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for imaging of ophthalmic surgical maneuvers
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Abstract: We present novel optical and mechanical designs for a
microscope-integrated intraoperative optical coherence tomography (iOCT)
system with enhanced function and ergonomics for visualization of
ophthalmic surgical maneuvers. Integration of an electrically tunable lens
allows rapid focal plane adjustment and iOCT imaging of both anterior and
posterior segment tissue microstructures while maintaining parfocality with
the ophthalmic surgical microscope. We demonstrate novel visualization of
instrument positions relative to tissue layers of interest as colormap
overlays onto en face OCT data, which may provide integrative display of
volumetric information during surgical maneuvers. Finally, we implement a
heads-up display system to provide real-time feedback as proof-of-principle
for iOCT-guided ophthalmic surgery.
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1. Introduction

Optical coherence tomography (OCT) has become the gold standard for disease diagnostics
and tracking therapeutic response in ophthalmology. Current-generation ophthalmic OCT
systems provide high-resolution images of tissue layers in both the anterior and posterior
segment that are poorly visualized with other conventional imaging modalities. Preoperative
and perioperative OCT imaging, using tabletop [1] or microscope-coupled OCT systems [2],
respectively, provide volumetric data sets of pathologic areas and are used for clinical
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decision-making and surgical planning. Intraoperative OCT would provide real-time
visualization of tissue microstructure deformation, feedback on surgical maneuvers, and
confirm completion of surgical goals.

The utility of intraoperative OCT has been demonstrated in clinical studies using
perioperative imaging during ophthalmic surgical procedures. These studies include
visualization of epiretinal membrane [3], macular hole [4], retinal detachment [5],
vitreomacular traction [6, 7], and lamellar keratoplasty [8, 9]. These studies were
predominantly performed using handheld or microscope-coupled (i.e., not parfocal to the
surgical microscope) OCT systems. While perioperative imaging provides valuable
information regarding structural changes as a result of surgical maneuvers, aiming the
imaging field to identify regions-of-interest is difficult and without true surgical microscope
integration, real-time surgical visualization and guidance is impossible.

Recently, several groups have developed intraoperative OCT systems that provide real-
time feedback, including intraocular fiber probes [10, 11], integrated instruments [12, 13], and
surgical microscope-coupled scan-heads [14—16]. Intraoperative ophthalmic OCT has not
been limited to research devices and has been demonstrated using commercially available
scan-heads and microscopes for perioperative imaging during surgery. These systems include
the iVue (Optovue, Inc.) [17, 18], Visante OCT (Carl Zeiss Meditec, Inc.) [19, 20], and
Envisu SDOIS (Bioptigen, Inc.) [5, 21]. Several studies have also demonstrated the utility of a
fully integrated surgical microscope OCT for imaging ophthalmic surgical procedures using
laboratory prototypes [22, 23] and commercial systems, including the Lumera 700 with
integrated Rescan 700 (Carl Zeiss Meditec, Inc.) [24, 25] and HS Hi-R Neo 900 with
OPMedT iOCT (Haag-Streit Surgical GmbH) [26]. While microscope-integrated OCT has
ergonomic advantages over perioperative imaging, translation to the surgical suite has been
limited because of a lack of commercial system availability and the bulky system design and
cumbersome operation of research systems. Here, we present novel optical and mechanical
designs for a microscope-integrated intraoperative OCT system (iOCT), which includes an
electrically tunable lens and heads-up display (HUD) for real-time intraoperative feedback.
We also demonstrate visualization methods to allow for integration of iOCT volumetric data
into the surgical field and imaging of surgical maneuvers as a proof-of-principle for real-time
image-guided surgery.

