg Oncol 15: 2533-2541. doi:10.1245/
s10434-008-9996-9. PubMed: 18597146.

6. Hutteman M, Mieog JSD, Vorst JR, Liefers GJ, Putter H et al. (2011)
Randomized, double-blind comparison of indocyanine green with or
without albumin premixing for near-infrared fluorescence imaging of
sentinel lymph nodes in breast cancer patients. Breast Cancer Res
Treat 127: 163-170. doi:10.1007/s10549-011-1419-0. PubMed:
21360075.

7. Hirche C, Murawa D, Mohr Z, Kneif S, Hünerbein M (2010) ICG
fluorescence-guided sentinel node biopsy for axillary nodal staging in
breast cancer. Breast Cancer Res Treat 121: 373-378. doi:10.1007/
s10549-010-0760-z. PubMed: 20140704.

8. Sugie T, Sawada T, Tagaya N, Kinoshita T, Yamagami K et al. (2013)
Comparison of the indocyanine green fluorescence and blue dye
methods in detection of sentinel lymph nodes in early-stage breast
cancer. Ann Surg Oncol 20: 2213-2218. doi:10.1245/
s10434-013-2890-0. PubMed: 23429938.

9. Motomura K, Inaji H, Komoike Y, Kasugai T, Noguchi S et al. (1999)
Sentinel node biopsy guided by indocyanine green dye in breast cancer
patients. Jpn J Clin Oncol 29: 604-607. doi:10.1093/jjco/29.12.604.
PubMed: 10721942.

10. Motomura K, Inaji H, Komoike Y, Hasegawa Y, Kasugai T et al. (2001)
Combination technique is superior to dye alone in identification of the
sentinel node in breast cancer patients. J Surg Oncol 76: 95-99. doi:
10.1002/1096-9098(200102)76:2. PubMed: 11223834.

11. Kitai T, Inomoto T, Miwa M, Shikayama T (2005) Fluorescence
navigation with indocyanine green for detecting sentinel lymph nodes in

breast cancer. Breast Cancer 12: 211-215. doi:10.2325/jbcs.12.211.
PubMed: 16110291.

12. Tagaya N, Yamazaki R, Nakagawa A, Abe A, Hamada K et al. (2008)
Intraoperative identification of sentinel lymph nodes by near-infrared
fluorescence imaging in patients with breast cancer. Am J Surg 195:
850-853. doi:10.1016/j.amjsurg.2007.02.032. PubMed: 18353274.

13. Sugie T, Kassim KA, Takeuchi M, Hashimoto T, Yamagami K et al.
(2010) A novel method for sentinel lymph node biopsy by indocyanine
green fluorescence technique in breast cancer. Cancers (Basel) 2:
713-720. doi:10.3390/cancers2020713. PubMed: 24281090.

14. Ogawa Y, Ikeda K, Ogisawa K, Tokunaga S, Fukushima H et al. (2013)
Outcome of sentinel lymph node biopsy in breast cancer using dye
alone: a single center review with a median follow-up of 5 years. Surg
Today.

15. Yamamoto S, Maeda N, Yoshimura K, Oka M (2013) Intraoperative
detection of sentinel lymph nodes in breast cancer patients using
ultrasonography-guided direct indocyanine green dye-marking by real-
time virtual sonography constructed with three-dimensional computed
tomography-lymphography. Breast, 22: 933–7. PubMed: 23726129.

16. Schaafsma BE, Verbeek FPR, Rietbergen DDD, van der Hiel B, van
der Vorst JR et al. (2013) Clinical trial of combined radio- and
fluorescence-guided sentinel lymph node biopsy in breast cancer. Br J
Surg 100: 1037-1044. doi:10.1002/bjs.9159. PubMed: 23696463.

17. Matsui A, Winer JH, Laurence RG, Frangioni JV (2011) Predicting the
survival of experimental ischaemic small bowel using intraoperative
near-infrared fluorescence angiography. Br J Surg 98: 1725-1734. doi:
10.1002/bjs.7698. PubMed: 21953541.

18. Sevick-Muraca EM (2012) Translation of Near-Infrared Fluorescence
Imaging Technologies: Emerging Clinical Applications. Annual Review
of Medicine, Vol 63 63: 217-231.

19. Gioux S, Choi HS, Frangioni JV (2010) Image-guided surgery using
invisible near-infrared light: fundamentals of clinical translation. Mol
Imaging 9: 237-255. PubMed: 20868625.

20. Vahrmeijer AL, Hutteman M, van der Vorst JR, van de Velde CJ,
Frangioni JV (2013) Image-guided cancer surgery using near-infrared
fluorescence. Nat Rev Clin Oncol 10: 507-518. doi:10.1038/nrclinonc.
2013.123. PubMed: 23881033.

