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Introduction

The history of the cyanine dye, indocyanine green (ICG), 
as an indicator of cardiac and liver function has been well 
described (1,2). Equipment to image the near-infrared 

(NIR) emission of ICG has significantly lagged behind the 

discovery of the physical properties of the substance by 

approximately 30 years. One of the first endoscopes capable 

of imaging in the NIR region was described by Kohso 
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in 1990 (3). Systems with the ability to measure tissue 
autofluorescence by laser spectroscopy were also produced 
in 1990 (4,5). Preclinical applications with other prototype 
NIR endoscopes followed, including imaging of resected 
gastric cancer using ICG-labeled anti-carcinoembryonic 
antigen (CEA) and MUC1 antibodies (6). Subsequently, 
NIR endoscopes were applied in the clinical setting, 
primarily in Japan, for imaging of sentinel lymph nodes in 
gastric cancer (7). 

The discovery and commercialization of the charge 
coupled device (CCD) enabled fluorescence imaging of 
ICG in open and endoscopic imaging systems, with video-
microscopy to image the arterial and venous capillaries of 
nailbeds (8), paving the way for subsequent macroperfusion 
devices. A decade later, the first prototype neurosurgical 
microscopes were designed with the ability to image in the 
NIR region (9), followed by commercial system availability 
within five years from known suppliers such as Leica 
and Zeiss. In 2005, Novadaq Technologies (Mississauga, 
Ontario, Canada) received FDA approval for the use 
of the SPY imaging system for coronary angiography, 
and clinicians started using ICG angiography to assess 
cardiac graft patency prior to chest closure given evidence 
demonstrating that upwards of 4% of grafts had problems 
requiring correction (10). While ICG has been used 
for over half a century for ophthalmic, neurologic, and 
angiographic applications, its introduction into surgical 
robotics came rather recently, as fluorescence imaging of 
ICG was introduced as an option to the da Vinci Si Surgical 
System after FDA clearance in 2011. 

While published reviews have described the application 
of fluorescence guidance in specific surgical specialties, we 
provide an overview of the use of the technique across all 
fields since the introduction of the technology in surgical 
robotics a decade ago. In addition to reviewing applications 
of fluorescence imaging in urologic, gynecologic, head and 
neck, general, and endocrine surgeries, we describe the 
evolution of fluorescence imaging technology on the da 
Vinci Surgical System. We present the following article in 
accordance with the Narrative Review reporting checklist 
(available at http://dx.doi.org/10.21037/ls-20-98).

Methods

Literature searches were performed using the PubMed 
and MEDLINE databases using the keywords “robotic-
assisted fluorescence surgery”, “ICG robotic surgery”, and 

“fluorescence guided surgery” covering the years 2011–
2020.

Fluorescent imaging on robotic systems

In 2011, Intuitive Surgical received 510 k clearance to 
market the da Vinci Fluorescence Vision Imaging System 
as part of the da Vinci Si Surgical System. Key components 
of the Fluorescence Vision Imaging System included 8- and 
12-mm endoscopes with lens stacks modified to allow the 
passage of NIR light, a stereoscopic camera head with the 
appropriate blocking filters for ICG, a light emitting diode 
(LED)-based illuminator with a NIR laser to excite ICG, 
in addition to a procedure kit containing ICG, aqueous 
solvent, and syringes. Minor software modifications were 
made to enable the da Vinci to recognize and allow use of 
the fluorescence feature. The intended use was to perform 
minimally invasive surgery using standard endoscopic 
visible light as well as NIR imaging for visual assessment 
of vessels, blood flow and related tissue perfusion. 
Engineering and testing of the device was performed by 
employees of Intuitive Surgical and its suppliers; however, 
the development was enhanced through a partnership and 
equipment supply agreement with Novadaq Technologies. 
The Fluorescence Vision Imaging System remained an 
optional add-on to the da Vinci Si and was later renamed da 
Vinci Firefly®. In 2013, Firefly® received a 510-k clearance 
for an expanded intended use to include visualization of at 
least one of the major extra-hepatic bile ducts (cystic duct, 
common bile duct and common hepatic duct) using NIR 
imaging. The clearance specifically stated that fluorescence 
imaging of biliary ducts with the da Vinci Firefly® is 
intended for use in conjunction with standard of care white 
light when indicated for intraoperative cholangiography. 
The device is not intended for standalone use for biliary 
duct visualization. 

