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Abstract

Background/Objectives: Lymph node dissection during surgeries for cervical and en-
dometrial cancer is associated with significant complications and morbidity. Sentinel
lymph nodes (SLNs) mapping using indocyanine green (ICG) has become a promising
method for reducing surgical invasiveness and improving patient outcomes. However, the
optimal protocol for intraoperative fluorescence mapping of SLNs using ICG, especially
regarding the timing of imaging after injection, remains to be fully optimized. This study
aimed to evaluate the efficacy of real-time near-infrared (NIR) fluorescence SLN mapping
at various time intervals and to investigate the photophysical properties of ICG in hu-
man lymph to establish a correlation between fluorescence signals and dye concentration.
Methods: A prospective study included 20 patients with cervical and endometrial cancer
undergoing laparoscopic or laparotomic surgery. Interstitial ICG injection was administered
into the cervical stroma. SLN mapping was conducted using the novel VENERA-green
endoscopic system (λexc = 800 nm, registration of fluorescence in the range of 830–1000 nm).
Spectral fluorescence analysis (λexc = 650 nm) was conducted on SLNs and optical phan-
toms containing human lymph with ICG concentrations from 0 to 40 mg/L. The method
made it possible to evaluate ICG absorption/emission properties, as well as to quantify
concentration-dependent effects. Results: SLNs were successfully detected in all patients.
The average detection time was 15 min with a range of 10 to 25 min. Fluorescence intensity
of SLNs was significantly higher 10–15 min after ICG injection compared to 20–25 min. Spec-
tral analysis indicated an absorption peak at 804 nm and an emission peak in the 835–855 nm
range for ICG in human lymph. A concentration-dependent redshift of the fluorescence
peak was observed and accurately modeled using a logarithmic function (R2 = 0.99), which
allows for the estimation of ICG concentration in tissue. The bilateral detection rate was 77%
for laparoscopy and 100% for laparotomy. Metastases were histologically confirmed in only
2.8% (1/36) of the detected SLNs. Conclusions: Intraoperative NIR fluorescence imaging
using ICG is a highly sensitive method for real-time SLN mapping in gynecologic oncology.
The optimal detection period is 10 to 15 min after cervical injection to achieve maximum
ICG fluorescence intensity, compared to 20 to 25 min. The concentration-dependent fluores-
cence and absorption properties of ICG in lymph provide the basis for the development
of quantitative intraoperative monitoring methods that could improve the accuracy of
sentinel lymph node biopsy.
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1. Introduction
It is well-established that lymph node dissection is associated with serious postop-

erative complications, leading to a significant reduction in patients’ quality of life. The
incidence of lymphocyst can be as high as 47.6–49.4%, with symptomatic lymphocysts
developing in 5.2–5.6% of cases [1,2]. Lymphedema is reported in 20% of cases, and lower
urinary tract dysfunction occurs in 10–15% [3].

Furthermore, in patients with morbid obesity, endometriosis, or adhesions, lymph
node dissection presents technical challenges and, consequently, a high rate of intraoper-
ative complications [4]. Currently, sentinel lymph node (SLN) mapping is a promising
method that can avoid excessive surgical tissue trauma.

The most commonly used methods for intraoperative SLN detection include:

• Fluorescence-guided navigation with interstitial administration of indocyanine green
(ICG) [5];

• Visual assessment of the distribution of the blue dye in tissues [6];
• Detection of radioactivity from radioactive colloids in tissues [7];
• Imaging of magnetic nanoparticles in tissues [8].

The use of blue dyes for SLN mapping has several drawbacks. A study [9] reported SLN
detection rates of 89% and 100% for methylene blue (MB) and ICG, respectively. According
to research [10], the bilateral detection rate for SLN using MB in combination with 99mTc is
significantly lower than with ICG, at 73.5% and 90.3%, respectively. The administration of
radioactive colloids exposes patients to ionizing radiation, and the imaging modality suffers
from low spatial and temporal resolution [11]. A study [12] reported an overall SLN detection
rate of 95% for the radioisotope 99mTc compared to 98% for ICG. However, when assessing the
bilateral detection rate, the use of the 99mTc radioisotope demonstrated lower identification
rates compared to ICG—63% and 85%, respectively. The magnetic nanoparticle technique for
SLN detection is still relatively limited in practical application and remains in the stage of
clinical investigations [8,13].

SLN mapping using ICG demonstrated higher detection rates compared to other
techniques. This method offers high sensitivity and enables real-time fluorescence imag-
ing of LNs [14] with minimal contribution from tissue autofluorescence in the recorded
signal (~700–900 nm). It also avoids exposure to ionizing radiation [15]. Furthermore,
ICG enhances the likelihood of bilateral SLN detection, thereby reducing the number of
unnecessary lymphadenectomies when LNs are not visualized.

ICG-based SLN mapping is recommended for patients diagnosed with endometrial
cancer (EC) and cervical cancer (CC), as reflected in both Russian and international clinical
guidelines [16–20]. It is essential to emphasize that the application of ICG in modern
medicine, and specifically in gynecologic oncology, extends far beyond simple SLN map-
ping. Due to its excellent safety profile, rapid systemic clearance, and unique optical
properties in the near-infrared (NIR) spectrum, ICG has become the “gold standard” in
fluorescence-guided surgery (FGS).

