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Abstract: Three-Dimensional (3D) heads-up visualization systems have significantly advanced vitreoretinal surgery, providing
enhanced detail and improved ergonomics. This review discusses the application of 3D systems in vitreoretinal surgery, their use in
various procedures, their combination with other imaging modalities, and the role of this technology in medical education and
telementoring. Furthermore, the review highlights the benefits of 3D systems, such as improved ergonomics, reduced phototoxicity,
enhanced depth of field, and the use of color filters. Potential challenges, including the learning curve and additional costs, are also
addressed. The review concludes by exploring promising future applications, including teleophthalmology for remote assistance and
specialist availability expansion, virtual reality integration for global clinical education, and the combination of remotely robotic-
guided surgery with artificial intelligence for precise, efficient surgical procedures. This comprehensive review offers insights into the
current state and future potential of 3D heads-up visualization systems in vitreoretinal surgery, underscoring the transformative impact
of this technology on ophthalmology.
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Introduction

Three-dimensional (3D) heads-up viewing systems have enabled a major visualization advancement in vitreoretinal surgery.
Developed initially to provide surgeons with an improved view of the surgical field, these systems consist of two separate
optical channels which produce two slightly different images and are combined to create a 3D picture. TrueVision (Santa
Barbara, CA) initially developed a digital camera that could attach to the standard analog operating microscope and enable
displaying the images on a screen.' After the initial success, TrueVision and Alcon collaborated to produce a system for
digitally assisted ophthalmic procedures, the NGENUITY® 3D visualization platform, which was released in 2016.> To
obtain a stereoscopic view of the screen, the surgeons wear passive 3D polarized glasses. Additionally, the Artevo 800 3D
Heads-up Display System (Carl Zeiss Meditec, USA) was introduced more recently and delivers real-time, high-resolution
stereoscopic images of the operating area in true-to-life colors on an advanced display screen.”* Other systems, such as
Sony’s HMS-3000 MT (Sony Electronics Inc., Tokyo, Japan), have attempted to bring the monitor closer to the operator
and embed the video into a head-mounted unit." With the continued evolution of this technology, the use of 3D surgical

viewing systems is likely to become even more widespread in vitreoretinal surgery.

Use and Outcomes in Vitreoretinal Surgery

Pars Plana Vitrectomy

Three-dimensional heads-up systems have found extensive use in vitreoretinal surgery. Surgeons have expressed positive
experiences with this technology, citing ease of use, superior comfort, visibility, picture clarity, maneuverability, and
improved depth perception compared to traditional microscopy.” A retrospective review of 272 vitreoretinal surgeries,
including treatments for a wide variety of vitreoretinal pathologies, found no complications attributed to the use of the 3D
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heads-up system.® Moreover, no cases required conversion to an operating microscope.® International studies likewise

reported favorable outcomes. A retrospective, descriptive, comparative study in France found no differences in visual and

anatomical results when employing the 3D heads-up systems compared to the conventional microscopy.’ Specifically,

postoperative rates of retinal detachment (RD) recurrence, macular hole closure rates, epiretinal membranes (ERM)

surgical times, and visual prognoses were comparable.” Another retrospective study conducted in China reported no

appreciable difference in the incidence of complications between 3D and conventional microscopic vitrectomy proce-

dures for treating a wide range of vitreoretinal disorders.® Similarly, visual and anatomical outcomes were comparable

between the two modalities.® Table 1 summarizes a list of studies comparing the use of 3D heads-up display (HUD)

systems with the conventional microscope in treating vitreoretinal diseases. Across various studies, three-dimensional

heads-up displays and standard operating microscopes consistently demonstrate comparable effectiveness in surgical

outcomes.

Table | Studies Comparing Outcomes with Three-Dimensional Heads-Up Display and Standard Operating Microscope

