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Purpose: Surgical innovation in ophthalmology is impeded by the physiological limits
of human motion, and robotic assistance may facilitate an expansion of the surgical
repertoire. We conducted a systematic review to identify ophthalmic procedures in
which robotic systems have been trialled, evaluate their performance, and explore
future directions for research and development of robotic techniques.

Methods: The Cochrane Library, Embase, MEDLINE, Scopus, and Web of Science
were searched. Screening adhered to five criteria: (1) English language; (2)
primary research article; (3) human patients; (4) ophthalmological surgery; and (5)
robot-assisted surgery. Quality assessment was conducted with Joanna Briggs Institute
Tools for Critical Appraisal. The study protocol was registered prospectively (PROSPERO
ID CRD42023449793).

Results: Twelve studies were included. In comparative studies, there was no
difference in the occurrence of ocular harms in robot-assisted procedures and
conventional surgery. However, robotic assistance did not demonstrate consistent
benefits over manual surgery in terms of effectiveness or practicality, likely reflecting the
learning curve associated with these systems. Single studies indicated the potential of
robotic assistance to improve the consistency of subretinal drug infusion and efficiency
of instrument manipulation in vitreoretinal surgery.

Conclusions: Proof-of-concept studies have demonstrated the potential of robotic
assistance to facilitate procedures otherwise infeasible or impractical, and may broaden
access to surgery. However, robot-assisted surgery has not yet demonstrated any
significant benefits over standard surgical practice. Improving the speed and
reducing perioperative requirements of robot-assisted surgery are particular priorities
for research and innovation to improve the practicality of these novel techniques.

Translational Relevance: This systematic review summarizes the potential and
limitations of robotic systems for assisting eye surgery and outlines what is required for
these systems to benefit patients and surgeons.

. robotic surgical system for ophthalmology have
Introduction been designed, ranging from handheld instruments

with robotic stabilizing elements to telemanipulation

Robotic surgery is becoming increasingly common systems with surgeons exerting control of surgical
around the world, with over a million robot-assisted instruments via a detached console.>? Despite these

procedures performed per year.
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tance with ocular surgery has been limited, perhaps due
to specific challenges: a small and rotationally mobile
surgical field, delicate internal structures that must be
preserved, and procedures conducted as quickly as
within 15 minutes with patients often awake through-
out.* Moreover, successful intraocular surgery has little
tolerance for movement proximal to entry ports on
the globe, unlike other minimally invasive procedures
that have exhibited widespread adoption of robotic
systems.> However, physiological limitations of human
surgeons are beginning to limit innovation and safety.
Physiological tremor of expert surgeons has been
shown to limit performance in routine surgery, and
new procedures demanding even greater precision may
not be possible until such limitations can be overcome.®
By mitigating these difficulties, robotic systems offer
a potential strategy to extend the abilities of eye
surgeons.

Surgical procedures in ophthalmology are diverse,
and various proof-of-concept reports have demon-
strated the feasibility of robot assistance in procedures
involving the anterior and posterior segments of the
eye, as well as the surrounding orbital adnexa.” !°
However, robotic assistance is not currently a
feature of routine clinical practice in ophthalmol-
ogy. It is unclear whether or not robotic inter-
ventions can improve clinical outcomes, logistical
parameters such as procedure duration, or surgical
ergonomics.

Here, a systematic review was undertaken of
the evidence base for robotic surgical interventions
in ophthalmology. Specifically, clinical studies were
examined to identify procedures in which surgical assis-
tance has been applied, explore the endpoints used
to quantify potential benefits conferred by robotic
systems, and analyze the benefit of robot-based inter-
ventions relative to conventional surgery in terms of
effectiveness, practicality, and safety. The primary aims
of the review were to establish whether any robot
assistance for eye surgery is supported by high-quality
evidence, appraise measured outcomes as an indica-
tion of expected or potential benefits, and explore
what further research and development are required to
produce useful robotic systems for ophthalmological
surgeons.

