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Abstract

Aim Transanal total mesorectal excision is a promising
novel sphincter-saving procedure for low rectal cancer.
However, the transanal bottom-up dissection is associ-
ated with increased rates of iatrogenic urethral injuries.
Near-infrared fluorescence (NIRF) imaging, given its
deeper tissue penetration, has been explored in a limited
number of studies for enhanced intra-operative urethral
visualization. In this study, we explored the feasibility of
a novel, ultrabright, biocompatible fluorescent polymer
to coat urinary catheters for the purpose of intra-opera-
tive urethral visualization.

Methods In an ev vivo experiment, using a near-infrared
laparoscope, the fluorescent signal of a coated catheter
(near-infrared coating of equipment, NICE) was qualita-
tively and quantitatively compared to the signal of indo-
cyanine green (ICG)/Instillagel® mixtures and ICG-filled
catheters at several concentrations. Also, in three male

human torsos, using fluorescent urinary catheters, NIRF-
guided perineal dissections and a transanal total mesorectal
excision were performed. Intra-operative NIRF-based ure-
thral visualization was performed systematically.

Results During the qualitative and quantitative fluores-
cence signal assessment, NICE-coated catheters were
clearly superior to the ICG-based solutions. In the
cadaveric experiments, enhanced urethral visualization
was possible even at early stages of dissection, when the
organ was covered by several tissue layers.

Conclusions NICE-coated  catheters  represent a
promising potential to allow for NIRFE-based intra-oper-
ative urethral visualization.

Keywords Fluorescene imaging, fluorescence imaging
guided surgery, near-infrared, urethra injury, transanal
surgery, colorectal cancer

Introduction

Tatrogenic urethral injury (IUI) is a severe complication,
historically rare in colorectal surgery and almost exclu-
sively involving patients undergoing abdominoperineal
resections [1].

Transanal total mesorectal excision (taTME) is a rela-
tively novel technique to treat middle and low rectal
cancer, aimed at sphincter preservation, despite deeply
located rectal lesions [2]. taTME comprises a transanal
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and a transabdominal phase, and the novelty of this
procedure is represented by the transanal bottom-up
dissection of the rectum, potentially allowing resection
of very low lesions [3,4]. However, given the reversed
surgical anatomical prospective, specific training is
required in order to identify the anatomical landmarks
safely, the identification of which is necessary to per-
form the dissection within the correct planes [5]. Since
the prostate and the urethra are adjacent during the
transanal phase, there is the risk of injuring both struc-
tures. Consequently, an increased IUI rate following
taTME has been reported in male patients [6,7]. There-
fore, a method allowing for an enhanced intra-operative
urethral identification could potentially reduce the risk
of TUI.
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Previously, several intra-operative urethral visualiza-
tion methods have been proposed [5] using light-emit-
ting catheters [8,9] or near-infrared fluorescence
(NIRF) imaging [10,11]. Near-infrared light offers
higher tissue penetration compared with visible wave-
lengths [12]. Consequently, an improved visualization
of underlying anatomical structures can be expected
using NIRF imaging. Additionally, NIRF imaging is
user-friendly and does not cause disruption to the pro-
gress of the operation. In particular, promising results
were reported by ‘clotting’ an indwelling catheter using
a mixture of indocyanine green (ICG) and silicone [11]
or instilling a mixture of ICG and lubricant gel directly
into the urethra [10]. However, a patent catheter is
necessary during surgery and the application of fluores-
cent gel into the urinary tract might result in a transi-
tory fluorescent signal and a potential fluorescence
pollution of the surgical field.

Our group developed a biocompatible fluorescent
coating, called NICE (near-infrared coating of equip-
ment). NICE is based on a specially designed dye-loaded
polymeric material which operates in the same spectral
range as ICG. However, it is much brighter [13,14].

In this work, the superior brightness of NICE over
ICG-based solutions is demonstrated 272 vitro.

Additionally, NIRF-guided surgery using NICE-
coated catheters inserted into the urethra of three male
human anatomical specimens is presented.

Analysis

Method

The NICE fluorescent coating was synthesized incorpo-
rating a biocompatible polymer, i.c. poly(methyl
methacrylate) (PMMA), to a specially engineered fluo-
rescent dye, exhibiting similar optical properties to
ICG. However, it is more efficient in terms of bright-
ness and stability [13,14]. The details of the chemical
composition of the NICE will be reported elsewhere.

Standard 16 French urinary catheters were coated by
means of direct immersion into the NICE and then left
to dry for 5 min. This process was repeated three times
before using the catheters.

A near-infrared laparoscopic camera (D-Light-P, Karl
Storz GmbH, Tuttlingen, Germany) was used during
all experiments. A summary of the ex vivo and human
anatomical specimen experiments is presented in the

video accompanying this paper.

