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Abstract
Background  Real-time stereotactic navigation for transanal total mesorectal excision has been demonstrated to be feasible 
in small pilot series using laparoscopic techniques. The possibility of real-time stereotactic navigation coupled with robotics 
has not been previously explored in a clinical setting.
Methods  After pre-clinical assessment, and configuration of a robotic-assisted navigational system, two patients with locally 
advanced rectal cancer were selected for enrollment into a pilot study designed to assess the feasibility of navigation cou-
pled with the robotic da Vinci Xi platform via TilePro interface. In one case, fluorescence-guided surgery was also used as 
an adjunct for structure localization, with local administration of indocyanine green into the ureters and at the tumor site.
Results  Each operation was successfully completed with a robotic-assisted approach; image-guided navigation provided 
computed accuracy of ± 4.5 to 4.6 mm. The principle limitation encountered was navigation signal dropout due to temporary 
loss of direct line-of-sight with the navigational system’s infrared camera. Subjectively, the aid of navigation assisted the 
operating surgeon in identifying critical anatomical planes. The combination of fluorescence with image-guided surgery 
further augmented the surgeon’s perception of the operative field.
Conclusions  The combination of stereotactic navigation and robotic surgery is feasible, although some limitations and tech-
nical challenges were observed. For complex surgery, the addition of navigation to robotics can improve surgical precision. 
This will likely represent the next step in the evolution of robotics and in the development of digital surgery.

Keywords  Digital surgery · TaTME · Rectal cancer · Robotic colorectal · Augmented reality · Da Vinci navigation · 
Stereotactic navigation · Image-guided surgery · Fluorescence-guided surgery

Introduction

Although utilized principally in the fields of neurological 
surgery, otolaryngology, and orthopedic surgery, frame-
less stereotactic navigation has been successfully applied 
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clinically for more than a quarter century [1–3]. The fea-
sibility of navigation for soft tissue anatomic targets such 
as the rectum has previously been described for transanal 
total mesorectal excision (taTME), whereby frameless 
stereotactic navigation was utilized to provide real-time 
position assessment during the transanal portion of the 
operation with considerable accuracy [4–8]. Such image-
guided surgery has also been employed to assist in the en 
bloc resection of pelvic neoplasia [9, 10]. In small studies, 
these novel approaches have been demonstrated to be both 
feasible and accurate, providing navigational accuracy of 
approximately ± 4 mm.

Over the past two decades, robotic soft tissue surgery 
including colorectal resection has been developed, refined, 
and even redefined [11, 12]. New applications have included 
robotic taTME [13–16]. The impetus for this has been to 
optimize the quality of surgery through improved access and 
precision [17, 18]. While a variety of innovative robotic plat-
forms lurk along the near horizon [19], the vast majority of 
robotic surgery experience has been gained using a single 
system – the da Vinci surgical system (Intuitive Surgical, 
Sunnyvale, CA, USA). A variety of ingenuous and quite 
innovative models using TilePro [20] have been developed, 
primarily in a pre-clinical setting, aimed at integrating 
augmented reality and image-guidance for non-colorectal 
applications [21–27]. Stereotactic navigation coupled with 
robotic surgery is a new concept, and we have recently 
described a protocol which could be feasible, although tech-
nically challenging [28]. Until now, an interface between 
real-time stereotactic navigation and da Vinci robotics has 
not been established due to a variety of technical factors and 
challenges. Here, the first human cases of robotic naviga-
tion are reported as applied to radical rectal cancer resec-
tion via both the abdominal and transanal approaches. The 
manuscript is supplemented with multimedia video content 
available online.

A construct for navigation in robotic surgery

A detailed approach to navigation for rectal cancer surgery 
has been described previously [4, 5, 7, 8], including pre-
clinical experimentation with the robotic platform [28]. This 
is only briefly reviewed here. Compulsory elements for live, 
real-time navigation include (a) an instrument tracker, (b) 
a fixed-point patient tracker, (c) body imaging performed 
with radio-opaque markers (fiducials), and (d) an infrared 
camera (which must maintain direct line-of-sight with both 
the patient and instrument trackers), and (e) specialized 
navigational software. When properly configured, a digital 
coordinate system representing digital space DS, (XDS, YDS, 
ZDS) corresponds to a coordinate system in real space RS, 
(XRS, YRS, XRS) with millimetric accuracy.

