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Abstract: During microsurgery, en face imaging of the surgical field through the operating
microscope limits the surgeon’s depth perception and visualization of instruments and sub-
surface anatomy. Surgical procedures outside microsurgery, such as breast tumor resections,
may also benefit from visualization of the sub-surface tissue structures. The widespread
clinical adoption of optical coherence tomography (OCT) in ophthalmology and its growing
prominence in other fields, such as cancer imaging, has motivated the development of
intraoperative OCT for real-time tomographic visualization of surgical interventions. This
article reviews key technological developments in intraoperative OCT and their applications
in human surgery. We focus on handheld OCT probes, microscope-integrated OCT systems,
and OCT-guided laser treatment platforms designed for intraoperative use. Moreover, we
discuss intraoperative OCT adjuncts and processing techniques currently under development
to optimize the surgical feedback derivable from OCT data. Lastly, we survey salient clinical
studies of intraoperative OCT for human surgery.
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1. Clinical motivation for intraoperative OCT

Microsurgery may be defined as surgery performed at the sub-millimeter scale and, due to its
minimally invasive nature, has been adopted for a wide array of surgical disciplines,
including neurosurgery and ophthalmic surgery [1]. The use of microscopes during early
microsurgery not only improved efficacy but also facilitated the rapid development of new
techniques made possible by magnifying the surgeon’s view [1-4]. The operating
microscope, however, has not changed significantly since its first use in microsurgery in the
1930°s [5], and it currently limits the surgeon’s view to an en face perspective. As a result,
surgeons operating though a modern microscope must infer depth information using
stereoscopy and cannot visualize sub-surface structures non-invasively. This sub-optimal
intraoperative visualization may limit the surgeon’s ability to accurately position instruments
axially [6] and may compromise the surgeon’s assessment of surgical endpoints [7].
Moreover, a lack of tomographic intraoperative visualization hinders other surgical
disciplines outside of microsurgery, such as tumor resections during which the inability to
evaluate the sub-surface tissue structure could result in improper margin assessments and
reduced patient survival rates [8—11].

The development and clinical adoption of tomographic imaging modalities, such as
computed tomography (CT), magnetic resonance imaging (MRI), and ultrasound, have
transformed pre- and post-operative management [12-14]. Such modalities are now
commonplace for surgical planning, but their intraoperative applications suffer from limited
resolution [15,16], patient exposure to ionizing radiation [17,18], and incompatibility with
surgical instruments [19,20]. Optical imaging using fluorescent exogenous contrast agents has
demonstrated potential for guiding cancer surgery [21,22]. This technology is restricted,
however, not only by the need for tumor-specific contrast agents but also by the limited
availability of such agents and additional risks associated with their use in patients
undergoing surgery [23].

Optical coherence tomography (OCT) [24] is a non-contact imaging modality capable of
detecting photons backscattered from tissue with high sensitivity and micrometer-scale spatial
resolution. The advent of Fourier-domain detection for OCT [25-28] and confirmation of its
sensitivity advantage over time-domain technologies [29-31] facilitated the progression from
real-time B-scan imaging [32,33] to real-time volumetric imaging [34]— [36] while preserving
OCT’s diagnostic potential [37—41]. Consequently, the Fourier-domain OCT revolution of the
early 2000’s led to increased commercialization [42], widespread clinical adoption of OCT in
ophthalmology [43—45], and increasing prominence of OCT in other specialties such as
cardiology [46], gastroenterology [47], and cancer imaging [48—51].

The first reports of OCT for perioperative management in the mid-1990’s focused on pre-
operative planning and post-operative monitoring of ocular surgery [52]. Perioperative OCT
has since facilitated the identification of pathologic structures and surgically-induced
alterations that are difficult to detect with alternative ophthalmic clinical instruments [53—64].
Initial investigations into OCT’s potential for surgical diagnostics in other microsurgeries
were also conducted for the first time in the late 1990’s [65]. From these studies, investigators
determined that intraoperative OCT (iOCT) could be advantageous compared to alternative
imaging modalities not only due to its superior resolution, but also because OCT was based
on optical communications technology that was more cost-effective and could be readily
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integrated into surgical instruments and microscopes. Three key technological developments,
in conjunction with the Fourier-domain revolution of the early 2000’s [29-31], facilitated the
introduction of OCT into the operating suite: handheld OCT (HHOCT) probes [66,67],
microscope-integrated OCT (MIOCT) [68-71], and OCT-guided laser surgical modules
[72,73].

The aim of this manuscript is to review key intraoperative OCT technologies and their
application to various surgical disciplines. This manuscript covers both research prototypes
and commercial intraoperative OCT devices, and to differentiate these two classes of devices,
all commercial systems are explicitly identified as such for the reminder of the text.
Moreover, both devices in the pre-clinical prototype phase of development and devices
suitable for large-scale clinical studies are reviewed. Sections 2-5 of the manuscript focus on
intraoperative OCT technology and encompass devices suitable for both pre-clinical and
clinical studies, while Section 6 discusses salient intraoperative OCT clinical studies and is
restricted to devices suitable for such studies.

2. Intraoperative handheld OCT

Due to its physical size and design, conventional tabletop OCT systems require up-right and
cooperative patients for imaging [43]. The development of HHOCT probes enabled imaging
of patients that are supine, under anesthesia, or unable to maintain the required posture.
Boppart et al. [66] reported the first forward-imaging handheld OCT probes using a
piezoelectric cantilever to translate the light-delivering fiber and scan a focused beam across
the sample. The fiber-based scanning mechanism, although compact, limited the field of view
and image acquisition rate of the system compared to traditional galvanometer scanned
approaches [43]. Galvanometer scanning mirrors were subsequently incorporated into
HHOCT and allowed greater speed and flexibility for optical scanning at the cost of increased
size and weight of the probe [67]. More recently, the introduction of microelectromechanical
(MEMS) devices as compact optical scanners [74,75] to replace galvanometer scanners has
resulted in smaller and lighter HHOCT probes [76—78]. In general, however, mirror-based
optical scanning probes are larger in size and more suitable for non-invasive surgical imaging
(Section 2.1), while fiber-based scanning probes can be made compact enough to be
integrated into surgical needles (Section 2.2) and instruments (Section 2.3).

