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KEY POINTS

e Designed 30 years ago for a neurosurgery biopsy, robotic surgery has revolutionized the field of

minimally invasive surgery.

e |t has recently been introduced into reconstructive surgery with burgeoning applications in

microsurgery.

e Robotic surgery combines properties of conventional microsurgery, endoscopic surgery, and tele-
surgery, making it an ideal platform for challenging microsurgery cases.
e We present the clinical applications of robotic microsurgery, highlighting its distinct advantages

over conventional microsurgery.

e \We outline the main limitations preventing its widespread use, and the salient research and educa-
tional projects aiming at overcoming these limitations.

The use of robotics in surgery has been on an expo-
nential increase over the last 10 years. With its
enhanced precision, greater degrees of freedom,
superior 3-dimensional vision, improved resolution,
and tremor elimination, robotic surgery has opened
a new era of minimally invasive procedures. Its use
has spread across various surgical specialties,
including plastic and reconstructive surgery, with
demonstrable efficacy and patient safety. One of
the most encouraging application of robotsin recon-
structive surgery is microsurgery. Microsurgery is a
unique field that requires the highest levels of preci-
sion for optimal outcomes and success rates. In no
surgical field is this level of precision more crucial

than in microsurgery. The advent of robotic surgery
and its unique features (including complete tremor
elimination and up to 5:1 motion scaling) has offered
microsurgeons “suprahuman” levels of precision. In
addition, with its high-definition 3-dimensional op-
tics and up to 10x magnification, robotics provide
a potentially ideal setup for performing the delicate
manipulations required in microsurgery. Its mini-
mally invasive possibilities also allow microsur-
geons to operate in confined spaces, obviating the
need for open, more morbid approaches, which in
turn can enhance functional outcomes. Finally,
owing advanced computerized imaging systems,
robotic surgery is able to incorporate additional
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visual guidance (fluorescence and near infrared im-
aging), which benefits cases that use navigation of
various types.

In view of all these strategic advantages over
conventional microsurgical, 3 main applications
of robotic microsurgery have been established:
(1) robotic microvascular surgery used principally
in transoral reconstruction, (2) robotic microneural
surgery used mainly in shoulder and brachial
plexus surgery, (3) robotic lymphaticovenous
bypass used for lymphedema surgery. In this pa-
per, we provide a critical appraisal of these 3 appli-
cations based on the literature and on our own
experience in the field. We also present new clinical
applications of robotic microsurgery in urology,
neurosurgery, ophthalmology, and otology, under-
scoring the versatility of this novel microsurgical
technology. Finally, we outline our curricular strat-
egy for an effective and tailored robotic microsur-
gical training that might propagate the use of this
new technology and further expand the boundaries
of microsurgery.

ROBOTIC MICROVASCULAR SURGERY

In 2010, the senior author reported his first series of
transoral robotic reconstruction of oropharyngeal
defects showing favorable results with good func-
tional outcomes." The first robotic microvascular
anastomosis was performed in this series, and
exemplified the distinct advantages of the robot
for microsurgery.? These included 100% tremor
elimination, motion scaling (up to 5:1), and the
possibility to work with full precision in confined
spaces. The facial artery (@ common recipient
artery in head and neck reconstruction) is difficult
to access, because it is sheltered by the mandib-
ular ramus, coursing obliquely beneath the
digastric and stylohyoid muscles. When a trache-
ostomy and ventilator tubing are also present, the
space available to perform the anastomosis may
be further restricted. The robot’s enhanced preci-
sion and superior visualization, as well as long
slender arms allow such anastomosis in confined
spaces to be performed more easily, and can
sometimes limit additional access incisions
(Fig. 1). Song and colleagues® also made use
of these key features of robotic surgery to perform
a microvascular anastomosis of a radial forearm
flap (recipient vessel: facial artery) to reconstruct
an oropharyngeal defect after resecting a tonsillar
tumor (T3 NO MO, stage lll). In this case, the
neck dissection was performed through a retroaur-
icular incision, which made conventional microsur-
gery very difficult to perform through that narrow
space.

