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Abstract Background The concept of robotic microsurgery is becoming increasingly known as
several robotic systems tailored to the specific needs of microsurgery are being introduced.
Training with these devices is essential to draw conclusions about their potential clinical
utility. This study describes the training and learning curve of experienced microsurgeons
andcompletenovicesusing sucha robotic surgical system incombinationwithanexoscope.
Methods Four experienced microsurgeons and three complete novices performed a
total of 62 manual and robot-assisted anastomoses. The time for anastomosis
completion and surgeon’s satisfaction with the anastomosis and with the robotic
system were recorded. The anastomoses’ quality was assessed using the Structured
Assessment of Microsurgery Skills (SAMS) and the Anastomosis Lapse Index (ALI). The
Rapid Entire Body Assessment (REBA) was used for ergonomics evaluation.
Results All expert microsurgeons and novices improved their performance during
training. The average anastomosis time decreased significantly, while satisfaction with
the anastomosis and robotic system increased significantly over time. Multiple SAMS
score parameters increased significantly throughout robotic but not manual training
and the ALI score demonstrated more errors in the manual group. The REBA score
displayed a significantly lower risk for musculoskeletal disorders in the robotic group.
Conclusion Currently, the first clinical applications of robotic surgical systems
specifically designed for microsurgery are being reported. The introduction of such
systems into clinical practice can be expected to have a steep learning curve, as
demonstrated in our study. Meanwhile, robotic systems for microsurgical procedures
may hold great potential for improvement of surgical quality and ergonomics.
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Robot-assisted surgery has evolved over the past decades and
has become part of routine clinical practice in many disci-
plines. In plastic surgery, its application has been attempted
to decrease donor site morbidity through less invasive
latissimus dorsi and deep inferior epigastric perforator flap
harvest using da Vinci multiport and single-port systems.1–4

Several groups are performing robotic-assisted mastecto-
mies with immediate implant-based reconstruction5–8 or
with immediate manual microsurgical reconstruction.9,10

Currently, robotic assistance is also gaining momentum in
the field of microsurgery as several robotic systems tailored
for microsurgery are being certified for clinical use in Europe
and first clinical outcomes are being reported.11,12 The main
features of such systems for improvement of microsurgical
performance are motion scaling and tremor elimination,
while being configured for open microsurgery. The only
currently commercially available system, the Symani by
MMI (Pisa, Italy), additionally offers wristed microsurgical
and supermicrosurgical instruments, adding distal motion
axes for an improved range of motion compared with con-
ventional microsurgical instruments. As this system is oper-
ated by a telemetric control, the combination with an
exoscope or robotic microscope potentially offers improved
ergonomics for themicrosurgeon.13 Trainingwith devices for
robotic assistance is essential to draw conclusions about
their potential clinical utility in microsurgical applications.
Therefore, this study describes the training of experienced
microsurgeons and complete novices in microsurgery and
their respective learning curves using such a combination of
a robotic microsurgical system with an exoscope.

Methods

Setup
Microsurgical training was performed at the microsurgery
laboratory of our clinic. The Symani system (MMI) was used

to perform robot-assisted microsurgical anastomoses. The
Symani system offers wristed microsurgical and supermi-
crosurgical instruments, motion scaling between 7� and
20� , tremor filtration, and an increased range of motion
through additional distal motion axes. The surgeon is seated
on a highly ergonomic chair and operates the system via
forceps-like wired controllers in his/her hands that can be
moved and rotated freely in an ergonomic position. All
movements are transferred to two robotic slave arms with
high precision and in real time. The operating unit can be
flexibly positioned above the desired operating field.