In 2014, the da Vinci Xi system was released as the 
4th generation Surgical System. The illumination and 
endoscopic imaging systems were redesigned from the 
ground-up to incorporate a CMOS sensor in a distal chip 
architecture, as opposed to the rod-lens endoscope coupled 
to an external CCD-based camera in the previous da Vinci 
Si model. Although the intended use statement for the 
Firefly® system remained the same, the Firefly® system was 
included on every Xi as standard equipment. This remained 
the case for the da Vinci X Surgical System upon its release 
in 2017.

http://dx.doi.org/10.21037/ls-20-98
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Applications of fluorescence imaging in robotic-assisted 
surgery

Applications of  f luorescence imaging in robotic-
assisted surgery across various surgical subspecialties are 
summarized in Table 1 and detailed below. 

Urology
Prior to the introduction of Firefly®, several academic 
groups experimented with adding fluorescence capabilities 
to the da Vinci. van der Poel was the first to perform 
fluorescence guided surgery using the da Vinci S Surgical 
System and a Storz fluorescence laparoscope (Karl 
Storz, Tuttlingen, Germany) to intraoperatively identify 
sentinel lymph nodes via fluorescence imaging following a 
preoperative injection of ICG-99mTc-nanocolloid mixture 
directly into the peripheral zone of the prostate (12). This 
study was important for two reasons: (I) the da Vinci S 
system that was used pre-dated Firefly®, and the lymphatic 
mapping was performed solely using a Storz system; (II) 
since the NIR signal of ICG rarely penetrates more than 8 
mm in human tissue, the idea of exploiting the deeper tissue 
penetrating (4–5 cm) gamma rays of technetium-99 has 
the potential to further aid in lymph node detection as it 
provides the surgeon with an intraoperative roadmap, which 

is particularly helpful in cases where lymph node drainage 
may be expected to areas outside of the standard pattern (13).  
While lymphangiography has been demonstrated in 
prostate surgery using Firefly® and robotic-guided 
percutaneous injections of ICG highlighted potential 
sentinel nodes in 76% of patients (14), sentinel lymph 
node dissection is nowhere near replacing traditional pelvic 
lymph node dissection. The technique may be relevant in 
reducing lymphedema in certain patient populations with 
limited potential for positive nodes. Urologists have also 
used ICG to help guide lymph node dissection in robotic 
penile cancer procedures (15). 

The first published use of the integrated Firefly® 
system sought to improve the safety of robotic-assisted 
partial nephrectomy procedures through the use of 
perfusion assessment, as more than 40% of kidneys have 
an abnormal vascular supply (16). Vessels were clearly 
visualized, as shown in Figure 1, and the use of fluorescence 
to guide selective clamping was demonstrated. This and 
other groups took further advantage of the reported 
reduction of bilitranslocase in renal cortical tumors to 
image the boundaries of healthy and abnormal kidney, as 
bilitranslocase had been reported to be responsible for the 
accumulation of ICG in healthy renal cells, leaving tumor 

Table 1 Applications of fluorescence guided robotic surgery across surgical specialties

Specialty Fluorescence molecule Applications

Urologic surgery ICG Perfusion of kidneys (“super selective” clamping) prior to nephrectomy 

Resection of adrenal masses (differential signal in tumor vs. non-tumor 
tissue)

Lymph node mapping in prostate (e.g., ICG-99mTc-nanocolloid), penile 
cancer

Gynecologic surgery ICG Lymph node mapping in cervical, endometrial, vulvar cancers

Identification of endometriosis and assessment of ureteral patency and 
bowel perfusion after resection of infiltrating endometriosis

Head and neck surgery ICG Cervical lymph node mapping via retroauricular access (11)

Panitumumab-IRDye800 Detection of tumor margins in transoral robotic surgery

General surgery ICG Sentinel node mapping in gastric cancer

Assessment of hepatobiliary anatomy

Evaluation of bowel perfusion at anastomotic sites 

Thoracic surgery ICG Delineation of intersegmental plane during segmentectomies

Endocrine surgery ICG Differentiation of thyroid vs. parathyroid in minimally invasive approaches

ICG, indocyanine green.
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cells without a fluorescence signal, as shown in Figure 2 (17). 
The results of this pilot study showed 83% concordance 
between decreased fluorescence and presence of tumor, 
although subsequent larger studies confirmed that ICG-
fluorescence cannot, on its own, predict tumor malignancy 
reliably (18). 