In contemporary surgical oncology, ICG serves as a pivotal tool for SLN identification
across a broad spectrum of malignancies, including breast cancer [21], melanoma [22], and
gynecological cancers [23]. Research confirms that ICG-based imaging provides detection
rates and sensitivity comparable to traditional radiocolloid methods while eliminating
radiation exposure for both patients and surgical personnel [24]. Beyond lymphology, ICG-
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based NIR fluorescence is critical for the intraoperative assessment of tissue perfusion and
microvascular viability [25]. In colorectal and esophageal surgery, real-time visualization
of anastomotic sites significantly reduces the risk of leakage and prevents postoperative
complications [26,27]. In hepatobiliary surgery, fluorescent cholangiography provides
precise visualization of the biliary anatomy, minimizing the risk of iatrogenic injury during
cholecystectomy [28].

Recent advancements have further expanded the clinical applications of ICG into
specialized fields, such as urology, aiding in renal vasculature visualization during partial
nephrectomy [29] and pediatric surgery [30]. Furthermore, there is growing interest in
nerve visualization, tissue flap viability assessment during reconstructive procedures, and
innovative approaches in phototheranostics [23,31,32].

However, despite such widespread clinical adoption, the vast majority of existing FGS
protocols are limited to qualitative (visual) assessment of the fluorescence signal. Quantita-
tive monitoring of ICG accumulation dynamics and the analysis of its spectral behavior as
a function of concentration in SLNs remain largely unexplored. The present study focuses
primarily on the transition from subjective visualization to objective quantitative analysis
of ICG spectral characteristics in SLNs.

ICG is a water-soluble tricarbocyanine dye. Its absorption and fluorescence properties
are highly dependent on the dye’s concentration and the solvent used. ICG absorbs light
in the 600–900 nm range (with a peak in blood plasma at ~780 nm) and fluoresces from
750 to 950 nm. In an aqueous solution, ICG primarily exists as monomers and H-type
dimers (H-aggregates), characterized by two absorption peaks at ~780 nm and ~710 nm,
respectively (Figure 1a). In blood or lymph, ICG molecules can bind to proteins, which
stabilizes and maintains the distance between molecules, allowing ICG to exist predomi-
nantly in its monomeric form. The absorption peaks of H-aggregates and monomers of
ICG in fetal bovine serum (FBS) are redshifted, with maxima at ~730 nm and ~795 nm,
respectively. Over time, in an aqueous solution, ICG dimers and monomers can transform
into J-aggregates with an absorption peak in the region of 885 nm (Figure 1a,c).

A limitation of ICG application, besides individual drug intolerance [33], is the strong
dependence of its absorption and fluorescence properties on the solvent environment and
the dye’s own concentration [34]. In aqueous solutions, the absorption of ICG at high
concentrations shifts to the ~700 nm region, indicating the presence of H-aggregates [35],
while the monomeric peak at ~780–805 nm decreases [36]. The aggregation process of
ICG molecules is also influenced by the microenvironment in biological tissues. This can
cause changes in fluorescence intensity and a shift in the fluorescence peak [37]. Blood
serum can dissolve ICG at high concentrations, potentially leading to a linear increase
in fluorescence intensity [36]. Thus, the fluorescence intensity of ICG in vivo can vary
depending on fluctuations in the concentration of plasma proteins and lipoproteins to
which ICG binds [38], as well as on the time interval between ICG administration and the
initiation of fluorescence navigation.

For SLN detection in EC and CC, interstitial injection of ICG is used, creating multiple
“ICG depots”. In such cases, the fluorescence signals from nearby lymphatic vessels and
SLNs may be detected with a delay due to the high ICG concentration (concentration
quenching), and the fluorescence intensity becomes brighter after dilution by proteins over
several minutes [39].

One of the main goals of this study is to develop a method for the quantitative
intraoperative monitoring of ICG accumulation. In contrast to traditional approaches,
which are limited to the qualitative visualization of “signal presence,” our research focuses
on analyzing ICG spectral changes directly within the human lymph environment. This
approach enables not only the detection of SLNs but also an objective, real-time assessment
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of ICG concentration dynamics, which is crucial for optimizing the surgeon’s “diagnostic
window” and enhancing mapping accuracy.

 

Figure 1. (a) Absorption spectra of ICG solutions. (b) Chemical structure of ICG. (c) Schematic
illustration of the formation of H-aggregates and J-aggregates. The spectra in the figure are normalized
to the maximum absorbance value. The absorption spectra of ICG dissolved in water for injection are
represented in green and gray, while the spectrum of ICG dissolved in FBS is shown in red. The ICG
concentration is 50 mg/L in all cases.

This study evaluated the effectiveness of fluorescence-based SLN mapping during
laparoscopic and laparotomic surgeries for patients with EC and CC. The evaluation took
place at various time intervals after the interstitial injection of ICG into the cervical stroma.
In vivo video- and spectral fluorescence diagnostics were conducted on the identified SLNs.
Additionally, the study investigated the absorption and fluorescence properties of ICG
dissolved in human lymph at various concentrations. A comparison of the fluorescence
properties of SLNs with phantom samples was performed to assess the distribution of
ICG concentration at the time of visualization and biopsy. For the first time, this research
explored the in vivo dynamics of ICG accumulation in SLNs after its injection into cervical
tissue. The study also presented a novel endoscopic video fluorescence system for effective
real-time SLN mapping by excitation of ICG fluorescence in the NIR range.

2. Materials and Methods
2.1. Indocyanine Green

For fluorescence navigation, Indocyanine Green® (FERMENT LLC., Moscow, Russia),
a commercially available agent, was used. This product is supplied as a brownish-green
powder or a porous mass with a violet tint. To prevent exposure to sunlight and photo-
bleaching, the ICG was stored in a light-protected container at 2–8 ◦C.