21. Alford R, Simpson HM, Duberman J, Hill GC, Ogawa M et al. (2009)
Toxicity of Organic Fluorophores Used in Molecular Imaging: Literature
Review. Mol Imaging 8: 341-354. PubMed: 20003892.

22. Gilmore DM, Khullar OV, Gioux S, Stockdale A, Frangioni JV et al.
(2013) Effective low-dose escalation of indocyanine green for near-
infrared fluorescent sentinel lymph node mapping in melanoma. Ann
Surg Oncol 20: 2357-2363. doi:10.1245/s10434-013-2905-x. PubMed:
23440551.

23. Su Z, Ye P, Teng Y, Zhang L, Shu X (2012) Adverse reaction in
patients with drug allergy history after simultaneous intravenous fundus

Application of the Surgical Navigation System

PLOS ONE | www.plosone.org 10 December 2013 | Volume 8 | Issue 12 | e83927

http://dx.doi.org/10.2165/00066982-200408040-00007
http://www.ncbi.nlm.nih.gov/pubmed/15887981
http://dx.doi.org/10.1245/s10434-011-1566-x
http://dx.doi.org/10.1245/s10434-011-1566-x
http://dx.doi.org/10.1200/JCO.2010.33.1884
http://dx.doi.org/10.1200/JCO.2010.33.1884
http://www.ncbi.nlm.nih.gov/pubmed/21383281
http://dx.doi.org/10.1245/s10434-008-9996-9
http://dx.doi.org/10.1245/s10434-008-9996-9
http://www.ncbi.nlm.nih.gov/pubmed/18597146
http://dx.doi.org/10.1007/s10549-011-1419-0
http://www.ncbi.nlm.nih.gov/pubmed/21360075
http://dx.doi.org/10.1007/s10549-010-0760-z
http://dx.doi.org/10.1007/s10549-010-0760-z
http://www.ncbi.nlm.nih.gov/pubmed/20140704
http://dx.doi.org/10.1245/s10434-013-2890-0
http://dx.doi.org/10.1245/s10434-013-2890-0
http://www.ncbi.nlm.nih.gov/pubmed/23429938
http://dx.doi.org/10.1093/jjco/29.12.604
http://www.ncbi.nlm.nih.gov/pubmed/10721942
http://dx.doi.org/10.1002/1096-9098(200102)76:2
http://www.ncbi.nlm.nih.gov/pubmed/11223834
http://dx.doi.org/10.2325/jbcs.12.211
http://www.ncbi.nlm.nih.gov/pubmed/16110291
http://dx.doi.org/10.1016/j.amjsurg.2007.02.032
http://www.ncbi.nlm.nih.gov/pubmed/18353274
http://dx.doi.org/10.3390/cancers2020713
http://www.ncbi.nlm.nih.gov/pubmed/24281090
http://www.ncbi.nlm.nih.gov/pubmed/23726129
http://dx.doi.org/10.1002/bjs.9159
http://www.ncbi.nlm.nih.gov/pubmed/23696463
http://dx.doi.org/10.1002/bjs.7698
http://www.ncbi.nlm.nih.gov/pubmed/21953541
http://www.ncbi.nlm.nih.gov/pubmed/20868625
http://dx.doi.org/10.1038/nrclinonc.2013.123
http://dx.doi.org/10.1038/nrclinonc.2013.123
http://www.ncbi.nlm.nih.gov/pubmed/23881033
http://www.ncbi.nlm.nih.gov/pubmed/20003892
http://dx.doi.org/10.1245/s10434-013-2905-x
http://www.ncbi.nlm.nih.gov/pubmed/23440551


fluorescein angiography and indocyanine green angiography. J Ocul
Pharmacol Ther 28: 410-413. doi:10.1089/jop.2011.0221. PubMed:
22372690.

24. Themelis G, Yoo JS, Soh K-S, Schulz R, Ntziachristos V (2009) Real-
time intraoperative fluorescence imaging system using light-absorption
correction. J Biomed Opt 14: 064012. doi:10.1117/1.3259362. PubMed:
20059250.

25. Gibbs-Strauss SL, Rosenberg M, Clough BL, Troyan SL, Frangioni JV
(2009) First-in-human clinical trials of imaging devices: an example
from optical imaging. Conf Proc IEEE Eng Med Biol Soc 2009:
2001-2004. PubMed: 19964033.

26. Hutteman M, Choi HS, Mieog JS, van der Vorst JR, Ashitate Y et al.
(2011) Clinical translation of ex vivo sentinel lymph node mapping for
colorectal cancer using invisible near-infrared fluorescence light. Ann
Surg Oncol 18: 1006-1014. doi:10.1245/s10434-010-1426-0. PubMed:
21080086.