The concept of “zero ischemia time” in kidney surgery, 
where the surgeon attempts to preserve blood flow to the 
normal kidney while selectively cutting off blood flow 
to tumor tissue, is often described as a “super selective” 

technique. Previously performed using radiographically-
guided embolization techniques (19,20), urologists took 
advantage of robotics to perform selective microdissections 
of vasculature to achieve similar goals (21). The da 
Vinci Firefly® technology helped surgeons perform 
partial nephrectomies in greater numbers than before, 
and improved instrument dexterity facilitated easier 
microvascular dissection. Fluorescence imaging to confirm 
microdissection techniques for zero ischemia time during 
partial nephrectomy procedures was first described by 

Figure 1 Intraoperative identification of renal artery and vein. White light images (A,C,E) are shown next to their fluorescent counterparts (B,D,F,G). 
Selective clamping of the renal artery branch supplying the upper pole of the kidney is seen (H). Reprinted with permission from Tobis et al. (16).

A B C D
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Figure 2 An example of differential fluorescence between renal cell carcinoma (grey) and healthy kidney parenchyma (green) due to 
differences in inflow and outflow kinetics of the imaging agent indocyanine green. Reprinted with permission from Angell et al. (17).
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Borofsky (22), where 80% of patients underwent super 
selective clamping. Prospective studies have shown a 
reduction in warm ischemia time by two minutes when 
using ICG, with no increase in positive surgical margins or 
complication rates (23).

Urologists operating on kidneys quickly observed that 
the adrenal gland exhibited strong fluorescence while 
masses such as lipoadenomas, pheochromocytomas, and 
lymphoid hyperplasia exhibited hypofluorescence (24,25). 
Adrenocortical tumors were hyperfluorescent when 
compared to surrounding tissues. Differentiation of adrenal 
masses was evident 5 minutes after ICG injection and 
persisted for approximately 20 minutes. This phenomenon 
was attributed to differences in vascular perfusion between 
the different types of tissues and was used to preserve 
adrenal function while removing masses, leading to 
improved quality of life and a reduced need for adjuvant 
steroid therapy. Colvin et al. postulated that ICG-based 
fluorescence imaging increased the precision of dissection 
of the tumors when compared to white light imaging 
alone (26), leading to reduced bleeding from the tumor, 
better awareness of vascular structures, and more complete 
removal of adrenal tissue when indicated. 

While considered to be off-label, several groups have 
demonstrated the ability of ICG to light up the ureters 
when injected directly into them above and below a stenosis 
during the course of a ureteroureterostomy, as demonstrated 

in Figure 3 (27). Fluorescence guidance was found to be 
particularly useful in cases involving fibrosis, difficult 
dissection planes, and inflammation. The injection of small 
amounts of ICG into the ureters is a technique that has 
also been used for visualization during procedures in which 
ureteral injury can be an issue, such as sacrocolpopexy (28).  
This technique allowed bilateral ureter imaging throughout 
the entire pelvic reconstruction procedure and helped 
prevent ureteral damage without the need for full 
catheterization or stenting, further minimizing associated 
risks. Due to the fact that the Firefly® system “pseudo-
colors” NIR light into a green color, one group published 
on the use of the Firefly® mode to visualize NIR emissions 
of traditional white light instruments, without the use of 
an exogenous contrast agent (29). By capitalizing on the 
fact that the da Vinci System displays normal anatomy in a 
grey color, surgeons used the guidance from a cystoscope 
to mark the borders of a bladder diverticula containing 
cancer in one case and gross tumor location in another. The 
light from a ureteroscope was used to identify the extent 
of ureteral stricture, once again by viewing the light of the 
ureteroscope from the pelvis using the da Vinci Firefly® 
endoscope. 

Visualization of landmark arteries associated with the 
neurovascular bundle in prostatectomy has also been 
demonstrated to guide novice and more experienced surgeons 
becoming familiar with the nerve sparing technique (30). 

