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Background: Several researchers have used commercial microscope-integrated optical coherence
tomography (OCT) systems in glaucoma surgery, including #b interno trabeculectomy and canaloplasty.
However, the 840 nm wavelength light source of the OCT systems is not ideal for imaging the anterior
chamber angle structures because of its limited penetration. We evaluated the potential value of a
microscope-integrated swept-source OCT system with a 1,310 nm center-wavelength light in canaloplasty
for glaucoma.

Methods: Sixteen porcine eyes were used to simulate canaloplasty. The critical surgical steps were
monitored using a prototype microscope-integrated OCT system with a 1,310 nm light source and a high
axial scan rate of 100 kHz. The images from swept-source OCT and three-dimensional images from the
microscope were projected simultaneously onto a liquid crystal display three-dimensional monitor (LMD-
4251TD, Sony, Japan). The changes in the collector vessel (aqueous drainage structure in the porcine eye,
similar to Schlemm’s canal in humans) were measured using Image J software. Histological sections stained
with hematoxylin and eosin were used to assess surgical efficacy.

Results: High-resolution real-time images of the anterior segment were acquired during canaloplasty using
the microscope-integrated OCT system. With the real-time OCT images, the position of the collector vessel
was identified and the scleral flap could be created at the ideal location. The expansion of the collector vessel
after viscoelastic injection was also visualized in real time. Compared with baseline, there was a significant
increase in the cross-sectional area (from 14,502.98+9,242.55 to 59,499.04+20,506.41 pm’, P<0.001) of the
collector vessel.

Conclusions: Using the microscope-integrated OCT system, real-time images of the anterior segment
were successfully acquired during the operation. The microscope-integrated OCT system might be useful in

future anti-glaucoma surgery.
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Introduction

Glaucoma is a leading cause of irreversible blindness
worldwide (1). Despite the development of antiglaucoma
medications, surgery remains the mainstay of treatment (2).
Microinvasive antiglaucoma surgery has recently gained
favor among ophthalmologists, and viscoelastic canaloplasty
is the preferred technique. Introduced recently, viscoelastic
canaloplasty is a modern form of non-penetrating glaucoma
surgery (3-5). Multiple follow-up studies have revealed that
this surgery may achieve sustained, long-term reductions in
intraocular pressure (IOP) in eyes with primary open-angle
glaucoma (4,6-10).

Compared with traditional methods, canaloplasty lowers
IOP with minimal complications or iatrogenic damage
(1,11). However, this procedure is technically demanding,
with a long learning curve, especially in terms of locating
Schlemm’s canal (12). On the other hand, optical coherence
tomography (OCT) can provide high-resolution cross-
sectional images of the eye without requiring contact. In
2009, Dayani et al. reported the application of handheld
OCT in ocular surgery for the first time (13). Since then,
OCT has been used to guide various forms of ocular surgery
(14-17). With further optimization of the technique, a
breakthrough was achieved in the form of real-time imaging
during vitreoretinal surgery through microscope-integrated
OCT (MIOCT), first reported by Binder ez al. (18).
Subsequently, several researchers have used commercial
MIOCT systems (iIOCT, OptoMedical Technologies,
Luebeck, Germany; Rescan 700, Carl Zeiss Meditec,
Jena, Germany) in glaucoma surgery, including ab interno
trabeculectomy and canaloplasty (19-21). The systems
include a built-in heads-up display, which provides real-
time intraoperative OCT feedback without interrupting
the surgery. However, the 840 nm wavelength light source
of the OCT systems is not ideal for imaging the structures
of the anterior chamber angle because its penetration is
relatively limited.

In the present study, we used a prototype MIOCT system
with a 1,310 nm center-wavelength swept-source light,
which achieves deep penetration and real-time imaging
with a high signal-to-noise ratio (22). Using this system, a
three-dimensional (3D) surgical image from the microscope
and the OCT image of the tissue level could be projected
together onto the same screen. Here, we simulated surgery
in porcine eyes to investigate the potential value of our
MIOCT system in canaloplasty.