Materials and Methods

Search and Screening

The systematic review protocol was published
prospectively on PROSPERO (identifier CRDA42
023449793), and the study adhered to PRISMA
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guidance. The Cochrane Library, Embase,
MEDLINE, Scopus, and Web of Science were
searched on August 6, 2023, using the search strategy
presented in Supplementary Material S1. The search
strategy combined key words and Medical Subject
Headings (MeSH) corresponding to three themes:
ophthalmology and eye disease (including all subspe-
cialties), surgical procedures, and robotic systems.
Duplicates were removed by a single researcher using
Zotero (version 6.0.27-beta.3+3e12f3f20; Digital
Scholar, Vienna, VA). Two independent and blinded
researchers conducted abstract screening in Rayyan
and on an online spreadsheet, with disagreement
resolved by a third independent researcher casting
an arbitrating vote.!' Included articles fulfilled the
following inclusion criteria, with no restrictions on
participant characteristics:

Is a primary research article

Is written in the English language
Involves human patients

Involves ophthalmological surgery
Features robot-assisted surgery

ARl

Data Extraction and Analysis

A single researcher undertook data extraction for
each study, with a second independent researcher
verifying all entries subsequently. The following data
were collected: citation details, location of study,
study design, participant characteristics (e.g., age, sex,
indication for surgery), intervention details, compara-
tors, outcome variables, outcome results, and free
text describing positive or negative conclusions about
the intervention. Clinical outcomes for which data
were collected included surgical success rate, pre- and
post-procedural visual acuity, duration of success-
ful subretinal infusion, volume of successful subreti-
nal infusion, number of retinotomies, change in
central retinal thickness, decrease in retinal venous
filling time (on fluoroangiography), and regression
of exophthalmos, as well as the change in any
patient-reported outcome measures (PROMs). The
practicality outcomes were duration of surgery (and
surgical steps) and surgeon-reported ease, practical-
ity, and utility. Safety was assessed by collecting
data for incidence of microtraumatic events during
surgery, incidence of complications, and intraopera-
tive blood loss. Ergonomics were assessed through
measurement of the distance traveled by instru-
ments during procedures and through scored inter-
views of surgeons. Researchers also undertook quality
assessment of included studies using Joanna Briggs
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Institute Tools for Critical Appraisal (Supplementary
Material S2).!213

A narrative synthesis was planned due to antici-
pated heterogeneity in procedures, study designs, and
outcomes. Studies were grouped by outcome variable
type (clinical effectiveness, practicality, and safety),
as well as by anatomical location and procedure
details. Study design and quality assessment were
considered in assessing the certainty of evidence,
although a paucity of comparative studies merited
consideration of all identified trials to appraise
outcomes. Figures were created in R (R Founda-
tion for Statistical Computing, Vienna, Austria) and
with Affinity Designer 1.10.6 (Pantone LLC, Carlstadt,
NJ).
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Literature Search and Study Selection

The search and study selection process is illustrated
in Figure 1. Of 3716 abstracts screened, reviewers
exhibited disagreement in 20 cases, corresponding to
a kappa statistic of 0.67 (substantial agreement). The
most common reasons for exclusion of full texts were
a lack of description of primary research data and
a lack of involvement of human patients. Borderline
cases of exclusion included robot-assisted radiother-
apy (“radiosurgery”) and robotic surgery applied with
recently deceased human patients or extracted human

[ Search, screening, and inclusion process ]
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Figure 1.