2.1 External intraoperative handheld OCT probes

We first focus on HHOCT probes applied for intraoperative ophthalmic imaging using
galvanometer mirror scanners. The handheld design reported by Radhakrishnan ef al. in 2001
[67] was similar to the ophthalmic HHOCT probe later commercialized by Bioptigen, Inc.
(Research Triangle Park, NC) in 2007 [79]. In this design, collimated light was relayed onto
galvanometer scanning mirrors and a 4f afocal relay was used to image the beam scanning
pivot to the ocular pupil of the subject (Fig. 1(a)). The collimated beam was then focused by
the subject’s optics for retinal imaging. Alternatively, an additional lens could be added after
the 4f relay to scan the anterior eye with a focused beam. The Bioptigen HHOCT employed
an 850 nm spectral-domain system that produced tomograms at 17k A-scans/second with an
axial resolution of 5 um. This line rate, in conjunction with fast galvanometer-based
scanning, could yield video-rate B-scans with minimal motion artifacts but volumetric
acquisition rates were still limited to several seconds. The acquired B-scans and summed
voxel projects (SVPs) were processed and displayed in real-time on a computer monitor.
During handheld operation, the probe could be angled and translated by the operator to center
the scans on the site of interest [80]. Alternatively, the probe could also be situated on a
mount for added stability [81,82]. The Bioptigen HHOCT probe was first used for pediatric
ocular imaging [7,83—-86] and introduced for human intraoperative ophthalmic imaging in
2009 [80]. Similar HHOCT systems from other vendors have since been developed and
applied during ophthalmic surgery [87-89].
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Outside of ocular surgery, extensive development of probes for other surgical applications
has been demonstrated by various research groups. An HHOCT probe employing a similar
optical design to [67] was used to image six patients undergoing open knee surgery in 2005
[90]. Another probe using a 1300 nm swept-source laser with a 50 kHz line rate for OCT
guidance of vascular anastomosis was demonstrated in 2014 [91] (Fig. 1(b)). A key feature
demonstrated in [91] was the incorporation of MEMS scanner [74,75], which had been
previously employed in catheter-based OCT systems [92,93] and other HHOCT probes for
non-intraoperative use [76—78]. The intraoperative HHOCT probe’s size was significantly
decreased by using the MEMS scanner, and the probe’s functionality was tested during
anastomosis performed in vivo in a mouse surgical model [91]. Moreover, a contact-based
intrasurgical HHOCT probe for tumor margin analysis during human breast surgery was
demonstrated in 2015 [94], and a similar probe has since been commercialized by Diagnostic
Photonics, Inc [95]. The commercial probe was coupled to a 1300 nm swept-source OCT
system and used a MEMS scanner to acquire images with a transverse resolution of ~15 um
over a 9 mm lateral field of view [95]. The longer operating wavelength resulted in poorer
axial resolution compared to 850 nm HHOCT for retinal imaging but longer penetration
depth, which was beneficial for imaging turbid media such as normal and pathologic breast
tissue. Similarly, a recently reported probe also used a 1300 nm swept-source system
operating at 100 kHz for intraoperative imaging of pediatric vocal fold lesions [96]. This side-
viewing probe employed GRIN lenses, 2.7 mm in diameter and 95-127 mm long, to relay
focused light to the sample. The beam was scanned in the transverse plane using a
galvanometer mirror pair prior to the GRIN lens relay (Fig. 1(c)). A rotation mount
incorporated into this probe also allowed the OCT scan to be optimally positioned without
requiring the surgeon to rotate his/her hand. Similar to previous non-ophthalmic probes, the
1300 nm operating central wavelength allowed deeper penetration into highly scattering
tissue.
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Fig. 1. External intraoperative handheld OCT (HHOCT) probes. (A) Commercial HHOCT
probe used for imaging human ocular surgeries. The probe uses galvanometer scanning mirrors
and a 4f optical relay to scan the beam across the sample [79]. (B) Compact research-grade
HHOCT probe for intraoperative imaging of anastomoses [91]. A MEMS-based mirror scanner
reduced the overall footprint of the probe. (C) Intraoperative research-grade HHOCT probe
using a long GRIN lens-based relay for imaging of pediatric vocal fold lesions [96].



Vol. 8, No. 3| 1 Mar 2017 | BIOMEDICAL OPTICS EXPRESS 1619 |

Biomedical Optics EXPRESS o~

2.2 Needle-based intraoperative OCT probes

Needle-based probes can bypass opacities and highly scattering tissue that limit the imaging
depth range of traditional OCT scanners, thus allowing for deep tissue imaging even in turbid
media [66,97,98]. In 2011 a probe incorporating galvanometer scanners and GRIN lens-based
relays was reported for stereotactic neurosurgery procedures, in which deep-brain tissues are
accessed using long cannulas [99]. The needle probe was 0.74 mm in diameter and could be
inserted into cannulas to image structures up to 9.5 cm deep into brain tissue. Galvanometer
scanners and an additional lens prior to the GRIN relay were used for optical scanning at the
sample plane, resulting in a 0.44 mm lateral field of view, 13 um lateral resolution, and a
frame rate of 100 B-scans/second. Another needle OCT probe also designed for neurosurgical
applications employed a bayonet form factor identical to that of other clinically-accepted
neurosurgical probes [100]. Optical scanning was achieved by enclosing the fiber in a
platinum coil located in between two wires inside of the lumen of the probe. When voltage
was applied to the wires, the coil oscillated and transversely displaced the fiber tip prior to a
GRIN lens used for focusing. Additionally, needle-based probes were demonstrated for
guidance of breast biopsy [101,102] and delineation of breast tumor boundaries [103]. The
23-gauge probe described in [103], in particular, employed a side-imaging strategy in which
the focused light was directed orthogonal to the needle (Fig. 2(a)) and transverse optical
scanning was achieved by rotating and retracting the probe during imaging.

For ophthalmic surgery, needle-based probes small enough to be inserted into the surgical
ports at the pars-plana were used to bypass the optics of the microscope and patient [104],
[105]. Transverse scanning in [104] was accomplished using two angle polished and counter
rotating GRIN lenses at the distal end of a 21-gauge probe. The inner faces of both GRIN
lenses were polished at 15 degrees and separated by an air gap. Refraction at the glass/air
surface at the distal end of the first GRIN lens angularly displaced the beam incident on the
second GRIN lens, and mechanically rotating the lenses relative to each other resulted in
transverse scanning at the sample plane. This scanning mechanism produced a B-scan rate of
0.5 frames/second with 500 A-scans/B-scan and a lateral resolution of 7.6-10.4 pm
throughout the scanning range. The probe was tested on cadaver porcine eyes. A more recent
intraocular 25-gauge OCT needle probe achieved transverse optical scanning by physically
displacing the fiber tip using a customized coil-magnetic oscillator housed within the hand
piece of the probe [105] (Fig. 2(b)). A 28-gauge stainless steel tube was driven forward and
backward as current in the surrounding coil was alternated, and the axial translation of the
steel tube displaced the optical fiber laterally prior to a GRIN lens at the distal end of the
probe. The transverse scanning range was 3-4 mm with a lateral resolution of 25-35 pm
throughout the scanning range and a B-scans rate of 5 frames/second. The functionality of
this probe was evaluated in cadaver porcine eyes. Moreover, a side-imaging 23-gauge OCT
probe was demonstrated by Asami et al. in 2016 and tested in cadaver porcine eyes and three
human retinal surgeries [106]. Using this probe, the researchers successfully imaged various
intraoperative maneuvers and subtle surgical structures of interest.
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Fig. 2. Research-grade needle-based HHOCT probes for intraoperative imaging. (A) 23-gauge
side-viewing probe for imaging of breast cancer [103]. Three-dimensional optical scanning
was achieved by rotating and retracting the probe during imaging. (B) 25-gauge forward-
imaging probe for imaging during vitreoretinal surgery [105]. Transverse optical scanning was
enabled by displacing the fiber tip using a customized coil-magnetic system.

2.3 OCT-integrated surgical instruments

The development of OCT needle-based probes motivated the incorporation of one-
dimensional (A-scan only) and two-dimensional OCT imaging into surgical instruments to
guarantee alignment of the images with the instrument tip and to provide image-based
feedback during surgery. The Kang group at Johns Hopkins University demonstrated that A-
scans could be acquired adjacent to the tooltip by mounting a fiber-optic common-path (CP)
OCT probe along [107,108] or within [109-111] the shafts of forceps and needles for
vitreoretinal surgery (Fig. 3(a)). The reference interference signal was obtained from the
partial back-reflection at the distal surface of the CPOCT probe, and the lack of an optical
scanning mechanism resulted in a relatively simple and affordable optical design that could
potentially be made as a disposable product. In its most recent iteration [108], the probe used
a 100 kHz swept-source with a 1060 nm central wavelength, and M-scan images could be
acquired and processed with GPU-accelerated software. The OCT probe was primarily used
as a single-point axial ranger with micrometer-scale resolution to quantify hand tremor [111]
and drive active motion cancellation systems [107,108,110], and to provide ranging feedback
for a cooperative robotic surgery platform [109] (discussed in detail in Section 5.2). The Joos
group at Vanderbilt University incorporated a needle-based OCT probe [105] capable of B-
scan imaging into the shaft of 23-gauge surgical forceps [112] (Fig. 3(b)). This design
strategy ensured that the distal ends of the forceps were always visible in the B-scans and
minimized OCT shadowing from the instrument, a problem that is frequently encountered in
other intraoperative OCT applications (see Sections 3.2 and 3.3).