Study Study Design Number of Cases Indication Primary Outcome Results
Del Turco, Retrospective 3D HUD: 2777 cases | Various Surgeon satisfaction: higher with 3D HUD, postoperative
et al, 2021% observational case | SOM: 2706 cases complications: no difference
series
Romano, et al, Prospective 3D HUD: 25 cases Various Surgeon satisfaction: higher with 3D HUD,
2018° randomized trial SOM: 25 cases duration of surgery: no difference
Kantor, et al, Retrospective 3D HUD: 138 cases RD, ERM, MH | Anatomic success: no difference, duration of surgery: no
20217 review of SOM: 103 cases difference, visual prognosis: no difference
consecutive cases
Zhang, et al, Retrospective case | 3D HUD: 124 cases Various Anatomic success: no difference, duration of surgery: no
20198 series SOM: 202 cases difference, postoperative complications: no difference
Kumar, et al, Randomized 3D HUD: 25 cases MH Anatomic success: no difference, duration of surgery: no
2018° prospective SOM: 25 cases difference, visual prognosis: no difference, illumination
comparative study intensity: less in 3D HUD group
Reddy, et al, Retrospective 3D HUD: 51 cases MH Anatomic success: higher in 3D HUD group duration of
2021'° review of SOM: 63 cases surgery: no difference, postoperative complications: no
consecutive cases difference
Kim, et al, Retrospective 3D HUD: 298 cases ERM ERM recurrence: lower in 3D HUD group, dissociated optic
2023" Case Series SOM: 236 cases nerve fiber layer: lower in 3D HUD group
Zhao, et al, Retrospective 3D HUD: 220 cases Various Anatomic success: no difference, duration of surgery: less for
2023'2 case-control SOM: 242 cases membrane peels in 3D HUD group, surgeon satisfaction:
higher in most subscales in 3D HUD group
Coppola, et al, | Retrospective case | 3D HUD: 7 cases RD Anatomic success: no difference, postoperative complications:
2017'3 series SOM: 15 cases no difference, endoillumination power: less in 3D HUD group
Rani, et al, Prospective 3D HUD: 34 cases RD Duration of surgery: no difference, endoillumination power:
2021 randomized trial SOM: 34 cases less in 3D HUD group
Kannan, et al, Prospective 3D HUD: 30 cases RD Anatomic success (reattachment): no difference, duration of
2021"° randomized trial SOM: 30 cases surgery: no difference
Zeng, et al, Retrospective 3D HUD: 50 cases RD Anatomic success: no difference, duration of surgery: no
2023'® review SOM: 138 cases difference, PVR rate: no difference
(Continued)
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Table | (Continued).

Study Study Design Number of Cases Indication Primary Outcome Results

Asani, et al, Retrospective 3D HUD: 70 cases RD Anatomic success (reattachment): no difference, visual

2020'7 cohort study SOM: 70 cases prognosis: no difference, duration of surgery: longer in 3D
HUD group, PVR rate: no difference

Talcott, et al, Prospective 3D HUD: 23 cases MH, ERM Overall duration of surgery: no difference, macular peel time:

2019'® randomized study | SOM: |6 cases longer in 3D HUD group, visual prognosis: no difference,
postoperative complications: no difference,

Palacios, et al, | Comparative 3D HUD: 20 cases MH Duration of surgery: no difference

2019'"° observational study | SOM: 20 cases

Abbreviations: 3D HUD, three-dimensional heads-up display; SOM, standard operating microscope; MH, macular hole; ERM, epiretinal membrane; RD, retinal detachment;
PVR, proliferative vitreoretinopathy.

In terms of its effectiveness in vitrectomy, a laboratory study compared vitreous removal using the NGENUITY® 3D
heads-up viewing system to a standard surgical microscope.?’ It was found that the application of the 3D heads-up
viewing system resulted in significantly less residual vitreous in porcine eyes.>’ The authors posited that the 3D heads-up
viewing system enhances the vitreous gel removal process by improving the visualization of the peripheral vitreous via
the blue color channel.?

Another area where 3D visualization technology can make a significant impact is endoscope-assisted vitrectomies. In
the conventional setup, surgeons must switch between a microscope and a small monitor for the endoscopy, which is
cumbersome and time-consuming. In contrast, 3D technology facilitates the simultaneous display of two viewpoints on
a single large screen, streamlining the process.?

Peripheral Vitrectomy and Scleral Depression

Peripheral vitreous removal with scleral depression is commonly performed with the help of a skilled assistant who
provides scleral indentation for vitreous base shaving, while the primary surgeon uses a widefield viewing system. A case
series introduced a novel technique for visualizing the retina and vitreous during vitrectomy, employing a transscleral
illuminated light pipe and a digital camera with heads-up display technology.?* This technique allows a single surgeon to
perform peripheral vitrectomy and scleral depression without needing a skilled assistant. In this method, the light pipe is
adjusted to 100% power on the vitrectomy machine and is placed externally on the sclera just posterior to the vitreous
base insertion. It is used to gently indent the sclera to perform a peripheral vitrectomy. The digital camera and heads-up
display system are used to improve visualization of the vitreous cavity, with the light amplification settings increased to
near-maximal gain to enhance the view of areas with low luminance.”? Using the digital camera and heads-up display
system in this technique has several advantages over a traditional operating microscope. The high-definition camera with
a high dynamic range improves the display quality by combining multiple images with different exposures. This provides
a better view compared to the traditional microscope. Additionally, the system’s digital image processing can signifi-
cantly amplify endogenous luminance, improving visualization of areas of the vitreous cavity with low luminance.

