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Abstract. Boston keratoprosthesis (KPro) type | is a technique to treat patients with corneal diseases that are
not amenable to conventional keratoplasty. Correct assembly and central implantation of the prosthesis are
crucial for postoperative visual recovery. This study investigates the potential benefit of intraoperative optical
coherence tomography (OCT) to monitor KPro surgery. Retrospective case series are presented for two patients
who underwent Boston KPro type | implantation. The surgery in both patients was monitored intraoperatively
using a commercially available intraoperative OCT (iOCT) device mounted on a surgical microscope.
Microscope-integrated intraoperative OCT was able to evaluate the correct assembly and implantation of
the KPro. All parts of the prosthesis were visible, and interfaces between the corneal graft and titanium backplate
or anterior optics were clearly depictable. Moreover, iOCT visualized a gap between the backplate and graft in
one case, and in the other case, a gap between the anterior optic and graft. Neither gap was visible with a
conventional surgical microscope. The gap between the anterior optic and the graft could easily be corrected.
Microscope-integrated iOCT delivers enhanced information, adding to the normal surgical microscope view dur-
ing KPro surgery. Correct assembly can be controlled as well as the correct placement of the Boston KPro into
the anterior chamber. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.21.1.016005]
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1 Introduction

By mounting optical coherence tomography (OCT) devices on
surgical microscopes, intraoperative continuous (or real-time),
cross-sectional, high-resolution imaging becomes possible dur-
ing ophthalmic surgery [intraoperative iOCT (iOCT)]." In con-
trast to ultrasound biomicroscopy, tissue is visualized at tens of
micrometer resolution without interrupting the procedure or
contacting the eye with the imaging device.>* With iOCT,
the relative depth distance of tissue structures and layers can
be semiquantitatively assessed, even behind cloudy or scattering
tissue areas.* Hence, iOCT is an important additional imaging
modality, which visualizes otherwise not visible structures
inside the tissue, thereby aiding the surgeon in otherwise diffi-
cult situations and potentially increasing learning curves while
reducing complication rates.’

At present, there are two iOCT systems commercially avail-
able, namely, the iOCT (Optomedical Technologies GmbH,
Liibeck, Germany), mounted on the microscope HS Hi-R
NEO 900A NIR (Haag Streit Surgical, Wedel, Germany);
and the Rescan 700, mounted on the OPMI Lumera 700
(Carl Zeiss Meditec, Jena, Germany).®® However, the require-
ments of microscope-mounted iOCT devices are different from
those used in a postoperative setup (Table 1).” So far, OCT devi-
ces have to be integrated into surgical microscopes to fit into the
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operating theater and have to be controllable by the surgeon
without interrupting or prolonging the surgical procedure.
Prone and often-anesthetized patients are examined in this intra-
operative setup. In addition, OCT imaging and interpretation are
expanded to surgically manipulated eyes, and different tissues,
materials, and variable structures. Despite these unsteady meas-
uring conditions, an estimation of distances or, e.g., corneal
pachymetry, is desirable (Table 1).

We recently reported the potential benefit of iOCT during ab
interno glaucoma surgery, canaloplasty, and Descemet’s mem-
brane endothelial keratoplasty and deep anterior lamellar kerato-
plasty surgery.'®'> Moreover, we described iOCT as a useful tool
for examinations of children with anterior segment anomalies.*

As an example for the application of iOCT in eye surgery, the
treatment of recurrent graft failure with subsequent corneal opa-
cification after penetrating keratoplasty is presented. Here, the
implantation of a so-called keratoprosthesis (KPro) offers a via-
ble alternative to further rekeratoplasty.'>!> The type I Boston
KPro is the most widely implanted KPro. Large, multicenter
studies report good long-term retention and visual acuity
after implantation.'®!” Nonetheless, the surgical procedure of
implanting the KPro is difficult, and correct intraoperative pros-
thesis assembly and accurate implantation are the key for sat-
isfying visual results and reduced long-term complications.'®
Recently, Qian et al.' reported anterior segment OCT as useful
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Table 1 Differences between office-based and iOCT.