Immediately before surgery, 25 mg of ICG powder was reconstituted in 20 mL of
sterile water for injection. The total dose for interstitial injection was 5 mg (total volume of
4 mL). The ICG was injected into the cervical stroma at the 3 and 9 o’clock positions. The
administration included four injections in total: two superficial (~2 mm, 1 mL each) and
two deep (~20 mm, 1 mL each) (Figure 2).
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Figure 2. Cervix quadrants and directions (ICG injection zones are highlighted with a green marker).

This two-tiered injection method was employed to facilitate SLN detection. Following the
injection, an atraumatic uterine manipulator was typically placed for laparoscopic procedures.

2.2. Fluorescence Endoscopic Video System

In the study, the VENERA-green endoscopic video system (BIOSPEC Ltd., Moscow,
Russia) was used for intraoperative NIR fluorescence navigation. This system consisted of
a white light source, a semiconductor NIR laser, a Y-shaped fiber-optic cable, and a camera
module with a dual-channel endoscopic adapter. The camera module is equipped with
highly sensitive monochrome (B/W) and color (RGB) cameras and can be coupled with
an endoscope or laparoscope (Figure 3).

 

Figure 3. Schematic diagram of video fluorescence imaging using the VENERA-green endoscopic
video system.

For fluorescence imaging, the system acquires images in three modes: color (naviga-
tion), monochrome (fluorescence), and an overlay (merged) mode. ICG fluorescence is
excited at a wavelength (λexc) of 800 ± 5 nm with a laser power density at the surface of
20–30 mW/cm2 and is detected in the wavelength range of 830–1000 nm. The examples of
intraoperative NIR fluorescence imaging of SLN using ICG in overlay mode are presented
in Supplementary Materials (Videos S1 and S2).
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In the overlay mode, dedicated software synchronizes the operation of the monochrome
and color cameras. It displays a real-time color image overlaid with the corresponding
monochrome fluorescence image. Fluorescence areas are displayed in a “green color”
pseudocolor, which allows for visual determination of SLN boundaries and calculation of
the fluorescence contrast coefficient within a selected region of interest. Fluorescence-based
SLN mapping using the endoscopic video system was performed during both laparoscopic
and laparotomic surgeries.

2.3. Spectral Fluorescence Diagnostics

Spectral fluorescence studies of SLNs and optical phantoms were performed using the
LESA-01-BIOSPEC spectroscopic system (BIOSPEC Ltd., Moscow, Russia) [40]. An optical
filter was placed in front of the spectrometer to enable the registration of both diffusely
backscattered laser light and NIR fluorescence within a single dynamic range. This was
achieved by attenuating radiation in the 620–680 nm wavelength range and transmitting
light in the 710–1000 nm spectral range.

The delivery of the excitation laser radiation and the collection of fluorescence were
accomplished using a diagnostic optical probe. The diagnostic optical probe consisted of
6 receiving optical fibers arranged concentrically around a single central transmitting
optical fiber dedicated to delivering laser light to the surface of the tissue (Figure 4).

 

Figure 4. Schematic diagram of spectral fluorescence diagnostics using the LESA-01-BIOSPEC
spectroscopic system.

The optical fibers had a diameter of 250 µm and a numerical aperture of NA = 0.22.
ICG fluorescence was excited by a laser with a wavelength of 650 ± 5 nm and an output

power at the light guide of 10–12 mW. The exposure time for recording spectral data varied
from 20 to 100 ms. At each time point, 3–5 spectra were recorded and subsequently averaged.

2.4. Histopathology

The identified SLNs were extracted from the abdominal cavity during laparoscopic
surgery using a sealed endoscopic retrieval bag (EndoBag) and sent for urgent intraopera-
tive morphological examination to determine the presence or absence of metastases. The
SLNs were sectioned into 2–4 parallel slices and subsequently stained with hematoxylin
and eosin for analysis. Following the intraoperative assessment, all examined SLNs were
sent for planned, comprehensive histological examination.
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2.5. Optical Phantoms

Immediately before the spectral investigation of the absorption and fluorescent prop-
erties of ICG in SLNs, optical phantoms were prepared. These phantoms were based on
human lymphatic fluid, with a volume of 500 µL, and contained ICG® (Firm FERMENT
LLC., Moscow, Russia) at concentrations of 0, 2, 5, 10, 20, 30, and 40 mg/L. The human
lymph was provided by the Lopatkin Research Institute of Urology and Interventional Ra-
diology. The optical phantoms were prepared immediately before conducting the spectral
fluorescence studies.

Spectral fluorescence diagnostics of the optical phantoms were performed using the
LESA-01-BIOSPEC spectrometer (BIOSPEC Ltd., Moscow, Russia). Absorption spectra were
recorded in the 600–900 nm range using a Hitachi U3900 spectrophotometer (Hitachi Ltd.,
Tokyo, Japan) in quartz cuvettes with an optical path length of 1 cm.

2.6. Statistical Analysis

All data are presented as mean ± standard deviation (SD). The Shapiro–Wilk test was
used to assess the normality of data distribution. The significance of differences was tested
using Student’s t-test. A p-value of less than 0.05 was considered statistically significant for
all tests.

3. Results
Immediately following the injection of ICG into the cervical stroma, NIR fluorescence

mapping of SLNs was performed for all 20 patients undergoing both laparoscopic (85%)
and laparotomic (15%) procedures. In each case, the primary objective was to identify and
biopsy the SLNs.