In this study, the use of the Symani was combinedwith an
ORBEYE exoscope (Olympus, Tokyo, Japan) to ultimately
benefit from the ergonomic advantages of both systems.
The slim robotic camera arm can be located precisely in
the desired position and the images are depicted on two
light-emitting diode screens in 4K-three-dimensional (3D)
quality. 3D glasses were supplied to the operating team and
the procedures were recorded in 4K-3D quality for further
video analyses. During the performance of microsurgical
procedures, the Symani operating unit and the ORBEYE
camera were positioned right next to the operating table,
leaving enough space for an assistant surgeon and surgical
nurse, if required. When combining the two systems, the
operating surgeon was discharged from the operating table
and seated in a comfortable position (see ►Fig. 1A,B, show-
ing the setup in the operating room). Manual anastomoses
were performed using conventional microsurgical instru-
ments (S&T, Switzerland) and the ORBEYE exoscope.

Study Population
Four experienced microsurgeons with extensive experience
in free flap reconstruction and three complete novices
(medical students), which never had performed an anasto-
mosis prior to this study, participated in the robotic and
manual microsurgical training. To be included in this study,

Fig. 1 Illustration of the surgical setup. (A) Photograph of the operating room showing the positioning of two surgeons, the microsurgical
robot, and the exoscope (red). The main surgeon is seated ergonomically and discharged from the operating table. The microsurgical
robot is operated via hand-held controllers and a foot pedal. An assistant surgeon is seated at the surgical site operating manually. Both surgeons
are wearing three-dimensional (3D) glasses enabling 4K-3D vision of the operating area on a large and small screen, recorded by the
exoscope. (B) Schematic top view of the surgical setup.
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novices had to attest that no previous microsurgical training
was performed, ensuring equal preconditions for robot-
assisted and manual procedures. Participants received a
systematic introduction into the use of the utilized robotic
systems and medical students were additionally introduced
into thebasic principles ofmicrosurgical suturing techniques
and anastomoses. Each experienced microsurgeon per-
formed 5 robot-assisted microvascular end-to-end anasto-
moses on 2.0-mm diameter silicone vessels (WetLab, Japan)
with 8 stitches of 8–0 sutures (BEAR Medic Corporation,
Japan), followed by 3 end-to-end anastomoses on 1.0-mm
diameter silicone vessels (WetLab) with 6 stitches of 10–0
sutures (BEAR Medic Corporation). Each novice alternately
performed 5 manual and 5 robot-assisted anastomoses on
2.0-mm diameter silicone vessels with 8 stitches of 9–0
sutures (BEAR Medic Corporation). Silicone vessels were
stabilized with a microvascular clamp on a foam platform.
Exoscope magnification and Symani motion scaling factor
were up to the participants’ choice.

Data Collection and Processing
During each microvascular anastomosis, the time to com-
plete the anastomosis was recorded. After finishing each
anastomosis, participants had to fill out a questionnaire
evaluating their subjective satisfactionwith the anastomosis
and satisfaction with the Symani system performance on a
numeric rating scale from 1 to 10 (10 representing the best
rating). Experienced microsurgeons further evaluated the
performance of the ORBEYE exoscope compared with a
conventional microscope after their first and fifth procedure
using a modified questionnaire of Will et al14 regarding the
following aspects: team interaction and communication,
freedom of movement, back and neck tenderness, intra-
operative tremor, muscle fatigue, optical detail, microsurgi-
cal handling, depth and 3D structure visualization, operative
comfort, and overall satisfaction (1¼ significantly worse,
2¼worse, 3¼ equal, 4¼better, 5¼ significantly better).

To analyze microsurgical skills, the last anastomosis per-
formed on 2.0 and 1.0mm vessels by experienced micro-
surgeons and the first and last anastomosis performed on
2.0mm vessels by novices was videorecorded. Deidentified
and blinded videos were evaluated by an experiencedmicro-
surgeon according to a modified version of the Structured
Assessment of Microsurgery Skills (SAMS) by van Mulken
et al.15,16 Themodified SAMS evaluates dexterity (steadiness,
instrument handling, tissue handling), visuospatial ability
(suture placement, knot technique), and operative flow
(steps, motion, speed) on a numeric rating scale from 1 to
5 (5 representing excellent skills). Additionally, amean score,
overall performance, and indicative skill were determined.