Fig. 3. Surgical instruments with integrated OCT imaging. (A) Surgical forceps with a
common path OCT system for axial ranging using A-scans only [107]. (B) OCT probe capable
of B-scan imaging integrated into surgical forceps for vitreoretinal surgery [112].



Vol. 8, No. 3| 1 Mar 2017 | BIOMEDICAL OPTICS EXPRESS 1621 |

Biomedical Optics EXPRESS o~

3. Microscope-integrated OCT

A potential limitation of some of the previously described handheld probes is the restriction
of imaging to surgical pauses. For ophthalmic surgery in particular, external HHOCT devices
need to be placed over the patient’s eye during imaging, thus requiring displacement of the
surgical microscope and pause in surgery. Needle-based probes could potentially be used
during live surgery but may require a surgical assistant to hold the probe and additional
instrument ports for access. OCT probes integrated into instruments could be used by the
primary surgeon for live surgical imaging, but the functionality of these probes is coupled to
the position and orientation of the instrument relative to the tissue of interest, which may not
always be optimal for OCT imaging and could compromise image quality. An alternative
approach for intraoperative OCT imaging is to integrate the OCT sample arm into the
operating microscope required for microsurgeries such as ophthalmic surgery and
neurosurgery [68—71]. This design, termed microscope integrated OCT (MIOCT), allows
OCT imaging of live surgery without disturbing the surgeon’s workflow, and if coupled with
immediate OCT feedback to the surgeon, has the potential to impact real-time surgical
decision-making.

3.1 Optical designs for microscope-integrated OCT

The first demonstration of MIOCT used a dichroic mirror after the microscope objective to
couple the OCT beam onto the optical axis of the operating microscope [69]. With this
approach, the OCT and microscope systems did not share any optics and as a result, each
optical system could be optimized separately. Coupling the OCT and microscope after the
objective, however, reduced the working distance of the microscope, which could potentially
obstruct surgical workflow and prevent the system’s translation to the human operating suite.
More recent MIOCT designs prioritized usability during human surgery by coupling the two
modalities prior to the microscope objective at the cost of potentially compromising OCT
optical performance [70,71]. In such designs, the OCT beam also traversed any additional
optics after the objective, such as contact lenses or additional relays required for retinal
imaging.

The first reported MIOCT design for human surgery coupled the OCT beam into the
camera port already present in many commercial operating microscopes (Fig. 4(a))
[70,113,114]. A dichroic mirror was used to fold the OCT beam into the path of one the
oculars prior to the optical zoom module of the microscope. The beam was then magnified
prior to the objective to yield an optimal OCT lateral resolution of 23 pm at the focal plane of
the microscope. Since the optical zoom of both modalities were coupled in this design, the
MIOCT lateral resolution and field of view could vary from 23 to 47 um and 4-28 mm,
respectively, depending on the microscope magnification setting chosen by the surgeon [70].
An important advantage of this design was the minimal modification to the operating
microscope required to integrate the OCT. Coupling the OCT module via an already existing
camera port did not alter the height or working distance of the microscope, thereby ensuring
that the surgeon’s workflow would remain undisturbed. The primary disadvantage of this
design, however, was the dependence of OCT lateral resolution and field of view on the
microscope’s optical zoom, which could result in compromised OCT performance under
some magnification settings. This MIOCT design was adopted for the iOCT Camera system
for human ocular surgery commercialized by Haag-Streit Surgical [115]. This product
received FDA 510(k) clearance in the United States in early 2015.

In an alternative MIOCT design, the two modalities were coupled using a dichroic mirror
placed prior to the microscope objective and after the microscope optical zoom module [71],
[116-118] (Fig. 4(b)). This approach minimized the number of optical elements shared
between the two modalities and decoupled the OCT from microscope’s optical zoom.
Inserting the dichroic mirror in the infinity space prior to the objective, however, increased
the height of the microscope and the distance between the surgical field and microscope
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oculars, both of which could negatively impact surgical ergonomics. The OCT beam also had
to be magnified prior to the objective to achieve ~15 pm resolution at the microscope focal
plane, which required at least one OCT magnifying relay prior to the objective. This need for
additional optics could result in an increased scanner footprint and potentially lower optical
transmission. A recent MIOCT design, however, employed spherical mirror relays to improve
optical transmission at the expense of introducing astigmatism due to the off-axis
configuration of the mirrors [117] (Fig. 4(c)). The design strategy of coupling the two
modalities directly prior to the microscope objective was implemented in two recently
commercialized MIOCT devices for human ocular surgery, the Zeiss RESCAN 700 [119] and
the Leica Microsystems EnFocus [120]. These two systems received FDA 510(k) clearance in
the United States in 2014 and 2015, respectively.
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Fig. 4. Optical designs of research-grade MIOCT systems for live surgical imaging. (A)
MIOCT scanner coupled onto the camera port of a commercial microscope [70]. The OCT
beam traversed through the microscope optical zoom module and the OCT lateral resolution
and field of view (FOV) were coupled to the microscope zoom level. (B) MIOCT scanner
integrated directly prior to the microscope objective [71]. This design required a telescope to
magnify the OCT beam prior to the objective, but the OCT resolution and lateral FOV were
independent of the microscope zoom level. (C) Alternative MIOCT design integrated directly
prior to the objective and employing reflective elements to improve transmission and a tunable
focus lens [117].

Ideally, the MIOCT and operating microscope should be parfocal and coaxial. During
surgery, however, the surgeon frequently alters the microscope’s lateral and axial position and
the region of interest may not be centered laterally or at the OCT focal plane. An optimal
MIOCT scanner should adapt to these conditions without altering the surgeon’s workflow;
therefore, additional functionalities not required for conventional OCT could be useful for
live surgical imaging with MIOCT. A previously reported manual tracking system enabled
the MIOCT operator to laterally translate the OCT scan within the surgical field [121]. This
feature allowed a densely-sampled OCT scan to be re-centered to the site of interest in real-
time after lateral translation of the microscope relative to the surgical field. Several MIOCT
systems also employed independent OCT refocusing mechanisms in case the surgical field
was shifted outside the OCT focus plane [117,121,122]. The electrically-controlled tunable-
focus lens incorporated in [117] could also enable automatic focus adjustment. Variations of
these features were incorporated in the recently commercialized Zeiss RESCAN 700, which
allows the surgeon to translate the OCT scan laterally using a foot-pedal and incorporates
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focus control and reference arm tracking to stabilize and optimize the OCT images
[118,119,123,124].

The MIOCT scanner may be permanently integrated into the microscope [119] or it may
be designed as a modular attachment [115,120] (Fig. 5). This design consideration is
primarily relevant for commercialization, since it directly impacts the device’s functionality
and cost-effectiveness. Two commercial MIOCT systems adopted the modular approach
[115,120] and are compatible with multiple microscopes, potentially enabling a single
MIOCT scanner to be used in multiple operating suites without needing to relocate the
microscope. However, attaching and detaching the device may prolong preparations for
surgery and the modular design may have a negative impact on surgical ergonomics (as
discussed above). An operating microscope with a permanently integrated MIOCT scanner
can be carefully designed such that the addition of OCT minimally alters both the physical
appearance of the microscope and surgical ergonomics. Zeiss adopted this strategy for the
commercial RESCAN 700 [119]. Such MIOCT scanners, however, cannot be purchased
independently of the operating microscope, which could render the device cost-prohibitive.

