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Introduction

Colorectal cancer accounts for approximately 10% of all 
cancer incidences, being the third most common type of 
carcinoma worldwide (1). Among colorectal cancers, rectal 
cancer represents 28% of cases and it is the second most 
common form of cancer in terms of anatomical localization 
in the United States (2). Treatment algorithms depend 
on tumor stage at the time of diagnosis. According to 
locoregional staging, patients are allocated to appropriate 
treatment strategies, including choice of neoadjuvant 
therapy and extent of surgery (3). From a surgical 
perspective, the approach may vary considerably in terms of 
invasiveness. It might range from local endoscopic removal 
in early stages to radical surgical resections (either open or 
laparoscopic or robotically assisted approaches) for more 
advanced cancers, following oncological principles including 
removal of the pertinent lymph node basin.

Precision medicine aims at generating knowledge and 
optimizing treatment strategies taking into account the 
individual variability (4). Advanced imaging is one of the 
fundamentals of the ongoing precision medicine revolution (5).

The concept of precision image-guided surgery is 
emerging as a potential strategy to improve the quality of 
oncological resections and to reduce the risks of iatrogenic 
injuries (6-10).

During the past few decades, numerous imaging 
technologies have been developed, producing increasingly 
accurate images of the human body. Traditional macroscopic 
imaging techniques such as computed tomography (CT), 
magnetic resonance imaging (MRI), and ultrasound help to 
provide anatomical information (11) and they are used in 
combination with endoscopy for diagnosis and staging in 
rectal cancer (3).

However, the intraoperative use of conventional CT 
or MRI as a guidance tool applied to minimally invasive 
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surgery is challenging. Both require a bulky equipment 
and impact the OR workflow negatively. They also 
require ionizing radiations (CT) or a strong magnetic 
field (MRI) with repercussions on the OR design. Those 
structural limitations have been somehow overcome using 
technological and technical solutions in order to virtually 
transfer the imaging information to the OR. By using 
software manipulations of the DICOM images to build a 
virtual clone of the patient, the enhanced anatomical and/or  
functional information can be displayed directly to the 
surgeon on the operative field, with the concepts of virtual 
and augmented reality (12-19). And yet, despite promising 
results and ongoing research efforts to provide meaningful, 
real-time and accurate augmented reality guidance, those 
methods still remain at an experimental stage in soft tissue 
surgery.

Fluorescence image-guided surgery (FIGS) is a relatively 
emerging optical surgical navigation modality, which seems 
currently more adapted to the OR environment than 
traditional imaging techniques. FIGS is based on the use of 
near-infrared (NIR) light sources to illuminate the operative 
field so that an excitation photon reaches the intravenously 
or locally injected fluorescent contrast agent, which in 
turn emits a fluorescence signal (20). The fluorescent 
signal can be either visualized directly on the operative 
field in open surgical procedures, or it can be captured by 
means of specific cameras and displayed on the screen in 
the minimally invasive setting. FIGS-enabling hardware 
is portable and easy to handle. Additionally, the enhanced 
information provided to the surgeon is displayed in real 
time, without interfering with the surgical workflow (21),  
turning FIGS into an appealing intraoperative tool.

FIGS is being increasingly applied in a variety of 
clinical conditions, in a transdisciplinary fashion. The 
most common current applications of FIGS applicable to 
digestive surgery include fluorescence cholangiography to 
visualize the biliary tree anatomy (12,22-27), fluorescence 
lymphography to study the lymph node status (28,29), and 
fluorescence angiography (FA) to estimate visceral organ 
perfusion (30).

A very innovative and potential landmark application 
of FIGS in surgical oncology is defined as molecular 
fluorescence imaging and is based on the administration 
of cancer-specific fluorophores. This precision imaging 
modality is still at its embryonic state. However, preliminary 
results are promising to improve intraoperative tumor 
detection, staging, and resection (31,32).

In the present overview, we will outline the potential role 

of FIGS applied to rectal oncological surgery, in order to 
address some of the most important issues, including:

(I) Evaluation of anastomotic perfusion in order to 
potentially reduce the risk of complications such as 
leakage or stricture;

(II) Prevention of complications by sparing critical 
adjacent structures, especially ureters, urethra, and 
nerves;

(III) Improvement in intraoperative staging by 
highlighting the draining lymphatics and sentinel 
lymph nodes (SLNs), in order to perform the so-
called ultra-staging;

(IV) Improvement in radical  tumor removal by 
selectively highlighting tumor tissue;

(V) Enhancement in diagnostic endoscopic work-up 
for early detection of pre-cancerous and cancerous 
lesions.

