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Abstract

Purpose—To present 2 cases of vitreoretinal surgery performed on a three-dimensional (3D) heads-up
display surgical platform with real-time transfer of 3D video over a fifth-generation (5G) cellular network.

Methods—An epiretinal membrane peel and tractional retinal detachment repair performed at Massachu-
setts Eye and Ear in April 2019 were broadcast live to the Verizon 5G Lab in Cambridge, MA.

Results—Both surgeries were successful. The heads-up digital surgery platform, combined with a 5G net-
work, allowed telesurgical transfer of high-quality 3D vitreoretinal surgery with minimal degradation.
Average end-to-end latency was 250 ms, and average round-trip latency was 16 ms. Fine surgical details
were observed remotely by a proctoring surgeon and trainee, with real-time communication via mobile
phone.

Conclusions—This pilot study represents the first successful demonstration of vitreoretinal surgery
transmitted over a 5G network. Telesurgery has the potential to enhance surgical education, provide intrao-
perative consultation and guidance from expert proctors, and improve patient outcomes, especially in
remote and low-resource areas.

Introduction

Globally, an estimated 5 billion people lack access to strates potential for telemedicine to expand access and
safe and affordable surgical care, with low-income and improve both detection and monitoring of vision-threat-
lower-middle-income countries disproportionally affec- ening disease.

ted.! In the I'Jn’ited 'States', a'lthough oYer 90%,0f Medi- The recent COVID-19 pandemic has highlighted the
care beneﬁma.rles 1'1ve ‘_V_lthm‘ a 30-minute dl‘]\{C of an benefits of virtualization of patient care and the effec-
ophthalmologist, disparities in access to surgical eye (yeness of virtual medical and surgical education.’
care and adult vision health exist across socioeconomic A qyances in digital surgical viewing technology and
and racial groups.”> The use of teleophthalmology in  data transfer make telesurgery a promising tool. Three-
retinopathy of prematurity, diabetic retinopathy, age-  dimensional (3D) digital surgical viewing systems allow
related macular degeneration, and glaucoma demon- surgeons to operate using a “heads-up” display monitor.
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Advantages include improved ergonomics for the sur-
geon, illumination, depth of field, and enhanced viewing
experience for observing trainees and the surgical team.3

Recently, fifth-generation (5G) wireless cellular net-
works have become more widely available in various
parts of the United States. 5G offers unprecedented net-
work capability, in conjunction with a secure and relia-
ble video streaming platform, allowing high-quality
video streaming with reduced latency. Applications in
telerobotic spinal surgery and telementoring in gastroin-
testinal surgery have demonstrated high satisfaction,
efficacy, and feasibility of the 5G technology.?>!10 We
present 2 cases of vitreoretinal surgery performed on a
heads-up digital system with real-time transfer of 3D
video over a 5G cellular network. Our experience shows
that vitreoretinal digital 3D telesurgery may be broad-
cast over a 5G cellular network with fidelity.

Subjects and Methods

Patients were consented for inclusion in telesurgery, and
Health Insurance Portability and Accountability Act—
compliant technology was ensured in all facets of both
cases. Institutional Review Board approval was sought
and waived. Surgeries were performed on the NGENU-
ITY display system (NGENUITY 3D Visualization Sys-
tem, Alcon, Fort Worth, TX) at Massachusetts Eye and
Ear in April 2019 (Figure 1A). The monitor was posi-
tioned approximately 3 feet from the operating surgeon.
A remote proctoring surgeon and trainee viewed the sur-
gery in real time on a monitor at the Verizon 5G Lab in
Cambridge, Massachusetts (Figure 1B). The operating
surgeon and remote clinicians wore 3D polarized glasses
to provide a stereoscopic view of the monitor. Partici-
pants communicated via mobile phone, and the proctor-
ing surgeon highlighted key features of the case to the
trainee (Figure 1C).