27. Lee BT, Hutteman M, Gioux S, Stockdale A, Lin SJ et al. (2010) The
FLARE Intraoperative Near-Infrared Fluorescence Imaging System: A
First-in-Human Clinical Trial in Perforator Flap Breast Reconstruction.
Plast Reconstr Surg 126: 1472-1481. doi:10.1097/PRS.
0b013e3181f059c7. PubMed: 21042103.

28. Crane LMA, Themelis G, Arts HJG, Buddingh KT, Brouwers AH et al.
(2011) Intraoperative near-infrared fluorescence imaging for sentinel
lymph node detection in vulvar cancer: First clinical results. Gynecol
Oncol 120: 291-295. doi:10.1016/j.ygyno.2010.10.009. PubMed:
21056907.

29. Pleijhuis RG, Langhout GC, Helfrich W, Themelis G, Sarantopoulos A
et al. (2011) Near-infrared fluorescence (NIRF) imaging in breast-
conserving surgery: Assessing intraoperative techniques in tissue-
simulating breast phantoms. Eur J Surg Oncol 37: 32-39. doi:10.1016/
j.ejso.2011.03.127. PubMed: 21106329.

30. Imai K, Minamiya Y, Saito H, Nakagawa T, Ito M et al. (2013) Detection
of pleural lymph flow using indocyanine green fluorescence imaging in
non-small cell lung cancer surgery: a preliminary study. Surg Today 43:
249-254. doi:10.1007/s00595-012-0237-2. PubMed: 22729459.

31. van Dam GM, Themelis G, Crane LMA, Harlaar NJ, Pleijhuis RG et al.
(2011) Intraoperative tumor-specific fluorescence imaging in ovarian
cancer by folate receptor-α targeting: first in-human results. Nat Med
17: 1315-1319. doi:10.1038/nm.2472. PubMed: 21926976.

32. Liu Y, Njuguna R, Matthews T, Akers WJ, Sudlow GP et al. (2013)
Near-infrared fluorescence goggle system with complementary metal–
oxide–semiconductor imaging sensor and see-through display. J
Biomed Opt 18: 101303-101303. doi:10.1117/1.JBO.18.10.101303.
PubMed: 23728180.

33. Goyal A, Newcombe RG, Chhabra A, Mansel RE (2006) Factors
affecting failed localisation and false-negative rates of sentinel node
biopsy in breast cancer--results of the ALMANAC validation phase.
Breast Cancer Res Treat 99: 203-208. doi:10.1007/
s10549-006-9192-1. PubMed: 16541308.

34. Zavagno G, De Salvo GL, Scalco G, Bozza F, Barutta L et al. (2008) A
Randomized clinical trial on sentinel lymph node biopsy versus axillary
lymph node dissection in breast cancer: results of the Sentinella/
GIVOM trial. Ann Surg 247: 207-213. doi:10.1097/SLA.
0b013e31812e6a73. PubMed: 18216523.

35. Straver ME, Meijnen P, van Tienhoven G, van de Velde CJ, Mansel RE
et al. (2010) Sentinel node identification rate and nodal involvement in
the EORTC 10981-22023 AMAROS trial. Ann Surg Oncol 17:
1854-1861. doi:10.1245/s10434-010-0945-z. PubMed: 20300966.

36. Krag DN, Anderson SJ, Julian TB, Brown AM, Harlow SP et al. (2010)
Sentinel-lymph-node resection compared with conventional axillary-
lymph-node dissection in clinically node-negative patients with breast
cancer: overall survival findings from the NSABP B-32 randomised
phase 3 trial. Lancet Oncol 11: 927-933. doi:10.1016/
S1470-2045(10)70207-2. PubMed: 20863759.

37. van der Vorst JR, Schaafsma BE, Verbeek FP, Hutteman M, Mieog JS
et al. (2012) Randomized comparison of near-infrared fluorescence
imaging using indocyanine green and 99(m) technetium with or without
patent blue for the sentinel lymph node procedure in breast cancer
patients. Ann Surg Oncol 19: 4104-4111. doi:10.1245/
s10434-012-2466-4. PubMed: 22752379.

38. Schaafsma BE, Verbeek FP, Rietbergen DD, van der Hiel B, van der
Vorst JR et al. (2013) Clinical trial of combined radio- and fluorescence-
guided sentinel lymph node biopsy in breast cancer. Br J Surg 100:
1037-1044. doi:10.1002/bjs.9159. PubMed: 23696463.

39. Crane LM, Themelis G, Pleijhuis RG, Harlaar NJ, Sarantopoulos A et
al. (2011) Intraoperative multispectral fluorescence imaging for the
detection of the sentinel lymph node in cervical cancer: a novel
concept. Mol Imaging Biol 13: 1043-1049. doi:10.1007/
s11307-010-0425-7. PubMed: 20835767.