FIGS has the potential to address all of these tasks as 
it is increasingly covered in the scientific literature. FIGS 
enables accurate real-time evaluation of bowel perfusion. 
It allows to visualize the draining lymphatics, providing 
intraoperative mapping and sentinel node identification 
to tailor the optimal oncological resection. By means of 
fluorescent accentuation of critical structures, facilitated 
intraoperative identification helps to prevent inadvertent 
injuries. Cancer-specific fluorescent molecules allow to 
precisely evaluate radical tumor removal and to estimate 
the surgical margins. Fluorescence-enhanced endoscopy 
coupled with targeted tumor-specific fluorophores might 
improve the diagnostic yield.

Preventing anastomotic complications by 
optimizing anastomotic perfusion

Colorectal anastomotic leakage (AL) occurs with an 
incidence of up to 19%, entailing increased morbidity, 
mortality, and worsened oncological outcomes (33). Rectal 
anastomoses are at a higher risk for anastomotic leaks as 
compared to colonic anastomoses. In addition to increased 
local recurrence and lower long-term survival rates, AL 
leads to a considerable economic burden (34).

An accurate intraoperative evaluation of peri-anastomotic 
gastrointestinal tract perfusion is an essential step to reduce 
the risk of anastomotic complications such as leakage 
or strictures. It has been shown that increased collateral 
circulation, which could improve inadequate anastomotic 
perfusion, is unlikely to develop during the first five 
postoperative days (35). As a result, anastomotic perfusion 
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has to be assessed intraoperatively. As an indication of bowel 
viability and perfusion, the surgeon uses subjective estimates 
such as serosa surface color, presence of peristalsis, pulsation 
of mesenteric arteries, and bleeding from the site of bowel 
transection. This clinical evaluation has been shown to have 
a low predictive value for AL only (36).

FA is investigated as a means to estimate bowel 
perfusion and to potentially reduce the risk of anastomotic 
complications (37). FA provides an enhanced visualization 
of visceral perfusion, since, upon systemic injection of 
indocyanine green (ICG), the dye is supposed to reach and 
highlight vascularized areas only using fluorescence.

The majority of commercially available ICG comes in form 
of powder to be diluted in distilled water (25 mg in 10 mL,  
for a final concentration of 2.5 mg/mL). The dosing of 
ICG in this application varies widely according to the 
different studies and ranges generally from 0.2–0.5 mg/kg.  
The timing of ICG administration to obtain FA is also 
variable: some authors have reported to inject before the 
anastomosis and others after the anastomosis has been 
completed.

In December 2017, Blanco-Colino et al. have published 
the most up-to-date systematic review and meta-analysis 
on the efficacy of FA to reduce the risk of AL in colorectal 
surgery. The authors could include 5 non-randomized trials 
(4 retrospective and 1 prospective) and 1,302 patients, in 
which FA was compared to clinical evaluation.

Taking into account the globally low level of evidence 
and the bias caused by the lack of well-designed studies, FA 
seemed to have a significantly positive impact, particularly 
in rectal cancer resections (30). Based on data including 
554 cases of rectal cancer surgery, the authors of the meta-
analysis have reported a reduction in the AL rate with the 
use of FA when compared to standard clinical evaluation.

Most studies on intraoperative FA were performed 
qualitatively, based on a subjective evaluation of fluorescence 
intensity as a surrogate marker of perfusion. However, 
fluorescence intensity is not a reliable metrics since there 
are some issues to consider with the current setting.

First, fluorescence intensity is inversely related to the 
distance between light source and target (38). In other 
words, one could obtain a relatively strong fluorescent 
signal in a poorly vascularized area, which is interrogated 
via a NIR light with the camera placed very close to it and, 
conversely, one could have a mild fluorescent signal from a 
vascularized area which is observed from far away.

Secondly, the ICG is a small molecule, which can diffuse 
via capillary flow over time, out of the boundaries of 

ischemic zones. This phenomenon can lead to a qualitative 
overestimation of the perfused zone, when such estimation 
is solely based on the presence of a fluorescent signal.

Thirdly, in case of multiple injections in the same patient, 
residual fluorescence influences the subsequent evaluations, 
with a reduced signal-to-background ratio.

Taking into account those issues, there is a need for a 
more reliable and quantitative evaluation of the fluorescence 
signal, allowing for reproducibility between cases and 
contributing to obtain homogeneous data across centers.