C

Fig. 5. Commercial MIOCT systems. (A) Zeiss RESCAN 700, FDA cleared in 2014 [119].
This system houses a permanently-integrated OCT scanner coupled directly prior to the
microscope objective. (B) Haag-Streit Surgical iOCT, FDA cleared in 2015 [115]. This system
uses a modular OCT scanner attached to the camera port of the microscope. (C) Leica
Microsystems Bioptigen EnFocus, FDA cleared in 2015 [120]. This system uses a modular
OCT scanner attached prior to the objective. Red arrows denote the location of OCT scanners.

3.2 Live two-dimensional microscope-integrated OCT

The majority of previously reported research-grade MIOCT systems used commercial
spectral-domain OCT technology that was limited to A-scan rates below 40 kHz
[70,71,116,117,121] and as a result, acquisition of densely sampled volumes lasted several
seconds and was restricted to surgical pauses. Importantly, these systems also could not
render acquired volumetric data in real-time. Imaging of live surgery and surgical maneuvers
was thus achieved using continuous high-resolution B-scans that could be generated with
minimal motion artifacts [70,71,113,116,117,121,125-131]. This OCT technology was
incorporated into the three commercially-available MIOCT scanners for human ocular
imaging [115,119,120], and the primary imaging protocol of these systems consisted of two
high-resolution orthogonal B-scans or a single high-resolution B-scan centered at the region
of interest (Fig. 6(a)). Using the manual tracking feature described in Section 3.1, some of
these systems also allowed the B-scans to be manually tracked to the tip of instruments during
surgical maneuvers [118,121,122]. Alternatively, multiple (3-5) parallel B-scans spanning the
site of interest could be acquired and displayed simultaneously to monitor motion orthogonal
to the B-scan axis [123,132] (Fig. 6(b)).
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The acquired B-scans in live 2D MIOCT were processed in real-time on a CPU and
displayed either on an external monitor or on a heads-up display (HUD) [118,124,128,131] to
provide feedback to the surgeon. HUD visualization, discussed in detail in Section 5.1, was
particularly important since it allowed the surgeon to alter his/her decision-making in real-
time based on the OCT data [118] and to control the OCT scan location with a foot pedal. In
addition, to adequately visualize surgical maneuvers on OCT, the instruments used during the
maneuvers must be visible and recognizable in the images. The OCT visibility of
commonplace instruments for vitreoretinal surgery was tested using a spectral-domain OCT
system with a central wavelength of 850 nm [125]. Instruments of various sizes and
comprised of different materials were tested. In general, metallic instruments were best
visualized in the OCT B-scans but also significantly shadowed the underlying tissue (Fig.
6(a), yellow arrows). Instruments made of silicone and polyamide were still visible in the
OCT B-scans but shadowed less. Total shadowing of underlying tissue could hinder OCT
visualization of the instrument-tissue point of contact, but this interface could be estimated by
acquiring and averaging multiple B-scans acquired adjacent to the shadowed region, a
technique termed spatial compounding [126,133]. Prototypes of OCT-compatible surgical
instruments were also demonstrated in 2014 [128] and further research and development of
such instruments could be catalyzed by the recent commercialization of MIOCT.

Fig. 6. Surgical imaging with live 2D MIOCT. (A) Retinal surgery imaging protocol using two
orthogonal high-resolution B-scans [118]. (B) Anterior eye surgery imaging protocol using
five parallel and laterally offset B-scans spanning the area of interest [132]. The B-scan
locations are overlaid on the surgical views.

3.3 Live 3D microscope-integrated OCT

The advent of MIOCT technology enabled, for the first time, imaging of live human surgery,
including tissue manipulations with various types of instruments. The surgical field, however,
is inherently three-dimensional (3D) and as a result, most surgical maneuvers are not
constrained to single cross-sectional planes. Thus, live 2D MIOCT techniques had difficulty
imaging complete maneuvers and provided limited spatial information and context to the
surgeon as the region of interest could move in and out of the imaging plane. The potential
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advantages of live 3D OCT for ocular surgery, in particular, were noted in [121,129], but
volumetric rendering in these studies was limited to post-processing.

Live 3D intraoperative OCT imaging with MIOCT was in part enabled by acquisition and
processing software that leveraged the computational speed of graphics processing units
(GPU). GPUs were primarily used for rendering graphics prior to the advent of high level
GPU programming languages such as NVIDIA’s compute unified device architecture
(CUDA) [134]. For OCT in particular, GPU processing became highly desirable as the
repetition rate of OCT lasers increased to kilohertz [35,114,135-138] and even megahertz
[34], and researchers were no longer able to process OCT data on the CPU in real-time.
Moreover, GPUs also allowed real-time volume rendering for visualization and manipulation
of OCT 3D and 4D (volumes over time) data. Several research groups explored the potential
benefits of 4D OCT for live surgery using surgical phantoms and ex vivo animal models. In a
series of studies, the Kang group at Johns Hopkins University reported on 4D OCT systems to
guide microvascular anastomosis [139-141]. In these studies, the researchers demonstrated a
spectral-domain OCT system running at 128 kHz A-scans/second and coupled to a telecentric
scanner for imaging. The OCT sample arm beam was displaced away from the pivot of the
first galvanometer scanner to induce a phase modulation that allowed estimation of the
complex OCT signal for complex conjugate resolved imaging in real-time. This system was
used to image mock surgical manipulations at 5 volumes/second using 100x256x1024 (X, Y,
Z) voxels over at 3.5x3.5x3.5 mm field of view [139]. Using a similar system in a subsequent
study, the imaging speed was increased to 10 volumes/second using 160x80x1024 voxels to
image and guide microvascular anastomosis on a rat surgical model [140]. The researchers
also reported on a different spectral-domain OCT system with real-time Doppler capabilities
to produce blood flow images in conjunction with structural volumes to further improve OCT
guidance of anastomosis. While these systems clearly demonstrated the potential of 4D OCT
for microsurgical visualization, a lack of integration with an operating microscope designed
for human surgery restricted their use to mock surgery. Probst ef al. [114] in 2010 was the
first, to the best our knowledge, to report an MIOCT system with GPU-assisted real-time
volumetric imaging and visualization. The researchers demonstrated 4D MIOCT imaging at 7
volumes/second using 300x80x512 voxels on a spectral-domain OCT system running at 210
kHz A-scans/second. Unfortunately, the poor imaging sensitivity (78 dB) of this system
restricted its use to surgical phantoms comprised of layers of onion skin. Li et al. more
recently reported on a swept-source MIOCT system with a central wavelength of 1310 nm to
guide anterior eye glaucoma surgery in rabbit eyes [142]. The system speed was 50 kHz A-
scans/second and it used a two-GPU software architecture for real-time processing and
rendering of volumetric data acquired over 3x3.6x4.2 mm.

