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The use of Indocyanine Green in nephron-sparing robotic surgery has gained widespread recognition as a
versatile, valuable, and safe technique. With its support in delineating tumor margins and vascular anatomy, in
guiding selective or super selective clamping and in assessing kidney perfusion after resection and renorrhaphy,

Indocyanine Green (ICG) offers real-time guidance to promote the better preservation of renal function.

indocyanine green ICG NIRF near-infrared fluorescent robotic surgery

| 1. Introduction

Over the years, technology has significantly changed surgical procedures.

Fluorescence-guided surgery (FGS) was first developed in 1947 with the introduction of fluorescein, a near-infrared
fluorescent (NIRF) dye, for brain tumor resections . Since then, many fluorescence-based techniques and
fluorescent probes have been developed and used in different clinical scenarios [2. Offering real-time feedback and
supporting surgeons’ intraoperative decision-making, FGS has consolidated its role in changing surgical

procedures.

In the past two decades, robot-assisted surgery (RAS) has revolutionized medicine prospects, allowing greater

surgical precision along with a magnified view of tissues and anatomical structures BI4IE],

Despite different clinical and surgical impacts, RAS and FGS, during their development, shared the same goals:
improving surgeons’ accuracy, encouraging new surgical applications, and providing better possibilities in patients’
treatment. Since 2010, fluorescence imaging has been integrated into the Da Vinci® Robotic System. The Firefly®
technology allows surgeons to switch vision modality from normal light to near-infrared light at any time during

procedures, combining their respective benefits and improving the surgical experience.

Robotic surgery and fluorescence applications perfectly match the extreme heterogeneity offered by urological

surgery.

| 2. Indocyanine Green Overview
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Indocyanine Green (ICG) is a water-soluble fluorophore widely used in clinical research since its approval for
intravenous (i.v.) administration by the FDA in 1956 €. Its green fluorescence, emitted when excited by near-

infrared light, can be detected using dedicated optical systems without affecting the surgical field view 2],
After i.v. administration, ICG rapidly binds to serum proteins, confining it to the vascular compartments 19,

Characterized by a plasma life of 3-5 min and exclusive biliary excretion within 10-15 min, ICG shows a high-

safety index and nonradioactive properties (1],

The recommended safe dose for a standard diagnostic procedure is 0.1-0.5 mg/kg 12, If injected directly into
tissues, ICG migrates in lymphatic vessels and in lymph nodes, where it deposits into macrophages 13! and can

provide information about organs’ lymphatic drainage.

Its properties make it useful for the visualization of vascular anatomy, the assessment of tissue perfusion, lesion
“tattooing” 14 and lymph node road mapping [22!. Urological surgery is one area where ICG’s versatility and safety

profile have made it increasingly popular.

| 3. NIRF-Guided Robot-Assisted Renal Surgery

The use of Indocyanine Green in nephron-sparing robotic surgery has gained widespread recognition as a

versatile, valuable, and safe technique since its introduction about 15 years ago.

With its support in delineating tumor margins and vascular anatomy, in guiding selective or super selective
clamping and in assessing kidney perfusion after resection and renorrhaphy, ICG offers real-time guidance to

promote the better preservation of renal function (Table 1).

Table 1. Summary of indocyanine green (ICG) applications in robotic renal surgery.
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margins clamping
[16][L7][18][19][20][21] parenchyma parenchyma
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penetration
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clamping of main Monitoring
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evidence.
Cortical tumors show a downregulation of bilitranslocase, a carrier protein that allows ICG uptake into the cells 87,

resulting in a fluorescence-based visual differentiation from the normal surrounding parenchyma.

Tobis et al. were the first, in 2011 28, to evaluate the additional value offered by ICG-fluorescence in 11 cases of
robot-assisted partial nephrectomy (RAPN). The goal was to utilize the i.v. injection of ICG to differentiate between
normal parenchyma and malignant tissue and to highlight the renal vasculature. ICG-guided imaging was deemed

potentially useful in eight patients for outlining the resection margin, and in all patients for vessel identification.

The following year, the same group speculated on the potential role of ICG in distinguishing between benign
lesions (iso- or hyperfluorescent) and malignant lesions (hypofluorescent) 22, but the results were not supported
by subsequent studies 281131,

What emerged as a possible watershed for the effectiveness of this technique was the ICG dosage. ICG under-
dosing “tones down” the normal parenchyma fluorescence, leading to uncertainty in distinguishing between tumor
and healthy tissue. On the other hand, ICG overdosing “tones up” all the renal parenchyma, leading to an opposite
situation with the same results. Surgeons who have abandoned the use of NIRF or have reported a lack of
effectiveness for differential fluorescence and visual margin assessment have probably used excessively high
doses of ICG [29],
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In 2013, Angell et al. 21 reported a reproducible scheme to achieve a correct ICG dose. They described a first
dosage as a test, followed by a second dosage—calibrated on the first one—to achieve the right contrast, reporting

a successfully differential fluorescence in 65 out of 79 tumors.

