
The clinical integration 
of 3D digital visualiza-
tion, AI, and robotics is 
reshaping the surgical 
experience for both 

patients and surgeons, from preoperative forecasting 
models that guide patient counseling to technologies that 
enhance precision and efficiency in the OR. Together, 
these innovations are redefining the modern ophthalmic 
workflow, linking data-driven prediction with real-time 
intraoperative performance. Here, we review the current 
evidence supporting the use of heads-up display systems 
(HUDS) in the OR, intraoperative AI, and robotic-assisted 
surgical techniques.

 V I S U A L I Z A T I O N I N T H E R E T I N A O R 
HUDS—such as the Artevo 800 (Carl Zeiss Meditec) and 

Ngenuity (Alcon)—have emerged as an important alterna-
tive to standard operating microscopes (SOMs), offering 
surgeons a customizable 3D digital view of the operative field 
with superior ergonomics and enhanced depth perception 
(Figure). Moreover, their shared-screen capability enables 
real-time telementoring, supporting the growing evidence 
for remote proctoring and 3D telesurgery as effective tools 
for ophthalmic education.1 

Performance and Learning Curve 
Comparative studies suggest that HUDS can deliver 

surgical outcomes comparable to those of SOMs, but with 
distinct differences in ergonomics, visualization, and learning 
curves.2-4 In a prospective comparative cohort, Kelkar et al 
evaluated 342 phacoemulsification cases performed with 
the Artevo 800 (n = 100) and the OPMI Lumera 700 SOM 
(n = 242). Surgical times were significantly longer with the 

HUDS than the SOM (8.4 ± 2.1 min vs 6.5 ± 1.8 min), but 
complication rates remained low and similar (2% vs 2.5%).4 
Importantly, all complications in the HUDS group occurred 
during the first 50% of cases,4 illustrating the learning curve 
with these systems. 

In a vitreoretinal surgery study of 241 consecutive cases, 
surgical duration was similar between HUDS and conven-
tional microscopy (45.5 ± 20.1 vs 46.0 ± 19.8 minutes), with 
comparable complication and anatomic outcomes, including 
3-month retinal detachment recurrence (10% vs 18%) and 
macular hole closure rates (82% vs 88%).5 

Thus, the learning curve associated with HUDS may 
differ between anterior and posterior segment surgery, as 
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Figure. 3D HUDS enable shared viewing for the surgical team while enhancing depth 
perception, precision, and ergonomics.
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demonstrated by differences in operative times. Inefficiencies 
may be mitigated by initially performing simpler cases, 
optimizing system presets, and incorporating ergonomic 
training during the adoption phase.

Ergonomics And Wellbeing
A consistent advantage of HUDS is improved surgeon 

comfort and ergonomics. In a comparative analysis of 
80 cataract surgeons, those using the Artevo 800 main-
tained a more neutral neck posture, with less flexion during 
capsulorhexis, phacoemulsification, and IOL placement. 
Postoperative musculoskeletal discomfort was also lower.6

Similarly, ophthalmologists using HUDS for simulated 
minimally invasive glaucoma surgery rated HUDS superior 
to conventional microscopy for ergonomics, depth of field, 
and educational training value.7 Early clinical experience in 
vitreoretinal surgery further support these findings, with 
91.7% of surgeons from a cohort of 20 volunteers preferring 
the ergonomics of heads-up visualization during standard-
ized microsurgical tasks, alongside retrospective validation 
in more than 400 routine vitrectomies over 8 months.8 In a 
prospective study of retina fellows using the Ngenuity 3D 
system, early ergonomic and comfort advantages compared 
with analog microscopes were observed, although these 
differences leveled over time as training progressed.9 

Beyond immediate comfort, improved posture with 
HUDS may have long-term implications for surgeon 
health and career longevity, as sustained neck flexion and 
musculoskeletal strain are well-documented contributors 
to early retirement from the OR.10 

Visualization, Safety, and Procedural Tradeoffs
In vitreoretinal surgery, HUDS may enhance visualization 

in ways that translate to clinically meaningful outcomes. 
For example, in a trainee series of macular hole repairs, 
closure rates were significantly higher with the use of HUDS 
compared with SOMs (86.3% vs 60.3%).11 

In a randomized controlled trial at Wills Eye Hospital 
comparing the Artevo 800 with SOM for macular surgery, 
procedures were performed at substantially lower endoil-
lumination levels (22.7% vs 39.1%) while maintaining 
comparable safety and postoperative visual outcomes.12 
Because lower light intensity lessens cumulative phototoxic 
risk,13 the ability of HUDS to achieve optimal endoillumina-
tion at lower light intensities may play a protective role in 
mitigating retinal phototoxic damage. 

Despite the advantages of HUDS, certain tradeoffs remain. 
Notably, macular peel times were longer with HUDS (14.8 vs 
11.9 minutes), underscoring that, despite improved visualiza-
tion, efficiency still depends on surgeon familiarity and work-
flow optimization. Thus, structured training is necessary to 
fully realize HUDS’ ergonomic and visualization advantages 
without prolonging operative time.

Software and Hardware Advances for HUDS
Digital image processing has become a key contributor 

to optimizing HUDS. The real-time application of local 
contrast and edge-definition sharpening and color 
adjustment algorithms can enhance intraoperative 
contrast while reducing objective measures of image clarity 
(skewness and kurtosis). 