4D MIOCT imaging of simulated surgical maneuvers performed with commercial surgical
instruments in cadaveric porcine eyes was demonstrated by Carrasco-Zevallos et al. in 2014
[143]. This system, together with a custom stereoscopic HUD [144], was translated to the
human operating suite in 2015 [122,145,146] and has been used in over 150 human ocular
surgeries to date. Using an MIOCT scanner designed for imaging of human ocular surgery
[71], the researchers employed a 1040 nm swept-source OCT system running at 100 kHz A-
scan rate, which was 3-5 times faster than previous intraoperative OCT systems used in
human ocular surgery. Similar to previous 4D OCT systems, the swept-source 4D MIOCT
software exploited the speed of GPUs for acquisition, processing, and volumetric rendering
[136]. Unlike previous 4D OCT demonstrations, however, the ray casting algorithm used for
volume rendering was optimized specifically to enhance the visualization of subtle ocular
structures and surgically-induced alterations [137] (Fig. 7(a)). The imaging protocols of 4D
MIOCT for human ocular surgery were first determined during preliminary mock surgical
trials. In these, the volumetric OCT visualization of commonly used instruments for human
ocular surgery was characterized (see Supplementary Information of [122]) (Fig. 7(b)). The
instruments tested were constructed of steel, nitinol, silicone, and polyamide. The polymer-
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based instruments shadowed less than the steel instruments but were also less reflective. In
cases with significant shadowing, however, volumetric imaging provided sufficient spatial
context to help the surgeon to interpret the shadowed region, but this system would also
benefit greatly from OCT-compatible instruments [128]. The researchers then characterized
the tradeoff between lateral sampling density and volumetric imaging speed. The system was
found capable of operating at 10 volumes/second using 100x64x688 voxels over a 5x5x3.7
mm field of view during mock surgery in porcine eyes, but the surgeons preferred higher
sampling densities to improve the volumetric image quality at the cost of speed during human
surgery. The typical human retinal surgery imaging protocol was 300x96x688 voxels at 3.3
volumes/second over 5x5x3.7 mm, and the typical human anterior eye surgery imaging
protocol was 500x96x1376 voxels at 0.5 volumes/second over 10x10x7.4 mm. Several other
features of the system facilitated its use during live human surgery. A “stream saving” mode
in which each OCT volume was saved immediately after acquisition enabled continuous
volumetric recording of surgery. Moreover, a manual tracking module similar to that
developed by Hahn ef al. [121] was integrated to compensate for gross lateral motion of the
microscope or surgical field.

Fig. 7. Surgical imaging with live 3D MIOCT. (A) Real-time enhanced volumetric rendering
using GPU-accelerated software. Median filtering and depth-based shading improved
visualization of subtle anatomical and pathological structures [137]. Manipulation of the
rendering perspective also allowed surgeons to visualize structures from various perspectives.
(B) Visualization of commonplace surgical instruments in OCT volumes acquired during
porcine eye surgery. ERM: epiretinal membrane, MH: macular hole.

4. OCT-guided laser surgery

The feasibility of OCT guidance and monitoring of laser surgery was first explored in the late
1990’s [53,72], and subsequent studies demonstrated the ability of OCT to monitor structural
alterations following prostate tissue ablation in vitro [147] and laser treatment of laryngeal
carcinoma surgery [148]. More recently, Palanker ef al. in 2010 demonstrated a spectral-
domain OCT system incorporated into a femtosecond laser module for human cataract
surgery [73] (Fig. 8). In this system, the OCT beam path was coupled to the femtosecond
laser path using a dichroic mirror prior to the galvanometer scanning mirrors, and the two
modalities shared a focusing objective lens and contact lens placed on the patient’s cornea.
The OCT system had an axial resolution of 11 um and sufficiently long imaging depth range
to visualize the cornea, anterior chamber, and both anterior and posterior lens surfaces. Using
automated software, these surfaces were detected on OCT to ensure the centration of the laser
cutting pattern and to avoid inadvertent damage to the cornea or iris. Additionally,
intraoperative OCT also allowed depth visualization and more exact placement of corneal
relaxing incisions and multi-planar incisions. Intraoperative OCT was particularly
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advantageous compared to preoperative OCT since the eye could be deformed during the
procedure, rendering the preoperative scans inaccurate. Currently, several commercial
femtosecond laser surgery modules feature integrated OCT to aid in the placement of the laser
cutting patterns [149].

OCT has also been integrated into non-ophthalmic laser surgical systems to improve the
lateral and depth positioning of laser ablation. Intraoperative OCT was used to monitor the
ablation depth in bone tissue [150] using M-scans at the incision site during laser application.
Another reported OCT system was used to guide laser-based cochleostomy, in which OCT
image-based active tracking was implemented for motion compensation and improved 3D
positioning of the laser application site [151]. The OCT images were used to estimate both the
lateral position of the sample and the depth of the ablation, and this information was used to
update the laser pulse duration and position on cadaver cochlea. Additionally, a recent study
demonstrated an OCT-guided laser surgical system for blood coagulation [152]. The OCT
provided feedback for the laser positioning control loop using M-scans at the site of the
ablation. OCT angiography (OCTA) images were also acquired immediately before and after
ablation to monitor the laser-induced blood coagulation. Moreover, Li ef al. recently reported
on the integration of OCT into a handheld laser ablation probe to monitor the laser incision
depth [153].
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Fig. 8. OCT-guided femtosecond laser surgical module for anterior eye surgery [73]. (A) The
two modalities were coupled using a dichroic mirror prior to the scanning mirrors and shared
an objective and the contact lens (B) used to deliver light to the surgical site. (C) OCT volumes
were used to detect the various tissue surfaces and allowed the surgeon to precisely position
the laser cutting pattern and avoid damage to the iris and surrounding structures. (D) Iris
camera image denoting the edge of the laser cutting pattern (1) and the pupil boundary
determined on OCT (2).
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5. OCT enhanced surgeon feedback
5.1 Heads-up displays and OCT visualization

Live OCT imaging is most useful in guiding operations when it provides feedback to the
surgeon during surgical manipulation instead of during surgical pauses, and heads-up display
(HUDs) technology has emerged to display MIOCT images within the microscope oculars
(Fig. 9) and to facilitate real-time OCT feedback. Most reported HUDs used micro-displays to
project live 2D OCT images into one [118,119,124,128] or both [131] oculars of the
operating microscope. Alternatively, a compact stereoscopic HUD was developed to display
live 3D OCT stereo images through the oculars and enhance the surgeon’s depth perception
of the volumetric data [144]. This HUD employed a spatial multiplexing technique in which
only one micro-display was required to relay a stereo pair of OCT volumes to the oculars,
thereby decreasing the footprint of the HUD. Compared to some commercially available
HUDs [117], the organic light-emitting diode (OLED) micro-display used in the stereo HUD
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also offered improved contrast and completely transparent black pixels so that the view of the
surgical field was not obscured. In all reports describing MIOCT HUDs, the projected OCT
images were overlaid on top of the surgical field and needed to be carefully placed to not
obstruct visualization of the regions of interest. As HUD technology progresses, its ability to
provide real-time OCT feedback to the surgeon may become crucial for OCT-guided surgery,
and recent clinical studies have already suggested surgeons prefer HUDs over external
displays for intraoperative OCT visualization [118,124].

An unfortunate limitation of HUDs is the limited resolution, contrast, and field of view
available to visualize the OCT images. Beyond HUDs, virtual reality (VR) has become
increasingly popular for viewing OCT data sets. Computer Assisted Virtual Environments
[154], 3D televisions [155], and stereo microscope-style simulators [156] have been
demonstrated utility for presenting OCT images. Immersive head-mounted displays (HMDs)
for VR offer even larger fields of view than stereo displays as the wearer can look in any
direction. The Oculus Rift by Oculus VR [157] and the Vive by HTC [158] have garnered
interest as platforms for OCT data set viewing and manipulation in seated and room-scale VR
experiences, respectively, especially for volumetric data sets. These technologies could be
useful for pre- and post-postoperative analysis and may be desirable for intraoperative use as
intraoperative OCT becomes more commonplace.