Internal Limiting Membrane and Epiretinal Membrane Peeling

Macular holes are characterized by a defect in the center of the fovea, resulting in significant vision impairment and
patient morbidity. The surgical method to treat macular holes generally involves a pars plana vitrectomy, induction of
a posterior vitreous detachment, internal limiting membrane (ILM) peel, and fluid gas exchange. This is typically
followed by one week of post-operative face-down positioning, resulting in a high macular closure rate.”> The ILM
peeling stage, in particular, requires exceptional stereopsis and hand-eye coordination, given its delicacy. A randomized
prospective comparative study evaluated the clinical outcomes of patients undergoing macular surgery with a 3D heads-
up viewing system and conventional microscopic surgery performed by a single surgeon.’ The study reported comparable
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results concerning surgical time and macular hole closure rates.'’ Further, a retrospective study conducted with
vitreoretinal surgical fellows in India found that the use of the 3D heads-up display system yielded significantly greater
closure rates than traditional microscopy (86.3% vs 60.3%).'° This highlights the potential role the system could have in
surgical training.

The application of 3D heads-up visualization systems has also been investigated in other instances of ILM peels.
A retrospective case series, consisting of 14 consecutive patients who underwent ILM peeling for proliferative
vitreoretinopathy, found that most eyes had anatomic success with just one procedure, and all eyes attained success.**
This observation suggests that the 3D visualization system can be effectively used in the treatment of proliferative
vitreoretinopathy.

Another vitreoretinal surgery wherein the utilization of 3D heads-up visualization systems has demonstrated sig-
nificant benefits over standard microscopy is epiretinal membrane (ERM) peeling, a procedure demanding a degree of
dexterity and stereopsis similar to ILM peeling and can be performed with or without ILM peeling. In a retrospective
evaluation of 534 consecutive ERM peeling procedures performed in South Korea, the use of this system was associated
with a substantially lower incidence of ERM recurrence and dissociated optic nerve fiber layer rates than the standard
microscopy.'' In this study, logistic regression analysis identified the use of conventional microscopy as the sole
significant risk factor for ERM recurrence (adjusted odds ratio: 12.86, p=0.02)."" The authors suggested that leveraging
digital image processing in a 3D heads-up system can enhance visualization and magnification without sacrificing
resolution. This enhanced surgical view may facilitate a less traumatic and more complete ERM removal, possibly
resulting in a lower rate of ERM recurrence and dissociated optic nerve fiber layer. Additionally, the visual acuity and
central macular thickness improvement achieved with the 3D heads-up system in this study was comparable to that
attained with standard microscopy.''

Three-dimensional heads-up systems also support a faster peeling time for surgeons. In a retrospective case-control
study involving 462 eyes, the procedures done with the 3D display resulted in a significantly shorter ERM or ILM
peeling period for eyes affected by ERM and idiopathic MH compared to those performed with conventional
microscopy.'? The same study did not find a shorter procedure time in other vitreoretinal procedures, such as complete
vitrectomy or retinal detachment repair. Overall, from the surgeon’s perspective, the 3D system received significantly
higher ratings in several areas, such as comfort level, resolution, depth of field, and magnification.'?

Retinal Detachment Repair

Rhegmatogenous retinal detachment (RRD) is a serious medical condition that can lead to permanent vision loss if not
promptly addressed. The application of the 3D heads-up visualization system in RRD repair via pars plana vitrectomy
(PPV) can deliver satisfactory anatomical and functional results, parallel to those attained with traditional
microscopy.'*'* A prospective interventional study of 60 eyes undergoing RRD repair found that the use of a 3D heads-
up display and the standard microscope led to similar rates of final retinal attachment and significant improvement in
visual acuity.'> The duration of surgery was also similar for both methods.'> Moreover, a retrospective review of 188
eyes undergoing RRD repair, comparing the use of the NGENUITY®™ 3D heads-up display and traditional microscope,
found no significant difference between the two groups regarding anatomic success rates, postoperative complications, or
surgical duration.'® The authors of these studies detailed that 3D head-up visualization systems provided improved
ergonomics, increased depth of field, and a greater field of view. Similarly, a retrospective cohort study of 140 surgeries,
comparing 3D heads-up to the standard microscope, found that both groups had similar outcomes regarding the primary
retinal reattachment rate, the incidence of postoperative proliferative vitreoretinopathy, and the final best-corrected visual
acuity (BCVA).'” However, the duration of surgery was longer in the 3D HUD group, an outcome ascribed to the
learning curve.'”