To further evaluate the quality of microvascular anasto-
moses, the Anastomosis Lapse Index (ALI) was applied. The
last manual and robot-assisted anastomosis performed by
novices was cut longitudinally and photographed from the
inside. Deidentified and blinded photographs were analyzed
by a reviewer to identify the total number and specific types
of errors, that were previously described by Ghanem at al
(anastomosis line disruption, backwall or sidewall catch,

oblique stitch causingdistortion, bite leading to tissue infold-
ment, partial thickness stitch, unequal distancing of sutures,
visible tear in vessel wall, strangulation of tissue edges,
thread in lumen, large edge overlap).17

Posture analysis was performed using the Rapid Entire
Body Assessment (REBA) approach.18 Novices were photo-
graphed from the side when performing their last manual
and robot-assisted anastomosis, followed by standardized
analysis of neck, trunk, leg, upper arm, lower arm, and wrist
position andcalculationof the total REBA score, also taking the
load, coupling score, and activity score into consideration.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism
software version 6.0 (GraphPad Software Inc., USA). In all
plots and bar charts, dots represent individual values with
arithmetic mean and standard deviation or standard error of
the mean as indicated. Statistical significance was assessed
for anastomosis time, subjective satisfaction, SAMS scores,
ALI scores, and REBA scores using a two-way analysis of
variance test (repeated measures with matched values,
corrected for multiple comparisons with Tukey and Sidak
test, 95% confidence interval). p-Values of less than 0.05were
considered statistically significant.

Results

Assessment of Surgical Time and Subjective
Satisfaction
Experienced microsurgeons performed five 2-mm diameter
anastomoses followed by three 1-mmdiameter anastomoses
on artificial vessels with the microsurgical robot. Novices
alternately performed five manual and five robot-assisted
2-mm diameter anastomoses on artificial vessels. The surgi-
cal time needed to complete each anastomosis was tracked
and participants evaluated their satisfaction with each anas-
tomosis and the Symani system performance on a scale from
1 (minimum) to 10 (maximum).

The mean time for robot-assisted anastomoses of experts
significantly decreased from 44 to 20.5minutes on 2-mm
diameter vessels and from 19 to 14.5minutes on 1-mm
diameter vessels (►Fig. 2A). Novices also showed a significant
decrease in mean surgical time from 62 to 36minutes when
performing robot-assisted anastomoses and a decrease from
44 to 30minutes when performing manual anastomoses
(►Fig. 2B). Furthermore, there was no significant difference
between mean anastomosis time of the final robot-assisted
and manual anastomosis performed by novices.

Consistent with a significant reduction of the anastomosis
time, experts’ mean subjective satisfaction with the anasto-
mosis significantly increased from 6 to 8 points on 2-mm
vessels andwas constantly at a high level of 8 points on 1-mm
vessels (►Fig. 2C). Novices’ mean satisfaction with the anas-
tomosis increased even more from 2 to 7 points when using
the microsurgical robot and from 3 to 7 points when per-
forming manual anastomoses, both being significant
(►Fig. 2D). Experts’ mean satisfaction with the Symani
performance was constantly at a high level between 8 and
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9points on 2- and1-mmvessels (►Fig. 2E) and novices’mean
satisfaction with the Symani performance significantly
increased from 5 to 8 points (►Fig. 2F). Overall, the data
show a significant improvement of surgical time and satis-
faction with the outcome upon robotic and manual micro-
surgical training. Even though manual anastomoses were
performed faster than robotic anastomoses in the beginning
by novices, the steep learning curve of robot-assisted anas-
tomoses led to comparable results at the end of the training.