Right ocular

Fig. 9. Heads-up displays (HUD) for intraoperative OCT visualization. (A) Monocular HUD
integrated into the commercial Zeiss RESCAN 700 [119]. (B) Binocular HUD integrated into
the commercial Haag-Streit Surgical iOCT [115]. Both (A) and (B) are used to project live B-
scans into the oculars of the microscope to provide the surgeon with immediate OCT feedback.
(C) Custom binocular HUD used to display stereoscopic OCT volumes into the surgical
oculars [144]. Volumes rendered from different perspectives were projected into each ocular to
provide the surgeon with a stereo presentation of the data in real-time.
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5.2 Instrument tracking and robotic-assisted surgery

OCT scans exhibit a trade-off between A-scan sampling density, field of view, and frame-
rate. In surgical applications, it is desirable to image the instrument tip and instrument-tissue
interactions with the highest sampling density and fastest frame-rate possible, which
necessitates small fields of view that may be insufficient to image complete surgical
maneuvers. Real-time instrument tracking ameliorates this issue by automatically re-centering
the OCT scan on the instrument tip in the presence of motion. El-Haddad ef al. described a
lateral instrument tracking system that used a stereo camera pair to triangulate infrared LEDs
mounted to a surgical instrument handle [159]. In later work, they added high-speed reference
arm tracking using a Fourier-domain optical delay line [160] to provide a 3D instrument
tracking system. The commercial Zeiss RESCAN 700 MIOCT also features reference arm
tracking for image stabilization [118].

Additionally, the integration of OCT into surgical instruments (as described in detail in
Section 2.3) has facilitated the development of OCT-assisted robotic surgery. In this
application, OCT image-based feedback can be used to drive robotic platforms that position
surgical instruments with improved precision compared to manual surgery. Yu et al. used a
forward-imaging OCT probe [105] in conjunction with a master-slave robotic system to
evaluate the efficacy of robot-assisted microsurgery with OCT guidance [112,161]. The
surgical instrument with integrated OCT was mounted on a custom built seven degree-of-
freedom (DoF) Stewart robotic platform, which could articulate the forceps in the X, Y, and Z
dimensions, control the roll, pitch, and yaw, and open or close the forceps. The Stewart
platform was controlled by a surgeon via a seven DoF haptic device. When simulating retinal
surgery, the authors enforced remote center of motion constraints via a software control
algorithm that restricted the motion of the forceps once inside the eye to avoid damaging the
sclera [112]. The OCT integrated into the instrument permitted constant feedback for
improved depth perception during simulated membrane peeling (Fig. 10). In contrast to the
master-slave system, other studies explored the utility of OCT-guided cooperative robots, in
which the surgeon controlled the robot with their hand instead of a haptic device [107-111].
These robots utilized OCT integrated into the surgical instruments to provide closed loop
feedback for applications such as tremor reduction or tool depth locking. Song et al.
incorporated CP-OCT into two different microsurgical instruments coupled to high speed
piezoelectric motors used to drive the axial positioning of the instruments [107,110]. The
OCT system did not scan the beam in the transverse plane but was instead used as a single
point micrometer-scale axial ranger. Automatic edge detection on the A-scan data allowed the
researchers to estimate both hand tremor and the instrument distance to a surface, data which
then fed a PID controller that drove the piezoelectric motors for automatic motion
compensation. Cheon ef al. [108] used a more sophisticated real-time surface detection
algorithm compatible with layered structures such as retina. This system performed depth
locking by using spatially shifted cross-correlation of A-scans to determine the position error
of the tip. This position error was then fed into a Kalman filter, which drove the piezoelectric
motor via a PD controller.
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Fig. 10. B-scan imaging of mock surgical manipulations with OCT-integrated surgical forceps
and robotic assistance [112]. (A) B-scans of manual and (B) robotic-assisted manipulation of
gelatin phantom. (C) B-scans of manual and (D) robotic-assisted manipulation of ex vivo goat
retina. (E) B-scan imaging during peeling of membrane phantom from gelatin.

5.3 Intraoperative OCT adjuncts

Additional modes of contrast generated from OCT data using various processing algorithms
or polarization-sensitive detection have been applied to improve detection of cancerous tissue.
An intraoperative HHOCT probe for breast surgery incorporated interferometric synthetic
aperture microscopy (ISAM) [162], a computational refocusing algorithm that could yield
more uniform lateral resolution along the imaging depth. The resulting OCT images with
improved lateral resolution were used to identify tumor margins during human breast surgery
[95]. Additionally, variations in collagen orientation and content was also exploited to
differentiate cancerous tissue from healthy ex vivo breast tissue using polarization-sensitive
OCT [163]. Alternatively, Kut et al. demonstrated that tissue scattering coefficients estimated
from OCT volumes could be used to quantitatively differentiate between cancerous and non-
cancerous tissue and help guide brain tumor resections [164]. A color-coded map denoting
regions of high scattering and low scattering, corresponding to healthy and normal tissue,
respectively, was generated in real-time to provide visual feedback to the surgeon (Fig.
11(a)). The system’s algorithm was developed using ex vivo human tissues and tested during
in vivo mouse surgery.

Conventional OCT systems provide only structural information about the sample. Optical
coherence tomography angiography (OCTA) is a functional extension of OCT that allows for
non-invasive imaging of vasculature without the need for exogenous contrast agents. OCTA
has been used to study a wide range of retinal pathologies [165,166] and has been applied in
real-time with GPU-accelerated processing [167—-169]. Intraoperative OCTA could provide
about information about vasculature present in the surgical field to improve surgical decision-
making. Intraoperative OCTA using an MIOCT scanner was first reported in 2016 [170],
[171]. In particular, in [171] intraoperative OCTA was performed on young children
undergoing examination under anesthesia and was demonstrated to provide superior
visualization of vasculature compared to FA. Doppler OCT is another functional extension
that probes the velocity of moving scatterers within blood vessels to quantify blood flow
[172,173]. Doppler OCT processing was incorporated in several HHOCT intraoperative
probes to measure blood flow dynamics during animal surgery [100] and during mock
surgery using an anastomosis model [91] (Fig. 11(b)).
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Fig. 11. Functional imaging with intraoperative OCT systems. (A) Optical property map
derived from attenuation coefficients calculated from OCT volumes in real-time to
differentiate cancerous and non-cancerous tissue [164]. (B) Real-time Doppler processing and
imaging for intraoperative HHOCT imaging of anastomoses [91].

6. Intraoperative OCT applications

The translation of medical devices from benchtop to the human operating suite is a nontrivial
and often arduous process, requiring compliance with numerous safety requirements set forth
by regulatory agencies. These regulations impose technical and engineering constraints that
could prevent the use of many research prototypes in a clinical setting. In this section, we
primarily focus on research and commercial intraoperative OCT devices that have been
successfully translated to the human operating suite and approved for large-scale human
clinical studies.