During the RRD repair, perfluorocarbon liquid (PFCL) is often utilized to facilitate the drainage of subretinal fluid
(SRF). However, the retention of PFCL inside the eye can cause unintended toxicity to the retina and lead to various
postoperative complications. To address this issue, a consecutive series of RRD surgical patients assessed whether PFCL
could be excluded from PPV surgery with the aid of the NGENUITY™ 3D Visualization System.>> The study comprised
60 cases, with half utilizing PFCL and the other half not. The findings revealed that by excluding PFCL, the operation
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time was significantly reduced, and visual acuity outcomes were slightly better while achieving a 100% retinal
reattachment rate.”> Consequently, the 3D visualization system can be used to perform PPV surgery without PFCL,
resulting in a simpler operation and avoiding PFCL-related complications. When performing PPV surgery for RRD
without PFCL, one of the main challenges is poor visualization under a microscope in air-filled eyes. However, the
authors argue that this challenge can be overcome by using a 3D visualization system, which provides better intrao-
perative visualization, a wider field of view, and improved resolution by using real-time digital signal processing and
allows for sharper, clearer images at lower endo-illumination levels.?® The 3D visualization system provides an excellent
view in an air-filled eye, making it possible to perform intraocular manipulations under air and complete the necessary
steps of the surgery, such as laser photocoagulation in the degenerative area within the attached retina, aspiration of SRF
by fluid-air exchange, and laser photocoagulation in the detached region.

Moreover, heads-up 3D systems have been utilized during scleral buckling. Endoillumination systems, such as
a chandelier or a guarded light pipe, can be used with 3D heads-up visualization during scleral buckling to enable direct
visualization of the procedure’s intraocular steps rather than an indirect ophthalmoscope.”® A novel method for
intraocular viewing during primary scleral buckling for RRD repair was recently described.?” This approach involves
using a guarded light pipe — a light pipe encased in a silicone sleeve — for comprehensive illumination of the retina using
the 3D heads-up system. The guarded light pipe is placed in a vitrectomy port. The sleeve prevents advancing the light
pipe too far through the cannula into the posterior segment and dragging the vitreous. The light pipe aids in visualizing
retinal breaks, guiding cryotherapy, adjusting the height of the buckle, and completing subretinal fluid drainage and
enhances teaching primary scleral buckling to trainees. With the integrated visualization, everyone in the room can
witness the surgical steps. The video processor of the 3D heads-up display allows the surgeon to open the iris aperture
and allow more light from the eye to reach the camera and, by extension, the surgical display. This action ensures
sufficient light for effective surgical performance, which can be more challenging with the standard microscope.
A comparative study evaluating the guarded light pipe technique against traditional scleral buckling found analogous

anatomical and visual outcomes, as well as comparable operative times.®

Use in Combination with Other Intraoperative Imaging Modalities

Intraoperative Three-Dimensional Fluorescein Angiography

Intraoperative fluorescein angiography (FA) involves the utilization of a fluorescent dye which, once introduced into the
bloodstream, illuminates retinal blood vessels. This process enables surgeons to evaluate blood flow within the retina
during surgery, a feature that can be highly beneficial in the management of retinal vascular disorders, such as
proliferative diabetic retinopathy (PDR).

Two case series reported the application of three-dimensional-FA-guided PPV in addressing PDR and retinal vein
occlusion.?**® Employing a high-resolution 3D visualization system, surgeons can obtain real-time information on blood
flow within the retina and closely examine the peripheral retina, a task that has been challenging with standard FA
approaches in outpatient settings. A key benefit of this approach is the immediate access to angiographic data during
surgery, a feature not feasible with traditional surgical techniques. By visually identifying the non-perfusion areas on the
same screen, surgeons can ensure that the retinal photocoagulation treatment is precise, minimizing the risk of over- or
under-treatment. Furthermore, it was reported that the fibrovascular proliferative membrane (FVPM) position could be
easily pinpointed, enabling surgeons to execute the segmentation and removal of the FVPM using the same display.?’

Additionally, when retinal vein occlusion is incidentally discovered during PPV for vitreous hemorrhage, it can be
difficult to decide the extent of photocoagulation needed and to fully remove FVPM during surgery.®® This difficulty
arises from the complications inherent in accurately determining the size and orientation of neovascularization and
predicting its adhesion to the vitreoretinal interface, particularly in eyes with incomplete posterior vitreous detachment.
3D-FA can help address these issues by verifying the size and location of neovascularization in real time during
surgery.”® Combining intraoperative 3D-FA with optical coherence tomography may provide additional precise informa-
tion about the vitreoretinal interface surrounding the neovascularization, as well as any intraretinal or subretinal
pathological changes. This approach can potentially lead to safer and less invasive PPV procedures.
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Intraoperative Optical Coherence Tomography

Intraoperative optical coherence tomography (OCT) is a relatively recent development in ophthalmic surgery, offering
real-time, high-resolution imaging of ocular structures during surgical procedures. Intraoperative OCT enables the
detection of pathological conditions and alterations in vitreoretinal structures during surgery, thereby enhancing under-
standing of the anatomy and promoting informed surgical decisions grounded on real-time input.>' ** Conventional
viewing systems, like traditional microscopes, have visualization quality and ergonomics limitations. They necessitate
beam splitters and laser filters for secure and efficient functioning and fail to offer the same level of detail or adaptability
as digital displays.