Video was encoded and transmitted from the operating
theater via wired public Internet to a Verizon 5G trans-
mitter, wirelessly transmitted to a Verizon 5G receiver,
then decoded and displayed at the Verizon Cambridge
5G Lab. Haivision commercial video encoding/decoding
systems (CODECs) were used for low-latency video
streaming, including the Makito X HEVC Encoder,
Makito X HEVC Decoder and Secure Reliable Trans-
port (SRT) Protocol. A CODEC compresses large video
files into data packets for rapid transit via the Internet.
Another CODEC expands the compressed packets to
their original form, suitable for display on a remote
monitor. SRT is an open-source protocol that allows for
the delivery of high-quality, low-latency streams across
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the Internet (Figure 2). If a packet is lost, SRT is able to
compensate by adding redundant information, increasing
reliability at the cost of latency. SRT uses end-to-end
128/256-bit Advanced Encryption Standard (AES)
encryption, which provides military grade security.

Results

Both surgeries were successfully completed with mini-
mal video degradation at the remote site (Table 1). A
range of bitrates were tested from 8 to 20 Mbps, and all
bitrates were successful and provided good quality.
Higher bandwidth provided superior quality with dimin-
ishing return beyond 14 Mbps. The average round-trip
latency from encoder to decoder was 16 ms, while the
average latency observed glass-to-glass from the input
source (NGENUITY) to the output source (display at the
Verizon Cambridge 5G Lab) was 250 ms. This latency is
tunable and depends on the Internet connection between
the two endpoints.

In the first case, an epiretinal membrane (ERM) peel
was performed. Triamcinolone was used to confirm the
posterior vitreous detachment and remove the ERM with
internal limiting membrane (ILM) forceps. Indocyanine
green was used to stain the underlying ILM for removal
to ensure adequate removal of the ERM across the cen-
tral macula. To ensure that there were no peripheral reti-
nal breaks, 360° scleral depression was performed. Both
macular details and far peripheral details were well
visualized by the proctoring surgeon at the remote view-
ing site in the Verizon 5G Lab in Cambridge, Massachu-
setts.

The second case involved tractional retinal detachment
repair in a patient with proliferative diabetic retinopathy
(Figure 3). The anterior-posterior vitreous connections
were carefully removed for 360 degrees. Triamcinolone
was injected to maximize vitreous removal. Subretinal
fluid was drained through the superior retinal break and
full panretinal photocoagulation was applied after fluid-
air exchange. Silicone oil was placed for tamponade.

The proctoring surgeon and trainee easily observed fine
details of the surgeries, including residual vitreous, a
fine tractional membrane, and small retinal breaks. The
operating surgeon and proctoring surgeon had a live dis-
cussion via mobile phone. In addition, the proctoring
surgeon pointed out key features of the cases to the
trainee using the remote monitor, such as careful seg-
mentation and delamination of the posterior hyaloid.
The NGENUITY displayed the instrument settings over-
laid on the surgeon’s view, which was shared by the sur-



/2 '1oA “ABojoweyydQ jo [eunor [enbig

/2 '|oA “ABojoweyydo jo jeunor [enbig

40

Figure 1. Setup of telesurgery at primary and remote site. A, Operating team using the NGENUITY device at Mass. Eye and Ear. B, High-
quality 3D video was live streamed to the proctoring surgeon and research fellow at the Verizon 5G Lab in Cambridge, Massachusetts. C, The
proctoring surgeon pointed out fine details of the case observed in real time, including residual vitreous, a fine tractional membrane, and small

retinal breaks.

gical team at Massachusetts Eye and Ear and the partici-
pants observing the case at the remote site.