6.1 Human retinal surgery

Dayani et al. [80] first demonstrated human retinal intraoperative OCT imaging with a
commercial HHOCT device during surgical pauses in 2009. In this study, HHOCT was used
to confirm the successful peeling of inner limiting membranes (ILM) and epiretinal
membranes (ERM), and it led to the discovery of residual ILM after initial peeling. The
residual ILM was subsequently treated during the same surgery, demonstrating the feasibility
of HHOCT to alter surgical decision-making. Later studies used a similar commercial
HHOCT device to assess macular hole closure in a pediatric case [174] and retinoschisis
during treatment of optic pit-related maculopathy [175], and to study the inner retinal surface
after peeling of ERMs “with connecting strands™ and their correlation to outcomes following
ILM peeling [176]. The 2-year PIONEER study [82] conducted in 2014 included 256 eyes,
and the authors of the study reported that intraoperative HHOCT imaging impacted the
surgeon’s decision-making in 63 out of 146 procedures involving ERM peeling. A multitude
of other findings stemmed from this study [177,178], including the demonstration of HHOCT
for identifying persistent subretinal fluid [179] and HHOCT visualization of peeling-induced
retinal alterations resulting from tissue manipulation with intraocular forceps and membrane
scrapers [180]. Moreover, Binder et al. [116] first demonstrated live 2D MIOCT imaging of
human retinal surgery in between surgical steps and before/after surgery using a commercial
Cirrus HD-OCT (Carl Zeiss Meditec; Oberkochen, Germany) adapted to the surgical
microscope. Imaging of live surgery and instrument-retina interactions with intraoperative
MIOCT was demonstrated in three subsequent studies published in quick succession [121],
[123,129]. More recently published studies [118,124,181] evaluated the performance of the
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commercially available RESCAN 700, specifically. The DISCOVER study was the largest of
these to date, comprising 277 eyes, and the researchers reported that MIOCT directly
impacted decision-making in 19% of membrane peeling procedures (Fig. 12(a)) [118]. A
separate study corroborated these findings and reported that MIOCT altered decision-making
in 41.9% of procedures [124]. Lastly, Carrasco-Zevallos et al. first reported live 3D (4D)
MIOCT of human retinal surgery [122,145,146], and this custom swept-source OCT system
was demonstrated to produce B-scans of comparable quality to HHOCT imaging during
surgical pauses [182]. In addition, 4D MIOCT provided enhanced volumetric feedback during
live surgery, which facilitated recognition of 3D structural alterations after surgical
intervention and enabled more complete visualization of surgical maneuvers (Fig. 12(b))
[122]. The live MIOCT volumes were displayed through the microscope oculars during live
surgery using a stereoscopic HUD [144]. This system was also recently used to guide the
placement of the Argus II retinal prosthesis [183] and to guide choroidal biopsy for choroidal
melanoma [184]. Table 1 provides a summary of quantitative results compiled from retinal
intraoperative OCT studies performed with HHOCT, live 2D MIOCT, or live 3D MIOCT.
Quantitative results from these studies included percentage of surgeries in which of successful
intraoperative OCT visualization of the regions of interest was achieved, and percentage of
surgeries in which intraoperative OCT directly impacted the surgeon’s decision-making.

Fig. 12. Live MIOCT imaging during human retinal surgery. (A-B) Live 2D MIOCT imaging
with high-resolution orthogonal B-scans using the commercial Zeiss RESCAN 700 [118]
during (A) retinal detachment and (B) proliferative diabetic retinopathy procedures. (C-D)
Live 3D MIOCT imaging using real-time volumes [122] during retinal brushing with a (C)
diamond dusted scraper and a (D) flex loop. High-speed volumetric imaging enhances
visualization of subtle 3D tissue deformations.
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Table 1. Quantitative results from studies evaluating the efficacy of intraoperative OCT for human retinal
surgery. Results are categorized by intraoperative OCT technology and metrics for efficacy, including
percentage of surgeries in which successful OCT imaging of the regions of interest was achieved and
percentage of surgeries in which OCT altered the surgeon’s decision-making. The types of surgical procedures
are listed under the percentage values. N/A: not applicable, indicates the researchers did not use this metric in
their study. HHOCT: handheld optical coherence tomography. MIOCT: microscope-integrated optical
coherence tomography.

Knecht Steven Steven Saad ef Carrasco-
et al. et al. et al. Ehlers et al. Ehlers et al. . 2015 Zevallos et
2010 2013 2014 2014 [82] 2015 [118] ['132] al. 2016
[185] [188] [189] [122]
Live 2D | Live 2D Live 2D Live 2D Live 3D
Technology | HHOCT | yijocr | mioct | HHOCT MIOCT MIOCT | MIOCT
518/531 224/227 15/15
0, 0,
Successful 6/6 26/26 6/6 A(I?tge?i)c))r A(r91t9efi)c))r 14/14 (100%)
OCT (100%) (100%) (100%) seomentand | seement and (100%) Multiple
visualization | DSAEK | DMEK | DALK gme gme DMEK types of
retinal retinal
procedures
procedures procedures
Altered ?Zgo;‘;l 17/51 (33%)
decision- N/A N/A N/A ’ Lamellar N/A N/A
makin Lamellar keratoplas
g keratoplasty plasty

*Corresponds to percentage of surgeries in which OCT provided additional information to the surgeon.

6.2 Human anterior eye surgery

The first use of intraoperative OCT in human anterior eye surgery was demonstrated by
Geerling et al. in 2005 using a research-grade MIOCT system [113]. Since, HHOCT [82],
[185-187] and live 2D MIOCT [118,131,132,188,189] have been implemented to visualize
and help guide various anterior eye procedures. Of particular interest were partial corneal
transplantation procedures [132,185-189], which require precise depth positioning of the
surgical instruments within the corneal tissue. Applications included intraoperative OCT
monitoring of separation of Decemet’s membrane in deep anterior lamellar keratoplasky
(DALK) and confirmation of apposition of the graft to the host tissue [82,118,186,187,189].
Similarly, intraoperative OCT provided improved visualization of the graft orientation and
placement beneath the host cornea, and enhanced feedback regarding the apposition of the
graft to the host tissue in Decemet’s stripping automated endothelial keratoplasty (DSAEK)
[82,118,185] and Decemet’s membrane endothelial keratoplasty (DMEK) [132,188] (Fig.
13(a)). One study, in particular, reported that a commercial MIOCT system altered surgical
decision-making in 48% of lamellar keratoplasty procedures [82]. Live 3D MIOCT was also
used during DSAEK to monitor graft placement and graft-host adherence [122] even with a
visibly opaque cornea due to significant edema [190] (Fig. 13(b)). The central wavelength of
this system was 1040 nm, which enabled deeper visualization into tissue that was opaque in
the visible spectrum. This system was also used to visualize needle and suture depth during
partial and full thickness muscle passes in strabismus surgery, in which the needle depth
cannot be accurately assessed from the superficial en face view through the operating
microscope [191], and tube shunt positioning in the anterior chamber during glaucoma
surgery [192]. Table 2 summarizes quantitative results from various anterior eye
intraoperative OCT studies performed with either HHOCT, live 2D MIOCT, or live 3D
MIOCT.

OCT-guided femtosecond laser surgery was introduced by Palanker ef al. in 2010 [73] and
has been commercialized by several companies [149]. These surgical platforms, developed
primarily for cataract surgery, have demonstrated potential in improving surgical
visualization and repeatability [73]. Large-scale clinical trials were conducted to evaluate the
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efficacy and safety of commercial femtosecond laser modules with OCT guidance [193],
[194] and the researchers reported that OCT aided in detection of the anterior and posterior
lens surfaces and iris boundaries [193], and that femtosecond laser cataract surgery with OCT
guidance resulted in comparable complication rates to manual surgery [193,194].

Fig. 13. Live MIOCT imaging of human anterior eye surgery. (A) Live 2D MIOCT imaging
with high-resolution B-scans using the commercial Haag-Streit Surgical iOCT [188] during
Decemet’s membrane endothelial keratoplasty. Real-time direct visualization graft attachment
during air filling in B-scans was made possible by MIOCT (B) Live 3D MIOCT imaging using
real-time volumes [122] during Decemet’s stripping automated endothelial keratoplasty. Graft
unfolding, orientation, and apposition was directly visible in the volumes.

Table 2. Quantitative results from studies evaluating the efficacy of intraoperative OCT for human anterior
eye surgery. Results are categorized by intraoperative OCT technology and metrics for efficacy, including
percentage of surgeries in which successful OCT imaging of the regions of interest was achieved and
percentage of surgeries in which OCT altered the surgeon’s decision-making. The types of surgical procedures
are listed under the percentage values. N/A: not applicable, indicates the researchers did not use this metric in
their study. HHOCT: handheld optical coherence tomography. MIOCT: microscope-integrated optical
coherence tomography. DSAEK: Descemet’s stripping endothelial keratoplasty. DMEK: Descemet membrane
endothelial keratoplasty. DALK: Deep anterior lamellar keratoplasty.