Office-based OCT

iOCT

Patient in upright position, alignment by conscious patient

Patient’s eye in its native state

Main structural components cornea, sclera, iris, lense, and
retina are stabilized by physiological intraocular pressure

Additional space is available for the device in separate
imaging areas operated by skilled personnel

Standardized measuring conditions allowing for exact
measurements of, e.g., pachymetry, retinal thickness, or
optic nerve disc

Size of OCT scan is determined by the OCT device
Documentation of the diagnostic values (e.g., retina

thickness)

Aim is diagnosis, therapy planning, and therapy control

Time slot for OCT imaging is available as needed

The OCT can be visualized on large screens

Patient in horizontal position

Alignment by surgeon, staff, and microscope during intervention
Patients eye in attenuated state

Artificial air, fluids, and/or instruments may be introduced during surgery
Structural biological or artificial components such as corneal transplants
or intraocular lenses may be removed or implanted. Intraocular pressure
is affected by general anesthesia

Limited space is available in the surgical theater

Full system integration is necessary, as device needs to be operated by
surgeon

Estimation of a distance or a thickness during surgery is possible.
Integrated OCT measurements are not possible yet, for security
reasons

Size of OCT scan is determined by the surgical microscope. It should
adapt to the microscope magnification without changing other settings

Documentation of the surgical procedures with automatic editing and/or
complete synchronous recording of normal video and iOCT sequences

Aim is quality control during surgery, prevention of complications, and
diagnosis

No additional time for OCT imaging is available. Operating time should
not be increased

The OCT should be visualized inside the eyepiece in order to avoid
moving the surgeons head up from the eyepiece (image superimposition)

imaging technique for the postoperative follow-up after KPro
implantation, delivering important morphologic information,
which was not accessible otherwise. However, at this stage, fail-
ure of the transplantation needs reoperation.

In this context, we demonstrate for the first time the useful-
ness of iOCT during assembly and implantation of the Boston
KPro type I, when correcting actions are easily possible. KPro
imaging and evaluation by OCT are difficult in this respect, as
the prosthesis consists of different materials [titanium, polyme-
thylmethacrylate (PMMA), and corneal tissue]; assembly is per-
formed out of the eye and implantation is performed within
ocular tissues. We demonstrate that during the procedure, the
intraoperative use of OCT delivers important information that
is not visible with the normal surgical microscope.

2 Materials and Methods

2.1 Surgical Procedure/Case Reports

Retrospective case series are presented of two patients (one 49-
year-old male, one 92-year-old female) who underwent Boston
type I KPro implantation at the Department of Ophthalmology,
University of Cologne. KPro consists of a central PMMA optics,
preventing central opacification of the optical axis, incorporated
into a perforated titanium backplate. Intraoperatively, both
parts were assembled and inserted into a donor cornea,
which altogether replaces the previous opacified cornea of
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the patient. A snap-design, 8.5-mm backplate KPro was used.
The underlying disease in both cases was graft failure after
corneal transplantation (case 1: condition after one penetrating
keratoplasty left eye; case 2: condition after two penetrating
keratoplasties left eye). Assembly and implantation of the
KPros were monitored, using iOCT [Figs. 1(a)-1(d)]. The
Ethics Committee approved the retrospective analysis (Ethics
Committee of the University of Cologne). All research was
consistent with the Declaration of Helsinki.

2.2 Technical Data

To enable iOCT, the spectral domain OCT-camera (iOCT,
OptoMedical Technologies GmbH, Liibeck, Germany) was
attached to the camera port of the surgical microscope
(Hi-R Neo 900A NIR, Haag-Streit Surgical GmbH, Wedel,
Germany) [Fig. 1(c)].