To perform navigation with the da Vinci Xi surgical sys-
tem, an instrument tracker (which can be sterilized, and 
which is configured with a reference array) is secured firmly 
with a screw and bracket to the robotic instrument shaft at 
its proximal end, near the instrument housing. The tracker 
includes the option of either three or four tracker spheres 
(i.e. reference array) that correlate RS with DS. The refer-
ence array must be able to rotate freely along the axis of the 
robotic instrument’s 8 mm shaft since the shaft rotates with 
wrist movements during master–slave operation, and during 
the initial instrument registration process upon inserting the 
instrument. The instrument tracker’s reference array must 
also maintain direct line-of-sight with a mounted infrared 
antenna for real-time tracking (Fig. 1). After a calibration 
process, the robotic instrument’s scissor tip relative to the 
tracker spheres is determined and thus the dissecting instru-
ment’s DS position is constantly known during operation.

Typically, the navigational map is either a digital com-
puted tomogram or data obtained from magnetic resonance 
imaging. Both formats can be used to construct a three-
dimensional (3D) rendering of the anatomy to be navigated, 
which can be manipulated in space, or using multi-planar 
rendering. For improved accuracy, it is recommended that 
body imaging is obtained immediately before surgery or, 
when possible, intraoperatively [4]. The imaging for navi-
gation is obtained with skin-fixed fiducials (objects placed 
in the field of view of an imaging system which appears 
in the image produced, for use as a point of reference or a 
measure). By determining the exact fiducial positions over-
lying the area to be navigated, the actual patient’s position 
in RS is known relative to DS, allowing for navigation to 
take place. This also requires a patient tracker, which, in 
this case, is bedrail mounted and which cannot move rela-
tive to the patient without disrupting the accuracy of the 
navigational data.

Preparation and pre‑clinical 
experimentation

Consecutive dry laboratory sessions were conducted uti-
lizing the da Vinci Robotic surgical system coupled with 
a commercially available navigational system (Stealth-
Station S8 surgical navigation system, Medtronic, Inc., 
Minneapolis, MN, USA). While the StealthStation S8 is 
designed primarily for neurological and spine surgery, the 
software can be configured to navigate alternate targets, 
including soft tissue organs (such as the rectum and meso-
rectum) and other fixed pelvic anatomy. However, for the 
purpose of system testing, a model of a human face was 
used. In this dry lab construct, a plastic model of a human 
head, which correlated to a 3D reconstructed magnetic 
resonance imaging (MRI). The aim of this pre-clinical 
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experiment was to test the feasibility of robotic surgery 
coupled with navigation. The navigational system and 
the robotic platform were interfaced via a digital HDMI 
connection and the TilePro feature allows viewing of 
navigational real-time data on the surgeon’s console, 
which could be interpreted together with the optical 
(stereoscopic) video. In this manner, a surgeon is able to 
interpret anatomy by video from a single vantage point 
simultaneously with a 3D reconstructed map viewable 
from any vantage point (Fig. 2). The computed accuracy 
achieved in pre-clinical testing was ± 3.4 mm. The digi-
tal interface between the robotic console allowed for a 
clear representation of the navigational map, with an un-
interrupted ability to assess scissor tip position. Accuracy 
was maximized when the scissor tip wrist was ‘straight’ 
reflecting its natural position.

Institutional review board approval was then obtained 
for a pilot study designed to assess the feasibility of 
robotic navigation for rectal cancer surgery in a clini-
cal setting. Specifically, robotic-assisted navigation for 
taTME and anterior resection were conducted.

Clinical case 1: Robotic taTME with navigation 
for rectal cancer

The patient was a 68-year-old female, body mass index 
(BMI) 19.2 kg/m2, who had presented with large bowel 
obstruction secondary to locally advanced, biopsy-proven 
adenocarcinoma of the distal one-third of the rectum. The 
patient had proximal diversion of the fecal stream with a 
transverse loop colostomy and appropriate staging, which 
revealed no evidence of metastatic disease. MRI showed a 
mid-rectal tumour, 4.9 cm in craniocaudal diameter, cT3N1, 
4.5 cm from the anal verge. The patient reveived long-course 
neoadjuvant treatment. The protocol consisted of 5-fluoro-
pyrimidine based chemotherapy (oral Capecitabine) with 
concurrent external beam radiotherapy to 50.4 Gy, adminis-
tered in 28 fractions. After a 10-week resting period, robotic 
taTME was performed with real-time stereotactic navigation 
(Fig. 3).