ROBOTIC MICRONEURAL SURGERY

Despite great advances in techniques, satisfac-
tory functional recovery after peripheral nerve
repair is seldom achieved. Part of the problem
resides in the microimperfections of such a
delicate repair. An imprecise nerve coaption im-
pedes neuroregeneration. It is technically chal-
lenging to perfectly match the internal nerve
fascicles (an essential requirement emphasized
by Millesi*=) using standard microsurgical tech-
niques. Furthermore, it is equally important to
ensure gentle handling of the injured stumps
during the repair of the various layers of the
nerve. The benefits of robotic surgery over
conventional microsurgery (disappearance of
physiologic tremor, 3-dimensional vision, high
definition/magnification, superior ergonomics,
and amplification of surgeons’ dexterity) have
generated interest in microneural surgery. This
application in robotic microsurgery was pio-
neered by Livernaux’ who demonstrated the
feasibility of robotic microneural repair on fresh
nerves using either an anatomic (epiperineural
repair) or a neurotrophic technique (nerve
regrowth guide). These promising results allowed
the same group to perform robotic intraneural
microdissection of peripheral nerve tumors,
allowing them to identify of the fascicles with
greater accuracy and safety.®

Livernaux’s group also tested the robotic plat-
form in brachial plexus reconstruction.® The
brachial plexus is a complex anatomic environ-
ment composed of an intricate, weblike array of
nerves and multiple intertwined connections, all
of which pose challenges for dissection, expo-
sure, and coaptation. Traditionally, access to
the brachial plexus necessitated a long incision
with a considerable amount of dissection; this
has often resulted in substantial scarring and
adhesions, which compromised the quality of
repair and decrease functional outcomes. For
these reasons, closed injuries are frequently not
explored acutely and rather managed with
observation. This strategy however leads to a
delay of 3 to 6 months before exploration and
nerve repair, which might not only result in
denervation muscle atrophy, but might also
decrease the intrinsic ability of the nerve to
regenerate.’® Although endoscopic approaches
might alleviate the morbidity of early exploration
by reducing the incision size, the technique
does not allow meticulous nerve dissection and
finely tuned microneural repair. Because of the
ability to perform minimally invasive repair, ro-
botic microsurgery might facilitate early explora-
tion (Fig. 2).
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Fig. 1. Robotic microvascular surgery in transoral robotic reconstructive surgery. Transoral robotic reconstruction
requires a mouth retractor to set the interdental opening. The robotic endoscope and 2 robotic instrument arms
are introduced through the mouth and converge on the target oropharyngeal anatomy. External view (A) and
depiction of internal view (B) is shown. (C-F) Case presentation. A 75-year-old man presented with a history of right
neck metastatic squamous cell carcinoma. He was found to have a large recurrence. He underwent a pull-through
resection, leaving a defect that extended from the tip of the tongue to the epiglottis (C, view through the mouth; D,
the lateral pharyngotomy). The anterior inset was performed through the mouth by hand, because was the most
distal portion of the pharyngeal inset through the pharyngotomy. The remaining inset, unreachable through the
mouth or neck, was completed robotically (E). A second skin paddle was used to resurface the neck (F).
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Fig. 2. Robotic microneural surgery. Anatomic repair of a rat sciatic nerve using epiperineural 10-0 stich (A).
Result of the repair (B). Preparation of a robot-assisted endoscopic repair of the right supraclavicular brachial
plexus. Three trocars in place (C). Robot in place ready to operate; note that the stand of the robot is at the
head of the opposite side (D). (The black star shows the transplant model. The white star shows the C5 portion

upstream of the graft.)