We have recently reported a computer-assisted method 
of analyzing the dynamics of the ICG fluorescence signal 
(17,38-41). The software allows to create a perfusion 
cartography with a color code representing the slope of 
the time-to-peak, pixel by pixel. Superimposing perfusion 
cartography onto real-time laparoscopic images then creates 
the so-called fluorescence-based enhanced reality (FLER) 
(Figure 1). The accuracy of the FLER analysis has been 
demonstrated in a series of experimental studies (17,38-41)  
and it is currently confirmed in the clinical setting 
(NCT02626091).

Wada et al. have used a similar algorithm to obtain a 
virtual perfusion cartography and evaluate the fluorescence 
signal during rectal surgery. In their series, including 52 
low and 13 high anterior resections, the authors used 
perfusion cartography but without a direct overlay on real-
time images, in a side-by-side observation. FA allowed the 
authors to revise the initially planned transection line in a 
total of 14 cases (42).

Preventing functional complications via 
enhanced visualization of critical structures: 
ureters, urethra, nerves

Ureters

The occurrence of iatrogenic ureteral injuries is relatively 
rare during abdominal or pelvic surgery (43). An increased 
incidence was observed in laparoscopic colorectal 
procedures when compared to open surgery (44), with a 
reported incidence of 0.66% (laparoscopic approach) vs. 
0.15% (open surgery) (43).

Most ureteral  injuries are only detected in the 
postoperative course, entailing severe to life-threatening 
complications such as intra-abdominal sepsis, urinary 
fistulas, renal failure, and loss of the ipsilateral kidney (44).  
The intraoperative identification of ureteral injury and 
immediate repair contribute to reduce complications 
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and loss of renal function (43). Consequently, enhanced 
visualization of the ureteral course is required for the 
prevention of iatrogenic lesions as well as the early detection 
of ureteral injury during surgery.

Prophylactic ureteral stenting is effective in open colorectal 
surgery allowing for tactile ureteral localization (45).  
Nevertheless, it is a matter of controversy. Risk assessment 
necessitates that the risk of injury be weighed during stent 
placement (approximately 1.1%) against the aid brought 
in ureteral identification in high risk situations such as 
adhesions related to prior pelvic surgery or inflammatory 
processes (43).

In laparoscopic and robotic surgery, the reduced 
tactile feedback requires direct visualization of the ureters 
rather than palpation of the catheters as in open surgery. 
Additionally, the emerging approach of minimally invasive 
taTME entails an uncommon view of the anatomy and it is 
therefore a good candidate for enhanced reality to prevent 
ureteral injuries (46).

Lighted stents were used to provide visual identification 
in laparoscopic procedures (45,47). A fluorescent dye-coated 
ureteral stent would be ideal for FIGS.

Fluorescence imaging has the potential to provide non-
invasive real-time intraoperative ureteral visualization. In 
a preclinical setting, systemic injection of fluorescein was 
shown to provide fluorescent ureteral identification (48). In 
a recent clinical study, fluorescein was administered to assess 

ureteral patency resulting in stained urinary excretion (49).  
However, the clinical application in intraoperative ureteral 
visualization using fluorescein is still pending. The 
fluorescent dye IRDye800CW-CA resulted in ureteral 
identification using a standard laparoscopic camera system 
in an animal model (50).

The current state-of-the-art in clinical experience 
is limited to intravenous methylene blue injection and 
retrograde ICG injection into the ureter. Since there is 
no urinary excretion of ICG, it can only be used via direct 
retrograde ureteral injection to visualize the ureters.

The intravenous administration of methylene blue 
resulted in the fluorescent visualization of the left ureter 
in several studies (44,51,52). The ureter was previously 
exposed in open lower abdominal surgery in one study (51).  
In laparoscopic colorectal surgery, Yeung et al. could 
visualize the ureter without surgical exposure in a small 
series of 6 patients (53). In another laparoscopic study, the 
endoscopic camera needed to be close to the ureter since 
signal intensity was too weak to provide a clear clinical 
advantage over a white light mode, where the ureter was 
equally visible (52).

Retrograde ureteral ICG injection was reported to be 
effective in visualizing the ureters during robotic sacral 
colpopexy, with fluorescence intensity depending on the 
depth of the ureter from the peritoneal surface (54). Robot-
assisted ureteral reconstructions were facilitated with 

Figure 1 Computer-assisted evaluation of fluorescence signal in bowel perfusion. (A) dynamic evolution of fluorescence intensity and 
analysis of the slope of the time-to-peak translation of fluorescence intensity over time into a color code and perfusion cartography; (B) 
laparoscopic view and augmented reality image showing bowel perfusion with a color code, in a low anterior resection case.
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ureteral ICG injection, contributing to a rapid and accurate 
identification of the ureter and to a precise localization of 
ureteral stricture margins (55).