In contrast, one of the most promising applications of 3D visualization technology is its use in conjunction with
intraoperative optical coherence tomography (OCT). A small prospective pilot study reported surgeons’ affirmation that
displaying OCT data on a large screen through 3D technology enhanced the examination and analysis of OCT data,
improving comfort and efficiency.>* By projecting the OCT on a high-resolution screen, surgeons could scrutinize the
data without reverting to the microscope’s external display system. This practice led to a considerable decrease in OCT
scanning times compared to another study that employed intraoperative OCT with a conventional microscopy system.**
A recent case report describes the potential of OCT integration in 3D head-up imaging systems in myopic macular schisis
repair.>> The technology verified the absence of an iatrogenic macular hole during the repair process, thus empowering

surgeons to conduct foveal-sparing ILM peeling without the need for gas tamponade.”

Broader Advantages

Impact on Medical Education

In a standard setup, typically only surgeons operating the microscope can attain stereopsis and adequate visualization.
However, a 3D viewing system allows everyone in the operating room to access the same high-definition 3D image. The
system has significant educational value, particularly for providing feedback to fellows and residents and teaching
medical students. For instance, a pointer can be used by the surgical teacher to guide surgical maneuvers and point out
important pathology to the trainee in real time.

Further, the recordings of high-definition 3D videos offer an excellent teaching tool for reviewing surgeries. For
viewers who are learning ophthalmic procedures, 3D videos are more instructive than two-dimensional videos. For
instance, one prospective randomized study revealed that on anatomy comprehension questions, students who watched
3D video recordings of certain vitreoretinal procedures performed better than those who watched 2D videos of the same
procedures.”® In a cross-sectional survey, most medical students reported higher accuracy in identifying the anatomy with
the 3D head-up viewing system NGENUITY®, and they preferred this platform over the 2-dimensional display and
standard microscopy as their desired learning modality.>” Likely, medical students who work with a surgeon who uses 3D
heads-up visualization systems have a more positive experience in the operating room as they can better visualize the
steps of the intraocular procedure. Residents also reported greater anatomical knowledge and improved ergonomics with
the 3D heads-up system.>’ It was also reported that the operation room nurses had an enhanced ability to monitor the case
development and foresee which tools might be required.’” This could potentially lead to reduced operating times and
minimize errors. Additionally, a questionnaire-based study that assessed the satisfaction levels of surgeons and trainees
with 3D HUD compared to the traditional microscope found that both surgeons and trainees were more satisfied with 3D
surgery.>® Notably, the trainees reported better satisfaction levels with 3D in various subcomponents, such as visualiza-
tion, physical aspects, ease of use, and education.*®

Telementoring

Telementoring in ophthalmology involves the use of technology to offer remote guidance and supervision to trainees and
peers. With telementoring, experienced ophthalmologists can remotely observe and provide real-time feedback to
trainees during surgical procedures, diminishing the necessity for trainees to be physically co-located with their mentors.

This can improve the accessibility and efficiency of training, particularly for trainees in remote or underserved areas.
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Additionally, this tool can be employed to teach new techniques and deliver continuing surgical education for seasoned
surgeons.

The integration of 3D visualization systems on ophthalmology telementoring potentially elevates the training
experience for both trainees and mentors. It does this by offering a more immersive and lifelike view of the surgical
field, enabling better visualization and comprehension of the anatomical structure, a feature particularly beneficial for
intricate ophthalmic procedures. A recent report revealed that using affordable video-capturing hardware and a streaming
application, live, low-latency 3D streaming of vitreoretinal procedures is possible.®* The inclusion of 3D visualization
systems in telementoring programs allows trainees to receive more effective and individualized guidance, potentially

enhancing surgical outcomes.