In clinical studies, mean visibility scores increased 
markedly on a 10-point scale, rising from 5.0 at baseline 
to 7.5 at 50% sharpening levels, and color adjustments 
significantly improved visualization during delicate steps 
such as internal limiting membrane (ILM) peeling.14,15

In practice, surgeons may begin with moderate contrast 
sharpening intensities (25% to 50%), as supported by 
Nakajima et al, who found that visibility improved 
proportionally with sharpening within this range. Real-time 
color balance adjustments, though not yet standardized, 
were shown to further enhance ILM contrast without loss 
of image clarity.14-16 

Complementary advances in display technology are 
producing comparable gains, with next-generation 
monitors optimizing brightness to improve visualization 
of the operative field. Nakajima et al evaluated the 
performance of the Sony LMD-XH550MT 3D monitor with 
local dimming technology against the conventional Sony 
monitor. The study demonstrated that the monitor with 
local dimming technology achieved higher visibility scores 
and reduced skewness during cataract and vitreous surgery 
compared with the conventional monitor.17 

While HUDS offer ergonomic and educational 
advantages, their high capital cost, OR layout requirements 
(to maintain clear sightlines to the 55” monitor), and the 
need for staff to wear polarized 3D glasses can pose barriers 
to adoption.1 

KEY TAKEAWAYS

s

 �3D heads-up display systems provide anatomic 
and visual outcomes comparable to conventional 
microscopes, while requiring lower levels of 
endoillumination and offering better ergonomics.

s

 �Digital image processing and local-dimming 3D 
monitors improve field clarity and contrast across 
common steps in vitreoretinal procedures.

s

 �Intraoperative AI can now perform real-time 
instrument and landmark detection on the surgical 
video feed, and robotic platforms are achieving 
autonomous, motion-compensated subretinal 
injections guided by intraoperative OCT.
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 A I  A N D R O B O T I C S 
AI has emerged as a key tool for surgical workflow 

analysis and intraoperative decision support in ophthalmic 
surgery. By leveraging deep learning (DL) models trained on 
surgical video and imaging data, AI can identify procedural 
phases, recognize instrument use, and provide structured 
feedback for training and quality control.

Surgical Workflow and Intraoperative Guidance
Mueller et al evaluated the use of a DL model for surgical 

phase recognition in cataract surgery. Using the SICS-105 
dataset (105 prospectively collected videos of small-incision 
cataract surgery), the model achieved 85.6% accuracy for 
SICS and 89.9% for phacoemulsification, confirming that AI 
can reliably segment complex surgeries into distinct steps.18 

In a study focused on vitreoretinal surgery, Nespolo et al 
evaluated a DL model designed to analyze the intraopera-
tive field and detect surgical instruments, classify their 
tips, and segment key retinal landmarks in real time. Their 
model was trained on 606 annotated surgical frames and 
demonstrated strong performance.19 

By achieving both high precision and real-time speed, 
DL models show the potential to support intraoperative 
tasks such as collision avoidance, automated instrument 
tracking, and surgical data analysis.

Robotic Systems and Motion Compensation
AI-integrated robotic platforms are being developed to 

achieve the motion and positional stability needed for safe 
and reproducible subretinal therapies. Wu et al introduced 
a fully autonomous robotic system for subretinal injection 
delivery designed to compensate for human hand tremor, 
retinal movement from respiration, and cardiac pulsation. 
The system achieved insertion error of approximately 9-µm 
root mean squared error and 22-µm MaxAE in simulation. 
In ex vivo porcine eyes, biological variability introduced 

greater uncertainty, although five of eight trials still 
achieved successful retinal bleb formation.20 

Similarly, Arikan et al tested the Steady-Hand Eye Robot 
with OCT-based motion feedback to stabilize injections 
during simulated retinal motion. At low simulated retinal-
motion amplitudes (25 µm), tracking was stable, while 
larger amplitudes (100 µm) introduced drift and phase lag, 
and four of seven porcine injections achieved successful 
subretinal bleb formation.21

Recently, Horizon Surgical Systems completed the 
world’s first robotic-assisted cataract surgery using its 
Polaris platform, marking a major milestone in advancing 
ophthalmic innovation through robotics and AI.22 

Predictive Models and Outcome Forecasting
AI models have been deployed to predict surgical 

outcomes and can potentially serve as a valuable tool in 
preoperative patient counseling and prognostication. Guo 
et al trained a multimodal DL model to evaluate whether 
it could accurately predict postoperative visual outcomes 
following rhegmatogenous retinal detachment (RRD) repair 
and compared it to OCT-only and fundus-only AI models. 
Analyzing OCT, ultra-widefield fundus images, and clinical 
parameters from 184 RRD repairs, the multimodal model 
provided the strongest predictive performance. In contrast, 
OCT-only and fundus-only models performed less well.23

Godani et al showed that a regression model could 
predict postoperative visual acuity after macular hole 
surgery within 0.1 to 0.3 logMAR in 61% to 87% of cases.24 
In a similar study on idiopathic epiretinal membrane 
surgery, Lin et al found that a DL model trained on OCT 
scans from 696 eyes with epiretinal membrane slightly 
outperformed retina specialists when predicting postop-
erative visual outcomes.25

 W H A T’S T O C O M E I N T H E R E T I N A O R 
The convergence of digital HUDS, intraoperative AI, and 

robotics heralds a transformative era in ophthalmic surgery. 
Together, these technologies can enhance visualization, 
ergonomics, and microsurgical precision, while emerging 
AI and motion-compensated robotic platforms are rede-
fining the boundaries of intraoperative safety and outcome 
predictability. As adoption accelerates, structured training, 
workflow optimization, and evidence-based validation will 
be essential to ensure these innovations fulfill their poten-
tial in advancing surgical precision, protecting surgeon well-
being, and improving patient outcomes.  n
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