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Abstract

Background: Iatrogenic ureteral injury is one of the feared complications during intrapelvic surgery. There are
limited data on the use of novel near-infrared fluorescence (NIRF) imaging dyes for the purpose of noninvasive
ureteral visualization in robot-assisted laparoscopic surgery (RALS). In this study, we evaluated the feasibility
of NIRF imaging of the ureter using the IRDye� 800BK dye as the fluorescence dye and a robotic platform with
Firefly� technology as an imaging system.
Materials and Methods: An intravenous dose of 0.15 mg/kg was administered in 3 pigs and NIRF imaging was
performed for a total duration of 60 minutes. The intraoperative video recordings were analyzed to determine
fluorescence intensities and the target-to-background ratio (TBR).
Results: In all included animals, a clear delineation of the ureter was achieved from 5 minutes after dye
administration until the end of the study. During this time period, the ureter was clearly distinguishable from its
surroundings and no statistical differences in TBR were observed.
Conclusion: The IRDye 800BK dye, a novel NIRF dye currently undergoing clinical translation, is a
promising contrast agent used for noninvasive ureteral imaging, which has the potential to be valuable during
RALS.
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Introduction

Robotic surgery has been extensively used in various
types of surgery, including intrapelvic surgery for uro-

logical, gynecologic, and colorectal diseases, and the cases
performed globally have rapidly increased for the past de-
cade.1 The benefits of robotic surgery include immersive
three-dimensional viewing, improved ergonomics, tremor
filtration and motion scaling, instrument articulation, and
enhanced dexterity with a stable endoscopic platform.2 These
advantages allow for an accurate approach even in a narrow
pelvic cavity. However, as for intraoperative complications
in rectal cancer surgery, the first multicenter randomized

controlled trial comparing robot-assisted laparoscopic sur-
gery (RALS) with conventional laparoscopic surgery (CLS)
for rectal cancer reported no significant difference between
RALS and CLS.3 During RALS, the surgeon lacks tactile
sensation and as a result, the surgeon must primarily rely on
visual cues.4,5

Ureteral injury is a complication of concern during in-
trapelvic surgery and the majority of iatrogenic ureteral
injuries are not recognized intraoperatively, which may lead
to severe morbidity and even mortality.6,7 In gynecologic
surgery, even when performed in robotic surgery, ureteral
injuries occur in 0.3% to 2.5% of patients undergoing
hysterectomy.8,9
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Near-infrared fluorescence (NIRF) imaging with preoper-
ative optical dye administration may improve the safety and
efficiency of intrapelvic surgery by visualizing the ureter.
There are several studies describing various fluorescent dyes
used to identify the ureters during surgery.10 Indocyanine
green (ICG), which is approved for clinical use, is considered
a potent NIR fluorophore. However, it is metabolized by the
liver and exclusively excreted in bile, and as such, it does not
facilitate the noninvasive visualization of the ureters.11

Several studies described intraurethral ICG injection, which
enhanced the intraoperative ureteral NIR visualization during
RALS.12–14

Methylene blue is another clinically available dye, which
was found feasible for ureteral NIR visualization in clinical
trials15–17 but did not prove its superiority over conventional
white light imaging in all cases studied.

A preclinical NIR fluorophore, the IRDye� 800CW dye,
is a fluorophore that is partly excreted in urine, which allows
for noninvasive NIR ureteral visualization.18–20 It has an
absorption and emission spectrum that overlaps with ICG,
and it is consequently compatible with existing NIR imag-
ing systems that have been studied in combination with
ICG. Tanaka et al.18 and Schols et al.19 first reported the use
of NIRF imaging with intravenous (IV) injection of IRDye
800CW for the successful visualization of the ureter in an
animal model. IRDye 800BK (nerindocianine sodium) is a
cheaper derivative of IRDye 800CW especially designed for
ureteral imaging, which has resulted in the successful NIR
visualization of the ureters21 and is currently under evalu-
ation for clinical translation in clinical trials (NCT03106038
and NCT03387410).

To date, unlike in laparoscopic surgery, there are limited
data on the use of novel dyes in RALS for the purpose of
noninvasive ureteral visualization. In this study, we evaluated
the feasibility of NIRF imaging of the ureter using IRDye
800BK as the fluorescence dye and a robotic platform with
Firefly� technology as an imaging system.