Immediately prior to surgery, 20 skin-fixed fiducials 
were placed over the lower pelvis in a curve-linear fashion 
from the anterior superior iliac spine bilaterally, overlying 

Fig. 1   Navigation in surgery requires specialized software, and spe-
cific hardware that must be properly configured prior to surgery. a A 
three-sphere reference array, or instrument tracker, has been secured 
to the shaft of an 8  mm Xi robotic scissor tip near to the housing. 
A special ‘pointer’ (blue with silver spheres) is used to calibrate 
the device and to ‘teach’ the system where the actual anatomy lies 
in three-dimensional space, which also requires the scan to be com-
pleted with skin-fixed fiducials. b An optional four-sphere refer-

ence array is secured to the robotic instrument shaft. c The bedrail 
mounted, adjustable four-sphere patient tracker provides a frame of 
reference for the patient’s position in space. After calibration, move-
ment of the patient is not possible without loss of navigational pre-
cision. d A specialized infrared camera must maintain direct line-of-
sight with the instrument being tracked (instrument tracker) and the 
patient tracker to maintain real-time navigation during robotic surgery
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the pubic symphysis, in a ‘bikini-like’ pattern (Fig. 4). 
Next, the patient underwent a rectal protocol MRI, and this 
scan was imputed into the StealthStation so as to construct 
a navigational map. The patient tracker was secured to the 
bedrail and a four-sphere instrument tracker was attached 
to the proximal end of the scissor tip. The instrument 
tracker was then calibrated, and a pointer was used to reg-
ister each of the skin fiducials (a process termed patient-
to-image registration), allowing the patient’s position in 
RS to correlate with the navigational map, DS (Fig. 5). The 

software minimum acceptable accuracy tolerance was set 
to ± 5 mm, and the actually computed navigational accu-
racy was computed to measure ± 4.5 mm. The sequence of 
surgery for this case was as follows: (a) diagnostic lapa-
roscopy was first performed to exclude distant metastatic 
disease, (b) robotic taTME with stereotactic navigation 
was next performed to the level of the peritoneal reflec-
tion (Fig. 6a, b), then, working with only a single team, (c) 
the left colon and splenic flexure was mobilized laparo-
scopically using the medial-to-lateral technique, including 

Fig. 2   Shown is the surgeon’s console view from the da Vinci Xi 
terminal. A plastic model of a human face (green) was used in this 
pre-clinical model for the purpose of assessing the feasibility and 
connectivity of navigation with robotics. Utilizing the TilePro feature, 
a second image is projected onto the console, which has been config-
ured to be viewed beneath the optical video feed. The 3D rendition of 

the actual plastic model is illustrated, and this can be manipulated to 
view any vantage point in digital space. The da Vinci scissor tip is the 
instrument being tracked and its trajectory and tip position is tracked 
in real-time (blue wand) during the process of navigation. Computed 
accuracy measured ± 3.4 mm during pre-clinical testing

Fig. 3   The general configuration is shown for two clinical cases com-
pleted with robotic-assisted surgery coupled with stereotactic navi-
gation. a Robotic taTME with the used of 3 robotic instruments. An 
overhead infrared  (IR) camera constantly determines the position of 
the instrument being tracked (robotic scissor tip) and where the data 

is displayed on LCD monitors and at the surgeon console. Direct line-
of-sight between patient tracker and IR camera, as well as the instru-
ment tracker and IR camera (red lines) are required. b The IR cam-
era tracks the position of the patient and instrument tracker during 
robotic-assisted TME (red lines denote line-of-sight)
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division of the inferior mesenteric vein and artery. Finally, 
(d) the mobilized specimen was extracted via a small pfan-
nensteil incision, resected extra-corporeally, and delivered 
back into the abdominopelvic cavity where a hand-sewn 
coloanal anastomosis was performed. Note that navigation 
was only utilized during portions of (b), during the critical 
points of the robotic taTME dissection.

During navigation, correlation between the visualized 
anatomy, RS, and the navigation map, DS, was observed 
allowing the operating surgeon to perform the resection 
under stereotactic guidance. The principle limitation for 
achieving navigation for robotic taTME was the loss of 
signal from the instrument tracker, as the tracker spheres, 
affixed to the spinning robotic instrument shaft, would rotate 
away from the infrared (IR) camera. To regain the signal, the 
surgeon would need to rotate the scissor tip until the signal 
was re-established and line-of-sight was thus restored. Fac-
tors increasing hindrance of line-of-sight also included the 
patient’s own anatomy, the bedside assistant, and the robotic 
drapes. The latter had to be specifically managed and tight-
ened along the robotic arm of the instrument being navigated 
to avoid encroachment, so that the tracker was able to rotate 
along the long axis unencumbered.

