
RETINAL DISORDERS

A comparison of robotic and manual surgery for internal limiting
membrane peeling

David A L Maberley1 & Maarten Beelen2
& Jorrit Smit2 & Thijs Meenink2 & Gerrit Naus2 & Clemens Wagner3 &

Marc D de Smet2,4

Received: 15 October 2019 /Revised: 17 January 2020 /Accepted: 27 January 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
Purpose To compare the Preceyes Surgical Robotic System (Eindhoven, Netherlands) to manual internal limiting membrane
(ILM) peeling using the Eyesi surgical simulator (VRmagic, Mannheim, Germany) as the operative platform.
Methods A comparative study was carried out with surgeons initially performing ILM peeling manually and then with the robot.
Twenty-three vitreoretinal surgeons agreed to participate and all consented to the use of their surgical data from the Eyesi surgical
simulator. Surgeons were given a 5-min demonstration of the devices and were allowed to practice for 10 min before attempting
the membrane peel. Initially, the peel was performed manually and afterwards, this was repeated using the robot-controlled
forceps. Surgical simulator outcome measures were compared between approaches.
Results The average time required for the procedure was 5 min for the manual approach and 9 min with the robot (paired t test,
p = 0.002). Intraocular instrument movement was reduced by half with the robot. On average 344 mm was required to complete
the ILM peeling with the robot compared with 600 mm using the manual approach (paired t test, p = 0.002). There were fewer
macular retinal hemorrhages with the robot: 53 with manual surgery, 32 with the robot (Mann-WhitneyU test, p = 0.035). Retinal
injuries were eliminated with the robot.
Conclusions Intraocular robotic surgery is still in its infancy and validation work is needed to understand the potential benefits
and limitations of emerging technologies. Safety enhancements over current techniques may be possible and could lead to the
broader adoption of robotic intraocular surgery in the future.
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Abbreviations
ILM Internal limiting membrane
OCT Optical coherence tomography

Introduction

Robotic surgery has advanced rapidly over the past 15 years,
particularly in areas such as general surgery, urology, and
gynecology [1–5]. Development has been slower in ophthal-
mology, presumably because of the existing minimally inva-
sive nature of modern eye surgery, and also due to challenges
related to engineering machines that can work safely at mi-
crometer precision within a confined anatomic space.
However, several research groups have noted benefits that
automation can provide to eye surgery, including possible
solutions to challenges such as vitrectomy teaching, retinal
vessel cannulation, sub-retinal injections, and telesurgery [6,
7]. The Preceyes Surgical System 1.4 (Eindhoven,
The Netherlands) is one such platform that has evolved to a
stage that has allowed the completion of the first-in-human
robotic surgical study [8, 9]. This device has been approved
for use in Europe with a CE mark approval “to assist trained
vitreoretinal surgeons during surgical tasks”. It has not been
approved by the FDA as of August 2019.

Surgical robots generally require a significant amount of
simulation training by the operator prior to use in humans [10,
11]. The same can be assumed to apply to intraocular robotic
devices [12–14]. The Preceyes Surgical System is a one-hand-
ed, telemanipulator robot that has been designed to function in
a very similar fashion to a traditional intraocular instrument.
As opposed to robots such as the da Vinci System (Intuitive
Surgical Inc., Sunnyvale, California), it makes use of existing
visualization systems, with the surgeon seated at his/her usual
surgical location. For these reasons, extensive training may
not be as essential with this system. Furthermore, Preceyes
can restrain the approach to the retinal surface by creating a
fixed intraocular boundary beyond which instruments cannot
advance. An instrument-integrated optical coherence tomog-
raphy (OCT) A-scan sensor can also be used to limit the at-
tached instruments’ distance from the retina and/or provide
auditory feedback when an instrument approaches the retina.
These features potentially enhance the safety of this system
compared to manual surgery as once a bound is set for the
retina, the surgeon can move throughout the eye trusting the
instrument will not touch the retina.

We sought to study the ability of experienced vitreoretinal
surgeons to adapt to the surgical robot system for undertaking
the task of macular internal limiting membrane (ILM) peeling
within the Eyesi surgical (VRmagic, Mannheim, Germany)
simulated vitreoretinal surgical environment. We also sought
to track surgical safety and efficiency outcomes for the robot
compared to manual surgery.