In addition to providing intraoperative navigation for surgical maneuvers, the
VENERA-green endoscopic video system enabled real-time NIR mapping of lymph nodes
(LNs), including SLNs, with precise delineation of their boundaries. Representative exam-
ples of video fluorescence imaging results of ICG-accumulating SLNs during laparoscopic
and laparotomic surgeries are presented in Figure 5.

Video fluorescence imaging was performed in three modes: color, monochrome, and
overlay. In the overlay mode, areas with intense fluorescence were highlighted in green.
Examples of intraoperative video fluorescence imaging of SLNs in the overlay mode are
provided in the Supplementary Materials (Videos S1 and S2). Additionally, following the
biopsy of the SLNs, video fluorescence imaging (Figure 6a,b) and spectral fluorescence
diagnostics (Figure 6c,d) were performed on the areas of intense ICG fluorescence and the
surrounding tissues.

The identified SLNs were subsequently sent for histological examination to confirm
the presence or absence of metastases. The mean time for SLN detection after ICG injection
into the cervix was 15 min. The fluorescence intensity of the SLNs 10–15 min after injection
was higher (Figure 6c) than that observed 20–25 min after ICG administration (Figure 6d).
The fluorescence peaks of ICG also differed between the two time points. At 10–15 min,
the fluorescence peak was in the range of 838–842 nm, with a mean maximum (λmax) of
840 nm. At 20–25 min, the fluorescence peak shifted to the range of 832–838 nm, with a
mean λmax = 835 nm.
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Figure 5. NIR fluorescence mapping of ICG-accumulating SLNs using the VENERA-green endoscopic
video system, demonstrating the three imaging modes (color, monochrome, and overlay mode):
(a) Laparoscopic surgery; (b) Laparotomic surgery.

Figure 6. Results of video and spectral fluorescence diagnostics of SLNs: (a,b) Images in color and
overlay modes (red and black markers indicate regions where spectral fluorescence analysis was
performed); (a) 10–15 min after ICG injection; (b) 20–25 min after ICG injection; (c,d) Results of
spectral fluorescence analysis of selected regions and distribution of integral fluorescence intensity of
ICG in the 750–950 nm range; (c) 10–15 min after ICG injection; (d) 20–25 min after ICG injection.

In each case, the detected SLNs were sent for urgent intraoperative histological exami-
nation to confirm the presence or absence of metastases. Metastases in the SLNs visualized
by ICG navigation were detected in only 1 out of the 20 patients (a patient diagnosed with
CC). Furthermore, micrometastases were found in only one of the two identified and re-
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moved SLNs. Table 1 shows detailed results of the biopsy status for all laparoscopic (n = 17)
and laparotomic (n = 3) procedures.

Sensitivity of SLNs bilateral detection =
number of successful attempts to detect SLNs on the right and left

number of attempts to detect SLNs
× 100%

Table 1. Histopathology results of fluorescence SLNs.

SLN Biopsy Status Laparoscopy Laparotomy

Patients with detected SLN 100% (17/17) 100% (3/3)
Metastasis 0/17 1/3

Sensitivity of bilateral SLN detection, % 77% (13/17) 100% (3/3)
Abbreviations: SLNs—Sentinel lymph nodes.

The SLN detection time ranged from 10 to 25 min. In the majority of cases (75%, n = 15),
ICG-based detection of SLNs was possible within 10–15 min after the injection of the ICG
solution into the cervical tissue. The total operative time for all patients was 120 ± 64 min.
The duration of laparotomic procedures was 220 ± 51 min with a blood loss of 100 ± 60 mL,
while laparoscopic surgeries lasted 120 ± 61 min with a mean blood loss of 100 ± 58 mL.
Table 2 shows the clinical parameters of the SLNs detection in all patients.

Table 2. Clinical parameters of the SLNs detection.

Case Hysterectomy Type Operation Time,
min

Number of
Detected SLNs

1 Radical hysterectomy A type, pelvic and para-aortic lymphadenectomy 220 2
2 Radical hysterectomy A type 120 2
3 Radical hysterectomy C1, pelvic and para-aortic lymphadenectomy 250 2
4 Radical hysterectomy A type, pelvic lymphadenectomy 260 2
5 Radical hysterectomy A type 120 1
6 Radical hysterectomy A type, pelvic lymphadenectomy 120 2
7 Radical hysterectomy A type 100 2
8 Radical hysterectomy A type 90 2
9 Radical hysterectomy A type 100 2

10 Radical hysterectomy A type 110 1
11 Radical hysterectomy A type 130 2
12 Radical hysterectomy A type, pelvic lymphadenectomy 230 2
13 Radical hysterectomy A type 240 2
14 Radical hysterectomy A type 70 1
15 Radical hysterectomy A type 120 1
16 Radical hysterectomy A type, pelvic lymphadenectomy 75 2
17 Radical hysterectomy A type, pelvic lymphadenectomy 220 2
18 Radical hysterectomy A type 170 2
19 Radical hysterectomy A type 80 2
20 Radical hysterectomy C1 type, pelvic lymphadenectomy 150 2

Abbreviations: SLNs—Sentinel lymph nodes.

The observed variations in detection time may reflect individual differences in lym-
phatic drainage kinetics and anatomical characteristics. These results underscore the
importance of maintaining continuous intraoperative fluorescence monitoring throughout
this critical time window to ensure comprehensive SLN mapping.