The resected specimen revealed an intact mesorectal 
envelope (TME complete), with negative distal and circum-
ferential margins; the tumor was consistent with a mucinous 
adenocarcinoma measuring 5.0 cm in diameter, with final 
stage ypT3N2b. There was no intraoperative or postopera-
tive morbidity and the patient’s postoperative course was 
unremarkable.

Clinical case 2: Robotic anterior resection 
with navigation and organic dye target localization 
for rectal cancer

The patient was a 36-year-old male, BMI 25.1 kg/m2, who 
was diagnosed with a locally advanced, biopsy-proven 

Fig. 4   Twenty skin-fixed fiducials were placed in a ‘bikini-like’ pat-
tern overlying the low pelvis. Body imaging used for navigation is 
performed with these radio-opaque markers which is important for 
the registration process that will correlate digital space (DS) with real 
space (RS). It is important that fiducials are placed near the target to 
be navigated and that they remain in the same fixed position as when 
the imaging was obtained

Fig. 5   Shown is a multi-planar 
(axial, coronal, and sagittal) 
images simultaneously depict-
ing the tracked instrument’s 
tip in real-time during rectal 
cancer surgery. The instru-
ment is represented by a blue 
wand, and the cross-hair point 
represents the tip’s actual 
position as dissection, in this 
example, proceeds in vivo along 
the mesorectal envelope. This 
information can then be trans-
lated to the surgeon’s console 
via TilePro for real-time robotic 
navigation



58	 Techniques in Coloproctology (2019) 23:53–63

1 3

moderately differentiated rectal adenocarcinoma. The 
lesion was positioned anteriorly near the peritoneal reflec-
tion. The patient received neoadjuvant treatment with oral 
capecitabine and concurrent external beam radiotherapy 
to 50.4 Gy administered in 26-fractions. After an 11-week 
resting period, robotic-assisted, site-specific TME was per-
formed using the da Vinci Xi robotic system in combination 
with stereotactic navigation. On post-treatment MRI, the 
distal extent of the tumor was 10.5 cm from the anal verge 
and 7.3 cm from the anorectal ring, straddling the perito-
neal reflection. The tumor measured 2.2 cm craniocaudally, 
staged as cT3N0.

Immediately before surgical resection, the patient had 
a navigation-protocoled MRI. As in the clinical case above, 
skin-fixed fiducials were placed over the lower pelvis in a 
bikini pattern. The advantage of placement of fiducials in 
this position are twofold. First, the fiducials directly overly 
the area to be navigated. Next, they are placed in a region 
that has little movement with either ventilation or abdominal 
cavity insufflation.

Data from the completed MRI scan was then uploaded 
into the navigational system, where software was used to 
render a 3D and multi-planar map of the area to be navi-
gated. The patient tracker was secured, and the instrument 
tracker was mounted to the robotic instrument and cali-
brated. Prior to dissection, bilateral ureteral of indocyanine 
green (ICG) (total of 2.5 ml per ureter) was injected ret-
rogradely via cystoscopy. A colonoscope was also used to 
inject ICG into the submucosal plane at the distal aspect of 
the lesion. In this manner, both ureters and the tumor could 
be localized during robotic stereotactic TME utilizing bio-
fluorescence and an infrared camera (FireFly™ Imaging for 
da Vinci, or the Stryker AIM 1588 Platform for fluorescence 
imaging) (Fig. 7). The navigational system was then tested 
with computed accuracy of ± 4.6 mm.

Fig. 6   a, b Robotic taTME with real-time stereotactic navigation is 
shown using the Xi robotic platform and TilePro, 3D video with cor-
relating navigational MRI map are displayed. a Right lateral dissec-
tion (mid-rectum) b surgeon’s view at the console during posterior 
dissection; cross-hairs reflect robotic scissor tip position