Methods

The Preceyes Surgical System has been developed for intra-
ocular procedures such as vitrectomy, membrane peeling, as
well as sub-retinal and intravascular injections. The device
functions as an adjunct to traditional 3-port vitrectomy and
was designed to be operated in a fashion that mimics the
current use of the working vitrectomy port. Employed through
a s ing le sc le ro tomy, th i s ex te rna l ly con t ro l l ed
telemanipulation system allows tremor-free and highly precise
motion-scaled instrument movements within the eye. Probe
actions are controlled by one hand of the surgeon using a
motion controller that, for safety purposes, requires the en-
gagement of two-finger buttons prior to activation. Forceps,
scissors, and cutters can be used interchangeably with grasp-
ing or cutting actuation via a foot pedal. Intraoperative illumi-
nation and infusion are provided in the customary manual
fashion, but the former could also be managed by the robot,
allowing for true bimanual intraocular surgery. Safety is po-
tentially enhanced via the use of computer-generated distance
boundaries that are provided by real-time intraocular optical
coherence tomography (OCT) A-scans generated from a sen-
sor in the tip of the instrument. This functionality can limit the
movement of intraocular instruments beyond a pre-specified
retinal depth, preventing accidental or deep engagement of
retinal tissue. Auditory feedback (beeping with increasing fre-
quency) is also provided as instruments move in to proximity
with the retina. An augmented retraction mechanism allows
for instant removal of the probe from the eye in potentially
dangerous situations such as unexpected patient head move-
ment. This mechanism is in addition to other measures for the
mitigation of patient movement such as head and eye fixation.

To study the safety of surgeon adaptation to the robotic
system, the device was coupled to the vitreoretinal surgical
simulator (see Fig. 1). The Eyesi surgical simulator is a com-
puterized device that creates a virtual intraocular surgical en-
vironment. Instruments are introduced into a model eye. The
location of the eye and the instruments are optically tracked.
All relevant devices of the real surgical task have their coun-
terparts in the simulator setup: a stereo microscope head con-
tains high-resolution microdisplays for a realistic, three-
dimensional view of the computer-generated surgical situa-
tion; a BIOM® mimic serves as a wide-field viewing system
for the fundus; foot pedals control the surgical microscope and
the ORmachine; real instrument handpieces can assume func-
tions such as vitreous cutter, light source, microforceps, or
endolaser probe. The Eyesi surgical software simulates a va-
riety of vitreoretinal procedures (Fig. 2) by calculating tissue
interactions and their 3D visualization in real-time. An inte-
grated step-by-step curriculum allows for structured learning
and reproducible training results. A modified version of the
simulator was developed collaboratively with Preceyes to al-
low integration of the surgical robot.
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The modified simulator software mimics the robot’s OCT-
guided instrument boundary limiter by calculating the virtual
retina-instrument distance and providing a feedback loop to
the robotic system. The robot then gives auditory feedback
and limits instrument movement within a certain proximity
to the virtual retina. The surgical instrument boundaries of
the robotic system are programmable to limit the reach of an
instrument within the virtual eye. Bounds can be placed a
certain distance in front of or behind the retina surface. For
the simulator set-up in this study, the posterior bound of the
system was set to − 50 μm (50 μm deep to the surface of the
retina) for the initiation of the ILM peel after which the bound
was lifted to + 50 μm for the subsequent ILM rhexis and
removal. Retinal hemorrhages were observed with instrument
penetration of the retina beyond a depth of − 10 μm.

Twenty-three (23) vitreoretinal surgeons were offered the
opportunity to use the robotic system in a virtual surgical
setting. As this system has yet to enter the commercial arena,
none had prior experience with the device in the simulation or
operating room environment. All were given a 5-min demon-
stration of the robotic device and were allowed to practice
manipulating the robotic intraocular forceps on the simulator

for 10 min. Initially, a peel was performed manually with the
simulator’s intraocular forceps, and afterwards, this was re-
peated using the robot-controlled forceps.

Surgical safety and efficiency were tracked by the Eyesi
surgical assessment software. The following outcome vari-
ables were obtained during both the manual and robotic pro-
cedures: surgical time, induced retinal hemorrhages (macular
or extramacular), instrument to retina touch injuries (macular
or extramacular), and the distance (odometer) the surgical in-
strument tip moved in performing the tasks. All surgical out-
come measures are summarized and described in more detail
in Table 1.

The simulator’s software also generates outcome measures
in surgical categories such as efficiency, instrument handling,
and tissue treatment. These scores group data from multiple
parts of the procedure and are used to grade surgeons from
“failing” to “good.”Given the complexities of interpreting this
multifactorial outcome data, these measures were not included
in the analysis.