Urethra

A risk of urethral injury occurs with the technique of 
abdominoperineal resection (APR) for ultralow rectal 
cancers, and it is not observed with sphincter-preserving 
approaches (56). Again, fluorescence guidance has the 
potential to decrease the risk of inadvertent injury as it 
aided in urethral identification. In a proof-of-principle 
study to localize the male urethra during taTME in 
cadaveric models, direct infiltration of the urethra with ICG 
resulted in a fluorescence signal staining the urethra in all 
eight cases. Fluorescence intensity was markedly superior 
to an aqueous ICG solution due to ICG binding to the 
urothelium. Fluorescent signal emission penetrated through 
the overlaying muscles, allowing for visualization at a depth 
of 2 to 4 cm via a perineal incision (57).

Nerves

Nerve injury during colorectal surgery may bring about 
disturbed urogenital, pelvic floor, and anal sphincter 
function, resulting in a reduced quality of life. Currently, 
there are no clinically approved real-time nerve-imaging 
techniques available for intraoperative guidance. As a result, 
surgeons can only rely on their anatomical knowledge 
and nerve gross appearance so far. Nerve-specific, non-
toxic fluorophores would help with fluorescence-guided 
identification and preservation of the nerves in the 
surgical field. At present, no fluorescent dye to selectively 
label nerves has been approved. Encouraging preclinical 
demonstrations of enhanced nerve visibility under 
fluorescence guidance were provided using a systemic 
injection of various myelin-binding fluorophores (58-62). 
Recently, direct nerve-specific fluorophore administration 
was reported to facilitate nerve fluorescence imaging in an 
animal model, providing a potential alternative to systemic 
injection (63).

Accurate intraoperative staging: lymphatics detection

Lymph node metastatic involvement is the single best 
predictor of patient survival and it requires adjuvant 
chemotherapy as a complement to surgical therapy (64).

By definition, the SLN is the first lymph node which 

receives lymphatic drainage from a primary tumor. A 
tumor-free SLN suggests the absence of pathology also in 
downstream lymph nodes. The concept of SLN is certainly 
relevant in melanoma or breast surgery, in which nodal 
metastatic involvement determines the extent of surgical 
resection.

When applied to rectal cancer surgery, the concept 
of SLN does not seem to be relevant since it does 
not influence the surgical strategy, which requires the 
removal of the primary tumor together with the whole 
mesorectum. Nevertheless, intraoperative SLN navigation 
could lead to an ultra-staging, detecting nodal micro-
metastatic involvement, usually missed out during a 
standard pathological examination, which would change the 
therapeutic strategy for the patient (65). Additionally, the 
concept of SLN could potentially gain relevance with the 
increasing number of organ-sparing, localized procedures, 
such as endoscopic submucosal dissections (ESDs) or 
limited full-thickness resections, which can be considered 
oncologically safe only if lymph nodes are not involved (66).

Intraoperative sentinel node detection can be achieved by 
means of peritumoral injection of a dye (generally a blue dye) 
combined or not with gamma ray emitting radiotracers (65).  
However, blue dyes cannot be easily visualized through 
adipose tissue and localization of radiotracers accumulated 
in the nodes with the γ-probe is not achieved in real time 
and requires a nuclear medicine setting.

ICG NIR fluorescence-guided SLN navigation is a 
relatively novel and effective technique which has been 
successfully used in various kinds of tumors (67), including 
colorectal cancers (28,29), showing variable detection and 
sensitivity rates.

NIR lymphography by means of peritumoral injection of 
ICG has some advantages over any blue dye method since 
the light at the NIR wavelength provides a deeper tissue 
penetration.

The ICG concentration reported in the trials varies 
from 2.5 to 5 mg/mL and most of the authors have applied 
1–4 mL per neoplastic site, generally 3–5 minutes prior to 
visualization (29).

However, ICG is not a good molecule for SLN 
navigation since it is a rapidly diffusing molecule with a low 
molecular weight (68-70).

A promising strategy, which also considers that ICG is 
one of the few fluorophores approved for clinical use, yet 
still off-label in this application, is to combine ICG with 
large molecules (e.g., albumin or nano-colloids), in order to 
improve retention in the lymph nodes (71-74).
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Another strategy to improve sensitivity and specificity is 
the dual tracer method, combining vital dyes and radiotracers 
(75,76). This method makes up for the limitations of vital dyes 
(fast diffusion and limited in-depth visualization) and for the 
limitations of radiotracers [low spatial resolution and high 
background scattering at the site of peritumoral injection (77)].