We present the following article in accordance with the
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ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-3469).

Methods

The study was approved by the Institutional Review
Board of the Eye and ENT Hospital of Fudan University,
Shanghai, China (No. 2019031-1). Eight male Yorkshire
pigs (10 kg, 2 months old, clean grade) were purchased
from Jiagan Biotechnology Co., Ltd. and maintained in a
12 h light/dark cycle with free access to food and water.
After the Yorkshire pigs were acclimatized for at least
7 days, they were used in accordance with the Association
for Research in Vision and Ophthalmology Statement for
the Use of Animals in Ophthalmic and Vision Research.
Canaloplasty was performed on the sixteen eyes of eight
Yorkshire pigs. The parameters before and after the
operation were acquired and analyzed as self-control.

MIOCT system

In the MIOCT prototype, swept-source OCT (SS-OCT)
was optically designed for use in conjunction with the optical
path of a microscope. The microscope and OCT shared
the same objective lens, with a focal length of 200 mm. SS-
OCT used the 1,310 nm wavelength range at a high axial
scan rate of 100 kHz and a high-speed tunable laser (HSL-
20, Santec, Japan). Its lateral resolution was 14 pm, and its
lateral range was 10.7 mm with 768 A-Scans/B-Scan. The
axial resolution was 11 pm, and the maximum depth in air
was 6 mm. After detection, the OCT signals were processed
with a computer (CPU: E5-2620v4@2.1 GHz; RAM:
32 GB; graphics cards: GTX1080Ti) to output real-time
OCT images. A superluminescent diode with a wavelength
of 640 nm was combined in the sample OCT arm and
used to mark the OCT imaging regions. The binocular
microscopic images were separated using a beam splitter.
They were recorded with two surgical video cameras (MCC-
500MDC, Sony, Japan) and displayed on a high-definition
(1080P; 1,920x1,080) 42-inch LCD 3D monitor (LMD-
4251TD, Sony). Real-time OCT images of the same region
of interest are displayed in the lower right corner of the same
screen. The surgeon wore circular polarizing 3D glasses
to allow precise depth perception (Figure S1). The final
time delays in the acquisition of the OCT image and dual-
channel microscopic image were less than 120 and 100 ms,
respectively.
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Surgical protocol

Surgery was conducted on 16 porcine eyes from eight live
male Yorkshire pigs (10 kg, 2 months old). After general
anesthesia, the eyelids were opened. The real-time OCT
images of (Figure 14,B) the porcine drainage system was
acquired. The porcine drainage system at the anterior
chamber angle has a series of collector vessels or the angular
aqueous plexus, which is similar to the Schlemm’s canal in
primates. Then, the conjunctiva and Tennon’s membrane
were removed. After the collector vessel was located with
the MIOCT system, a 5x5 mm’ limbal-based one-half
thickness scleral flap was created. The scalpel was stopped
when the flap exceeded the position of the collector vessel
(Figure 1C,D). After that, an incision perpendicular to the
limbus was made across the scleral bed and the collector
vessel; care was taken not to penetrate the inner wall of
the collector vessel. The opening of the collector vessel
was then expanded with a custom-made trabeculotome
(Figure S2) with the tip adapted from an optical fiber
(©=250 pm) (Figure 1E,F). An optical fiber microcatheter
(=200 pm) (i'Track 250, Ellex iScience, Inc., Freemont,
CA, USA) connected to a red flickering laser light was then
used to identify the location of the fiber tip, which had
been threaded into the collector vessel. When the distal
end of the microcatheter reached the terminal site, the
viscoelastic (DisCoVisc, Alcon Laboratories, Fort Worth,
USA) was injected via a screw-driven syringe connected to
the microcatheter. This screw-driven syringe was twisted
again as the microcatheter was withdrawn in a circle with
an angle of 30 degrees (Figure 1G,H). According to the
3Rs principle, all the animals were euthanized at the end of
the experiment by intracardial injection of approximately
20 mL of 15% potassium chloride solution. Their eyes were
then rapidly enucleated for histopathological evaluation.