Statistical analyses were performed on Stata™ 15 software
(www.stata.com) using parametric and non-parametric one or
two sample tests as appropriate (paired t test for continuous

Fig. 1 Original (left) and modi-
fied (right) vitreoretinal surgical
simulator Eyesi surgical. The
modified Eyesi has a third foot
pedal and a second touchscreen
for the control of the attached
Preceyes Surgical Robotic
System. The robot is mounted on
the right side of the “operating
table” from where it moves an
instrument tip within the simula-
tor’s eye model

Fig. 2 Examples of simulated
vitreoretinal procedures: an ILM
peeling (left) and a fluid-air-
exchange during simulated retinal
detachment surgery (right)
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variables, and Mann-Whitney U tests for ordinal compari-
sons). Adjustments of p values were not made for multiple
comparisons. As this study was exploratory, p values of 0.05
were considered significant. All surgeons consented to the use
of their surgical data for research purposes. This study con-
forms to the Declaration of Helsinki; IRB/Ethics Committee
approval was not required for this study. Exemption has been
confirmed by the Central Committee on Research Involving
Human Subjects (CCMO), The Hague, Netherlands.

Pre-testing outlier assessments were performed for values
beyond upper and lower limits of 1.5 times the interquartile
value. Videos of surgeries were reviewed when significant
outlier data was encountered to determine if it was appropriate
to exclude data points (for example, if a surgeon was generat-
ing hemorrhages by attempting other actions with the simula-
tor not related to assigned task of ILM peeling). In total, only 1
data point was censored and in this case censoring did not
change the significance of the statistical test or appreciably
alter the p value.

Results

Twenty-three surgeons completed both the manual and ro-
botic internal limiting membrane peels. The average time
required for the procedure was 5 min for the manual ap-
proach and 9 min with the robot (paired t test, p = 0.002).
Forceps engagements (tracked by number of instrument
closings) of the ILM were comparable between surgical
approaches with an average of 31 during the manual peel-
ing and 36 during the robotic peeling (paired t test, p =
0.45). Interestingly, the extent of intraocular instrument
movement (odometer) was reduced by half with the robot
compared to manual surgery. The average distance the in-
traocular forceps moved during the manual surgery
exceeded 600 mm, while on average, only 344 mm was
required to complete the ILM peeling with the robot
(paired t test, p = 0.002).

Of particular note was the elimination of retinal injuries
with the robot. Injuries are prevented by the virtual OCT-A
bound not allowing instruments to deeply penetrate the retina.
Amongst all surgeons, twenty (20) extramacular and seven [7]
macular injuries were induced in the manual surgeries. None
occurred when the robot was used (Wilcoxon Single Sample
Test, p = 0.008 for extramacular, p = 0.03 for macular inju-
ries). There were also fewer macular retinal hemorrhages in-
duced by the surgeons with the robot: 53 with manual surgery,
32 with the robot (Mann-Whitney U test, p = 0.035).

The number of extramacular retinal hemorrhages were sim-
ilar between groups (34 with manual surgery, 32 with the
robot; Mann-Whitney U test, p = 0.69). The vast majority of
these hemorrhages occurred with the first ILM engagement at
the initiation of the peel. Only two surgeons avoided initiation
hemorrhages. All outcomes are summarized in Table 2.

Discussion

This study compares robot-assisted macular surgery with
manual surgery in a simulated surgical environment. It pro-
vides evidence that the Preceyes system, and its close repro-
duction of the hand movements of traditional vitreoretinal
surgery, can be learned to a basic level of competency in a
short period of time. For participating surgeons, this was the
first robot-assisted ILM peeling any had performed. While
surgical times were significantly longer for the robotic surger-
ies, one would expect this to become less of an issue as expe-
rience with the system increases. This expectation is substan-
tiated by the large distribution in surgical times for the robot
cases, indicating that short surgical times are possible with the
robot and that improvement is possible for surgeons who have
not fully adapted to the system.

Robotic devices that incorporate boundaries to limit instru-
ments from penetrating the retina beyond a pre-determined
depth may improve the safety of intraocular, and in particular,
macular surgery. The use of instrument boundaries in this

Table 1 Eyesi surgical outcomes defined

Surgical outcome Measured as

Time Time in minutes from start of ILM peel to point at which 90% of the macular ILM was removed. (Seconds)

Injured macular area Number of injuries (n) and the macular area (mm2) damaged by deep/forceful instrument-retina touches
(size range, 0–5 mm2)

Injured extramacular area Number of injuries (n) and the extramacular area (mm2) damaged by deep/forceful instrument-retina touches
(size range from 0 to 10 mm2)

Macular spotted hemorrhages Number of hemorrhages induced by pinching the retina or touching the retina with the forceps beyond a depth
of 0.1 mm. (n)

Extramacular spotted hemorrhages Number of hemorrhages external to the macula induced by pinching the retina or touching the retina with the
forceps beyond a depth of 0.1 mm. (n)

Instrument odometer The distance traveled by the active instrument tip in the eye. (mm)
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simulated surgical environment significantly reduced the
number of macular hemorrhages during ILM peeling (com-
pared to manual surgery) and also completely eliminated
instrument-induced retinal injuries in both the macular and
extramacular regions. Overall, the robot appeared to be mark-
edly safer than manual surgery.