Microsurgical Skills and Anastomosis Quality
To objectively analyze the acquisition of microsurgical skills,
the final robot-assisted anastomosis of experts on 2- and
1-mm vessels and the first and fifth manual and robot-
assisted anastomosis of novices on 2-mm vessels were
videorecorded (►Fig. 3A,B). An experienced microsurgeon

evaluated the performance in a blinded fashion according to
a modified version of the SAMS.15

Experienced microsurgeons demonstrated proficient
skills on 2- and 1-mm vessels with mean SAMS evaluations
ranging from 3.75 (motion) to 5 (steadiness) depending on
the respective category (►Fig. 3C). Remarkably, no signifi-
cant differences were detectable when comparing the per-
formance on 2- and 1-mm vessels. However, apart from
“tissue handling,” the mean SAMS evaluation of each catego-
ry even appeared to be slightly higher on smaller vessels.
Novices consistently showed lower SAMS scores than experts
when performing manual and robot-assisted anastomoses.
Nevertheless, they clearly improved their skills throughout
the training (►Fig. 3D). While the SAMS scores of manual
anastomoses only increased slightly, a strong increase was
detectable comparing the first and fifth robot-assisted

Fig. 2 Time for anastomosis and subjective outcome measures. Experienced microsurgeons (n¼ 4) performed five 2-mm diameter and
subsequently three 1-mm diameter robot-assisted anastomoses on artificial vessels. Novices (n¼ 3) alternately performed five manual and five
robot-assisted anastomoses on artificial 2-mm diameter vessels. (A) Scatter plot depicts the time in minutes experts and (B) novices
needed to complete each anastomosis. (C) After each anastomosis experts and (D) novices evaluated their subjective satisfaction with the
anastomosis on a scale from 1 (minimum) to 10 (maximum). (E) The subjective satisfaction with the Symani performance was
evaluated by experts and (F) novices likewise. Dots represent individual values with mean and standard deviation (ns, statistically not significant;
�p< 0.05; ��p< 0.01).
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anastomosis. Moreover, apart from “suture placement,”
“steps,” and “speed,” microsurgical skill evaluation showed
significantly better results in the final robot-assisted com-
pared with the final manual anastomosis.

To further evaluate anastomosis quality, novices’ final
anastomoses were photographed from the luminal side
and the ALI was applied (►Fig. 4A,B). Out of 10 previously
classified distinct error types,17 “backwall or sidewall catch,”

Fig. 3 Structured Assessment of Microsurgery Skills (SAMS). The performance of microsurgical anastomoses was videorecorded, and
microsurgical skills were evaluated in a blinded fashion by an experienced microsurgeon according to a modified version of the SAMS score.
Representative images of a manual (A) and robot-assisted (B) procedure are depicted. (C) The SAMS score was evaluated for the final
robot-assisted anastomosis performed by experts on 2- and 1-mm diameter vessels (n¼ 4). (D) SAMS scores for novices were assessed upon
performance of the first and fifth manual and robot-assisted anastomosis, to analyze the learning process (n¼ 3). Bar charts represent
mean scores with standard error of the mean (s.e.m.) of individual SAMS categories and summative assessments. Asterisks indicate significant
results comparing the fifth manual and fifth robot-assisted anastomosis performed by novices (�p< 0.05; ��p< 0.01).

Fig. 4 Anastomosis Lapse Index (ALI). The fifth manual and robot-assisted anastomosis performed by novices was cut longitudinally to assess the
ALI, quantifying the anastomosis quality (n¼ 3). Representative luminal images of manual (A) and robot-assisted anastomoses (B) are
depicted. (C) Bar chart represents the total number of each classified error type upon all three manual and robot-assisted anastomoses. Mean
errors per anastomosis were calculated with standard deviation.
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“bite leading to tissue infoldment,” “unequal distancing of
sutures,” “visible tear in vessel wall,” “strangulation of tissue
edges,” and “large edge overlap” occurred more often upon
manual anastomoses (►Fig. 4C). On the other hand, “oblique
stitch causing distortion” occurred more often upon robot-
assisted anastomoses, while “anastomosis line disruption”
and “partial thickness stitch” occurred with equal frequency.
On average, 7 errors occurred on manual anastomoses and
4.3 errors occurred on robot-assisted anastomoses, suggest-
ing an advantage for novices using the microsurgical robot
after training.