To evaluate the absorption and fluorescent properties of ICG localized in lymph nodes,
optical phantoms based on human lymph containing ICG were prepared. The optical
phantoms were prepared immediately before the studies, as ICG aggregation can occur
over time [41]. The absorption properties of ICG were investigated in the 600–900 nm range,
and the fluorescent properties of the optical phantoms were studied in the 710–1000 nm
range (Figure 7).
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Figure 7. Absorption and fluorescent properties of optical phantoms based on human lymph
containing ICG at concentrations of 2, 5, 10, 20, 30, and 40 mg/L: (a) Absorption spectra in the
600–900 nm range; (b) Fluorescence spectra at λexc = 650 nm; (c) Absorption intensity distribution of
ICG at λ = 804 nm; (d) Distribution of integral fluorescence intensity of ICG in the 750–950 nm range.

The absorption peak of ICG dissolved in human lymph was observed at a wave-
length of 804 nm, with a shorter-wavelength “shoulder” near 740 nm (Figure 7a), while the
fluorescence peak was in the range of 835–855 nm (Figure 7b). The absorption intensity in-
creased linearly with increasing ICG concentration (Figure 7c). In contrast, the fluorescence
intensity of ICG exhibited a non-linear dependence on concentration (Figure 7d).

Due to the significant overlap of the absorption and fluorescence spectra of ICG in the
range of ~750 to ~825 nm, concentration quenching of fluorescence can be observed at high
concentrations. With increasing ICG concentration, a non-linear redshift of the fluorescence
peak was detected (Figure 8).

The dependence of the red shift in the ICG fluorescence peak on the ICG concentration
is well approximated by a logarithmic function:

Fluorescence peak = a + b*ln(CICG),

where CICG is the ICG concentration, and a and b are proportionality coefficients, with
a reliability of R2 = 0.99. This feature could potentially be used for intraoperative monitoring
of ICG distribution in tissues in the future.

Based on this approximation, the ICG concentration in lymph nodes detected 10–15 min
after administration could range from 2.21 to 4.87 mg/L, while in SLNs detected 20–25 min
after administration, it could range from 0.68 to 2.21 mg/L. At high concentrations, ICG may
form aggregates [35], and the effect of “concentration quenching” may be observed [36].
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Figure 8. Dependence of the ICG fluorescence peak wavelength on its concentration in lymph.

4. Discussion
SLN metastasis is a primary adverse prognostic factor in malignant neoplasms of the

female reproductive system [41]. The frequency of SLN metastasis directly correlates with
the stage of the tumor process in CC. For instance, in CC stages IB1-IB2, the frequency of
SLN metastasis is 7.5%, while in stages IIA1-IIB, it reaches 36.7%. Meanwhile, the rate of
lymphogenic metastasis to the para-aortic lymph nodes is 3.8% [42].

The presence of metastatic involvement in lymph nodes indicates a high risk of
disease progression and serves as an indication for prescribing chemoradiotherapy [16].
In EC stages IA-IB, the frequency of SLN metastasis is 0.8% [43]. Targeted assessment of
lymph node status in gynecologic malignancies is a cornerstone in determining further
management strategies.

NIR fluorescence imaging technology represents a promising method with high sen-
sitivity, enabling the avoidance of radiopharmaceuticals for SLN mapping and thereby
minimizing radiation exposure for the patient. Currently, ICG is the most commonly used
agent for NIR mapping of the lymphatic and circulatory systems. It is one of the least
toxic dyes, with minimal interference from tissue autofluorescence (~500–700 nm) in the
recorded infrared fluorescence signal. The ICG is approved by both the Food and Drug
Administration (FDA) and the European Medicines Agency (EMA).

The results of the multicenter, phase 3, randomized FILM trial, which evaluated
the safety and efficacy of interstitial ICG injection into the cervix, are significant to high-
light [44]. A total of 176 patients diagnosed with stage I EC or CC were enrolled in the
study. In the first group of 87 patients, an injection of blue dye (1% isosulfan blue) was
administered into the cervix. Sentinel lymph node (SLN) identification in this group was
then performed using ICG fluorescence imaging. In the second group of 89 patients, an ICG
injection was administered into the cervix. Subsequently, SLN detection in this group was
performed using isosulfan blue. SLNs were identified in 159 patients (98%) with ICG and in
124 patients (76%) with blue dye. The study authors concluded that ICG is more effective
than blue dye for node identification. There were no reports of allergic reactions or side ef-
fects related to either the blue dye or ICG. Based on the results of this study, the application
for interstitial ICG injection combined with NIR imaging for SLN mapping was approved
by the FDA and has been integrated into clinical practice.
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According to FDA recommendations, the standard injection points are at the 3 and
9 o’clock positions on the conventional clock face. The recommended concentration is
1.25 mg/mL, with a maximum interstitial injection dose of 5 mg (total volume of 4 mL).
The injection is performed immediately before uterine manipulator placement, following
coagulation of the utero-tubal junctions. Under sterile conditions, ICG is injected into the
cervical stroma at the 3 and 9 o’clock positions using a syringe: first superficially (~2 mm),
and then deeper (~20 mm) into the cervical stroma.

NCCN guidelines also describe alternative injection points, such as the 2, 5, 7, and
9 o’clock or 3, 6, 9, and 12 o’clock positions [17]. Some studies report subserosal/myometrial
injection during laparoscopy or subendometrial injection during hysteroscopy [18]. How-
ever, these methods are technically challenging and have not been widely adopted in
routine practice.