The frequency of extramacular hemorrhages was similar
between groups, most likely due to the challenge of initiating
engagement of the ILM in the simulated surgical environment.
The simulator records a retinal hemorrhage with instrument
penetration deeper than 10 μm from the surface. With the
robot internal bound set at − 50 μm for this study, the robot
was not actively protecting against this risk. As noted, only
two surgeons avoided creating a hemorrhage at the start of the
ILM peels.

Less extensive intraocular forceps movements (odometer)
were recorded when using the robot. This could be explained
by the robotic telemanipulator allowing surgeons to freeze the
movements of the instrument by releasing a button on the
motion controller. This allows the surgeon to instantaneously
pause the procedure prior to moving the instrument again. In
this particular implementation, motion scaling allowed more
rapid forceps movements when further away from the retina
and slower movements when in proximity to the retina.
However, even when the robot-controlled instrument was in
the anterior or mid-vitreous, probe movements remained rel-
atively restricted—especially when compared to the manipu-
lation velocities and accelerations possible with manual sur-
gery. Essentially, movements with the robot were intentionally
constrained and demanded a more parsimonious approach to
the membrane peeling. This feature of the Preceyes system
likely also contributed to the longer robotic surgical times.
The robotic system allows the surgeon to change motion scal-
ing settings for each procedural task separately, optimizing the
trade-off between surgical time and precision or safety.

One important limitation of this study was that the robot
was not tested in a live human surgical environment, but rather
in a simulated one. The validated Eyesi surgical system [15]

provides a good representation of vitreoretinal surgery, but
does not entirely replicate the experience of operating on hu-
man tissue. Specific surgical maneuvers, such as ILM engage-
ment at the start of a peel, while very representative, cannot
exactly match the actual task. Similarly, the OCT functionality
of the robotic system was programmed into the simulator and
was not generated from an OCT sensor in the instrument tip.
However, validation work on the robot-integrated OCT has
been performed for membrane peeling surgery in an ex vivo
model and an in vivo human surgical setting [16, 17].

Conclusion

Intraocular robotic surgery is still in its infancy and validation
work is needed to understand the potential benefits and limi-
tations of emerging technologies. Besides issues of cost, train-
ing, and surgical productivity, the fundamental safety of ro-
botic devices needs to be demonstrated. As this study sug-
gests, safety enhancements over current techniques can be
expected, and very well may be a leading reason for the broad
adoption of robotic intraocular surgery in the near future. In
addition, it appears that robotic systems that augment, but do
not fundamentally change existing surgical techniques, may
be learned in a very efficient manner.
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Table 2 Surgical outcomes: manual vs. robotic surgery for macular internal limiting membrane peeling

Outcome measure Manual peel Robotic peel Statistical comparison

Surgical time average (minutes) [range] 5.2 [1.8–16.2] 9.1 [3.5–19.9] Paired t test, p = 0.003*

Instrument closings average (n) [range] 31 [10–73] 36 [7–146] Paired t test,
p = 0.45

Surgical odometer average (mm) [range] 579 [247–1291] 341 [159–592] Paired t test, p = 0.002*

Macular spotted H’ages [total for all surgeons]
(n) (one outlier censored)

53 32 Wilcoxon two sample test, p = 0.035*

Extramacular spotted H’ages [total for all surgeons] (n) 34 32 Wilcoxon two sample test, p = 0.69

Retina injuries macula [total for all surgeons]
(n) (one outlier censored)

20 0 Wilcoxon one sample test (Ho = 0), p = 0.008*

Retina injuries, extra macular [total for all surgeons] (n) 7 0 Wilcoxon One Sample Test (Ho = 0): p = 0.03*

*Statistically significant at p = 0.05
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Ethical approval All surgeons consented to the use their surgical data
for research purposes. This study conforms to the 1964 Declaration of
Helsinki and its later amendments. IRB/Ethics Committee approval was
not required for this study as there were no human or animal subjects.
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