MIOCT imaging and measurement

Intraoperative MIOCT images were acquired at the
beginning of surgery and after viscoelastic injection for
further analysis. The scanning area could be controlled
by the surgeon by moving the microscope. In the cross-
sectional OCT images, the collector vessel appeared as a
dark slit and oval structure. After the surgery, the collector
vessels in each of the acquired image were outlined
manually by two surgeons (XH and FW) and their areas
were automatically quantified using Image J software (http://
imagej.nih.gov/ij/; National Institutes of Health, Bethesda,
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MD, USA). Two surgeons, who were blinded to all sample
identities, performed the measurements separately. The
average values were used for subsequent analyses.

Statistical analyses

All statistical analyses were conducted using SPSS version
20.0 (SPSS, Inc., Chicago, IL, USA). All variables were
checked for conformation to a normal distribution with the
one-sample Kolmogorov-Smirnov test. The cross-sectional
area of the collector vessel before and after surgery was
compared using paired-sample 7-zests.

Results

Surgery was conducted on 16 porcine eyes from eight
healthy Yorkshire pigs. High-resolution real-time
images of the anterior segment of the eyes were acquired
intraoperatively with the MIOCT system. The collector
vessels were located according to the OCT images. The
collector vessel lumina had a low signal, whereas the walls
had a relatively highly reflective signal.

With the guidance of the images, the scleral flap was
created until its tip exceeded the collector vessel. With
the collector vessels visible, the incision was made across
the scleral bed. In one eye, the scalpel unexpectedly
penetrated the anterior chamber while making the incision
and this eye was excluded. A flexible microcatheter was
then threaded into the collector vessels. After viscoelastic
injection, the collector vessel lumen was enlarged in OCT
images of all 15 porcine eyes (Figures 1H,2). The results
demonstrated that there was significant increase, compared
with baseline, in the area (from 14,502.98+9,242.55 to
59,499.04£20,506.41 pm’, P<0.001) of the collector vessels
(Figure 3). For the measurement of collector vessel area,
the intraclass correlation coefficient (ICC) values indicated
good consistency between the two readers (Table S1).
Histopathological assessment confirmed the expansion of
the collector vessels (Figure 4).

Discussion

This study demonstrates the feasibility of using MIOCT
with a 1,310 nm wavelength swept-source light source
in canaloplasty. Real-time high-resolution images of the
anterior segmental structures were acquired during the
procedure. These images provided real-time information
for surgeons to make decisions during the procedure and
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Figure 1 Surgical procedure of canaloplasty and its corresponding real-time images from the microscope-integrated swept-source optical
coherence tomography (MIOCT) system. (A) MIOCT image before surgery; (B) cross-sectional OCT image of the red scanning line (white
arrow) clearly shows the anterior segmental structures (AC: anterior chamber; Co: cornea; L: lens; I: iris; S: sclera) and collector vessel (yellow
arrow); (C) MIOCT image after incision of a superficial scleral flap; (D) OCT image shows the location of the collector vessel and scleral
flap (SF); (E) MIOCT image after insertion of a custom-made trabeculotome with an optical fiber tip (white arrowhead); (F) expansion
of the collector vessel was observed on the OCT image; (G) MIOCT image after insertion of a flexible microcatheter (white asterisk) and

viscoelastic was injected; (H) OCT image confirming expansion of the collector vessel.
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Figure 2 Changes in the lumen of the collector vessel before (A)
and after (B) viscoelastic injection during canaloplasty. White

arrowheads show the location of collector vessel.
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Figure 3 Quantitative evaluation of the cross-sectional area before

and after canaloplasty. **, P<0.01, tested with paired-sample #-tests.

also confirmed the expansion of the collector vessel.