Incorrect injection technique, cervical tissue fibrosis, or disruption of lymphatic architecture
may hinder SLN mapping. According to National Comprehensive Cancer Network (NCCN)
guidelines, ipsilateral lymphadenectomy should be performed if no SLN is visualized [17,18].

The guidelines from the European Society of Gynaecological Oncology (ESGO), the
European Society for Radiotherapy and Oncology (ESTRO), and the European Society of
Pathology (ESP) state that in cases where no SLN is detected, a repeat injection of the tracer
is permissible. Similarly, if SLNs are detected unilaterally, a repeat injection into the cervix
is also acceptable. A study [45] demonstrated that a repeat cervical injection increased
the rate of bilateral SLN detection from 78% to 94%. In our study, the rate of unilateral
detection was 23% during laparoscopic procedures, whereas bilateral SLNs were identified
in all cases of laparotomic surgeries. In cases of unilateral detection, a repeat ICG injection
into the cervix was not performed.

The experience and high qualification of the operating surgeon are of great importance
for the accurate identification of SLNs. Interestingly, a study [46] focused on the learning
curve for the SLN mapping method concluded that at least 30 procedures are required
to achieve a bilateral detection rate of greater than or equal to 75% [46]. In our study, all
surgical procedures were performed at a single center by two highly experienced surgeons.
The bilateral detection rate was 77% for laparoscopic and 100% for laparotomic procedures.

Accurate assessment of SLN status requires ultrastaging, which involves an increased
number of serial sectioning levels with subsequent additional immunohistochemical (IHC)
staining. This methodology enables the detection of micrometastases and isolated tumor
cells (ITCs). Micrometastases are groups of tumor cells that are 0.2–2 mm in diameter or
contain more than 200 cells. ITCs are defined as clusters up to 0.2 mm in diameter or up
to 200 cells. The presence of a micrometastasis classifies the SLN as positively metastatic
(pN1mi). However, the detection of ITCs does not alter the tumor stage and is designated
as pN0(i+) [19].

The prognostic significance of ITCs (pN0(i+)) remains uncertain to date [47]. It is
crucial to mention a clinical study conducted at the Memorial Sloan Kettering Cancer
Center, where the ultrastaging protocol enabled the additional detection of micrometas-
tases and ITCs in 4.5% of cases [48]. According to the internal study protocol, lymph
nodes were sectioned at 50-micron intervals and stained with hematoxylin and eosin. In
the absence of tumor cells in the inspected samples, IHC staining was performed using
anti-cytokeratin (AE1:AE3) antibodies [48]. The authors emphasized that the additional
detection of micrometastases significantly impacted subsequent treatment strategies and
disease prognosis.

The results of the double-blind prospective clinical trial NCT01818739 addressed the
impact of ultrastaging on long-term oncological outcomes [49]. According to the obtained
data, although the methodology enabled the detection of micrometastases and ITCs, this
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patient cohort did not demonstrate worsened overall survival rates. The authors also
noted that standard intraoperative frozen section analysis is a cost-effective and preferable
method compared to ultrastaging. In our study, standard intraoperative frozen section
analysis with hematoxylin and eosin staining was performed. In the laparoscopic surgery
group, no SLN involvement was detected in any case, while in the laparotomic surgery
group, one micrometastasis was identified.

The physicochemical properties of the ICG molecule in the human body are of
paramount importance. In aqueous environments, ICG molecules can readily aggre-
gate [50], while in blood or lymph, ICG binds to proteins, which can stabilize and maintain
the distance between ICG molecules. The fluorescence intensity of ICG in vivo may vary
depending on the concentration of proteins and lipoproteins, as well as individual patient
factors [38]. Therefore, determining the optimal timing for the intraoperative detection of
ICG in SLNs during NIR fluorescence mapping remains a relevant and significant objective.

The NIR fluorescence of ICG dissolved in albumin is most intense at concentrations of
approximately 1–10 mg/L [51]. The concentration of the fluorescence agent can decrease
by approximately 10- to 100-fold from the injection site to the lymph nodes [52] and may
further diminish with increasing time after administration [53].

If a high concentration of the fluorescent agent is administered, as in the case of creating
an “ICG depot,” nearby lymph nodes may not be detected until the ICG concentration
is sufficiently diluted. Due to the significant spectral overlap between the excitation and
emission spectra of ICG in the ~780 to ~820 nm range, ICG is susceptible to concentration
quenching. Consequently, as demonstrated in Figure 7d, the fluorescence intensity at high
ICG concentrations exhibits a non-linear dependence, which complicates the assessment of
ICG concentration distribution in tissues. The reduction in fluorescence intensity observed
at high ICG concentrations may be attributed to the formation of aggregates, which have
a lower fluorescence quantum yield than ICG monomers [54], as well as to the concentration
quenching effect [36]. Furthermore, ICG is unstable in saline solutions, which can lead to
its degradation over time [55].

The primary advantage of NIR fluorescence imaging using ICG stems from the minimal
absorption and autofluorescence of endogenous fluorophores and water in the 700–900 nm
range. ICG fluorescence is most commonly excited within the 760–785 nm range, and the
fluorescent signal is detected in the 820–840 nm range [56]. In contrast, our results from
studying the absorption properties of ICG dissolved in human lymph demonstrate a peak
absorption at approximately 804 nm (Figure 7a).

