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Abstract: During ophthalmic microsurgery, the visualization of internal structures is limited by traditional
intraoperative imaging methods due to their lack of depth information. Optical coherence tomography (OCT) is a
non-contact tomographic imaging technique that is widely used for intraoperative navigation in ophthalmic surgery
because of its ability to provide depth information, non-invasiveness, fast imaging, and high resolution. Typical OCT
devices can be divided into handheld OCT and microscope-integrated OCT. This article briefly introduces the
mechanism and development of time domain OCT and fourier domain OCT, reviews the development of OCT
ophthalmic surgical navigation devices, introduces representative OCT systems in each category, describes and
compares their imaging principles, performance, advantages, and disadvantages, and finally concludes with a
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summary and outlook on the applications of this technology in ophthalmic surgery.

Keywords: optical coherence tomography; surgery navigation; ophthalmic surgery; intraoperative imaging
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Fig. 1 System schematic of the TD-OCT system. SLD: super luminescent diode; FOC: fiber optic couplers;
PC: polarization modulators; PM: phase modulator; D: detector; DM: demodulator
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Fig.2 HHOCT probes developed by Boppart et al*”. (a) The structure of the HHOCT probe;
(b) Eye scan using HHOCT probe; (c) Real-time OCT imaging of the cornea
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Fig. 3 Two dimensional MEMS scanning mirror®™. (a) Layout of the scanning system; (b) Packaged MEMS scanning mirror
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Fig. 4 HHOCT probes developed by Lu et al“’. (a, b) The probe and its structure; (c) HHOCT imaging of the macula
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Fig. 5 Needle-based HHOCT probes. (a-c) 25G needle-based fiber HHOCT probe designed by Joos et al®’;
(d-f) 23G needle-based fiber HHOCT probe designed by Asami et al™
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Fig. 6 OCT-integrated surgical instruments. (a) SMART micro forceps®™; (b, c) OCT-integrated micro forceps designed by Yu et al®”;
(d) Approaching goat retinal using OCT-integrated micro forceps®"
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B 8 kit MIOCT: 35 RESCAN 700. (a) RESCAN 700 #uk™; (b) E 4 f£F K 1%/ RESCAN 700"%;
(c) RESCAN 700 #% 2 4R &k s 5 (d) RESCAN 700 OCT # 4Rk i ti!!

Fig. 8 Commercialized MIOCT system: Zeiss RESCAN 700. (a) RESCAN 700 system™; (b) Surgeon using RESCAN 700 during ocular
surgeries™; (c) Microscope imaging of the RESCAN 700 system®; (d) OCT imaging of the RESCAN 700 system'”"
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Fig. 9 Intrasurgical live 2D imaging with MIOCT. (a) Retinal imaging using single B-scan”"

(b) Corneal imaging using two orthogonal B-scans”; (c) Retinal imaging using 5 parallel B-scans™”
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B 10 12K T4330 OCT 49 MIOCT *fBRAT ¥ F R (BEAL R) &BE". (a, b) Wi % EAMEHR/E 69 MIOCT B 14,
(c, d) #EANFE 471 569 MIOCT B4 (e, ) 458) MIOCT B AINERE b ik
Fig. 10 Real-time images of anterior segment surgery(canaloplasty) from the microscope-integrated swept-source optical coherence

tomography (MIOCT) system”. (a, b) MIOCT image after incision of a superficial scleral flap; (c, d) MIOCT image after insertion of
a custom-made trabeculotomy; (e, f) Confirming expansion of the collector vessel using MIOCT image

P fi AR (K RN R N SRR
) CTL CTD STL
Trial 1 () vs (+) 0.003* 0.024* 0.008*
Trial 2 (=1=) vs (+I-) 0.006* 0.092 0.020*

B 11 428 AT 4330 OCT 45 MIOCT F-ALikAHF Rtk ey 045 R, (@) R+ OCT mf%; (b) K& OCT 470 4547;
(c) M MRLE R, Trial 1: 4R (+) FakALA (- )MIOCT #9xtb; Trial 2: 2 MIOCT % (+/ - ) F=
A% MIOCT I (- /- ) BAL A% RMA G F AAEAT CREL T F R ERRF)
Fig. 11 Experimental results of ophthalmic surgeries navigated by swept-frequency OCT-based MIOCT. (a) Intraoperative OCT image;
(b) Postoperative suture analysis using OCT; (c) Accuracy test results. Trial 1: comparison of the results with (+) and without (-) MIOCT;