Precise and minimally invasive approaches have become
popular in modern surgery, especially in ophthalmology.
High-resolution, intraoperative real-time imaging is one
way to ensure that these surgeries are successful (2,23).
In recent years, roentgenograms and B-mode ultrasound
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Figure 4 Hematoxylin and eosin staining of histological sections
obtained before (A) and after (B) canaloplasty (20x).

have been used and yielded precise and predictable results
in prior studies (24-27). In ophthalmology, OCT has
been used for several years, and has greatly increased
our understanding of many ocular structures. Swept-
source OCT was recently introduced and is capable of
acquiring a B-scan in 10 ms, which allows intraoperative
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real-time imaging. With the guidance of MIOCT system
intraoperatively, the present study showed that high-
resolution real-time images of the anterior segment of the
eye during canaloplasty could be acquired.

Previous studies have reported that the success rate of
cannulation was about 74-89.9% (3,4,28,29). Furthermore,
in glaucomatous eyes, anatomical anomalies in Schlemm’s
canal, arising from pathological changes or previous
surgeries, can make cannulation even more challenging
(6,8,10), especially for beginners. In our study, to test the
feasibility and potential value of the MIOCT system in
guiding canaloplasty, all steps in the surgical procedure
were simulated. With OCT guidance, canaloplasty was
performed successfully by nonglaucoma specialists. During
surgery, the collector vessel was located with real-time OCT
imaging, achieved with the MIOCT system. Moreover,
a scleral flap was precisely created above the collector
vessel. With these collector vessels visible, a vertical
incision was made at an appropriate depth. Unlike the
routine approach, a deep scleral flap was not required (29).
This makes the procedure much easier to perform and
reduces potential complications.

Previously, canal expansion was only verified
postoperatively by ultrasound biomicroscopy (4,9). In this
study, the placement of the microcatheter and the expansion
of the collector vessel were confirmed in real time with
MIOCT, which adds to the confidence of the surgeon while
injecting the viscoelastic.

Formerly, Siebelmann ez #/. and Pasricha used
intraoperative OCT for the visualization or monitoring
of anti-glaucoma surgery, and both found it to be helpful
and valuable. However, in their studies and other reports,
it was noticed that the manner in which OCT images were
projected needed improvement (20,30) and it was suggested
that the SS-OCT with a deeper penetration and high
imaging speed might have great potential (20,30,31). Based
on these findings, our system used SS-OCT with a 1,310
nm light source, and the high-resolution images acquired by
the OCT and the microscope were projected on the screen
side by side. The results indicated that the MIOCT system
was helpful in monitoring and guiding canaloplasty. In
addition, the problem of the scleral tissue shadow noticed
in the former report using an 840 nm OCT device (20) did
not affect the surgeons in our study.

Although the collector vessels in the porcine eye
differ from Schlemm’s canal in the human eye (32), all
of the steps involved in canaloplasty were simulated in
this study. Therefore, our results provided evidence that
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the novel MIOCT system might have a potential value
for canaloplasty. The possible correlation between the
intraoperative findings (the degree of canal expansion) and
the postoperative prognosis (the attenuation of IOP) will be
investigated in the future.

With this system, combined 3D microscope and OCT
images were viewed on the same screen. Although this
permitted high-resolution real-time OCT image guidance,
the 3D system was complex and beyond the typical imaging
routine of most surgeons. Therefore, surgeons will require
additional training with their use. Furthermore, although
the beacon light clearly indicates the OCT imaging site,
when the eye moves during surgical manipulation, its
position must be readjusted to the region of interest, as
previously noted by Hahn er 4/. (6,33). Therefore, an
automatic tracking system that focuses the OCT scan beam
on the preferred target would be extremely valuable and
should be developed in the future.

Using an animal model of canaloplasty, our study
demonstrated that the MIOCT system could acquire real-
time, intraoperative high-resolution images of the anterior
segment, and the acquired images could be helpful to
surgeons. Future clinical trials will continue to demonstrate
how the MIOCT system can be used in real practice.
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