Gynecologic surgery
Groups began to explore the use of ICG for lymphatic 
mapping in gynecologic oncology cases by injecting ICG 
directly into the cervix to evaluate drainage patterns into 
lymph nodes (31), demonstrating detection of one sentinel 
draining node in 85% of patients. While direct tissue 
injection of ICG for lymphatic mapping does not fall within 
the approved indications for use statement of Firefly®, this 
technique has been recommended in the NCCN guidelines 
for many years (32). The use of ICG for lymphatic mapping 
in gynecologic procedures is by far the most common use 
of the imaging agent in this specialty, given the improved 
ability to detect lymph nodes and the lack of disadvantages 
associated with radioactive tracers and blue dyes that can 
obscure the surgical field. Subsequent studies suggest 
that ICG provides superior visualization of nodes when 
compared to blue dye (33,34) although training on proper 
injection technique was crucial to obtaining good results. 
ICG has been used in studies to identify draining nodes in 
endometrial (35), cervical (36) and vulvar cancers. While 

Figure 3 The use of indocyanine green (ICG) to visualize ureteral 
healthy vs. diseased ureter. By injecting ICG directly into the 
ureters, visualization is achieved for ureteral reconstruction. 
Reprinted with permission from Lee et al. (27).
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lymph node detection decreases with increasing body 
mass index, ICG significantly improved the results when 
compared to blue dyes (37). 

Levey et al. demonstrated the potential use of ICG 
in identifying lesions while treating endometriosis (38), 
speculating that improved imaging would be necessary to 
properly treat the chronic pain associated with the disease. 
Cosentino took this idea further in a non-robotic setting, 
evaluating 27 patients and concluding that ICG is useful as 
an adjunct to white light imaging (39), while other groups 
have demonstrated ICG identifying more lesions than white 
light alone (40). Taking advantage of the known utility of 
using ICG to assess perfusion, the compound has been 
used to assess ureteral (41) and bowel perfusion (42) after 
resection of infiltrating endometriosis.

General surgery
Inspired by research in preclinical models in Japan with the 
Photodynamic Eye (Hamamatsu Photonics, Hamamatsu, 

Japan), general surgeons began using ICG to evaluate 
hepatobiliary anatomy, taking advantage of the elimination 
route of ICG after systemic injection and identifying small 
accessory vessels that would be difficult to visualize using 
white light alone (43). In this first documented use of ICG 
during robotic-assisted hepatobiliary surgery, an aberrant 
canaliculus from a liver segment to the common hepatic 
duct was identified and injury to the vessel was avoided, 
as illustrated in Figure 4 (43). Subsequent studies further 
evaluated the use of fluorescence-guided surgery in single 
site robotic-assisted cholecystectomies, where the dexterity 
of instruments is more limited compared to traditional 
multiport procedures, and ICG was useful in identifying 
the cystic, common hepatic and common bile ducts (44,45). 
Based on these findings, surgeons began to use ICG during 
simple cholecystectomies as well as in gallbladder cancer 
resections (46) and more complex liver surgeries (47) with 
the potential for avoiding abnormal vasculature during these 
procedures. Larger case studies demonstrated successful 
identification of at least one biliary structure in 99% of 184 
cases, with 83% of cases detecting all four key anatomic 
ducts (48). With a low complication rate of 0.4–1.5% 
(49,50), bile duct injury is associated with a significantly 
increased length of stay, 30-day readmission rate, as well as 
risk of being discharged to a post-acute care facility. The 
cost of increased hospital stay alone has been estimated 
at approximately $10,420 (51), and up to 27% of injuries 
have been reported to be undetected during surgery (52). 
Some groups have experimented with using fluorescence 
to assist in registering structures such as the common bile 
duct and cystic duct to preoperative imaging scans for 
improved guidance using augmented reality during robotic 
duodenopancreatectomies (53).