Duplicates removed (n = 2,211):
Zotero (n = 2,077)
Rayyan (n = 134)

Records excluded (n = 3,684)

Reports not retrieved (n = 0)

Reports excluded (n = 20):
Not a primary research article
(n=12)
Not written in English (n = 1)
No human patients involved (n = 6)
Patients not undergoing
ophthalmological surgery (n = 0)
Patients not undergoing robot-
assisted surgery (n = 1)

PRISMA flow chart depicting the search, screening, and inclusion process in this systematic review. Of 5927 records identified, 12

were included in the final synthesis: three RCTs, seven case series, and two case reports. The most common reasons for exclusion were lack
of description of primary research and a lack of involvement of human patients.
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tissue.!*1® Twelve studies passed screening for final
inclusion.”%:17-2

Study Characteristics and Quality
Assessment

Characteristics of the included studies are summa-
rized in Table 1. All but one study (from China)
were conducted in Europe. Most studies were uncon-
trolled case reports or case series with sample sizes
ranging between 1 and 10. There were three random-
ized controlled trials (RCTs), all utilizing the Preceyes
Surgical System (Preceyes B.V., Eindhoven, Nether-
lands), with sample sizes between 12 and 15. The
second most commonly applied robotic system was
the da Vinci Surgical System (Intuitive Surgical,
Sunnyvale, CA), which was applied in a variety
of corneal and orbital procedures. Other systems
included the KU Leuven robotic system (KU Leuven
Research, Leuven, Belgium) and Medineering Robotic
Endoscopy Guiding System (Medineering GmbH,
Munich, Germany). Robotic assistance has been
reported for a wide variety of ophthalmic proce-
dures: orbital and lid surgery, ocular surface proce-
dures, subretinal injection, and intravenous infusion, as
well as epiretinal membrane (ERM) and internal limit-
ing membrane (ILM) peeling. All three RCTs evalu-
ated robotic interventions for vitreoretinal procedures:
two for ERM or ILM peel and one for subretinal
injection.®!8:2 Study design and quality of report-
ing ranged from fair to good, but limited sample size
in all studies restricted the confidence of conclusions,
particularly regarding clinical outcomes (Table 2).
The most common reasons for poorer quality assess-
ment scores were a lack of blinding of surgeons in
RCTs; unclear selection protocols, demographic infor-
mation, and diagnostic methods in case series; and
lack of description of patients’ histories and adverse
or unanticipated events in case reports.

Characteristics of Trialled Robotic Systems

Of the four trialled systems, the Preceyes Surgi-
cal System was featured most commonly.?-!8-29-24 The
Preceyes Surgical System makes use of a trocar holder
and an integrated head rest to secure 23-gauge, 25-
gauge, and 27-gauge instruments relative to the eye,
permitting surgery under general or local anesthesia.
Operators control instrument movement via a joystick
and foot switch, and safety boundaries are encoded
to prevent excessive instrument movement. The da
Vinci Surgical System was the next most commonly
featured, with the da Vinci Si patient cart in two studies
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for corneal surgery and da Vinci Xi patient cart in
one study of orbital decompression surgery.”*>!” The
da Vinci Surgical System makes use of a separate
surgeon console with two manual instrument manip-
ulation handles and five pedals for other functions.
Different patient carts can be linked to the console,
with the Si and Xi systems offering three or four arms
for instrumentation, respectively. Two consoles may be
linked to allow surgeons to work together on a proce-
dure with simultaneous visualization.’ The KU Leuven
system, featured in two studies, features a joystick-less
instrument which is both handled by the surgeon and
stabilized by the robotic system. It facilitates locking
of the instrument and eye to permit sustained tasks
requiring high precision, such as retinal venous cannu-
lation. The Medineering Robotic Endoscope Guiding
System, since rebranded as Brainlab Cirq Robotics and
marketed for spinal surgery, features a robotic arm
affixed to the operating table which assists surgeons
by providing a stable view of the surgical field, which
is otherwise challenging with a manually controlled
endoscope.