Facca and colleagues'! presented their experi-
mental and clinical experience in robotic-assisted
surgery of the shoulder girdle and brachial plexus.
In their cadaveric studies, they were able to
dissect the supraclavicular brachial plexus and
adjacent anatomic structures (jugular vein, omo-
hyoid muscle, phrenic nerve, scalene muscles,
and nerve roots from C4 to C7). A complete
dissection and full exposure of the supraclavicular
portion of the brachial plexus was achieved suc-
cessfully. They were also able to graft a nerve
segment into an artificially created gap by per-
forming separate epineural and perineural repairs
with 10-0 nylon. Moreover, the robot demon-
strated feasibility in performing nerve transfers'213
and more recently in neurolysis (intercostal and
phrenic nerve harvest) for potential brachial plexus
reconstruction.’#1®

ROBOTIC LYMPHEDEMA SURGERY

The unique features of robotic surgery (ultrapreci-
sion and 100% tremor filtration) are currently be-
ing expanded to the field of supermicrosurgery,
specifically to lymphedema surgery. This is a

niche microsurgical discipline that requires
extraordinary levels of precision and tissue
handling. Lymphaticovenular bypasses are typi-
cally performed end-to-end using 11-0 or 12-
0 nylon sutures on a 50-um needle.’® These are
extremely technically challenging procedures,
and may exceed in certain cases the limits of hu-
man precision. The suprahuman precision
afforded by the robot, as well as it is superior pic-
ture clarity and advanced imaging system, can be
of great benefit in this setting.

The senior author has performed several lym-
phovenous bypass surgeries using the Da Vinci
robot and found it to be promising for this appli-
cation. In addition to tremor elimination, the ro-
botic visual system allowed rapid transitioning
between near-infrared laser vision and normal
bright field vision, which provided a dynamic
method for mapping the lymphatic vascular
network and visualizing indocyanine green
diffusion patterns. This allowed a better identifi-
cation of lymphatic insufficiency and pressure
gradients, which is key for lymphedema surgery.
Set up for robotic lymphatic microsurgery is
relatively straightforward. The robotic arms are
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placed at about 45° above the target anatomy
and in direct proximity to the external
incision (Fig. 3).

ROBOTIC MICROSURGERY INVADING OTHER
SPECIALTIES

New directions for robotic microsurgical appli-
cations are being explored in the fields of urol-
ogy, neurosurgery ophthalmology, and otology
(Fig. 4).

Urology

In urology, microsurgical applications include ro-
botic assisted vasoepididymostomy (for vasectomy
reversal), subinguinal varicocelectomy, denerva-
tion of the spermatic cord (for chronic orchalgia),
vasovasostomy (for bilateral vasal obstruction),
and testicular artery reanastomosis (in case iatro-
genic injuries occur).’”'°® Parekattil and Moran'®
presented their experience with these techniques
and concluded that the use of robotic assistance
in microsurgical vasovasostomy may have benefit
over conventional techniques in decreasing opera-
tive duration and significantly improving early
semen analysis measures. As for robotic-assisted
microsurgical subinguinal varicocelectomy, this
technique seems to be feasible, and there are po-
tential advantages in decreasing operative duration
and improving surgeon efficiency.?°

Neurosurgery

Although the use of endoscope-assisted micro-
surgery in brain surgery was not widely adopted
by neurosurgeons (owing to technical constraints),
the advent of robotic microsurgery with its
augmented reality, stereoendoscopy, and jointed-
wrist instruments may create a shift in neuro-
surgery toward minimally invasive neurosurgical

techniques.?” The University of Calgary, Canada
has recently built a new robotic platform (NeuroArm)
for microneurosurgery.?? Similar to the Da Vinci sys-
tem, NeuroArm is based on a “master—slave” control
in which commanded hand-controller movements
are replicated by the robot arms.?324 The manipu-
lator consists of 2 arms, each with has 8 degrees
of freedom, with end effectors that mimic a sur-
geon’s hand and interface with microinstruments.
The console provides visual, auditory, and tactile
feedback, creating an immersive environment for
the neurosurgeon. Furthermore, the robot is MRI
compatible, allowing real-time imaging during pro-
cedures to account for brain shift. The NeuroArm
was designed to perform standard techniques (bi-
opsy, microdissection, thermocoagulation, fine su-
turing), allowing procedures such as lesionectomy
and aneurysm clipping to be performed. Early re-
ports from the NeuroArm case series have been
promising,?? and further clinical studies are required
to determine the feasibility of integrating robotics
into the workflow of microneurosurgery.