Ergonomics and Communication
After completion of their first and fifth robot-assisted anas-
tomosis, experienced microsurgeons evaluated the com-
bined application of the microsurgical robot with an
exoscope compared with the conventional approach, per-
forming manual anastomoses with a conventional surgical
microscope, using a standardized questionnaire.14 “Team
interaction and communication,” “freedom of movement,”
“back or neck tenderness,” “intraoperative tremor,” “muscle
fatigue,” and “operative comfort” were evaluated better or
significantly better compared with the conventional
approach (►Fig. 5). On the other hand, “depth and 3D

structure visualization” and “microsurgical handling” were
evaluated equal, while “optical detail”was evaluated slightly
worse. None of the criteriawas evaluated significantlyworse.

Furthermore, novices were photographed when perform-
ing their final robot-assisted and manual anastomosis for
posture analysis using the REBA (►Fig. 6A,B). Mean REBA
scores for neck, trunk, leg, upper arm, and lower arm
positioning were higher when performing manual anasto-
moses relative to robot-assisted anastomoses (►Fig. 6C).

Consequently, the total REBA score was significantly
better during robotic performance, resulting in medium
ergonomic risk upon manual anastomoses, compared with
low ergonomic risk upon robot-assisted anastomoses
(►Fig. 6D).

Discussion

This study is analyzing the learning curve of expert micro-
surgeons and complete novices during training with a novel
system for robotic microsurgery. The training facility setup
allowed for a reproducible evaluation of microsurgical skills
and ergonomics with objective and subjective assessments.

Performing robotic anastomoses demonstrated a fast
learning curve for experts and novices alike. This reflects

Fig. 5 Ergonomics and communication. Experienced microsurgeons evaluated the combined application of the microsurgical robot and
exoscope relative to the conventional technique (manual anastomosis with conventional surgical microscope) after their first and fifth
anastomosis (n¼ 8), according to a standardized questionnaire. Dots represent individual values with mean and standard deviation.
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several aspects exclusive for the robotic handling during the
anastomosis: (1) getting used to the wristed instruments’
additional axes and learning how to make use of it; (2)
learning a specific suturing technique that is circumventing
crossing of forceps and needle holder; and (3) most efficient
robot-specific moves for suture handling during knot tying.

Improved subjective satisfaction with the anastomosis
and the robot performance underscores these findings.

The combination of a mostly remotely operated exoscope
with the telemetrically operated microsurgery robot enables
an almost complete disconnection from the operating field.
The subjective comparison of ergonomics and communication
to a setup with conventional microscope and manual anasto-
mosis revealed better performance especially in terms of
ergonomics, which was objectively confirmed through the
REBA score. Combining the microsurgery robot with a robotic
microscope/exoscope has the potential to fully remotely
control instruments and visualization, as optic’s orbital repo-
sitioning can also be remotely operated.19

According to themodified SAMS score, the expert surgeons
achieved high scores following training. Despite tissue han-
dling, scores were even higher in the smaller 1-mm vessels.
These results are very encouraging since the authors believe
that supermicrosurgical applications like performance of lym-
phovenous anastomosis (LVA) and perforator-to-perforator
anastomosis may be the applications benefiting the most
from robotic assistance. The novices demonstrated higher
scores comparing first and last robotic anastomoses, which
is also reflected in subjective ratings. However, this improve-
ment couldnot be reproduced inmanual anastomoses, despite
improved subjective performance. While improvement was
also noted in reviewing the anastomosis for SAMS score
evaluation, changes were not significant enough to lead to
SAMS score improvements in its current form.