2. Methods

Microscope-integrated iOCT includes optical and mechanical design modifications to a
previously described microscope-mounted OCT (MMOCT) [14, 15] (Fig. 1). The scan-head
attaches at the base of a Leica ophthalmic surgical microscope (M844) and is mounted at the
microscope nosepiece and secured by two preexisting attachment screws conventionally used
to attach noncontact surgical viewing accessories (e.g., BIOM). The microscope objective is
then mounted on a threaded adapter at the base of the iOCT, thus, extending the axial height
of the microscope. To minimize interference with surgical ergonomics and maintain surgical
field sterility, the axial height added by the iOCT was reduced from 120.5 mm (MMOCT) to
78.5 mm. To reduce the load on the pneumatic microscope swing arm, the body and base of
the iIOCT was rapid-prototyped using an ABS plastic substrate and reinforced with aluminum
mounting and threaded brackets for a total of 4.32 lbs added weight (Media 1). Optical
mounts were designed into the iOCT body as a monolithic unit to ensure precision optical
alignment and stability. Real-time intraoperative feedback and guidance was achieved using a
1024 x 768 pix. heads-up display (HUD) system optically coupled into the field-of-view
(FOV) of one microscope ocular (Leica DI C800) using a 50:50 beamsplitter cube and
interfaced with the OCT acquisition computer via VGA input. HUD opacity was adjusted by
controlling the LCD display brightness. Real-time and post-processed OCT images may be
displayed across the entire field at full brightness, completely obscuring the microscope view
through one ocular; at low LCD brightness as an overlay, so both the HUD and microscope
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view were simultaneously visible; or projected at the periphery of the ocular field,
simultaneously showing OCT and microscope views while avoiding potentially distracting or
misleading overlaid features (Fig. 1).
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Fig. 1. Optical schematic and mechanical design of the microscope-integrated iOCT system
(Media 1). The system includes an electrically tunable lens to provide optimal focus for both
anterior and posterior segment imaging while maintaining parfocality with the microscope
oculars. OCT images were acquired with a modified commercial 36 kHz SDOCT engine. Inset
photo shows surgical microscope ocular view with HUD overlaid live OCT cross-sections
adjacent to conventional microscope view of retina. CCD, line-scan camera; DM, dichroic
mirror; f, collimating, objective, scan, tube, and electrically tunable lenses; G, galvanometer
scanners; M, reference and fold mirrors; PC, polarization controller; VPHG, grating.

The 10CT system was optically designed for both anterior and posterior segment imaging.
The sample arm fiber output was collimated to a 1/¢* beam waist diameter of 2.64 mm (£, =
12.19 mm). The beam was then relayed across an electrically tunable lens and collimating
lens (f., = 60 mm). The electrically tunable lens (EL-10-30-NIR-LD, Optotune AG), which
provides 45-120 mm of focal length tuning, allowed real-time adjustment of the OCT focal
plane to maintain parfocality with the microscope view. This allowed us to compensate for
changes between the microscope and OCT focus when switching between anterior and
posterior segment imaging, for different microscope zoom positions, and for refractive power
differences between surgeons. To optimize lateral resolution and light efficiency, the iOCT
includes a 19.8x expanding 4f-relay (f; = 7.3 mm, 2x f = 35 mm; f, = 144.8 mm, 2x f = 300
mm) to image a 52.4 mm scanning spot onto the back focal plane of the microscope objective
(f = 186.7 mm). Anterior segment imaging was performed at the focal plane of the
microscope objective with a measured FWHM lateral resolution of 5.1 um (~25 um Rayleigh
range). The posterior segment was imaged using either a binocular indirect
ophthalmomicroscope (BIOM, Oculus Surgical, Inc.) or direct/indirect surgical contact lenses
(Volk Optical, Inc.), and the lateral resolution was limited by the optical properties of the eye.
OCT images were acquired using a commercial SDOCT engine (Bioptigen, Inc.) with an NIR
light source (870 nm center wavelength, 80 nm FWHM) and 2048 pix. line-scan CCD
(Spyder3 2k, Teledyne Dalsa, Inc.). Using 700 uW of power at the sample, the system had a
measured SNR of 109 dB at a line-rate of 36 kHz with an axial resolution of 5.2 pm in air and
6 dB falloff at 1.14 mm. The OCT engine was modified to pathlength-match the reference
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arm with the iOCT scan-head, and galvanometer drive signals were split and used to track
i0CT scan field offsets for HUD co-registration.

Spatial compounding has previously been demonstrated as a method for acquiring video-
rate tissue-instrument interactions using OCT [23, 27]. Briefly, repeated OCT volumetric data
sets are acquired along the axis of a surgical instrument. The physical dimensions of the scan
volume are asymmetric, with the short axis oriented perpendicular to and covering the entire
width of the instrument and the long axis oriented along the instrument axis and covering both
the instrument tip and tissue of interest. In post-processing, the volumetric data set is averaged
along the short axis, yielding a single spatially compounded B-scan. Repeated volumes are
used to record a motion capture, where each repeated volume is sparsely sampled to reduce
motion artifacts during averaging. The spatial average ensures the entire tissue-instrument
interaction is captured, improves the signal-to-noise (SNR) of each individual cross-sectional
frame, and reduces shadowing effects from optically opaque instruments.