Ophthalmology

Many robotic systems have been developed and
investigated to explore the potential of expanding
the capabilities of retinal microsurgery. These
include untethered microrobots (enabling suture-
less and precise ophthalmic procedures, like
targeted drug delivery and epiretinal membrane
peeling),2® and handheld robotic devices for micro-
surgery: “Micron,” afilter shown in an ex vivo exper-
iment to reduce unintentional motion yet preserving
intuitive eye-hand coordination®®; and “SMART,” a
microforceps shown in a biologic tissue model to
significantly improve targeted grasping and
peeling.?” Also, experiments were performed using
a “master—slave” teleoperated microsurgical sys-
tem for vitreoretinal surgery. This system was

Fig. 3. Robotic lymphovenous bypass. The robotic camera is positioned in the middle, and the 2 arms are on
either side of the forearm (A). A third arm with a “fine tissue forceps” attachment serves as a stationary assistant,
and the surgeon is able to toggle back and forth between arms 1 and 3, depending on which arm is being used to
position the vessel, and which is being used to suture. Black Diamond Micro Needle drivers (Intuitive Surgical)
replace the larger jawed needle drivers used during the inset, and a 9-0 nylon suture is used for the anastomosis.

Lymphovenous bypass completed (B).
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Fig. 4. Robotic microsurgery invading other fields. Urology: Robotic-assisted microsurgical vasectomy reversal.
(a) Main view from the camera system of the da Vinci robotic platform, (b) real-time image from the left side
with the andrology optical microscope (original magnification, x100), and (c) view from the right side with the
VITOM camera view for enhanced magnification. (A) Neurosurgery: NeuroArm (University of Calgary, Alberta,
Canada) is a MRI-computable master/slave system capable of several surgical tasks (B). Ophthalmology: Robotically
assisted pterygium surgery. Suture of the conjunctival graft: The graftis sutured to the edges of the excision area with
6 interrupted 8-0 polyglactin sutures and 2 Black Diamond Microforceps (C). Otology: RobOtol, a teleoperated
system for middle ear microsurgery. The surgeon uses a microscope and commands the robot with the haptic device,
a Phantom Omni (Sensable, Wilmington, MA); to avoid visual obstruction by the robot, a bulge is designed on

the tool (D).

conceived to provide micrometer accurate manipu-
lation within the eye,?®2° and demonstrated on a
pig’s eye experiment superior operability in micro-
cannulation of retinal vessels as compared with
the traditional manual procedure.° More recently,
the DaVinci Si HD robotic surgical system (Intuitive
Surgical; Sunnyvale, CA) was tested on freshly
enucleated pig eyes for pterygium surgery®! then
clinically on a 73-year-old patient (using Kenyon
technique, excision coupled with a conjunctival
autograft),>? and proved to be feasible for ocular
surface microsurgery, including dissection, exci-
sion, graft preparation, and graft suture using 8-
0 polyglactine sutures.

Otology

Middle ear surgery involves handling the smallest
and the most fragile bones of the human body and
hence requires microsurgical gestures with

submillimetric levels of precision. Outcomes of
these delicate operations may be improved with ro-
botic assistance.®® Recently, a teleoperated sys-
tem, RobOtol, was developed to enhance gesture
accuracy and handiness in microsurgical proced-
ures of the middle ear.®* The system was tested
virtually in 2 challenging procedures (stapedotomy
and stapedioplasty). The authors noted that robotic
microsurgery prevented involuntary movements on
the ossicular chain (which may result in severe dam-
age, including rupture of the incus-malleus joint or
incus luxation), while safely placing a prosthesis pis-
ton on the long process of the incus.