The lower number of errors in anastomosis quality evalu-
ated by the ALI score at the end of training further under-
scores performance of the robotic assistance. Therefore, as
demonstrated via assessment of multiple angles of objective
and subjective measures, novices improved significantly
faster in anastomosis quality upon robotic assistance. These
results stand in contrast to a preclinical study evaluating
another system for robotic microsurgery,15 where microsur-
gical skills were rated lower in the robotic group. However, a
recent preclinical study using a conventional operating
microscope with robotic assistance with the Symani system
for microsurgical anastomosis also showed better precision
for novice users comparedwith themanual approach.20 Even
though the results suggest improved microsurgical skill
acquisition and anastomosis quality upon robotic assistance,
especially for novices lacking microsurgical experience,
manual microsurgical training should not be neglected.
Building expertise in manual microsurgery is key to avoid
dependence on robotic assistance, which can only be applied
to selected cases and to guarantee the development of
advanced manual skills as well.

Speed of anastomosis on the other handwas not higher in
the robotic anastomoses group. Novices and experts did
show a reduction in time needed for anastomosis comple-
tion, but speed was generally faster in the novice manual
group as well as the clinical speed for arterial anastomosis
performed by experts. These findings are in line with a
previous study evaluating the learning curve of another
robotic microsurgery system.15 In consideration of a realistic
clinical setup, additional time will be needed for robot
placement prior to anastomosis. Therefore, a benefit in terms
of initial anastomosis speed should not be anticipated for the
clinical setting. However, there are aspects that may poten-
tially result in faster surgical speed utilizing robotic

Fig. 6 Rapid Entire Body Assessment (REBA). Novices were photographed for posture analysis when performing their fifth manual (A) and
robot-assisted anastomosis (B) (n¼ 3). Representative images with color-coded auxiliary lines are depicted. (C) Bar chart represents mean
REBA scores of distinct body parts with standard deviation (�p< 0.05; ��p< 0.01). (D) Table shows REBA scores and the related level of
musculoskeletal disorder (MSD) risk with the respective color code.
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assistance. Facilitating anastomosis of even smaller vessels
may also decrease free flap pedicle length, leading to faster
elevation speeds and recipient site preparation. In terms
of LVAs, performing multiple anastomoses is physically
demanding. Improved ergonomics may lead to less fatigue
and result in improved performance during case progression.

Another benefit may be lower morbidity at donor and
recipient sites due to smaller vessel diameters and length.

During training it was noticed that surgeons were using
different suturing techniques. While the manufacturer rec-
ommends using a specific technique for robotic anastomoses
that requires switching the instrument in between knots,
some surgeons preferred a technique not switching the
thread-holding instrument, therefore requiring less switches
between instruments. Further studies should investigate the
optimal technique for suturing to further enhance speed and
quality.

The lack of touch sensation has been discussed in prelimi-
nary clinical reports.12 While this concern seems valid in the
eye of expert microsurgeons, our subjective and objective
quality assessment measures did not raise a similar concern.
The “see-feel” of artificial vessels seemed to be sufficient to
circumvent related problems such as vessel wall tear or
thread rupture, while related scores indicated even better
performance with robotic assistance.

An additional feature of the custom robotic microsurgical
instruments is the needle holder’s cutting feature. It reduces
necessary interventions by the assisting surgeon or, if the
anastomosis should be performed without assistance, elimi-
nated the need for a switch of instruments.

While clinical data using robotic assistance for microsur-
gical and supermicrosurgical procedures is still limited, first
outcome reports demonstrate feasibility, safety, and non-
inferiority in clinical application.21–23

Conclusion

Summarizing, our preclinical results imply great potential
for the application of robotic assistance for microsurgery.
While expert microsurgeons showed a fast learning curve
and high satisfaction with anastomosis quality and robotic
performance, novices demonstrated higher anastomosis
quality and better ergonomics with robotic assistance. Our
preclinical findings need to be confirmed within the clinical
setting.
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