Similar results came from a more recent prospectively collected database of 325 patients who underwent ICG-
RAPN [29 Using the same concept—an initial low-test dose and an optional second dose immediately prior to
vessels clamping—the authors reported an overall success in differentiation rate of 87.3% and an extremely low

positive surgical margin rate (0.30%).

3.2. ICG-Guided Renal Selective Perfusion Assessment

To reduce ischemic injury during partial nephrectomy, Gill et al. 38 introduced in 2011 the concept of “zero-
ischemia”. An anatomic microdissection of the renal vessels allows a selective or super selective clamping of the

tumor-feeding artery, avoiding global ischemia.

The angiographic properties of ICG showed to be very useful in this setting; ICG imaging can confirm tumor
devascularization and normal kidney perfusion and can even identify missed arterial branches if the expected
regional perfusion deficit is not reached. This allows surgeons to adjust clamping, reduce bleeding and improve

tumor excision quality.

Many studies indeed reported that “zero-ischemia” RAPN with NIRF was a safe alternative to conventional on-
clamp RAPN, and may improve functional short-term outcomes [22(23124]125][26] A statistically significant benefit of a

eGFR variation at discharge was reported, supporting the ICG-zero ischemia approach (AeGFR = 15%) [2211231[26]
2]

A subsequent meta-analysis 28 revealed no significant difference between on-clamp and selective clamping

techniques in terms of complications, positive surgical margins (PSM), operative time and estimated blood loss.

In 2020, in a large multi-institutional study of 737 patients, Diana et al. 22 tried to define the role of fluorescence-
guided surgery during RAPN. They performed a subgroup analysis comparing ICG-RAPN with standard RAPN.
According to the authors’ suggestions, ICG showed a potential advantage for challenging vascular anatomy—such
as large tumors with more complex and accessory vascularization and horseshoe, solitary or pelvic kidney—or
impaired renal function. However, despite a correlation between ICG and trifecta achievement, the study described

no clear functional advantages.

In 2022, Yang et al. 2% described a short-term advantage in preserving eGFR in the ICG-RAPN group, which
decreases over time (3 months vs. 6 months). The authors suggested that the standard-RAPN group may be more
susceptible to acute tubular necrosis due to increased renal ischemia. This results in an initially poorer eGFR
preservation, which gradually rose during the recovery phase. Gradual compensation by the normal contralateral

kidney may also minimize the long-term advantage of the ICG-group.
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This finding was recently confirmed by the EMERALD randomized single-blind trial 1. The study was interrupted
after 30 cases; at 6 months follow-up, the interim analysis showed no benefit in the ICG super selective RAPN
approach evaluated as a combination of eGFR and relative renal function on %MTc-DMSA scintigraphy (—21.4% vs.
-23.4%, p = 0.66). This lack of difference persisted even after adjusting for the percentage of kidney volume
preserved—an independent predictor of functional preservation. This trial raises further questions regarding the

usefulness of this technique that underlies an intrinsic increased technical risk of vascular damage.

In any case, other studies like the one conducted in 2023 by De Backer B2 highlight how ICG can be used to
support the development of new technologies in the field of nephron sparing surgery. Their study utilized ICG
administration as a tool to validate their perfusion zone algorithm integrated into a 3D model for planning super

selective clamping.

3.3. ICG-Guided Management of Endophytic Renal Tumors

Endophytic renal masses represent a surgical challenge during nephron-sparing surgery due to technical
difficulties and a higher risk of complications 4% that potentially narrows the indication for conservative surgery 44,
The standard intravenous ICG use has played a marginal role in this setting because the tumor location reduces
the benefits offered by FGS 18,

An innovative application of indocyanine green in this field has been proposed by Simone et al. in a series of 10
totally endophytic renal masses. The patients received a preoperative super selective trans-arterial delivery of an
ICG-Lipiodol mixture into tertiary-order arterial branches—feeding the renal mass—prior to transperitoneal “purely”
off-clamp RAPN 2. The ICG-marked area guided not only the tumor localization, but also a safer enucleation. The
authors reported several benefits, including preoperative resection strategy improvement, quick intraoperative
mass identification, and real-time control of resection margins. The feasibility of this “tattooing” technique, even

with different ICG-mixed agents, has been confirmed by subsequent studies [14133],

In 2022, Nardis and colleagues evaluated the clinical impact of ICG combined with Lipiodol in the context of trans-
arterial super selective embolization (Figure 1), in a cohort of 41 patients with totally endophytic masses 24!, The
study reported a procedure success rate of 100%, and 63.4% of the tumors were considered “visible with well-
defined margins” intra-operatively. Combining ICG with other emerging technological tools for preoperative surgical
strategies, such as three-dimensional (3D) reconstructions, may further enhance the potential of RAPN. An
example of this application was illustrated in a pilot study by Amparore et al. published in 2023 42 where ICG was
used to overlay a 3D virtual model of the kidney onto the real organ during surgery, with promising preliminary

results.
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Figure 1. ICG-guided Management of Endophytic Renal Tumors: (a) CT-scan showing a totally endophytic left

renal tumor; (b) trans-arterial super selective embolization “tagging” with ICG-Lipiodol; and (c¢) renal tumor

intraoperative ICG near-infrared imaging identification.
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