Trial 2: accuracy of traditional microscope guided surgeries with (+/ - ) and without (-/-) MIOCT
training (* represents statistically significant difference)
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Ceramic ball

Optic nerve

B 12 4D MIOCT %o i f%. (a) MLAL R k4 i RHARY, (b) F A T AIRIRALF JE & 4 £ & tn it 2 49 52 0 B4,
(C) FIBARI PR AR AL IR T AR 49 — 4 = 2 Y45

Fig. 12 4D MIOCT real-time imaging. (a) Observing a ceramic ball on the retina®; (b) Real-time image of a surgical tool grasping the

retinal pigment epithelial cell layer®; (c) 2D and 3D images of subretinal fluid during vitrectomy

[84]

Left ocular Right ocular

Microscope ocular FOV

B 13 TSI =LTHAH HUD £ 4 MIOCT™, (a) EA£F K F4#A %A HUD 4 MIOCT £ %;
(b) £ B 4+ 44 528 B 1%

Fig. 13 HUD-integrated MIOCT for 3D visualization”. (a) HUD-integrated MIOCT in use during a surgery;
(b) Real-time image displayed on both oculars
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(c) R 4EAM i (Epiretinal membrane, ERM) %3 23U (macular hole, MH)MIOCT B ;
(d) 3§ 3% 5 3 /5 69 AL M I & 3% 5250 MIOCT B4

Fig. 14 MIOCT images with enhanced volume rendering®”

. (a) Original MIOCT image of human eye; (b) Enhanced MIOCT image of

human eye; (c) Original MIOCT image of an epiretinal membrane (ERM) and a macular hole (MH);
(d) Enhanced MIOCT image of an epiretinal membrane (ERM) and a macular hole (MH)

B 15 MRBEH B K$ ey MIOCT BigA L% &5, (a) K+ MIOCT B1%; (b) £ & /545 MIOCT B 1%

Fig. 15 Original and colorized MIOCT images of retinal membrane peeling
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Real-time OCT imaging during ophthalmic surgery

Overview: With the development of microsurgery, minimally invasive ophthalmic surgery has become the primary
means for the treatment of eye diseases. Ophthalmic surgeries need to observe the structure under the surface and
accurately locate the surgical instruments in real time. Conventional surgical operating microscope is difficult to use for
ophthalmic intraoperative imaging due to its lack of depth information. Optical coherence tomography (OCT) is a non-
contact tomography technology that can provide depth information during ophthalmic surgeries. It has been widely
used in clinical ophthalmic surgery because of its non-invasive imaging mode, fast imaging speed, and high imaging
quality.

Typical intraoperative OCT devices can be divided into handheld OCT (HHOCT) and microscope-integrated OCT
(MIOCT). Handheld OCT can be further divided into external HHOCT probe, needle-based HHOCT probe, and OCT-
integrated surgical instrument. HHOCT can optimize the volume interference caused by traditional tabletop
equipments. The external HHOCT probe has the advantages of non-contact and non-invasiveness. The needle-based
HHOCT probe can enter the eye under minimally invasive conditions to image the fundus structure, while the OCT
integrated surgical instrument can ensure the alignment between the image and the end of the instrument, which is
conducive to the judgment of the position of the instrument during eye surgeries.

Microscope-integrated OCT is another way of intraoperative OCT imaging that is realized by integrating the optical
system of both microscope and OCT. In this way, there is no need to interrupt the operation or add operators. At
present, MIOCT real-time two-dimensional imaging is relatively mature and has been widely used in ophthalmic
ssurgeries. With the development of graphics processing unit (GPU) and the introduction of swept frequency OCT (SS-
OCT), intraoperative real-time three-dimensional imaging has become the future trend of MIOCT. However, there are
still some problems in 3D OCT imaging, such as blurred structure surface, poor edge definition, and difficult
recognition of surgical instruments. Improving image contrast is the key to solve the problems above. An effective
approach is to use volume enhancement rendering algorithm for feature enhancement and shadow coloring. Another
method is to use coloration in the process of volume rendering based on depth and intensity signals, and thus enhances
the ability to recognize the retinal deformation and the contact between instrument and membrane.

The significance of OCT imaging in ophthalmic surgery has been proved in experiments on animal eyes, human eye
models, and clinical cases. In recent years, commercial OCT surgical navigation equipment has already been widely used
in ophthalmic clinical surgery. With the progress of image processing technology, image and ophthalmology, OCT
surgical navigation equipment will further promote the innovation of ophthalmic surgery, and thus promote the
development of the ophthalmology field.
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