Clinical Effectiveness

All three RCTs evaluated the efficacy of robot-
assisted procedures relative to conventional surgery in
curated settings rather than effectiveness in pragmatic
settings. All three trials used the Preceyes Surgi-
cal System to perform either subretinal injection of
tissue plasminogen activator (tPA) or ERM and ILM
peel. Results concerning surgical success (e.g., tPA
injection duration and volume), surrogate endpoints
demonstrating effective treatment (e.g., central retinal
thickness), and clinical endpoints (e.g., visual acuity)
were similar between robotic and conventional surgi-
cal arms (Table 3). Specifically, outcomes follow-
ing robot-assisted surgery were superior or equiv-
alent to outcomes following manual surgery in six
of seven comparisons; the lone exception was a
marginal difference in the mean decrease in central
retinal thickness after pucker peel surgery (99 um vs.
125 um for robot-assisted and conventional surgery,
respectively).”’ However, studies were not sufficiently
powered to function as true superiority or non-
inferiority trials.

Four non-comparative studies assessed the clinical
effectiveness of the Preceyes Surgical System and da
Vinci Surgical System (Table 3). Where compared to
preoperative assessment, surgery conferred measurable
clinical benefit in every study, but statistically signifi-
cant benefit was only observed in two of five compar-
isons: mean regression of exophthalmos and increase
in GO-QoL appearance score after da Vinci Surgi-
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Forest plot comparing procedure duration of robot-assisted against conventional manual surgery. In two of three trials, robotic

systems were associated with a significantly longer procedure duration, but in one trial robot-assisted surgery took less time than manual
surgery (although this difference was not statistically significant). All trials concerned vitreoretinal procedures and featured the Preceyes

Surgical System.

cal System-assisted orbital fat decompression surgery.’
However, contextualization was limited by a lack
of non-intervention comparators exposed to conven-
tional management, no management, or placebo (sham
management).

Practicality

The most common measure of practicality was
duration, either of entire surgical procedures or of
components of procedures (Table 3). In 11 of 12
direct comparisons, all involving the Preceyes Surgi-
cal System, robot-assisted techniques required more
time than manual surgery. In many cases, differences
were statistically significant and often seemed imprac-
tical, with total duration of robot-assisted vitreo-
retinal surgery measuring up to 2.4 times as long
as conventional surgery (Fig. 2).%?° However, one
study found that robot-assisted subretinal infusion
of tPA required less time than conventional surgi-
cal techniques, although this difference was not statis-
tically significant (Fig. 2).!® In addition to proce-
dure duration, one study suggested that prepara-
tion time for robot-assisted ILM/ERM peel was
five times longer than for manual surgery, which
would represent a significant concern for teams
aiming to incorporate a robotic system into their
workflow.?

Anecdotes from case reports and case series testing
the da Vinci Surgical System and Medineering Robotic
Endoscopy Guiding System reiterated greater require-
ments for pre-procedural preparation and longer
procedure duration but relative comfort and ease
conferred by robotic systems.”””>?* Investigators in
trials of the da Vinci Surgical System and Preceyes
Surgical System tended to agree that at least part
of the longer duration of robot-assisted procedures
was due to the learning curve associated with using
a novel device, which would be expected to improve
with experience.”?’ This is in contrast to the intensive
training usually dedicated to perfecting manual surgical

techniques undertaken over many years. In one of the
RCTs trialling robotic assistance, procedure duration
decreased remarkably with procedures conducted later,
as surgeons developed familiarity and confidence using
the novel system.®

Just one study compared the ergonomic value of
robot-assisted surgery to conventional surgery. This
study measured the total travel distance of instruments
during surgery and found that procedures supported
by the Preceyes Surgical System were more efficient in
terms of distance of instrument movement (average =
403 mm) than conventional manual surgery (average
= 550 mm) (Table 3).?° In another study, participat-
ing surgeons were surveyed about the use of a robotic
system to assist vitreoretinal surgery,’* and 89% of
surgeons agreed that robot-assisted surgery was associ-
ated with less physical strain and 78% agreed that
more robotic assistance in ophthalmology was desir-
able. However, just 11% of surgeons agreed that robot-
assisted surgery was less stressful than conventional
surgery, although this may, again, be associated with
a relative lack of experience with the robotic device.