Improved Ergonomics
Musculoskeletal problems are common among ophthalmologists due to the nature of their work, which involves long
hours of sitting or standing, repetitive movements, and prolonged use of instruments such as microscopes. These
conditions can exert strain on different body parts, and over time, culminate in musculoskeletal disorders such as neck
and lower back pain. A survey of eye care specialists revealed that compared to family medicine doctors, ophthalmol-
ogists and optometrists have a higher prevalence of neck, wrist, and lower back discomfort.** Contributing factors were
identified as repeated work, extended or awkward positions, and bending of the joints. Additionally, an online survey of
127 ophthalmologists found that 66% of respondents experienced work-related pain.*' Time spent in surgery was
significantly associated with musculoskeletal symptoms.*' Notably, 14% of the participants stated that they intended
to retire early due to the symptoms they experienced.*' Considering these facts, it is important to consider improving the
work settings of eye care practitioners to avoid musculoskeletal problems and associated personal and economic costs.
The 3D visualization systems help improve ergonomics by providing surgeons with a more comfortable and efficient
working environment and reducing physical strain. According to a survey of ophthalmic surgeons, heads-up displays
improved posture and increased general comfort.*> A majority of the respondents who experienced pain or discomfort
during procedures reported less discomfort since employing heads-up displays. Intriguingly, those who used heads-up
displays for over half of their cases had approximately five times higher likelihood of reporting pain reduction.** Another
survey also found that the device improved symptoms, especially in the cervical and lumbar areas, for more than half of
the users.”> A report also indicates that performing procedures with 3D technology and positioning can be more
manageable when the patient has a spinal malformation or needs surgery in the Trendelenburg position.**

Reduction in Phototoxicity

Phototoxicity is a potential complication during ophthalmic microsurgery, which can cause retinal damage due to
prolonged exposure to intense light from sources. Phototoxicity from endo-illumination during vitreoretinal surgery is
well-described in the literature.*> In 3D viewing systems, the image is created by putting together inputs from two
cameras, and it is subsequently processed by algorithms that enable the detection and magnification of light levels lower
than those easily detectable by the human eye. Hence, this process improves the image brightness, leading to lower
illumination levels.*® An initial comparative study on 3D visualization reported that light intensity had to be set at 100%
for certain procedures without a 3D system. However, with the 3D system, such a high setting was never necessary.” This
study also reported that certain vitreoretinal procedures could be completed with 20% less light intensity due to the signal
amplification.”? Moreover, a prospective, observational surgical case series of 10 patients investigated the minimal endo-
illumination levels required to perform 3D heads-up vitreoretinal surgery.*” The surgeons found that they could
comfortably work at an endo-illumination level of 10% of maximum output or less with 3D heads-up setups, compared
to standard operating microscopes in which the endo-illuminator was set to 40% of the maximum output.*” Recent
studies have further confirmed a considerable decrease in light intensity during different ophthalmic procedures, which

can lower the risk of phototoxicity and increase patient comfort.*>4
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Improved Depth of Field

Depth of field refers to the range of distances within which objects appear in focus, and it directly affects the clarity of
the surgeon’s vision during the procedure. A narrow depth of field can make it difficult for the surgeon to maintain focus
on the critical structures within the eye, while a larger depth of field can provide a more detailed and accurate view. On
a conventional microscope, the accommodative capabilities of each surgeon can affect the depth of field. In contrast, the
depth of field on 3D displays is unaffected by the user’s capacity to accommodate. Reduced eye strain can be a benefit of
3D systems because they do not require near vision. Therefore, the surgeon does not have to accommodate while looking
through the eyepiece for an extended period.

Depth perception is crucial for most vitreoretinal procedures, which demand accurate hand-eye coordination.’® The
spacing between the optical beams in the 3D system is larger than in the standard surgical microscope. Moreover, there is
an option to select among lenses with multiple different objective working distances.” A physician questionnaire survey
evaluating the depth of field, lateral resolution, and image quality of a heads-up 3D visualization system found that, based
on subjective assessments, surgeons preferred the digital 3D system over the traditional eyepiece, especially at high
magnifications.”’ Another report stated that if the aperture of the 3D system camera is decreased to 30%, the depth of
field is up to three times larger than the standard microscope.*®

Color Filters
Indocyanine green (ICG) preferentially stains the ILM and aids in the visualization and removal of the membrane from
the retina. Toxicity and retinal damage from the dye have been described in vitro and in vivo, as well as following
macular surgery.”? The 3D visualization systems enable surgeons to apply color filters, potentially limiting the need for
dye and thereby reducing both the amount and duration of dye exposure, thus mitigating the risk of toxicity.
A prospective comparative observational study demonstrated that during ILM peeling, customized settings on digitally
assisted vitreoretinal surgery allowed surgeons to employ an ICG concentration that was three times lower compared to
that used with a standard operating microscope.’ 3

In addition to the black and white filter, which is often used to achieve contrast in ILM peeling, other color filtering
options are available. According to a survey of surgeons in France, some of the most commonly used filters, following
the black and white filter, include the red-free filter for hemorrhage suppression and the yellow filter for fluid-air
exchange.”