Anatomic dehiscence of the colon after low anterior 
resection is associated with higher mortality rates, increased 
hospital length of stay, in addition to cost (54,55). While 
many factors contribute to dehiscence, the state of perfusion 
of the bowel at the anastomotic site has been shown to be 
important (56,57) and was traditionally difficult to assess 
intraoperatively. The use of ICG to assess colorectal tissue 
perfusion during robotic-assisted colorectal surgery in real-
time was first published by Bae, who reported visualizing 
the left colic branch of the inferior mesenteric artery in 
all attempted cases (58), and identification of the ischemic 
zone in the rectum helped the surgeon define the distal 
resection margin. A small retrospective study comparing 
colorectal resection with and without ICG reported a 
reduction in overall leak rate by 12% when fluorescence 

Figure 4 An example of the detection of an aberrant vessel (arrow) 
that likely would not have been detected during a cholecystectomy 
without the use of fluorescence imaging. Reprinted with 
permission from Calatayud et al. (43).
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imaging was used (59), and ICG resulted in frequent 
revision of the bowel transection point, as shown in Figure 5.  
A larger multicenter prospective clinical study (PILLAR-
II) using laparoscopic equipment demonstrated a revision 
in the planned transection point in 8% of patients after 
fluorescence imaging, and a leak rate of 1.4%, which was 
lower than similar cohort comparison studies reported in 
the literature (60). None of the patients who experienced 
a revision after fluorescence imaging had an anastomotic 
leak. Unfortunately, the subsequently planned randomized 
control trial (PILLAR-III) was stopped due to slow accrual 
of patients. Recently, De Nardi et al. reported on the results 
of a multicenter randomized trial demonstrating ICG-
based NIR fluorescence imaging leading to a change in the 
resection plane in 11% of cases (61). Although a difference 
in leak rates between the non-fluorescence-guided surgery 
group (9%) and the fluorescence-guide surgery group (5%) 
was found, this was not statistically significant. In sphincter-
preserving rectal surgery, ICG helped identify an adequate 
perfusion margin in 10% of patients at risk of anastomotic 
site ischemia and reduced the leak rate to 0.8% compared 
with 5.4% in resections performed without fluorescence 
imaging (62). A larger study involving 657 patients 
demonstrated similar results (63). 

While quantification of the fluorescence signal remains 
complicated for a number of reasons, some groups are 
experimenting with analyzing the time course of arterial 
inflow and venous outflow patterns of ICG in the colon by 
comparing pre- and post-anastomosis signal intensity levels 
to that of known healthy colon (64). Similar to colorectal 
perfusion analysis, fluorescence assessment of gastric 

graft viability in robotic esophagectomy cases was first 
demonstrated by DeLong et al. (65), and studies to better 
understand the exact relationship between the signal from 
ICG and adequate perfusion are ongoing.

General surgeons have reported using Firefly® following 
colonoscopic injection of ICG to identify draining lymph 
nodes during complete mesocolic excision (66) and 
gastrectomy (67), where nodal status and nodal yield at the 
time of excision is key to cancer staging. Pilot studies have 
been performed using ICG for lymphatic mapping in gastric 
cancer as well, with increased lymph node yield when 
using fluorescence guidance (68). Comparison of single 
port fluorescence-guided robotic surgery to conventional 
distal gastrectomy in patients with early-stage gastric 
cancer demonstrated superior lymph node yield, which is 
important when the number of retrieved lymph nodes is a 
surrogate marker for long-term outcomes (69). 

Several groups have taken advantage of differences 
in tumor versus healthy tissue vasculature to image the 
kinetics of ICG to differentiate between tumor and 
normal tissue. It is thought that this method relies upon 
the enhanced permeability and retention effect (EPR), the 
resulting altered fluid transfer dynamics from the abnormal 
vasculature formed in tumor environments. This was 
first published using open fluorescence imaging systems 
in head and neck tumors (70). When administering ICG 
24–48 hours preoperatively, metastatic pancreatic cancer 
lesions on the liver demonstrated fluorescence in 27% of 
patients; however, it was noted that benign, bile-secreting 
foci also exhibited fluorescence (71). This demonstrates 
a potential risk of using a non-targeted imaging agent to 
discern cancer from healthy tissue. Similar studies using 
ICG to detect intracranial meningioma showed high 
sensitivity but low specificity (72). In liver surgery, ICG has 
proven to be useful in characterizing well-differentiated 
hepatocellular carcinomas (HCC), poorly differentiated 
HCC, and colorectal metastases to the liver, which 
exhibited a rim fluorescence phenomenon (73). For HCC, 
the uptake transporters into hepatocytes remain the same, 
but cancerous cells have reduced ability to excrete ICG 
via the normal OATP1B3 and sodium-taurocholate co-
transporting polypeptide. Nonetheless, this method of 
detecting lesions has a false positive rate as high as 40% 
(73,74). Subsequent studies have proposed an ideal imaging 
time of these tumors to be 1–2 days prior to surgery, to 
allow adequate clearance of ICG from healthy liver. Other 
studies have proposed that fluorescence guidance be used as 
an adjunct to intraoperative ultrasound to help reduce false 