3. Results and discussion

iOCT focal plane optimization using the tunable lens was quantified by measuring OCT
signal reflectivity (Fig. 2(a)). The lens was tuned over its entire tuning range (0-292.84 mA)
at 25 mA increments, and an attenuated reflector was translated axially through the focal
plane of the iOCT to find the position corresponding to the maximum power reflectivity. The
OCT focal plane offset relative to 0 mA driving current yielded a quadratic fit,
Az =127.1i* +1.2i +28.5(R* =0.99), where Az is the offset in mm and i is the drive current
in mA. The optimal iOCT focal position was established by adjusting the tunable lens to
maximize OCT signal by either using custom software control on the OCT acquisition
computer or foot pedal control. Reference arm position was manually adjusted and automatic
dispersion compensation was performed in software to achieve optimal resolution during
anterior and posterior segment imaging [28]. All B-scans were acquired with 2048 x 1000 pix.
(axial x lateral). Figure 2(b) shows cross-sectional B-scans of a surgical instrument above
retina while the tunable lens is driven across its tuning range. As expected, adjusting the focal
plane changes both the lateral resolution and scattering signal. However, small variations in
both axial and lateral position are also observed, which are attributed to tunable lens thickness
changes and small alignment errors of the OCT beam incident on the tunable lens resulting in
small angle shifts as the lens surface contour is changed, respectively (Media 2). Anterior
(Fig. 2(c)) and posterior (Fig. 2(d)) segment iOCT images were acquired in enucleated
porcine eyes to demonstrate focal plane optimization. Here, the iOCT focal position was
identified by first focusing the surgical microscope ocular view and then adjusting the tunable
lens for parfocality. The anterior segment iOCT cross-section shows a corneal epithelial
defect as a result of enucleation, and the magnified inset clearly shows the corneal
endothelium (Fig. 2(c)). iOCT images of the porcine retina were imaged through a disposable
surgical contact lens (Volk Optical, Inc.) and shows vessel cross-sections on the retinal
surface and retinal layers (Fig. 2(d)).

Volumetric images of enucleated porcine retina were acquired with 2048 x 500 x 500 pix.
(axial x lateral x lateral) in 6.9 s (Fig. 3). An aiming reticle was projected through the iOCT
HUD using custom software, corresponding to a square volumetric acquisition field, to help
the surgeon visualize the position and dimensions of the iOCT imaging field. The iOCT FOV
was centered relative to the surgical microscope FOV at the beginning of each imaging
session and regions-of-interest were centered within the aiming reticle by moving the eye,
which is conventionally done during standard surgical procedures. Cross-sectional images
show features of a diamond-dusted membrane scraper above the retina with a hyper-scattering
tip, semi-transparent shaft, and opaque metallic neck (Media 3). HUD allowed real-time
visualization of orthogonal cross-sections across the center of the acquisition FOV during
aiming (Fig. 3(c), (d)). Fast-axis cross-sectional images (Fig. 3(c)) were previewed live and
the en face projection (Fig. 3(b)) was serially compiled and displayed during data acquisition.
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Fig. 2. Electrically tunable lens performance. (a) iOCT focus plane position measured over its
tuning range. (b) Repeated B-scans of membrane scraper above retina in an enucleated porcine
eye while electrically adjusting the focal plane (Media 2). (¢) iOCT B-scan of cornea and (d)
retina in an enucleated porcine eye demonstrating anterior and posterior segment imaging with
focal planes optimized using the tunable lens. Anterior segment B-scans showed a corneal
epithelial defect (arrow) and clear visualization of the corneal endothelium (inset). The
posterior segment was imaged using a direct surgical contact lens but may also be imaged
using either a BIOM or indirect contact lenses. Scale bar: 500 pm.

Three-dimensional reconstruction and display was performed in post-processing (Fig.
3(a)). While cross-sectional images provide precise axial positions of surgical instruments
relative to tissue microstructures of interest, the surgical field shows an en face view, which
makes co-registration and integration of iOCT data complex. As a proof-of-principle, we
implemented a simple two-layer segmentation that isolates the surface of the membrane
scraper and inner limiting membrane (ILM) of the retina [29]. The difference of the axial
positions of each segmented layer is then overlaid on to the en face projection of the iOCT
volume as a colormap to show distance from retinal surface (Fig. 4). Co-registered colormaps
between instruments and specific tissue layers of interest may be displayed as additional
contrast on HUD systems to provide real-time guidance during surgical maneuvers. Current
generation segmentation algorithms are too computationally intensive for real-time surgical
guidance (1024 x 500 x 500 pix. data set was segmented in ~35 s). In practice, however, only
cross-sectional images spanning the surgical instrument have to be segmented, and when
combined with real-time visualization methods such as spatial compounding, only 5-10 B-
scans will provide sufficient information, which can be segmented in <0.5 s.