Alternatively, as put forward by Kim et al., a mixture 
of ICG and Lipiodol™ can be injected endoscopically 
and a CT-scan lymphography can be performed to obtain 
anatomical SLN mapping which can be complemented with 
intraoperative fluorescence-based navigation (78).

Precise radical removal of cancer tissue and 
improved diagnostic accuracy

The main objective in oncology surgery is the radical 
removal of cancerous tissue in order to reduce the 
recurrence rate and to increase tumor-free survival.

Tumor involvement at the resection margins is the most 
important predictor of tumor recurrence (79).

However, surgery is currently limited by the need of wide 
removal of healthy tissue in order to ensure negative margins, 
which might lead, especially in case of ultralow anterior 
resection, to functional deficits and might also increase the 
risks of complications. Alternatively, frozen sections may be 
used to control surgical margins. However, they are time-
consuming and they require considerable human resources.

The administration of a tumor-specific antibody, which 
fluoresces in the NIR ranges and which could be univocally 
recognized at tumor cell level, could well provide a rapid 
and accurate evaluation of radical tumor removal (80).

In a pioneer paper, the first-in-human use of tumor-
specific fluorophores targeting folate receptors, was 
reported in a case of peritoneal carcinomatosis of ovarian 
origin (31). Thanks to this molecular fluorescence guidance, 
authors could effectively remove 34 intraperitoneal implants 
which were invisible at the naked eye. This landmark proof-
of-the-concept has demonstrated the potential impact of 
intraoperative molecular fluorescence imaging.

In the context of precision surgery, the development of 
tumor-specific fluorescent probes has made remarkable 
advances over recent years, with an increasing number 
of targeted probes developed and promising pre-clinical 
and clinical proofs-of-the-concept of early-stage cancer 
detection and precise tumor resection (31,81-89).

Of particular interest is the strategy of a fluorophore 
(IRDye800) with monoclonal antibodies (e.g., the anti-
VEGF antibody Bevacizumab used as a complement 

in some chemotherapy protocols). The bevacizumab-
IRDye800CW is used in a series of applications pertinent 
to GI cancers, including peritoneal carcinomatosis of 
colorectal origin (90) with very promising results in terms 
of specificity and negative predictive value.

Trials are underway (also at our Institute of Image-
Guided Surgery, Strasbourg), to determine the impact of 
molecular fluorescence not only on the radical surgical 
removal of rectal tumors but also using organ-sparing 
techniques, including ESD and full-thickness resections. 
Additionally, we are planning to assess the use of molecular 
fluorescence in the decision algorithm of a “watch-and-wait 
approach” in patients presenting with a complete response 
after a neoadjuvant radiochemotherapy for rectal cancer.

From the diagnostic standpoint, the working hypothesis 
is similar. Targeted molecular fluorescence might help to 
decrease the missing rate of colorectal adenomas. In fact, 
despite the introduction of several innovations, including 
mechanical tools and advanced imaging technologies, a 
missing rate of approximately 10% still occurs (91). Molecular 
fluorescence endoscopy targeting VEGF seems promising to 
achieve a more accurate detection of colorectal polyps (92).

The particular case of transanal total 
mesorectal excision (taTME)

TaTME is an emerging promising approach to rectal 
resection, which comes up with new challenges. An analysis 
of the first 720 cases from the international taTME 
registry suggests that taTME is an oncologically safe and 
effective technique with acceptable short-term oncological 
outcomes (93). The complex technique involves challenges 
in identifying the correct plane due to an unfamiliar view of 
the target anatomy, with reported pelvic bleeding, visceral 
or urethral injuries during dissection (94). To overcome 
these challenges and improve safety and acceptance of this 
technique, image guidance using fluorescence and virtual 
reality navigation have been suggested (46).

As previously mentioned, fluorescence guidance could well 
enhance the visualization of the male urethra during taTME 
with direct ICG injection (57). Very interestingly, Dapri et al.  
reported the use of peritumoral ICG injection to enhance 
visualization of the plane of dissection in taTME (95).

Conclusions

Fluorescence guidance applied to rectal surgery, although 
still under experimental evaluation, seems a promising tool 
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to tackle a series of challenges, including the evaluation 
of the anastomotic perfusion, the visualization of critical 
structures (ureters, urethra, nerves), and the optimization of 
oncological outcomes by improving radical cancer removal.
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