Ex vivo experiment

The fluorescence signals of a syringe filled with 5 ml of
Instillagel® (CliniMed Limited, Loudwater, UK) mixed
with ICG (Infracyanine®, SERB, Paris, France) at dif-
ferent concentrations (2.5 mg/ml, 0.25 mg/ml and
0.025 mg/ml) were qualitatively assessed at different
distances (5 and 10 cm (Video S1). Successively, the
same qualitative analysis was performed using a 16

Figure | Ex vivo experiment: the fluorescence intensity emitted by an ICG-filled catheter is compared to the fluorescence of a

NICE-coated catheter, naked (left half of the panel) or after insertion within a porcine oesophagus (right half of the panel). The
images are shown in white light (RGB) (first row) and in NIR mode (central row). The bottom row shows the software-based fluo-

rescence quantification (in red); the region of interest is depicted, and the ICG reference card is shown in white.
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French urinary catheter filled with ICG at the same
concentrations mentioned above either entirely or only
within the balloon chamber.

The fluorescence intensity of the best performing solu-
tion (catheter filled entirely with 0.025 mg/ml of ICG)
was quantitatively compared to a NICE-coated catheter.
The quantification was performed using proprietary soft-
ware (ER-PERFUSION, IRCAD, Strasbourg, France),
which allows extrapolation of the absolute fluorescence
intensity values (in arbitrary units) pixel by pixel. Since the
measured fluorescence intensity is dependent strictly upon
the distance between the near-infrared light source and
the target object [15], an ICG reference card (Diagnostic
Green, Aschheim, Germany) exhibiting a constant fluores-
cent signal was used. The relative fluorescence was calcu-
lated as the ratio between the absolute fluorescence of the

region of interest and that of the reference card. The
quantitative analysis was performed both on the bare
catheters and after inserting them into a fresh porcine
oesophagus (Fig. 1), previously harvested from animals
used for training purposes.

Human anatomical specimen experiments

Three male human torsos were used for this experiment
(Video S1). The specimens were placed in the lithotomy
position and a 16 French NICE-coated catheter was
inserted retrogradely into the urethra. Due to benign
prostatic hyperplasia, complete insertion of the catheter
was impossible in two cadavers. Consequently, it was
chosen to perform only NIRF-guided perineal dissec-
tions in these specimens (Fig. 2).

Figure 2 NIRF-guided perineal dissection: several steps of the procedure are shown in chronological order. The RGB images (left)
with the corresponding NIR images (right) are displayed. In the early phases of the procedure (top), thick tissue layers cover the
urethra and only a slight fluorescence is visible. When the dissection advances ((a) to (d) direction), the fluorescence emitted by the
NICE catheter becomes more evident. However, the NIRF guidance was present throughout the dissection phases.
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The previous day, the third cadaver had undergone a
robot-assisted prostatectomy for training purposes.
Accordingly, it was possible to insert the NICE catheter
completely through the urethra into the bladder. This
specimen therefore underwent both a laparoscopy and a
taTME, using a transanal port (SILS™, Medtronic,
Watford, UK).

Results and discussion

The coating process of the catheters with NICE was
easy and reproducible, taking approximately 20 min.

The ICG/Instillagel® mixture and the ICG-filled
catheter balloon chamber showed no visible fluores-
cence at the qualitative analysis. The relative fluores-
cence of the entirely ICG-filled catheter (0.025 mg/ml
of ICG) and of the NICE-coated catheter was 0.3 a.u.
and 1.22 a.u. respectively. Once the catheters were
inserted into a porcine oesophagus, the relative fluores-
cence measured 0.28 a.u. for the ICG catheter and
1.11 a.u. for the NICE catheter.

The strong fluorescent signal of the NICE catheter
allowed for an enhanced visualization of the urethra
during perineal dissection by regularly switching the
camera mode to NIRF imaging. The NICE catheter
emitted a fluorescent signal, even in the carly stages
of the procedure when thick tissue layers covered the
urethra. In the last case, the urethra was clearly visible
during laparoscopy and during the transanal dissec-
tion.

Previously, several methods to identify the urethra
intra-operatively using NIRF imaging have been pro-
posed. Barnes ez al. successfully identified the urethra in
cadavers during perineal dissections and taTME proce-
dures, both by instilling an ICG/Instillagel® mixture
[11] and the preclinical IRDye 800BK® dye directly into
the urethra, or by placing a urinary catheter ‘clotted’
with a silicone/ICG mixture [10]. Despite the remark-
able results by the authors, it must be emphasized that
oncological colorectal procedures usually last several
hours and a patent urinary catheter is necessary to moni-
tor the patient’s urinary output, empty the bladder and
ensure an adequate bladder clearance. Hence, placing an
ICG/silicone-filled catheter is impractical. Additionally,
the application of a fluorescent gel or dye beside the
catheter might result in spillage from the urinary meatus,
with a consequent potential loss of the fluorescent signal.

Our study has several limitations, as it is a limited
sample-size feasibility study using cadaveric models. The
presence of benign prostatic hyperplasia impaired the
correct placement of the NICE catheter in two out of
three specimens. Consequently, it was chosen to per-
form a perineal urethral dissection instead of a taTME.

However, perineal dissection allowed us successfully to
demonstrate the enhanced urethral visualization. Addi-
tionally, NICE is currently undergoing approval for
clinical use, and as a result it is not yet available for
human procedures. However, NICE is a promising
technology, which provides enhanced intra-operative
urethral localization.
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Supporting Information

The video may be found in the online version of this

article and also on the Colorectal Disease Journal
YouTube and Vimeo channels:

Video S1. NICE coated catheter: in vitro and human
anatomical specimen applications.
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