Visualization of Details and Integration with Operating Systems

Our experience demonstrates that 3D systems deliver sharp focus and reveal a broader range of details. In addition to
offering up a high-depth resolution, high dynamic range imaging merges underexposed and overexposed images,
resulting in superior detail recognition and contrast. Additionally, 3D heads-up visualization systems can facilitate
seamless integration with operating systems. The key to the seamless integration of Alcon’s CONSTELLATION®
Surgical system with NGENUITY® lies in a software solution that combines these systems to manage crucial data
parameters seamlessly, such as intraocular pressure, flow velocities, infusion pressures, and laser intensity. This
specialized software enhances the surgical experience by offering customization features, preset imaging modes,
advanced video recording options, and improvements to the user interface, including procedural flow enhancements
for improved white balance. Figure 1 summarizes some of the advantages of 3D heads-up visualization systems.

Potential Drawbacks

The Experience of the Assistant Surgeon

Despite its overall positive impacts on ergonomics, some reports have indicated that in certain cases, the use of a 3D
heads-up system may have the opposite outcome on ergonomics for members of the care team. A questionnaire-based
study revealed that the second assistant might need to adopt uncomfortable or awkward postures if the room design
requires perpendicular positioning to the primary surgeon.> This positioning can make it uncomfortable for them to keep
turning their heads to the monitor.”> However, with appropriate room setup, this discomfort can likely be avoided, and
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Figure | Advantages and applications of 3D heads-up visualization systems.

the positioning may still be preferable to the neck and back strain associated with the assistant peering into microscope
oculars.

The Experience for the Anesthesia Team

Although 3D monitors improve the experience of most personnel in the operating room, this setup can be more
unfavorable for the anesthesia team. For example, in a cross-sectional survey of care team members, anesthesiologists
reported that 3D displays did not lead to greater engagement in the surgical case, likely because it is typically impossible
to view both the 3D display and the anesthesia monitors simultaneously.’” However, it is still possible to simultaneously
project the case onto 2D monitors.

Setup and Operating Room Space

Three-dimensional surgical viewing systems require a substantial setup process. The combination of multiple technolo-
gical components, such as stereoscopic displays and recording devices, necessitates a meticulous assembly procedure,
which can be complex and time-consuming. The large monitors in the operation room may also limit the anesthetist’s
access to the patient.”> The system requires more space than just a standard microscope. The operating room must be
sufficiently large to accommodate the extensive viewing display, enabling non-operating personnel to move around and
perform their tasks.’
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The Learning Curve

The learning curve for using a 3D heads-up system may pose a challenge, particularly for surgeons who are accustomed
to traditional microscopes. For instance, a prospective randomized study of 39 cases of PPV for epiretinal membrane or
macular hole discovered that with a 3D heads-up system, macular peel times were longer and associated with reduced
surgeon-reported ease of use.'® This finding may be partially attributable to the learning curve that accompanies this new
technology. Despite this, studies have found that the use of 3D systems has a relatively brief learning curve. In
a comparative observational study that analyzed the required time for PPV and ILM peels using traditional microscopy
and a 3D visualization system, one experienced surgeon and three fellows performed macular hole surgeries, completing
five procedures with traditional microscopy and five with the 3D system.'® The study found no significant difference in
the duration of surgery between using the 3D system and the traditional microscopy.'® This finding can be attributed to
the short learning curve associated with the 3D system. To attain confidence in using this technology, the surgeons
needed to perform only five surgeries using the 3D system. Moreover, a first-year retina fellow carried out the first
surgery using the 3D system, further supporting a brief learning curve.'® With adequate practice and experience, all
vitreoretinal surgeons should be able to become proficient in using the system.

Financial Costs

The use of 3D heads-up systems constitutes an additional expense in comparison to traditional microscopes. These costs
may encompass the purchase of specialized equipment, including the 3D monitor and stereo viewing glasses, as well as
the cost of maintenance and repairs. Another drawback involves the large data files 3D imaging systems create; these can
complicate data processing and lead to higher storage costs. Additionally, training may be necessary for the surgical
team, leading to further expenses. It should be noted, however, that while there may be some initial costs associated with
the adoption of a 3D heads-up system, potential benefits exist. These include enhanced visualization and ergonomics
during surgery, which can lead to superior outcomes for both patients and surgeons and may ultimately reduce the overall
costs of use.