Materials and Methods

The study was performed at the Research Institute
against Digestive Cancer (IRCAD, France). Three female
pigs (Sus scrofa domesticus, ssp. Large White) with a
weight range comprised between 27 and 35 kg (mean:
30 kg) were included and managed according to the French
regulations for animal use and care and to the ARRIVE
guidelines.22 For ethical purposes, respecting the ‘‘3R’s’’
(Replace, Refine, Reduce) principles of animal research,23

we performed this study in pigs, which were used for ed-
ucational purposes for novel robotic surgeons without
imposing any urological or pelvic organ damage (ethical
protocol number 38.2019.01.124). Premedication con-
sisted of zolazepam and tiletamine 10 mg/kg intramuscular
(IM) (Zoletil ND, Virbac, France), and anesthesia was in-
duced using an IV injection of propofol 3 mg/kg (Propofol
Lipuro ND, B Braun, France) and rocuronium 0.8 mg/kg
(Esmeron ND, MSD, France), allowing for intubation and
mechanical ventilation. Sedation was maintained by means
of an inhalation of isoflurane 2% to 3% (Isoflurin ND,
Axience, France) and oxygen. Buprenorphine (Buprecare
ND, Axience, France) 0.01 mg/kg IM was used for anal-
gesia. At the end of the surgical procedure, pigs were

sacrificed under deep anesthesia (isoflurane 5%) with IV
injection of pentobarbital 40 mg/kg (Exagon ND, Axience,
France).

Preparation of the dyes

IRDye 800BK powder was diluted in a sterile phosphate-
buffered saline solution to a concentration of 1 mg/mL and
was injected intravenously at a concentration of 0.15 mg/kg
body weight.

Robotic surgical system

The da Vinci� Si surgical system (Intuitive Surgical, Inc.)
with Firefly technology was used. All procedures were dig-
itally recorded with the built-in recording equipment for
postoperative analysis.

Surgical procedure

The pigs were placed in a prone position and secured to
the operating table. Four trocars were inserted under lapa-
roscopic guidance and the arms of the da Vinci Si robot were
docked accordingly. NIRF imaging was recorded continu-
ously for a duration of 60 minutes after IV dye administra-
tion. The ureter was defined as ‘‘identified’’ with certainty
when a clear peristaltic contraction of the ureter with
transport of urine toward the bladder was visualized under
NIRF.

Analysis

The NIRF video recordings were analyzed after selecting
representative screenshots of the ureter after 5, 20, 40, and 60
minutes of dye administration, respectively.

With the GNU Image Manipulation Program (the GIMP
team, GIMP 2.8.10, www.gimp.org), the target (ureter) and
the background (peritoneum 1 cm lateral to the ureter) were
highlighted and corresponding fluorescence intensities (FI)
from these regions of interest were measured with the SciPy
Python data science module. Finally, fluorescence images
were analyzed by determining the target-to-background ratio
(TBR), which is defined as the mean FI of the target minus
the mean FI of the background divided by the mean FI of the
background, and corresponding graphs were made using
the GraphPad 8.3 software. One-way analysis of variance
(ANOVA) with Tukey’s multiple comparisons test and two-
way ANOVA with Sidak’s multiple comparison tests were
performed to calculate differences in continuous variables.
A two-tailed analysis with a P value <.05 was considered
statistically significant.

Results

In all 3 animals included, it was possible to clearly visu-
alize the ureters under NIRF imaging from 5 minutes after
dye administration until the end of the surgical procedure
(Fig. 1). Subjectively, the ureter became more distinguish-
able from its surroundings and reached its peak around 20
minutes after which the ureter remained clearly visible during
peristaltic contractions until the end of the procedure. There
was a positive TBR at all time points measured and there was
no statistical difference of the TBR value over time (Table 1
and Fig. 2).
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Another valuable finding observed in all included animals
was the clear visualization of bowel perfusion directly after
dye administration as shown in Figure 3.

No complications related to dye administrations occurred.

Discussion

In this study, we have successfully demonstrated the fea-
sibility of NIRF ureteral identification with IRDye 800BK
and the commercially available Firefly technology of the da
Vinci Si robotic surgical system in a pig model. This is an
essential finding adding a new potent fluorophore, currently
undergoing clinical translation, to the armamentarium of
robotic surgery. Unlike in CLS, only a limited number of
clinical and preclinical fluorophores have been successfully
explored for ureteral imaging with the da Vinci robotic sur-
gical systems.24,25

To prevent intraoperative ureteral injury, surgeons have
made an effort to visualize the ureter using various methods,

including preoperative ureteral stent insertion,26–28 lighted
ureteral stents,29 intraoperative cystoscopy,8,30,31 X-ray
fluoroscopy,32 and intraureteral ICG injection.11,12,14 These
procedures require additional interventions, which can be
both time-consuming and add extra costs to the surgical
procedure and they may also introduce an additional risk of
complications.