Consequently, the VENERA-green system utilizes an 800 nm excitation laser source,
which provides significantly higher excitation efficiency for ICG within the lymph. Fur-
thermore, the system records the fluorescence signal across a substantially broader spectral
range of 830–1000 nm. This expanded detection window enables the detection of red-
shifted fluorescence components, thereby ensuring more reliable detection of SLNs even at
higher ICG concentrations, when the ICG fluorescence peak shifts to longer wavelengths.

During light irradiation, ICG molecules can undergo photobleaching, partly due
to the chemical decomposition of molecules by singlet oxygen [57,58]. The accuracy of
quantitative fluorescence measurements may be potentially affected by photobleaching,
defined as irreversible photochemical degradation of ICG [59]. The kinetics of this process
are highly dependent on the molecular environment and the availability of oxygen, which
can lead to a decrease in NIR signal intensity [60]. However, in biological fluids such
as lymph, the interaction between ICG and proteins (e.g., albumin) stabilizes the dye
in its monomeric form, thereby reducing the photobleaching rate compared to aqueous
solutions [61]. Although direct assessment of photobleaching was not performed in this
study, several measures were taken to minimize its impact. Specifically, the spectral
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fluorescence measurements were conducted using a low-intensity laser (λexc = 650 nm,
Pmax = 10–12 mW) with an exposure time for spectral recording of only 20–100 ms per
point. Furthermore, for the purpose of video imaging (λexc = 800 nm), the power density on
the tissue surface was maintained at a low level of 20–30 mW/cm2, thus ensuring minimal
fluorophore degradation during intraoperative imaging.

Although some studies report antitumor efficacy of ICG-mediated photodynamic
therapy (PDT) upon NIR light irradiation [62,63], ICG is not considered an efficient pho-
tosensitizer, as its triplet quantum yield is extremely low and the precise mechanism of
its cytotoxicity remains unclear [64]. However, ICG can be used to assess blood flow and
lymph flow in the area of laser irradiation during tumor PDT. NIR fluorescence imaging of
ICG requires the use of dedicated, highly sensitive systems comprising infrared excitation
light sources, specialized filters, and cameras for detecting the NIR fluorescent signal [64].
This requirement limits the broad clinical application of ICG.

A critical parameter in ICG mapping of the lymphatic system is the timing of the
SLN search initiation after tracer administration. Currently, data on the optimal time
interval between ICG injection and the start of fluorescence SLN mapping are inconsistent,
as the mapping time can vary significantly [65], partly due to the specifics of surgical
procedures. It has been reported that the results of bilateral ICG-based SLN detection in
CC are comparable between open surgery (laparotomy) and minimally invasive surgery
(laparoscopy) [66]. In our study, ICG-based SLN detection was feasible within 10–15 min
after cervical injection in 75% of cases. Furthermore, the fluorescence intensity of SLNs
at 10–15 min post-injection was higher than that observed at 20–25 min (Figure 6). Other
studies report performing ICG injection into the cervix 20–30 min before opening the pelvic
retroperitoneal space [67].

The results of spectral-fluorescence studies on calibrated optical phantoms confirmed
our clinical observations: the ICG concentration in SLNs detected within the 10–15 min
interval was higher than in those visualized 20–25 min after ICG administration. This
indicates rapid lymphatic drainage dynamics and confirms the existence of an optimal time
window for detection. The utilization of the spectral shift in ICG fluorescence in relation
to its concentration in lymph enabled the precise identification of the ICG concentration
within the detected SLNs, a task that is notoriously challenging to achieve using standard
fluorescence navigation techniques.

Thus, the results obtained in this work demonstrate that intraoperative ICG fluores-
cence imaging possesses high sensitivity and enables real-time SLN mapping. The ICG
detection method shows high sensitivity to SLNs but lacks specificity for metastases. In
our case, metastases were detected in only 2.8% (1/36) of the identified SLNs. A potential
strategy to overcome this limitation could be the use of various ICG conjugates for the
specific visualization of tumor cells [68] or the implementation of wide-field fluorescence
lifetime imaging microscopy (FLIM) [69,70]. These approaches may, in the future, allow for
the precise real-time discrimination of tumor cells during surgical procedures.

The research value of the study is that it describes for the first time the absorption and
fluorescence properties of ICG in human lymph. We demonstrated that the fluorescence
emission peak shift serves as a more reliable quantitative marker than absolute intensity,
as it is significantly less susceptible to technical and instrumental artifacts. The utilization
of calibrated human lymph-based phantoms enabled the correlation of intraoperative
data with actual ICG concentrations in tissues. This work establishes a foundation for
the development of advanced navigation systems capable of determining the degree of
ICG saturation in lymph nodes, thereby minimizing the subjectivity of surgeon-dependent
visual assessment.
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5. Conclusions
The obtained results demonstrate the efficacy of NIR fluorescence mapping of iliac

SLNs in EC and CC using interstitial ICG injection into the cervix 10–25 min before imag-
ing. Fluorescence mapping of SLNs was performed during laparoscopic and laparotomic
surgeries with λexc = 800 nm and ICG fluorescence detection at wavelengths above 830 nm.
In most cases (75%, n = 15), SLNs were detected 10–15 min after the ICG administration
into the cervical stroma.