Safety

In general, very few complications were reported
in the included studies. No complications with long-
term effects on vision or wellbeing were recorded.
Two studies evaluated the incidence of retinal micro-
trauma during vitreoretinal procedures, finding no
difference between robot-assisted and manual surgery
(Table 3).3'® Needle-tip breakage was reported in
one case report, but it was unclear whether this
was attributable to robotic assistance, and no control
arm was available to explore breakage rates with
conventional surgery.”> In a case series (n = 10) of
orbital surgery, intraoperative blood loss with robot-
assisted surgery for Graves’ orbitopathy was measured,
which was minimal in terms of mean (17.8 mL)
and maximum (28 mL) (Table 3).” Although no
increase in the observed occurrence of ocular harms
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was observed with robot-assisted surgery, studies with
greater sample size and longer follow-up periods are
required to conclusively establish the safety of these
novel techniques.

Discussion

Robotic systems have been tested in a wide variety
of ophthalmological surgical procedures, ranging from
corneal transplantation to subretinal cannulation and
infusion. Thus far, RCTs facilitating fair compar-
isons between robot-assisted and conventional surgery
have only been conducted for vitreoretinal procedures
such as subretinal tPA infusion or ERM peeling,
all using the Preceyes Surgical System.®!%:2° The
Preceyes Surgical System, KU Leuven surgical system,
da Vinci Surgical System, and Medineering Robotic
Endoscope Guidance System have been trialled in
uncontrolled studies. In general, robot-assisted surgery
exhibits good efficacy, comparing well to conventional
techniques in comparative experiments and with no
concerns raised regarding ocular harms. However,
despite appearing to improve the efficiency of instru-
ment movements and reducing the physical burden
of procedures for surgeons, robot assistance was
associated with significant impracticalities, particu-
larly increased procedural duration and perioperative
requirements. Part of the increased time of robot-
assisted surgery is related to a relative lack of experi-
ence, which may be overcome in the future using
specialized training modules or virtual-reality surgical
training systems such as the Eyesi Surgical Simula-
tor. 2627

In order for robotic assistance to be incorpo-
rated into routine surgical workflows, systems must
also develop improved integration, ergonomics, and
interface with existing surgical set-ups (e.g., surgi-
cal tables, patient headrests, operating microscopes,
sterile draping systems). This must be achieved without
compromising clinical effectiveness or safety. Although
current robotic systems have demonstrated safety,
integration and effectiveness are areas which require
further improvement. Emerging systems demonstrated
in animal models and in simulation settings exhibit
various innovations that could support clinical use
cases. Force sensors can provide feedback to the
operator and inform safety algorithms built into
the robotic systems.”® Remote-control systems could
accelerate preparation time by allowing surgeons to
scrub-in just once (provided they are not required to
convert to manual surgery) and could perhaps facilitate
broader geographic coverage of populations without
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usual access to ophthalmological expertise, without the
expense and impracticality of travel for surgeons and
patients.”” Intraoperative optical coherence tomogra-
phy (OCT), such as through a sensor integrated into a
surgical instrument, may also improve effectiveness and
safety.?”

All trialled systems exhibited a “master—slave”
relationship, where the surgeon remains in control of
the strategy and techniques of the procedure.’! Devel-
opment of robotic systems with a greater degree of
autonomy may help pave the way to automated surgi-
cal steps with surgeons remaining in control of selec-
tion and supervision of the automated technology.' 3>
Novel approaches may draw on training paradigms
exemplified by emerging machine learning technol-
ogy or technological advances in miniaturization.!-33-33
Such machines may execute subtasks independently
(e.g., suturing), generate surgical strategies, and even
complete entire procedures without clinician interven-
tion."3! However, in the immediate future, research
and development are likely to build upon existing
robotic systems to extend capability, improve practical-
ity, and safeguard patients as surgical practice evolves.
These systems correspond to “Level 0” and “Level 17
surgical robots and are therefore compatible with exist-
ing regulatory structures.!-3

