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Abstract 
[bookmark: OLE_LINK57][bookmark: OLE_LINK60][bookmark: OLE_LINK110][bookmark: OLE_LINK643][bookmark: OLE_LINK644][bookmark: OLE_LINK710][bookmark: OLE_LINK741][bookmark: OLE_LINK872][bookmark: OLE_LINK1028][bookmark: OLE_LINK292]During the last decade there has been a significant upward trend in colon and rectal minimally invasive surgery which can be attributed largely to the acceptance of robotic surgery platforms such as the da Vinci® robotic system. The fourth generation da Vinci® system, introduced in 2014, includes integrated table motion, intelligent laser targeted docking and more sophisticated instrumentation and imaging. These developments have enabled more surgeons to efficiently and safely perform multi-quadrant operations. Firefly® technology allows assessment of colon perfusion and identification of ureters, and has shown potential in detecting occult recurrence or metastasis using molecular-labelled tumor markers. Wristed instrumentation has increased the technical ease of intracorporeal anastomosis (ICA) for many surgeons, leading to more common use of ICA during right colectomy. Advanced imaging has shown potential to decrease the incidence of presacral nerve injury and improve urogenital outcomes after pelvic surgery, as has been the case in robotic urologic procedures. Finally, the robotic platform lends itself to surgical simulation for surgical trainees, as a pre-operative tool for mock operations and as an ongoing assessment tool for established colorectal surgeons. Given these advantages, surgeons should anticipate continued and increased utilization of this beneficial technology.
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INTRODUCTION
When compared to open surgery, minimally invasive surgery (MIS) for patients undergoing colon and rectal procedures offers numerous benefits, including shorter hospital length of stay, lower risk of wound complications, decreased post-operative pain and faster overall recovery[1-4]. During the last decade there has been a significant upward trend in colon and rectal MIS which can be attributed largely to the acceptance of robotic surgery platforms such as the da Vinci® robotic system, approved by the Federal Drug Administration in 2000. The da Vinci® platform offers a master-slave configuration, three-dimensional, high definition imaging controlled by the surgeon, wristed instrumentation with increased degrees of freedom, tremor dampening, and advanced imaging, energy and stapler technologies.
With the introduction of the fourth generation da Vinci® system in 2014 (first Xi, and then X and SP), robotic colon and rectal surgery volume further increased due to advancements which enable more efficiency and safety in multi-quadrant operations. Integrated table motion, intelligent laser targeted docking, and further advances in instrumentation and imaging (i.e., Firefly®) have all been important in the growth of robotic colon and rectal surgery procedures. The redesigned 8 mm endoscope allows for the camera to be inserted through any of the ports, which is critical to achieving multi-quadrant operations without the need for re-docking. In addition, integrated table motion allows for the patient to be repositioned without undocking or removing instruments. These advances with the newest generation platform have allowed a continued exponential increase in robotic surgery over the past five years. A 2014 multicenter study found a 1.5 fold increase in the use of MIS for patients with colon cancer and a 2.6 fold increase for rectal cancer from the years 2006-2010[5]. Currently in the United States, nearly 40% of all patients with colorectal cancer receive a minimally invasive approach[6].