Spectral fluorescence analysis of the excised SLN biopsy specimens with λexc = 650 nm
revealed intense ICG fluorescence in the λ = 750–950 nm range, with peaks in the 830–850 nm
wavelength region. For the first time, the absorption and fluorescent properties of ICG
dissolved in human lymph were investigated. The ICG demonstrated a distinct absorp-
tion peak at 804 nm, accompanied by a short-wavelength “shoulder” near 740 nm and
a fluorescence peak in the 750–950 nm range. A concentration-dependent redshift of the
ICG fluorescence peak was recorded with increasing concentration from 2 to 40 mg/L. This
phenomenon can be utilized for intraoperative monitoring of ICG accumulation dynamics
and determination of its concentration distribution in tissues.

6. Patents
This study was conducted at the National Medical Research Center for Radiology

(NMRC) of the Ministry of Health of the Russian Federation, based at the N.A. Lopatkin Sci-
entific Research Institute of Urology and Interventional Radiology—a branch of the NMRC
for Radiology of the Ministry of Health of Russia, within the Department of Gynecology
with Chemotherapy.

The study included 20 female patients aged 33 to 70 years (57 ± 11.5 years) with
morphologically confirmed EC and CC. The inclusion and exclusion criteria are presented
in Table 3.

Table 3. Criteria for inclusion and exclusion of patients from the study.

No. Inclusion Criteria Exclusion Criteria

1 Patients aged 18–70 years Rare non endometrioid EC and rare subtypes of CC

2
Histologic subtype of endometrium

cancer—endometrial, histologic types of
CC—squamous and adenocarcinoma

Refusal of surgery and the proposed treatment plan

3 EC I stage
CC IB1-IIA1 stages Hypersensitivity to indocyanine green

4 Signed informed consent Life expectancy less than 3 months
5 Patient is capable of making the decision Status on the scale ECOG 3–4
6 Status on the scale ECOG ≤ 2 Neoadjuvant therapy
7 Absence of distant metastasis Lymphostasis of the lower extremities
8 Renal failure

Abbreviations: EC—endometrial cancer; CC—cervical cancer; ECOG—Eastern cooperative oncology group.

Patients who had received neoadjuvant chemotherapy or radiotherapy were excluded
from the study to avoid potential interference with ICG lymphatic transport dynamics
caused by therapy-induced fibrosis or lymphatic vessel destruction.

All patients underwent radical hysterectomy: type A for EC or type C1 for CC. The
clinical parameters of all patients (n = 20), including morphological tumor type, TNM
classification, and type of surgery, are presented in Table 4.
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Table 4. Clinical parameters of the patients.

Case Age Weight, kg BMI Clinical
Diagnosis Morphological Tumor Type TNM

Classification
Surgical
Access

1 70 80 30 EC endometrioid adenocarcinoma G3 cT1aN0M0 Laparotomy
2 66 82 29 EC endometrioid adenocarcinoma G2 cT1aN0M0 Laparoscopy
3 60 60 22 CC squamous cell carcinoma G2 cT2a1N0M0 Laparotomy
4 38 56 20 EC endometrioid adenocarcinoma G2 cT1aN0M0 Laparoscopy
5 63 83 30 EC endometrioid adenocarcinoma G2 cT1aN0M0 Laparoscopy
6 56 94 34 EC endometrioid adenocarcinoma G3 cT1aN0M0 Laparoscopy
7 53 66 24 EC endometrioid adenocarcinoma G1 cT1aN0M0 Laparoscopy
8 44 112 41 EC endometrioid adenocarcinoma G1 cT1aN0M0 Laparoscopy
9 54 54 20 EC endometrioid adenocarcinoma G3 cT1aN0M0 Laparoscopy

10 70 84 35 EC endometrioid adenocarcinoma G1 cT1aN0M0 Laparoscopy
11 35 102 34 EC endometrioid adenocarcinoma G1 cT1aN0M0 Laparoscopy
12 58 72 28 EC endometrioid adenocarcinoma G2 cT1bN0M0 Laparoscopy
13 61 73 30 EC endometrioid adenocarcinoma G2 cT1aN0M0 Laparoscopy
14 62 59 19 EC endometrioid adenocarcinoma G2 cT1aN0M0 Laparoscopy
15 56 84 34 EC endometrioid adenocarcinoma G2 cT1aN0M0 Laparoscopy
16 67 105 37 EC endometrioid adenocarcinoma G2 cT1bN0M0 Laparoscopy
17 56 80 29 EC endometrioid adenocarcinoma G1 cT1bN0M0 Laparoscopy
18 38 100 33 EC endometrioid adenocarcinoma G1 cT1aN0M0 Laparoscopy
19 61 53 23 EC endometrioid adenocarcinoma G2 cT1aN0M0 Laparoscopy
20 33 64 25 CC cervical adenocarcinoma cT2a1N0M0 Laparotomy

Abbreviations: EC—Endometrial cancer; CC—Cervical cancer; BMI–Body mass index.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pharmaceutics18020211/s1, Video S1: The intraoperative NIR fluores-
cence imaging of SLN using ICG_1, Video S2: The intraoperative NIR fluorescence imaging of SLN
using ICG_2.
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Abbreviations

SLNs Sentinel lymph nodes
ICG Indocyanine green
FGS Fluorescence-guided surgery
NIR Near-infrared
MB Methylene blue
EC Endometrial cancer
CC Cervical cancer
FBS Fetal bovine serum
FDA Food and Drug Administration
EMA European Medicines Agency
NCCN National Comprehensive Cancer Network
ESGO European Society of Gynaecological Oncology
ESTRO European SocieTy for Radiotherapy and Oncology
ESP European Society of Pathology
IHC Immunohistochemical
ITCs Isolated tumor cells
PDT Photodynamic therapy
FLIM Fluorescence lifetime imaging microscopy
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