Figure 5 Revision of a transection point during a lower anterior 
resection. Arrow 1 indicates the original transection point, and 
after looking at perfusion with fluorescence it was revised to arrow 
2. Reprinted with permission from Jafari et al. (59).
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positives after either an intravenous or portal vein injection. 
In such studies, while the sensitivity of fluorescence by itself 
ranged from 72–100% (75), an R0 resection was achieved 
100% of the time (76). 

Thoracic surgery
In terms of thoracic surgery, it remains unclear if 
segmentectomies have similar cancer control to lobectomies in 
early-stage lung cancer patients. Regardless, segmentectomy 
is technically more difficult than removing an entire lobe of 
the lung since the intersegmental plane must be identified. 
A variety of methods have been employed to make the 
identification easier: transbronchial (77) and intravenous (78)  
injection of ICG, selective segmental inflation (79), the use 
of 3D models (80), and infrared thoracoscopy have been 
proposed (81). Direct injection of ICG into a lesion via 
navigated bronchoscopy, while not an approved use of ICG, 
has been shown to help successfully localize tumors during 
robotically-assisted segmentectomies 86% of the time (82).

Taking advantage of the EPR effect of ICG, thoracic 
surgeons have visualized sub-centimeter pulmonary nodules 
at a depth of around 0.5 cm by administering large amounts 
of ICG 24–48 hours prior to surgery using open, video-
assisted thoracoscopic and robotic techniques (83). This 
technique may be of particular interest in robotic-assisted 
procedures where palpation of the tumor is not possible.  

Endocrine surgery
As thyroidectomy has transitioned to a minimally invasive 
approach, difficulties in differentiating the thyroid from the 
parathyroid gland has emerged as a clinical need, as 50% 
of patients can develop transient hypoparathyroidism, with 
1–5% developing the condition permanently (84,85). A 
recent publication used ICG to light up the parathyroid gland 
in patients undergoing a bilateral axillo-breast approach to 
thyroidectomy with the fluorescence-guided group having a 
significantly reduced rate of incidental hypoparathyroidism 
than the control group (0 vs. 16%) (86). The time kinetics 
of the fluorescence and dosing for adequate differentiation 
between the parathyroid and thyroid glands are under 
investigation, as some groups have described difficulty 
distinguishing between the two glands (87).

Future imaging agents
Fluorescence has long been used in medical interventions 
with sodium fluorescein making up the bulk of procedures 
along with ICG. It has been used to guide neurosurgery (88),  
bladder biopsies (89), bronchoscopy (90), the healing 

of wounds (91), plaque ablation (92), and of course 
ophthalmology (93). While the bulk of fluorescence 
imaging in robot-assisted surgery has been performed using 
ICG due to the advantages of the NIR optical window, 
many other exciting imaging agents are in various phases 
of clinical development, most of which take advantage of 
the NIR imaging window of 650–1,350 nm, where optical 
scattering is the most dominant form of light interaction, as 
absorption by blood and water are minimized. The window 
is even more tight, as most imaging sensors have sharply 
reduced sensitivity beyond wavelengths of 1,000 nm. After 
van Dam et al., reported on the efficacy of a folic acid 
fluorescein conjugate (94) that was subsequently changed 
to a NIR reporter, the field of fluorescent-guided surgery 
witnessed a resurgence. This new NIR folic acid conjugate, 
OTL-38 (On Target Laboratories, West Lafayette, IN, 
USA) has just completed phase III studies in ovarian cancer 
(NCT03180307) and phase III studies in lung cancer are 
ongoing (NCT04241315). In addition, various targeted 
ligands have been conjugated to novel fluorophores, such 
as IRDye800CW (LI-COR Biosciences, Lincoln, NE, 
USA), and are currently under clinical investigation in 
numerous phase I and II clinical studies in numerous tumor 
types, such as head and neck, pancreatic, breast, and brain 
cancers (95-99). In head and neck cancer, panitumumab 
and cetuximab (97,100-102) and olaparib for squamous cell 
carcinoma and bevacizumab for inverted papilloma and 
pituitary neuroendocrine tumors have been conjugated 
to IRDye800CW for detection of tumor and associated 
margins (99). These agents have promising applications 
in robotic fluorescence-guided surgery for head and neck 
squamous cell carcinoma, especially with the advent of 
transoral robotic surgery for oral and oropharyngeal 
tumors.