Demonstrations of real-time surgical maneuvers were visualized by acquiring spatially
compounded volumetric data sets in enucleated porcine eyes. All spatially compounded
motion captures were acquired with a volume size of 256 x 5 pix. (A-scans x B-scans) over a
5 x 0.5 mm FOV for an effective compounded frame-rate of 28.1 frames-per-second. The
spatial compounding FOV was centered on the HUD reticle, with the fast scanning axis set
either parallel or perpendicular to the axis of the surgical instrument for real-time
visualization of cross-sectional images along the length or across the tip of the instrument,
respectively. Figure 5(a) and Fig. 5(b) shows a motion capture parallel and perpendicular to
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the axis of the instrument, respectively, and shows real-time membrane scraping (Media 4 and
Media 5). Figure 5(c) shows spatially compounded cross-sections along the axis of the
membrane scraper as it compresses the retinal surface with differing amounts of pressure

Fig. 3. Membrane scraper above retina in an enucleated porcine eye. (a) Volumetric
reconstruction, (b) en face projection and (c), (d) cross-sectional images comprised of 1024 x
500 x 500 pix. (Media 3). Cross-sectional images of the surgical instrument shows a hyper-
scattering diamond-dusted tip, semi-transparent silicone shaft, and opaque metallic neck.
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Fig. 4. Surgical guidance using iOCT feedback. The surface of the membrane scraper (red) and
ILM (green) were segmented on individual cross-sectional images (dotted line). An axial
position difference is overlaid as a colormap on the en face view to provide integrative
visualization of three-dimensional data of the membrane scraper position relative to the surface
of the retina. Scale bar: 500 pm.

Fig. 5. Visualization of intraoperative maneuvers using HUD guidance and spatial
compounding. The iOCT imaging field was superimposed onto a microscope ocular to help
localize the FOV for motion capture (red reticle in corresponding surgical recording). Spatial
compounding frames were acquired during (a), (b) membrane scraping (Media 4, Media 5) and
(c) retinal compression (Media 6). Cross-sectional OCT images were acquired (a), (¢) along the
axis of and (b) perpendicular to the membrane scraper. Spatial compounding volumes were
acquired with 256 x 5 pix. (A-scans x B-scans) at 36 kHz line-rate for visualization of
compounded intraoperative maneuvers at 28.1 frames-per-second.
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(Media 6). All spatially compounded iOCT images are shown with corresponding recordings
of the widefield surgical microscope view.

Additional system improvements are required for further integration of OCT for
intraoperative use. Integration of real-time layer segmentation and spatial compounding to
provide axial positions of surgical instruments would allow for real-time integrative feedback
on instrument depth. The current HUD aiming reticle is stationary and co-localized with the
center of the surgical microscope FOV. Foot pedal control of the iOCT FOV would allow the
surgeon more flexibility to image regions-of-interest, particularly features at the peripheral
retina that are difficult to visualize by manipulating eye position. Finally, real-time automated
instrument tracking would allow more flexible intraoperative imaging protocols that do not
require manual co-registration of the surgical microscope and iOCT FOV.

4. Conclusions

We have demonstrated ophthalmic surgical microscope-integrated iOCT with electrically
tunable focal plane adjustment and HUD for surgical guidance and feedback. iOCT was
designed to provide improved functionality and ergonomics over previous implementations.
Integration of a tunable lens provided us with the flexibility to rapidly focus iOCT for optimal
imaging while maintaining parfocality with the surgical FOV. The design of a monolithic
iOCT enclosure provides precision and sustained optical alignment while reducing overall
weight and system complexity. As a proof-of-principle, enucleated porcine eyes were imaged
using iOCT to demonstrated integration of OCT data with the surgical microscope view for
real-time feedback. By using simple segmentation methods, we created colormaps overlaid
onto en face projections of iOCT data as an integrative method of displaying the position of a
surgical instrument relative to a tissue layer of interest as a contrast channel that may be easily
interpreted and co-registered with the surgical field. Integration of a HUD and projection of
an aiming reticle onto the surgical microscope field allows precise intraoperative positioning
for volumetric imaging of regions-of-interest. Additionally, real-time visualization of the
iOCT FOV was crucial for ensuring surgical maneuvers were within view when acquiring
spatially compounded data sets of live tissue-instrument interactions. These studies show the
potential for iOCT-guided maneuvers and clinical decision-making in ophthalmic surgery.
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