DISCUSSION
Infrared light and indocyanine green
With the incorporation of robotics, there have been shifts in the practice of colon and rectal surgery by many surgeons, including more routine use of infrared light to assess vascular perfusion and increased utilization of intra-corporeal anastomosis. Additionally, recent studies suggest improved outcomes in regard to urogenital function after robotic pelvic surgery and improved oncologic dissections compared to laparoscopic or open procedures. Finally, dramatic advances in simulation are helping to change training and credentialing processes from volume-based to proficiency-based. 
[bookmark: OLE_LINK29][bookmark: OLE_LINK30]Anastomotic leak is one of the most dreaded complications in colorectal surgery for the patient and surgeon. Leak rates range in the literature from 3%-10%[7], with leaks thought most commonly due to poor perfusion, tension, unhealthy tissue, or technical error. Firefly® technology on the da Vinci® platform is an integrated fluorescence capability that uses near-infrared light to visualize tissue uptake of indocyanine green (ICG), allowing for real-time, image-guided identification of key landmarks during surgical procedures. Firefly® technology can be used for intraoperative perfusion assessment of bowel and particularly an anastomosis during colorectal surgery (Figure 1). For perfusion assessment, ICG (3-4 mg) is injected intravenously and should illuminate vessels in 60 s. Near infrared lighting has been studied previously with the Pin-point® laparoscopic system and has been found to alter surgical plan and decrease rates of anastomotic leaks[8]. A 2018 study demonstrated that the use of near-infrared technology and the Pin-point® system resulted in a reduction in anastomotic leak rates from 4% to 1.9%[9]. The PILLAR II trial demonstrated a change in the surgical plan in 8% of procedures with an anastomotic leak rate of 1.4%[10]. Yet to be worked out is a more data-driven approach when using Firefly®. Currently, surgeons evaluate perfusion in a subjective manner (“green” or “not green”) to determine if the desired structure illuminates. The amount of luminescence may be influenced by distance of camera from tissue, ejection fraction, density of tissue, and timing of assessment. Further studies are required to determine objective measurements of infrared illumination when using Firefly®. This approach has been studied previously for extracorporeal colorectal anastomosis with the SPY Elite® imaging system. Dinallo et al[11] used absolute values on a 0-256 gray scale to determine an objective measurement for anastomotic perfusion. Surgical resection was modified based upon low ICG values in 6% of patients with average ICG values in the teens. A 1% leak rate was seen in patients when Spy values ranged from 50-100, and no patient who had a change in resection site developed a leak[11]. Although there was no correlation between anastomotic leak and low SPY values, this quantitative ICG score served as an objective measurement for intraoperative anastomotic perfusion. 
Firefly® technology may also offer benefits during oncological resections, particularly in reference to sentinel lymph node mapping. A recent pilot study of thirty patients with stage I colon cancer demonstrated that submucosal injection of ICG aided in oncologic resection planning in 90% of patients as mesocolic lymph node illumination provided a more specific map for resection[12]. Another area being explored regards the utility of a carcinoembryonic antigen (CEA) specific antibody conjugated with a near-infrared emitting moiety to localize occult peritoneal metastasis or recurrence. In a study from the Netherlands, 26 patients with clinically suspected occult recurrence or peritoneal metastasis based on rising CEA levels were taken to the operating room for abdominal exploration. A dose of 10 mg ICG was given 4 d preoperatively and patients underwent planned open or laparoscopic procedures. Evidence of recurrent or metastatic disease was measured first by standard tactile and visual inspection, then by infrared fluorescence. Forty-three percent of patients had lesions detected only with fluorescence, leading to treatment alterations in 35% of patients[13].
Firefly® technology may provide added safety for patients undergoing colorectal surgery by reducing iatrogenic ureteral injuries. Currently, ureter identification during complex re-operative surgery, or in patients with bulky tumors or retroperitoneal phlegmon, often requires the use of ureteral stents. Ureteral stents, however, have been shown to increase the risk of urinary tract infections, hydronephrosis, and urinary retention while showing no appreciable ability to reduce iatrogenic ureteral injuries[14-16]. In addition, there is additional cost and increased operative time that must be considered. Firefly® technology allows for accurate identification of the ureters and, though the literature is still immature, studies by Siddighi et al[17] and Van Manen et al[18] demonstrated no associated complications. Larger studies are needed to determine the ability of Firefly®-aided ureteral identification in preventing iatrogenic ureteral injuries during complex or re-operative colorectal surgery.

Intracorporeal anastomosis
[bookmark: OLE_LINK31][bookmark: OLE_LINK32]Wristed instrumentation, a feature of the da Vinci system, appears to enable more surgeons to perform advanced intra-corporeal suturing, and thus intracorporeal anastomosis (ICA), specifically during right colectomy. Performing an ICA may lead to reduced manipulation of bowel, less mobilization of colon and less traction on the mesentery. Additionally, ICA affords more freedom to choose extraction sites that can be placed off midline and potentially lower the risk of incisional hernias[19,20]. In a retrospective study, Lujanet al[21] found significantly lower incisional hernia rates, smaller incisions and decreased conversion rates with robotic ICA when compared to laparoscopic extracorporeal anastomosis (ECA) for right colectomies. A recent meta-analysis found no difference in anastomotic leak rate or ileus, but did demonstrate decreased short-term morbidity and length of stay with ICA[22]. Pairisi et al[23] similarly found that ICA had better outcomes including shorter length of stay and faster time to flatus when compared to ECA. Others have not seen benefits with ICA. A recent study examined short- and long-term outcomes of ICA versus ECA and found no difference in perioperative mortality, overall survival, number of lymph nodes harvested, operative time, complications or estimated blood loss[24]. More long-term data is needed to clarify what, if any, advantages are gained by performing intra-corporeal anastomosis during colorectal surgery.

Urinary and sexual function
Performing rectal surgery with a robotic platform may decrease risks of urogenital dysfunction compared to laparoscopic or open surgery. Approximately 31% of patients experience temporary urogenital dysfunction and as many as 5% of patients suffer permanent bladder or sexual dysfunction after proctectomy[25]. Post-operative urogenital dysfunction is often due to iatrogenic injury to the hypogastric nerves during pelvic dissection[26]. The robotic platform offers precise visualization and fine instrument movement during pelvic dissection, perhaps leading to decreased nerve injury[27]. One recent meta-analysis demonstrated better sexual function at 3 mo and better bladder function at 12 mo in the robotic group compared to the laparoscopic group in patients undergoing total mesorectal excision (TME) for rectal cancer[28]. Mean urologic function scores post-operatively were superior in the robotic group in all categories except initiation and straining. Mean sexual function scores for the robotic group were superior in all domains over the laparoscopic group[28]. Panteleimonitis et al[29] demonstrated improved sexual and urogenital function in the robotic subgroup when comparing males undergoing robotic versus laparoscopic TME. Kim et al[30] found earlier recovery of normal voiding and sexual function after robotic TME compared to laparoscopic TME, with international prostate scores returning to baseline at 3 mo for the robotic group versus 6 mo for the laparoscopic group.
 