Fig. 7   A view of the pelvis 
prior to dissection and subse-
quent to application of ICG for 
ureteral and tumor localization. 
Immediately prior to surgery, 
ICG is infiltrated into the bilat-
eral ureters retrograde, while 
the tumor is injected in the 
submucosal plane via flexible 
endoscopy. Organic dyes can 
be used to localize structures of 
interest, providing the surgeon 
with an augmented understand-
ing of key anatomic structures
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In this case, the splenic flexure was mobilized laparo-
scopically (by surgeon preference). The left ureter was 
identified by fluorescence imaging. Once the flexure was 
released, the da Vinci Xi robotic cart was position for the 
anterior dissection. The dissection proceeded with the sur-
geon able to utilize stereotaxy, optical 3D video, infrared 
fluorescence for structure localization, either simultane-
ously or interchangeably. The TilePro feature allows for a 
size-customizable second viewing window which allowed 
the surgeon to optimize the console configuration to per-
sonal preference. As with robotic taTME with navigation, 
stereotaxy was used during the most critical portions of 
the operation, most notably, along the anterior dissection 
of the tumor which straddled the peritoneal reflection 
(Fig. 8). By utilizing navigation in combination with ICG 
for structure localization, the surgeon’s perception of the 
dissection plane was augmented (Fig. 9).

The resected specimen revealed a completely intact 
mesorectal envelope negative distal and circumferen-
tial margins; the tumor was consistent with a mucinous 
adenocarcinoma measuring 1.5 cm in diameter, with final 
stage ypT1N0. There was no intraoperative or postopera-
tive morbidity and the patient’s postoperative course was 
uneventful. Both cases 1 and 2 are detailed in the supple-
mental multimedia content available online.

Discussion

Frame-based navigation in surgery was introduced by 
Spiegel et  al. in 1947 [29], and subsequently, in 1986, 
Roberts et al. introduced frameless navigation [2], which 
remains the foundation of modern surgical navigation today. 
According to Willems et al. [30], navigation is essentially 
a 3D digitizer which correlates measurements to a refer-
ence data set, and whose objective is threefold: (a) to define 
a coordinate space for the imaging map, and also one for 
the surgical field, (b) to determine the special relationship 
between these coordinate spaces, and (c) present the surgeon 
with usable information determined from an understanding 
of this spatial relationship.

Although randomized controlled trials which examine 
outcomes with and without navigation during surgery are 
sparse [31], there is encouraging data to suggest its benefit. 
For example, in a study by Wirtz et al., 52 patients having 
radical resection of intracranial glioma with navigation was 
compared against matched historical controls performed 
without navigation [32]. The analysis revealed that the radi-
ologic radicality (based on postoperative MRI) was more 
likely to be achieved with navigation than without (31% vs. 
19%) and a trend towards prolonged survival with naviga-
tion was observed (13.4 vs. 11.1 months). Corroborating 
these findings, Kurimoto et al. examined more than a decade 
of surgical outcomes for adult patients with supratentorial 

Fig. 8   Console view of robotic-assisted, site-specific TME being per-
formed with real-time stereotactic guidance. The tattooed anterior 
rectal tumor straddles the reflection and is here being dissected free 

of the seminal vesicles and vas deferens along the proximal extent of 
Denonvilliers’ (retroprostatic) fascia
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malignant astrocytomas, with 42 of the 76 resections per-
formed with navigation [33]. The results demonstrated that 
the lesions were more likely to be completely removed with 
the aid of navigation (64.3% vs. 38.2%, p < 0.05), and that 
this translated in to a near doubling of median survival (16 
vs. 9 months).

While there are inherent limitations of transposi-
tion, these data suggest that a more precise and complete 
oncologic resection can be achieved with navigation, and 
that oncological completeness may, in turn, translate into 
improved clinical outcomes. In our quest for precision in 
rectal cancer surgery [34, 35], and as robotics in surgery 
becomes increasingly digitized, the next step in the evolu-
tion of robotics will likely encompass image-guided modules 
which will augment the surgeon’s understanding of complex 
anatomic structures [36]. This first-in-human pilot study 
is demonstrative of the potential for science to meld the 

mechanical-based advancements in surgical instrumentation 
with computer-based advancements in imaging and naviga-
tion, thereby rendering an enhanced operative environment.

In this pilot study, determining feasibility of naviga-
tion for rectal cancer surgery was the primary objective. 
Observed navigation accuracy measured < 5 mm and was 
calculated to be ± 4.5 mm to 4.6 mm during the periods in 
which navigation was utilized during the critical portions of 
surgery (i.e., dissection near the tumor). While both patients 
had adequate oncologic clearance of disease, no conclusion 
about the benefit or potential clinical value of navigation in 
robotics for rectal cancer surgery can be determined based 
on this feasibility study. In addition, although navigation 
coupled with robotics was here demonstrated to be possible, 
there were important limitations (Table 1). First, a technical 
limitation was encountered due to loss of sight between the 
instrument tracker and the infrared camera. This occurred 