Limitations of Robotic Microsurgery

The current limitations of the robotic platform
for microsurgery are suboptimal optics of the
endoscope (as compared with the operating mi-
croscope), absence of standard microsurgical
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instruments, and lack of haptic feedback. These
differences can be overcome with better quality,
fixed distance lenses fitted to the stereoscopic
optical system of the robot. Also, more delicate
microsurgical robotic instruments are required,
which would bear greater resemblance to tradi-
tional microsurgical instruments and accommo-
date basic forms of haptic feedback. Only 1
study has assessed haptics objectively and
concluded it was not crucial to completing an
accurately tied knot with a microsurgical su-
ture.® Subjects tied knots and tightened them
with eyes open and closed with robotic assis-
tance. No difference in suture breakage and
poor tightening was observed.®® The senior au-
thor’s experience is that microsurgery is 90% vi-
sual, and most of what we imagine we are feeling,
we are actually seeing, and our brain is supplying
the illusion of sensation. The small amount of
haptic feedback that is real, however, is a very
important component and, at this time, consti-
tutes a barrier to robotics playing a more active
role in microsurgery.

Robotic Microsurgical Training

Considering the technical complexity of robotic
microsurgery and the consequences of failure,
systematic teaching modules and comprehensive
learning assessment tools are needed to ensure
appropriate training and safe use. Unlike many
other robotic versions of open procedures, ro-
botic microsurgery combines the same principles
as conventional microsurgery (for which a num-
ber of training modules already exist®®37) with
an additional skill set unique to the surgical robot.
To measure this mixture of skills and better eval-
uate trainees, the senior author created the Struc-
tured Assessment of Robotic Microsurgery
Skills.3® This evaluation system combines the
Structured Assessment of Microsurgical Skills
scoring system with other validated skill domains
pertaining specifically to robotic surgery.*® Micro-
surgical skills are assessed by 3 parameters (1,
dexterity; 2, visuospatial ability; and 3, operative
flow), and the robotic skills by 5 additional ones
(1, camera movement; 2, depth perception; 3,
wrist articulation; 4, atraumatic tissue handling;
and 5, atraumatic needle handling). Each param-
eter is scored from 1 to 5, with 1 being the worst
and 5 the best. The overall performance and over-
all skill level are also assessed independently.*®
The senior author applied this new robotic
microsurgical evaluation tool on surgeons with
varying levels of expertise (clinical fellows,
research fellows, and experienced microsur-
geons), and was able to plot the maturation

process of these skills.*® This new assessment
system was validated with excellent consistency
and high levels of interrater reliability. The authors
noticed improvement in all robotic microsurgical
skills and overall performance across our hetero-
geneous group of learners. There was an initial
steep increase in technical skills acquisition, then
followed by gradual improvement, and a steady
decrease in operative times.

In a prior study of conventional microsurgical
assessment data using the Structured Assess-
ment of Microsurgical Skills,*' moderately expe-
rienced subjects improved their skills through the
middle and upper range of scores.*’™*® By
contrast, in the robotic microsurgery study, sub-
jects with no prior experience in robotic micro-
surgery moved through all but the highest level
of Structured Assessment of Robotic Microsur-
gical Skills scores to achieve proficiency.*?=4°
Furthermore, all groups demonstrated an ability
to gain proficiency in robotic microsurgical anas-
tomosis with minimal robot-specific training,
indicating that the technical aspects of robotic
microsurgery can be gained by learners with no
prior microsurgery or robotic experience.*® Prior
experience with conventional microsurgery did,
however, improve the acquisition of robotic tech-
nical proficiency in certain areas (but was not
necessary).

SUMMARY

Robotic microsurgery is a growing discipline in ro-
botic surgery whose future and impact on multiple
disciplines is anticipated to be groundbreaking. It
has already found numerous clinical applications
in various microsurgical areas, and is allowing
procedures never possible before to be performed
with ease and certainty. It is currently experi-
encing rapid innovation with new robotic instru-
mentation that might enable tactile feedback,
real-time Doppler monitoring, hydrojet and fiber-
optic CO, laser dissection, and enhanced visual
acuity and optics.'® Equally important, it is also
trending toward customized education and curric-
ular design with individual assessment, targeted
feedback, and competency-based learning. All
these efforts will further increase its popularity,
facilitate its widespread use, and allow more com-
plex microsurgical procedures to be performed
pushing further the frontiers of microsurgery.
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