Aforementioned groups have injected ICG directly into 
the ureters or even placed ICG-filled catheters into the 
ureters for visualization, although such techniques have 
been found impractical for widespread adoption (103). In 
recognition of the unmet clinical need, several imaging 
agents for visualizing the ureters have been designed 
specifically with robotic-assisted surgery in mind (104-106)  
and are in various phases of clinical development. For a 
comprehensive review of NIR imaging agents currently in 
clinical trials, the reader is referred to a recent review by 
Hernot et al. (107) and Barth et al. (99) While antibody-based 
fluorescence conjugates have traditionally been injected days 
prior to surgery, the current generation of small molecules  
and peptides can be injected as little as 10 minutes to 
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two hours prior to the procedure, fitting in well with the 
operating room workflow (99,107). 

When the desired imaging agent does not overlap with 
the excitation and emission profile of ICG, certain groups 
have utilized other imaging endoscopes in concert with 
the da Vinci Surgical System. 5-aminolevulinic acid (5-
ALA) is a natural metabolite in the body produced with 
the hemoglobin metabolic pathway. When taken up by 
malignant cells, 5-ALA is metabolized into a fluorescent 
byproduct, protoporphyrin IX, which can be visualized 
using 405 nm light. In 1998, Stummer et al. reported on 
the use of 5-ALA to guide brain tumor resections (108), 
and in 2017 the compound was approved for such use 
under the name Gleolan. In 2010, a different precursor to 
protoporphyrin IX, hexaminolevulinate was approved under 
the name Cysview to assist in bladder cancer resection(s). As 
a result, cystoscopes and endoscopes have been produced to 
image at these wavelengths. Robotic surgery was performed 
on prostate cancer patients using a protoporphyrin IX 
endoscope manufactured by Karl Storz to guide resection 
margins (109), based on data that prostate cancer cells 
selectively accumulated protoporphyrin IX (110). The 
investigators used the FDA-approved Tilepro® feature of 
the da Vinci Surgical System, which allows a “picture in 
picture” type window to be displayed below the white light 
endoscopic image. These procedures were performed on 
a da Vinci System that pre-dated Firefly fluorescence, so 
the protoporphyrin IX image was displayed within Tilepro, 
allowing the surgeon to view the fluorescence image in the 
proper frame of reference. Subsequent studies demonstrated 
poor sensitivity and specificity in prostate cancer, and 
enthusiasm for the compound waned (111). 

As more targeted compounds are developed for imaging 
nerves, tumors, and other structures, it is likely that multiple 
wavelengths will need to be incorporated into robotic 
platforms. As more agents and devices are evaluated by the 
FDA as new drug applications or for clearance, respectively, 
the path for approval becomes clearer (112-115).

Conclusions

The integration of Firefly® into the da Vinci Surgical 
System has facilitated robotic surgeons of all specialties to 
explore the potential value of fluorescence-guided surgery 
in their fields by allowing the acquisition of fluorescence 
imaging without disrupting their surgical workflow. While 
interesting findings have been published in nearly all 
surgical specialties regarding uses of fluorescence imaging, 

it has found greatest implementation in assessing colorectal 
perfusion, lymphatic mapping and visualizing hepatobiliary 
anatomy. The proliferation of laparoscopic and robotic 
endoscopes that easily co-register the white light and 
fluorescence image for use by the surgeon has helped to 
demonstrate a market for developers of targeted imaging 
agents, as the install base for these systems exceeds 10,000 
units worldwide. As more targeted agents progress through 
clinical trials and gain FDA approval, the prevalence of the 
fluorescence platform will increase.
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