Refocusing of the Microscope

While the systems obviate the need for eye accommodation, they also introduce their own challenges. The absence of
natural eye accommodation means that surgeons must frequently refocus the microscope throughout the procedure. This
necessity can be cumbersome and interrupt the surgical flow. Careful calibration for depth perception is essential to tailor
the system to the surgeon’s visual needs, ensuring an optimal 3D view that alleviates eye strain or visual fatigue. Thus,
the implementation and effective use of 3D viewing systems in vitreoretinal surgery demand a balance of effort,

expertise, and continual adjustments.

Future Directions

Teleophthalmology is a promising application of 3D visualization technology. The recent demonstration of live
webcasting of 3D retina surgery in 4K over a 5G network serves as a proof of concept with significant implications
for the field.’® With the assistance of intraoperative high-definition streams, experienced surgeons may be able to offer
live remote assistance and recommendations, especially for more complex cases. In underserved countries, this technol-
ogy could expand the availability of specialists and improve surgical training. The military or any facilities in remote
locations that lack access to specialty care may also derive benefits from this technology.

Another exciting advancement in the use of 3D visualization technology occurs in the realm of virtual reality.
Academic conferences, which are vital for disseminating novel research findings and advancing the field, have increas-
ingly utilized digital solutions since the onset of the COVID-19 pandemic to conduct scientific meetings.’’ These
technologies have predominantly relied on video conferencing applications. Virtual meetings have addressed long-
standing challenges associated with traditional in-person conferences, such as balancing clinical responsibilities, mitigat-
ing financial costs, and minimizing disruptions to sleep habits caused by time zone differences.
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Virtual reality has emerged as a new frontier in scientific collaboration within this innovative ecosystem. The virtual
reality environment leverages numerous benefits of both in-person and remote conferences. This system allows remote
check-in, making it more accessible, cost-effective, and flexible for attendees. Attendees may navigate the conference
setting in a manner akin to a real-world event, allowing them to efficiently attend multiple sessions.>® Recently, the 2022
Digital Ophthalmic Society meeting was held in a virtual reality space, offering a more immersive interaction than
traditional video conferencing platforms.” The virtual environment also incorporates spatial audio, enabling users to
concentrate on proximate sounds without distraction from noise elsewhere in the digital space.”® The 3D visualization
systems’ ability to record surgery in 3D makes it particularly suitable for virtual reality viewing.

When 3D surgical recordings are integrated into virtual reality, they can present a superior experience compared to the
two-dimensional capabilities of traditional systems. As the usage of virtual reality expands, ophthalmic specialists may
participate in clinical education and provide live feedback for operations. Similarly, trainees from around the world may
learn from live procedures conducted by retina experts. The virtual reality space provides a dynamic setting in which
inquiries may be posed live. These educational experiences may complement the training of residents and fellows,
particularly in atypical or challenging cases that are typically treated in specialized facilities. Although live broadcasting
has not yet been integrated into virtual reality platforms, the proof of concept for merging live 3D streams with virtual
reality has already been described in vitreoretinal procedures.*”

Another potential future application of 3D visualization technology is its use in remotely guided robotic surgery.
A crucial step in enabling this type of surgery is the transition to high-definition, three-dimensional live imaging. It has been
demonstrated that ocular surgeries can be performed with the da Vinci robot.° Robotics can increase dexterity, eliminate

tremors, and enable remote surgery thanks to their high precision and exquisite mechanical control.®’

This technology can
provide novel treatment options for specific conditions, such as retinal vein cannulation, where surgical alternatives are
restricted by the physiological limitations of the human hand.®> However, the adoption of robotics in ophthalmology
presents challenges, such as the fragile nature of the eye and unanticipated movements of the patient’s head.

Lastly, the further integration of artificial intelligence (Al) represents an exciting development in ophthalmology. Live
operator support and the combined use of Al with robotic advancements can lead to semi-autonomous robotic interven-
tions. This collaboration may result in more precise and efficient surgical procedures, allowing surgeons to perform

complex operations with greater ease and accuracy.

Conclusion

In conclusion, 3D visualization technology has revolutionized vitreoretinal surgery, providing surgeons with numerous
advantages, including enhanced visualization, ergonomics, and depth perception. Although the technology may present
potential drawbacks, such as a learning curve and increased costs, its benefits are poised to improve both patient
outcomes and satisfaction within the surgical team. Future research could focus on the long-term effects of 3D
visualization technology on surgical outcomes, further exploring the role of virtual reality and teleophthalmology in
surgical education, remote surgical assistance, and the development of robotics and artificial intelligence in surgeries. By
persisting in the investigation and development of 3D visualization technology in ophthalmology, the field can continue
to evolve and enhance, ultimately leading to improved outcomes.
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