Discussion

This experience provides a proof of concept for remote
consultation and surgical education of trainees in vitre-
oretinal surgery using a digitally assisted platform and a
5G cellular network. The heads-up NGENUITY display
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Figure 2. Schematic of the video streaming protocol. Surgical video data is compressed by the encoder into data packets, which are transfer-
red over a network and subsequently decompressed into its original form by the decoder and displayed at a remote site. SRT protocol provides
secure, encrypted video streams and reliable transport of data by compensating for severe packet loss. H.264 and HEVC video encoders and
decoders enable low latency end-to-end transport of secure, high quality video over unpredictable networks. Adapted, with permission, from

Haivision (Deerfield, IL), “SRT Overview,” March 2020.

Table 1.

Transmission parameter Value

Network Verizon 5G

Coding/decoding systems (CODECs) Haivision Makito X HEVC encoder,
Makito X HEVC decoder,

SRT protocol

Distance 2.5 miles
Latency, end-to-end® 250 ms
Latency, round trip® 16 ms
Bandwidth available/used (Mbps)  20/14

3D vision

NGENUITY to remote monitor.
bExcludes time spent processing data packet at destination system.

Minimal degradation

system provides a standard view for all members of the
surgical team and a key shift from analog to digital sur-
gery.!l DATAFUSION software displays parameters
such as flow rate and intraocular pressure superimposed
on the surgeon’s screen. This transition opens the door
for live streaming of surgical cases over faster wireless
networks, enabling telementoring and remote intraopera-
tive consultation.

Remote real-time intraoperative high resolution video
feeds can allow for on-call subspecialty surgeons to pro-
vide intraoperative guidance and recommendations for
surgical cases, especially for more complex -cases.
Future adoption and integration of this technology may
increase access to specialists and trainee education in
low-resource areas. Undereducated or poor surgical per-
formers may also benefit from intraoperative consulta-
tion from expert proctors under pay for performance and
outcome-based payment models.!? In addition, this
model may be of utility in the military, where bases in
remote areas lack access to specialty surgeons. Future
work using higher bandwidths and complete 5G trans-

mission from encoder to decoder without a wired inter-
net connection is warranted.

Improvements in digital surgery platforms and data
transmission will almost certainly pave the way for
remote robotic surgery. While still in its infancy, robotic
ocular surgery using the da Vinci robot has demonstra-
ted feasibility in cataract surgery, strabismus surgery,
and penetrating keratoplasty.!3713 Robotic assistance
has demonstrated improved dexterity, tremor cancelation
and distance sensing, and these advancements will likely
be applied to fine manipulations in vitreoretinal surger-
ies and later evolve into semiautonomous surgery.!6—19
Barriers to robotics in ophthalmic microsurgery include
the fragility of eye anatomy, the high degree of precision
required, and unexpected head movement by the patient
during surgery.20

Limitations to telesurgery include the upfront cost of
digital platforms, hesitancy to change surgical practice,
and security concerns using public networks. While the
current requirement for both a microscope and the 3D
display has created a barrier to entry, this technology is
expected to become more affordable over time when the
3D display becomes integrated with a single platform
microscope. A single-center, randomized study reported
longer macular peel times using a heads-up display sur-
gical platform compared to a standard operating micro-
scope, likely explained in part by the learning curve
inherent in using new technology.2! Notably, total oper-
ative time, complication rate and postoperative out-
comes were comparable. We believe investments in tele-
surgery will ultimately improve the quality of care for
patients, satisfaction among surgeons, and quality of



/2 '1oA “ABojoweyydQ jo [eunor [enbig

/2 "10A ‘ABojoweyydQ jo [eusnor [eybig

42

Figure 3. Freeze frames from the tractional retinal detachment repair video showing the surgeon’s view, including the data fusion overlap of
the surgical settings. A, Core vitrectomy, including removal of anterior posterior vitreous connections. B, Staining of the posterior hyaloid and
residual vitreous with steroid. C, Segmentation of tractional membranes over the retinal detachment. D, Applying laser retinopexy around the
superior retinal break and panretinal photocoagulation after fluid-air exchange.

education for trainees. We encourage providers to inno-
vate with telesurgery as digital platforms and data trans-
fer technology continue to improve.
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