Oncologic dissection
Recent studies have demonstrated improved oncologic outcomes in regard to circumferential resection margins (CRM) with robotic TME. Xiong et al[31] reported a positive CRM after TME in 3.74% of patients undergoing robotic approach vs 5.78 % of patients undergoing a laparoscopic approach. Wang et al[6] similarly demonstrated decreased CRM positivity with robotic TME, as well as a lower conversion rate, lower EBL and shorter time to return of bowel function. Other authors have concluded little or no difference exists between robotic TME and laparoscopic TME. One recent randomized controlled trial demonstrated that TME quality, resection margins, number of harvested lymph nodes, morbidity and return of bowel function did not differ between robotic or laparoscopic approach. These authors did find post-operative sexual function to be superior in the robotic group[32]. Updated studies are needed to understand the true impact of the newer generation robotic platforms on TME quality and oncologic outcomes, as the majority of these studies were conducted on older generation da Vinci® systems. In addition, many of the meta-analyses available regarding robotic TME evaluate the same small number of patients in the literature which are based on studies that are retrospective and non-randomized.

Simulation
The robotic platform, through its master-slave configuration, digitalization of imaging, and software interface which can track kinetics, has also enabled a revolution in surgical simulation. Simulation exercises (whether done in a dry lab, in vivo, or via virtual reality) enable trainees to develop and hone skills that are directly transferrable to the operating room, and provide a record to track their progress. Volume-based learning is being replaced with proficiency-based learning, as metrics are used to measure progress rather than number of procedures or years in training. Bric et al[33] demonstrated that medical students with no prior robotic surgery experience progressed to proficiency on Fundamental Skills of Robotic Surgery with an average of 164.3 min of console time. Simulation has likewise proven useful for established surgeons as it allows easier assessment for re-credentialing purposes, provides advanced procedural-based training, and can function as a warm-up exercise prior to actual surgery[34]. A recent feasibility study used standard preoperative imaging and 3D reconstruction to generate surgical models of complex renal tumors in order to perform surgical rehearsals on the robotic platform. A subsequent comparison of resection times between the model and the actual tumor in a patient-specific manner found mean resection times between the model and patient to be equivalent. The study concluded that the robotic platform could be used as a feasible and realistic simulator for complex tumor anatomy[35].

Skills assessment
Finally, the robotic platform allows for continued assessment of robotic skills. This is most evident in a recent study involving Global Evaluative Assessment of Robotic Skills (GEARS). GEARS is a clinical assessment tool for robotic surgical skills that was developed and validated in an intraoperative environment. Modeled after the Global Operative Assessment of Laparoscopic Skills (GOALS), GEARS consists of six domains (depth perception, bimanual dexterity, efficiency, force sensitivity, autonomy, and robotic control) that are scored on a 5-point Likert scale with anchors at one, three, and five. Aghazadeh et al[36] validated the ability of GEARS to classify 47 surgeons as experts, intermediates or novices based on assessment of tasks in a porcine model.

CONCLUSION
The advent of the robotic platform has dramatically changed the surgical landscape across specialties, and the advancements in colorectal surgery are broad-ranging. Firefly® enables assessment of colon (and specifically anastomotic) perfusion, identification of ureters and potentially assessment of occult recurrence or metastasis using molecular-labelled tumor markers. Wristed instrumentation has increased the technical ease of ICA leading to more common use of ICA in many surgeons’ practices. Some studies suggest this may result in improved postoperative outcomes, including faster recovery times and decreased incisional hernia rates. Advanced imaging has the potential to decrease the incidence of nerve injury and improve urogenital outcomes after pelvic surgery, as has been the case in robotic urologic procedures. Additionally, the robotic platform lends itself to surgical simulation for surgical trainees, as a pre-operative tool for mock operations and as an ongoing assessment tool for established colorectal surgeons. Given these advantages, surgeons should anticipate continued and increased utilization of this beneficial technology.
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Figure 1 Intraoperative picture of integrated fluorescence using near-infrared light to
visualize tissue uptake of indocyanine green. A: Colon perfusion assessment after mesenteric vessel ligation, visualized with standard white light; B: Same area of colon assessed for perfusion after injection with indocyanine green, visualized with infrared light. Well-perfused tissue appears bright green. In both images, arrow points to area of demarcation. Above images obtained from Intuitive Surgical with permission for publication.
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