Fig. 9   Using the da Vinci FireFly™ mode, the left ureter and tumor 
are localized, thereby delineating their relative position during sur-
gery. Simultaneously, real-time stereotactic navigation is used to cre-

ate an augmented operating environment. Here, the left lateral dissec-
tion, in close proximity to the tumor, is being performed

Table 1   Important limitations and challenges for robotic stereotactic navigation

1. Loss of line-of-sight with IR camera
 Drapes obscure line-of-sight

  Wrist movement of robotic scissor tip causes rotation of instrument tracker’s reference array away from the camera
2. Instrument’s natural tip motion away from the neutral position relative to the long axis results in inaccuracies in navigation
3. Patient tracker movement, or patient movement due to diaphragmatic excursion, insufflation, or sacral movement after calibration
4. Fiducial and patient tracker placement, if not overlying the area to be navigated, can result in diminished navigation accuracy
5. Mobilized structures are no longer reflected by the navigational map created prior to surgical dissection
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secondary to the rotation of the instrument shaft along the 
long axis which lead to loss of signal and a ‘drop out’ of 
real-time navigation. Additionally, direct line-of-sight 
was lost when the robotic disposable drape obscured one 
or more of the reference array’s tracker spheres from view 
of the infrared camera. Second, the robotic scissor tip was 
calibrated with the wrist in the neutral position. Thus, any 
degree of scissor tip motion away from 0° would result in 
an inherent loss in navigation accuracy. Third, any move-
ment of the patient anatomy in the region being navigated 
relative to the patient tracker would render the navigational 
map less precise, whereby DS ≠ RS. Importantly, the area to 
be navigated should remain in the same position during the 
registration process as when the preoperative imaging was 
obtained. Movement of the patient secondary to diaphrag-
matic excursion, hip flexion, and pneumatic insufflation all 
define real challenges for preserving the precision in naviga-
tional accuracy for minimally invasive rectal cancer surgery 
[7]. The final limitation of navigation is that once the ana-
tomic target has been mobilized, it is no longer represented 
by the anatomical (digitized) map used for navigation. While 
real-time ultrasound based navigation and electromagnetic 
organ tracking may provide a solution [37–39], their utility 
remains to be explored.

This research also examined the value of biofluorescence 
for structure localization, where anatomic targets (namely 
the primary tumor and the bilateral ureters) were identified. 
This represents a step toward the development of compre-
hensive and integrated surgical system which will include 
source data from a variety of inputs, thereby enhancing the 
surgeon’s perception of the surgical field during complex 
operations. Currently in the field of colorectal surgery, most 
clinical experience is with a single organic dye (namely, 
ICG) and the majority of experience stems from perfusion 
assessment of the conduit (especially with left-sided resec-
tions, including taTME) upon systemic delivery of the dye 
and subsequent infrared camera detection [40–43]. How-
ever, this and alternate organic dyes can be injected locally 
to delineate specific anatomic targets of interest [44–46]. 
Due to their unique translucency properties, biofluorescent 
dyes allow a surgeon to visualize deep structures and to see 
beyond white light, and thus beyond the surface of a surgi-
cal plane [47].

Fluorescence-guided surgery remains an area of ongo-
ing research, with very encouraging results for tumors that 
exhibit affinity for organic dyes [48]. Perhaps the best exam-
ple of this is 5-aminolevulinic acid (5-ALA), which when 
administered orally leads to intracellular accumulation of 
fluorescent porphyrins in malignant glioma cells. In a rand-
omized controlled multicenter phase III trial, fluorescence-
guided surgery with 5-ALA led to increased rates of tumor 
resection (65% vs. 36%), and a significantly higher progres-
sion free survival than tumors operated without fluorescent 

navigation (41% vs 21.1%) [49], with findings recently cor-
roborated by a 7-year study [50]. While an organic dyes 
specific to colon and rectal neoplasms has yet to be applied 
clinically, several investigators have begun to elucidate 
fluorescent markers which could someday provide clinical 
application similar to that observed with 5-ALA for glioma 
resection [51, 52], providing a gateway for tumor localiza-
tion of adenocarcinoma during colorectal surgery.

The advancements described herein, and developments 
described by others, are harbingers of a new era in surgery, 
where computer-assisted systems (including navigation) will 
be fused with minimally invasive and robotic instrumenta-
tion [19, 27, 36, 53–57]. Many refer to this as the digitization 
of surgery, or more simply digital surgery. Globally, this is a 
small step toward future development of comprehensive and 
integrated surgical systems which will include usable source 
data from a variety of inputs.
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