The endpoints used in studies included in this
review indicate potential advantages of innovative
robotic surgical systems in ophthalmology in the future.
These focused on technical effectiveness (e.g., surgi-
cal success, procedure-specific indicators), safety (e.g.,
complication rate), and practicality (e.g., procedure
duration); successful interventions involving robotic
systems should match or exceed conventional surgery
in those domains. No studies used patient-reported
outcome measures as endpoints, thus failing to capture
part of the perspective from the most important stake-
holders in surgical innovation. The IDEAL (Idea,
Development, Exploration, Assessment, and Long-
term monitoring) framework has been adapted to
guide innovators toward gold-standard approaches
to designing validation studies for robotic surgical
systems, and emphasizes incorporation of patients’
perspectives.’” Robotic systems have been successfully
conceptualized and developed (IDEAL stages 1 and
2a) and have now demonstrated efficacy in a variety of
ophthalmic procedures (IDEAL stage 2b). Exploration
of potential applications and testing new iterations
of robotic systems will continue as researchers aim
to optimize for effectiveness, practicality, and safety
(IDEAL stage 2b). For clinical validation (IDEAL
stage 3), sufficiently powered prospective trials are
necessary, with appropriate clinical endpoints used to
quantify success in comparisons with manual surgery
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(or standard of care in situations where manual surgery
is infeasible). Validated systems are then required to
undergo long-term surveillance to ensure that patients
are not adversely affected outside the setting of clinical
trials IDEAL stage 4).%7

This review was limited by the lack of large RCTs,
which precluded conclusions about the clinical effec-
tiveness of robot-assisted surgery relative to conven-
tional manual procedures. Most studies were uncon-
trolled case series or case reports, successfully proving
the feasibility of using robotic systems to complete
surgical procedures without providing evidence about
whether robot-based interventions should be imple-
mented clinically. All RCTs involved vitreoretinal
procedures, implying that other subspecialties are
currently less likely to adopt robotic systems.®-18:20 This
lack of comparative trials precluded meta-analysis,
as anticipated during design of the review proto-
col.

Further work is required to develop robotic systems
that offer tangible benefits over conventional manual
eye surgery. Specific directions for research and devel-
opment may emphasize facilitation of procedures
currently infeasible for human surgeons, or improve-
ments in efficiency to ameliorate the increased proce-
dural duration currently associated with robotic assis-
tance.’® To demonstrate benefit, robust RCTs are
required to balance the effect of confounding factors
between intervention and control arms, minimizing the
effect of bias on measured outcomes.?’ Trials should
be sufficiently powered to detect the minimal clinically
important difference (MCID) in outcomes of interest,
which may include clinical outcomes, such as visual
acuity; safety outcomes, such as observed retinotomies;
and practicality outcomes, such as duration of surgery.
Where the MCID is unclear, such as for microtrau-
matic events or procedure duration, consensus-seeking
initiatives involving relevant stakeholders—especially
surgeons and patients—are warranted.

Conclusions

Robotic systems have demonstrated efficacy in
ophthalmic surgery in proof-of-concept studies. These
systems remain in relatively early stages of devel-
opment and currently require extra surgical time to
accommodate their adoption. Further surgeon train-
ing and integration of these devices are required to
optimize the clinical effectiveness and practicality of
robot-assisted procedures. With further technological
advances in artificial intelligence, imaging, and minia-
turization, improved systems will have to undergo
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pragmatic clinical trials powered to measure effects
on clinically relevant outcomes. Clinical adoption
will require clearer demonstration of superiority over
conventional techniques, perhaps in relation to the
performance of technically challenging surgical steps.
Future innovation in this young field may enable
surgeons to improve the accessibility, effectiveness, and
practicality of existing ophthalmic procedures, as well
as overcome physiological limits, to introduce new
options for surgical management of eye disease.
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