Knecht Steven Steven Saad et Carrasco-
et al. et al. et al. Ehlers et al. Ehlers et al. L. 2015 Zevallos et
2010 2013 2014 2014 [82] 2015 [118] ['132] al. 2016
[185] [188] [189] [122]
Live 2D Live 2D Live 2D Live 2D Live 3D
Technology | HHOCT | yioer | mioctr | HHOCT MIOCT MIOCT | MIOCT
518/531 224/227 15/15
0, 0,
Successful 6/6 26/26 6/6 A(r?ifi)c))r A(I?ze?i)c))r 14/14 (100%)
OCT (100%) (100%) (100%) seement and | seement and (100%) Multiple
visualization | DSAEK | DMEK | DALK gme gme DMEK types of
retinal retinal
procedures
procedures procedures
Altered 6(491;;1‘;? 17/51 (33%)
decision- N/A N/A N/A ; Lamellar N/A N/A
makin, Lamellar keratoplas
8 keratoplasty plasty

6.2 Applications in non-ophthalmic human surgeries

The Boppart group at the University of Illinois at Urbana—Champaign leveraged OCT to
improve margin analysis in breast cancer surgery. They applied tabletop [195] and handheld
SD-OCT [94] systems, in addition to a commercial SS-OCT HHOCT [95], to image
pathologic specimens and resection beds intraoperatively for real-time margin analysis.
Blinded raters demonstrated a mean sensitivity of 91.7% and specificity of 92.1% for OCT
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image-based detection of cancer in in vivo resection beds and excised tissue using
histopathology as a gold standard [94] (Fig. 14). A similar study, conducted with a
commercial HHOCT device, suggested that intraoperative margin analysis in shave margin
specimens could reduce reoperation rates at the cost of small increases in resected tissue
volume [95]. The Boppart group has also advanced OCT for non-destructive detection of
breast cancer metastasis in lymph nodes [196,197]. They proposed using OCT to examine the
lymph node cortex in situ for metastatic disease, eliminating the need for lymph node
dissection and the associated risk of lymphedema. Their recent study in [197] demonstrated a
mean sensitivity of 58.8% and specificity of 81.% for identifying reactive/metastatic lymph
nodes. The detection sensitivity was complicated by image artifacts and limited depth
penetration through tissue overlying the lymph nodes of interest.

OCT probes have also been applied to other resection procedures to improve assessment
of the tumor margin. Most of these probes employed ~1300 nm central wavelength to
maximize the penetration depth through highly scattering tissue. Compared to histological
analysis of excised tissue, which is often time-consuming and expensive, OCT could be used
to evaluate the tumor boundaries immediately after surgical excision. Hariri et al. applied a
research-grade swept-source OCT with 6 um and 30 um axial and transverse resolutions,
respectively, to differentiate primary lung carcinomas in 82 ex vivo tumor samples [198]. The
diagnostic accuracy of OCT was 82.6% using histological analysis as the gold standard.
Similarly, Hamdoon et al. used a commercial OCT probe developed by Michelson
Diagnostics to assess oral cancer resection margins [199]. The researchers imaged 112
specimens from 28 patients and determined that OCT could identify positive and negative
margins with a diagnostic accuracy of 88%. A different group evaluated the potential of a
custom 100 kHz swept-source OCT system for detecting papillary thyroid carcinoma in 170
ex vivo tissue samples resected from 17 patients [200]. The sensitivity and specificity of OCT
for detecting extrathyroidal extensions was 82.9% and 87%, respectively.

En face full-field optical coherence microscopy (FFOCM) has also been explored for
tumor margin assessment in various cancers. In FFOCM, a 2D en face image is acquired
instantly and the reference arm delay is scanned for tomographic imaging [201]. Compared to
traditional OCT, FFOCM uses high NA objectives, yielding improved transverse resolution
(1.5 micron in [202]). Using a commercial FFOCM probe developed by AgfaHealthCare in
Belgium, Maier ef al. evaluated 20 freshly excised facial basal cell carcinoma specimens
[203]. In this study, FFOCM could identify basal cell carcinoma with a sensitivity and
specificity of 74% and 64%, respectively. Additionally, Lopater ef al. evaluated a commercial
FFOCM system (LLTech, SAS) for cancer detection on prostate biopsies [204]. The
researchers imaged 119 excised cores from 38 patients, and FFOCM exhibited a cancer
detection diagnostic accuracy of 82%. Jain et al. also used a FFOCM system from LLTech,
SAS, to evaluate fresh tissue sections from tumor and non-neoplastic kidney specimens [202].
The researchers could use FFOCM to subtype 25 tumor specimens with a diagnostic accuracy
80%.
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Fig. 14. OCT B-scans acquired with an intraoperative HHOCT probe during breast tumor
resection surgery. Diagram on the left denotes tissue areas imaged with OCT B-scan. The blue
and red dashed lines in the B-scans correspond to areas of cancerous and noncancerous
regions, respectively. (A, C) OCT B-scans of tumor margins acquired in vivo. (B, D) OCT B-
scans of tumor margins acquired ex vivo after resection with corresponding histology [94].

6.3 Live OCT-based surgical training

In addition to human surgical imaging, the potential for MIOCT to improve surgical precision
in trainee surgeons has been explored and quantified in ex vivo surgical studies
[6,122,205,206]. In particular, the impact of MIOCT on surgical residents' performance of
ophthalmic maneuvers was studied in [6]. Fourteen ophthalmology residents from the Duke
University ophthalmology program, randomized by level of training, were recruited to
perform various anterior segment surgical maneuvers on porcine eyes with and without
MIOCT guidance. The maneuvers included suture placement at predetermined depths within
corneal tissue and creation of triplanar corneal wounds. Active MIOCT guidance helped
trainees place sutures at specified depths more accurately. Moreover, when MIOCT was
removed, these trainees retained their sense of depth accuracy. This suggested that MIOCT
also provided a sustained learning effect for these trainee surgeons. Additionally, another
study performed with three retinal surgeons at Duke University explored the ability of
MIOCT to improve the depth positioning of instruments during porcine retinal surgery
[122,205]. The researchers demonstrated that live MIOCT guidance could improve the
accuracy and repeatability of instrument positioning relative to the retinal surface. Subsequent
studies explored the viability of MIOCT to quantitatively determine factors that affect
successful big-bubble formation during DALK [206,207]. DALK is a technically challenging
procedure requiring precise placement of a 27 gauge needle as deep as possible into the
half-millimeter cornea without perforating it. In these studies, novice trainee surgeons using
MIOCT were able to successfully place the needle deep into the cornea with perforation rates
below those reported in the literature. Further, the depth information provided by MIOCT in
these studies also demonstrated that extreme needle depths were not necessary for successful
big-bubble formation. Together, these studies of trainees using MIOCT demonstrate the
benefits of active MIOCT guidance in improving both accuracy of depth based maneuvers
and the potential to reduce depth-related complications in practice.
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7. Conclusions

Intraoperative OCT, first introduced in the late 1990’s, is currently an area of rapid
development driven by academic and industrial research efforts, and it has the capacity to not
only improve current surgical efficacy but also to enable the development of surgical
techniques dependent on tomographic and volumetric visualization. This review surveyed key
technological developments in intraoperative OCT and primarily focused on HHOCT,
MIOCT, and OCT-guided laser surgery. Additionally, this review discussed recent clinical
studies that demonstrated the utility of intraoperative OCT platforms during human surgery.
In the immediate future, we expect further technological improvements and clinical validation
to help cement OCT as a vital intraoperative imaging modality with the potential to
revolutionize surgical practice.
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