40. Nguyen QT, Olson ES, Aguilera TA, Jiang T, Scadeng M et al. (2010)
Surgery with molecular fluorescence imaging using activatable cell-
penetrating peptides decreases residual cancer and improves survival.
Proc Natl Acad Sci U S A 107: 4317-4322. doi:10.1073/pnas.
0910261107. PubMed: 20160097.

41. Savariar EN, Felsen CN, Nashi N, Jiang T, Ellies LG et al. (2013) Real-
time in vivo molecular detection of primary tumors and metastases with
ratiometric activatable cell-penetrating peptides. Cancer Res 73:
855-864. doi:10.1158/0008-5472.CAN-12-2969. PubMed: 23188503.

Application of the Surgical Navigation System

PLOS ONE | www.plosone.org 11 December 2013 | Volume 8 | Issue 12 | e83927

http://dx.doi.org/10.1089/jop.2011.0221
http://www.ncbi.nlm.nih.gov/pubmed/22372690
http://dx.doi.org/10.1117/1.3259362
http://www.ncbi.nlm.nih.gov/pubmed/20059250
http://www.ncbi.nlm.nih.gov/pubmed/19964033
http://dx.doi.org/10.1245/s10434-010-1426-0
http://www.ncbi.nlm.nih.gov/pubmed/21080086
http://dx.doi.org/10.1097/PRS.0b013e3181f059c7
http://dx.doi.org/10.1097/PRS.0b013e3181f059c7
http://www.ncbi.nlm.nih.gov/pubmed/21042103
http://dx.doi.org/10.1016/j.ygyno.2010.10.009
http://www.ncbi.nlm.nih.gov/pubmed/21056907
http://dx.doi.org/10.1016/j.ejso.2011.03.127
http://dx.doi.org/10.1016/j.ejso.2011.03.127
http://www.ncbi.nlm.nih.gov/pubmed/21106329
http://dx.doi.org/10.1007/s00595-012-0237-2
http://www.ncbi.nlm.nih.gov/pubmed/22729459
http://dx.doi.org/10.1038/nm.2472
http://www.ncbi.nlm.nih.gov/pubmed/21926976
http://dx.doi.org/10.1117/1.JBO.18.10.101303
http://www.ncbi.nlm.nih.gov/pubmed/23728180
http://dx.doi.org/10.1007/s10549-006-9192-1
http://dx.doi.org/10.1007/s10549-006-9192-1
http://www.ncbi.nlm.nih.gov/pubmed/16541308
http://dx.doi.org/10.1097/SLA.0b013e31812e6a73
http://dx.doi.org/10.1097/SLA.0b013e31812e6a73
http://www.ncbi.nlm.nih.gov/pubmed/18216523
http://dx.doi.org/10.1245/s10434-010-0945-z
http://www.ncbi.nlm.nih.gov/pubmed/20300966
http://dx.doi.org/10.1016/S1470-2045(10)70207-2
http://dx.doi.org/10.1016/S1470-2045(10)70207-2
http://www.ncbi.nlm.nih.gov/pubmed/20863759
http://dx.doi.org/10.1245/s10434-012-2466-4
http://dx.doi.org/10.1245/s10434-012-2466-4
http://www.ncbi.nlm.nih.gov/pubmed/22752379
http://dx.doi.org/10.1002/bjs.9159
http://www.ncbi.nlm.nih.gov/pubmed/23696463
http://dx.doi.org/10.1007/s11307-010-0425-7
http://dx.doi.org/10.1007/s11307-010-0425-7
http://www.ncbi.nlm.nih.gov/pubmed/20835767
http://dx.doi.org/10.1073/pnas.0910261107
http://dx.doi.org/10.1073/pnas.0910261107
http://www.ncbi.nlm.nih.gov/pubmed/20160097
http://dx.doi.org/10.1158/0008-5472.CAN-12-2969
http://www.ncbi.nlm.nih.gov/pubmed/23188503

	Use of Indocyanine Green for Detecting the Sentinel Lymph Node in Breast Cancer Patients: From Preclinical Evaluation to Clinical Validation
	Introduction
	Materials and Methods
	Surgical navigation system
	Imaging Agents
	Lymphatic mapping in animal models
	Patient characteristics and surgical procedure

	Results
	Surgical navigation system test
	Optimized dose/concentration of ICG in vivo
	Detection of SLN by ICG in nude mice in vivo
	In vivo detection of SLN by ICG in rabbits
	Detection of SLN in breast cancer patients by ICG

	Discussion
	Conclusions
	Supporting Information
	Acknowledgements
	Author Contributions
	References