Although ICG is the most commonly used fluorophore for
intraoperative fluorescence imaging, it remains suboptimal
for ureteral imaging due to its exclusive hepatic clearance,
which prevents it to reach the ureter noninvasively. It,
therefore, requires an invasive procedure such as a cystos-
copy with ureteral cannulation to reach the ureter. This ne-
cessitates the introduction of other more potent fluorophores
for ureteral imaging. In a first-in-human experience in pa-
tients undergoing robotic hysterectomy, Farnam et al.25

demonstrated that the use of NIRF imaging is feasible with
IV injection of IS-001, a hydrophilic dye with a maximum

FIG. 1. Screenshot of the left ureter after 20 minutes of
dye administration.

Table 1. Summary of Study Characteristics

and Results

Pig number (total body weight,
dye concentration, total amount
of dye administered)

Time
(minutes) TBR

1 (35 kg, 0.15 mg/kg, 5.25 mg) 5a 0.81
20 0.71
40 1.31
60 0.83

2 (28 kg, 0.15 mg/kg, 4.20 mg) 5a 0.39
20 0.41
40 0.92
60 1.54

3 (27 kg, 0.15 mg/kg, 4.05 mg) 5a 0.61
20 0.65
40 1.98
60 2.13

aFirst certain ureteral visualization under near-infrared fluores-
cence imaging.

TBR, target-to-background ratio.

FIG. 2. The TBR over time, showing no significant dif-
ference between measured time points. ns, no statistical
significance; TBR, target-to-background ratio.

FIG. 3. Screenshot of an intestinal loop within 1 minute of
intravenous dye administration showing a clear intestinal
perfusion under NIRF. NIRF, near-infrared fluorescence.
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absorption at 790 nm and a maximum emission at 815 nm, for
the intraoperative visualization of the ureter. Another
promising fluorophore for enhanced ureteral visualization is
ZW-800-1, which has been explored in the clinical setting.24

The feasibility of IRDye 800BK for the intraoperative
visualization of the ureter has been previously demonstrated
in laparoscopic surgery in preclinical trials by our group.21,33

This dye is mainly cleared by the kidney, making it suit-
able for noninvasive intraoperative ureteral imaging. How-
ever, it is also partially cleared by the liver resulting in the
potential of NIRF bile duct imaging as we have demonstrated
earlier.33 In addition, in yet unpublished data, we successfully
demonstrated that it was possible to simultaneously visualize
the ureter, bile duct, bowel perfusion, lymph ducts, and
lymph nodes in the same surgical procedure.

Considering the speed of ureteral visualization under
NIRF, which occurred as soon as 5 minutes after dye ad-
ministration, it is clear that the dye can be administered in-
traoperatively without the need for an extension of the
duration of the operative procedure as is the case when
compared with ureteral stent insertion or intraureteral dye
administration, which is usually performed before the start of
the surgical procedure.

To compare the results of this study, we have retrieved
historical data from our previous studies with NIRF imaging of
the ureter with an NIR laparoscope (D-Light-P; KARL
STORZ, Germany). In 5 animals, a similar concentration of
0.15 mg/kg was administered and representative screenshots
of the video recordings were made after 20, 40, and 60 minutes
of dye administration. By using the same method of TBR
calculation as explained in this study, we found TBR values
that were not significantly different from our current findings
(Fig. 4). This suggests that this dye has an equally good per-
formance for ureteral visualization in both systems. However,
it is uncertain if these findings are all translatable to the clinical
setting. Since visceral fat in pigs is thinner and the ureteral
diameter is smaller than in humans,33 studies will be necessary
to confirm the applicability of this dye in the clinical setting.

Although this study describes a small sample size, being a
feasibility study aiming to serve as a proof of principle, only 3
pigs were deemed sufficient to demonstrate the feasibility of

intraoperative real-time ureteral imaging in combination with
the robotic system. A disadvantage lies in the fact that the
total duration of the surgical procedure was only 1 hour due to
logistic reasons. However, in our earlier studies, we have
demonstrated that it was possible to visualize the ureters until
at least 120 minutes after administration of a single bolus of
this dye.21,33

Although this study was performed in pigs that underwent
several surgical procedures, presenting possible hemody-
namic alterations, it was still possible to visualize the ureters
in all cases.

In this study, only one dye concentration (0.15 mg/kg) was
explored. In earlier studies, other doses were successfully
explored in laparoscopic surgery, suggesting that there is a
range of dye concentrations that results in successful ureteral
visualization and that further studies are required to identify
the most ideal concentration for the clinical setting.

Since this dye is currently undergoing clinical translation,
a clinical pilot study exploring the feasibility of this fluor-
ophore in RALS and CLS would be the next step to dem-
onstrate its clinical value for NIRF imaging.

Conclusion

In this study, we successfully demonstrated the feasibility
of the noninvasive intraoperative ureteral visualization of the
ureter in robotic surgery using the Firefly technology and the
NIRF dye IRDye 800BK. This dye, which is currently un-
dergoing clinical translation, is a potent and versatile dye,
which adds to the still limited amount of fluorescence dyes
explored in robotic surgery.
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