The OCT-camera head uses a two-axis scanner and a scan-
ning optics, which are optimized for high performance at the
camera port of the microscope. Using optical fiber and electric
cable, the OCT-camera head is connected to the OCT base
device, which consists of a 4, = 840-nm broadband light-source
and a spectral domain OCT detector with an axial resolution of
about 10 pm in air. The depth of the OCT window is 4.2 mm in
air. With a speed of 10 pictures per second, the iOCT images are
shown with 1000 A-scans each with 1024 pixels. The iOCT
field of view changes with the continuously adjustable
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Fig.1 Components of the OCT system used in this study. (a) Microscope and OCT images are displayed
simultaneously on the attached 21.5'’ touch screen monitor (MIOS5 module with M.REC2, Haag Streit
Surgical, Wedel Germany). (b) OCT images are displayed separately on a 6.5’' touch screen in the
surgeons view (M.DIS, Haag Streit Surgical, Wedel, Germany). The iOCT is controllable by foot
pedal and touch screen. (c) OCT camera head is connected to the camera port of the microscope.
The OCT beam is lead via beam splitter (*) through the zoom optics (**) and the objective lens (***)
of the microscope. (d) OCT images and scanning area are also displayed as overlay in the eye pieces
of the microscope. Eye piece injection is toggled by the foot pedal. (e) Microscope and iOCT device are

controllable by the surgeon using the foot pedal.

magnification of the microscope ranging between 5 and 30 mm.
According to the magnification of the microscope, the lateral
iOCT resolution changes between 11 (highest magnification)
and 37 um (lowest magnification) (Fig. 2).

The iOCT images are displayed simultaneously with the
microscope image on an extern 21.5’' touch-screen monitor
(MIOS5 module with M.REC2, Haag Streit Surgical, Wedel
Germany) and on a 6.5" heads-up display (M.DIS, Haag
Streit Surgical, Wedel, Germany) including a semiquantitative
scale bar in the area of view of the surgeon at the microscope
head [Figs. 1(a) and 1(b)]. Moreover, the OCT image and scan
are superimposed within the eyepieces as transparent overlay for
both eyes [Fig. 1(d)] and can be controlled and deactivated by
the foot-switch [Fig. 1(e)]. The scan area is fixed horizontally in
the middle of the visual field and not separately controllable or
turnable. As the OCT beam in this system is led via a beam
splitter through the zoom optics of the microscope and the
objective lens, the focus of OCT and microscope is always at
the same plane [Fig. 1(c)]. Therefore, the size of the scanned
area is steeples adjustable by the zoom optics of the microscope
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Fig. 2 Lateral iOCT scan width and corresponding lateral iOCT res-
olution (red scale) depending on the microscope magnification. The
red dotted line indicates the aperture limit, which leads to the highest
possible lateral iOCT resolution of 11 um a.u. (arbitrary units).
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(Fig. 2). Moreover, the focus is adjustable with regard to the
examiner’s refraction and the area of interest during OCT
imaging. All parts have been approved by the US Food and
Drug Administration [510(K) Number: K 142953].

2.3 Scanning Setup

OCT imaging was performed online during the entire surgical
procedure. No index matching gel was used. We scanned the
whole area of interest manually using the “live-view” mode of
the OCT device. If we found interesting structures, we added
volume scans using the “quarter-scan” mode of the device.
This function performs 30 B-scans and 1000 A-scans (ratio
4:1). Scanning a volume takes about 2 to 3 s.

2.4 Evaluation Parameters and Data Analysis

Special attention was put at two time points during iOCT im-
aging, namely, assembling and following implantation of the
prosthesis. Images were analyzed regarding visibility of correct
assembly of all parts of the KPro and correct intraoperative
implantation, especially in respect of anterior chamber depth
and tilting of the optical unit of the prosthesis. For image analy-
sis, free available image analyzing software (ImageJ) was used.

3 Results

The following two cases demonstrate the usefulness of iOCT
during assembly and implantation of the Boston KPro type I.

3.1 Case 1

A 49-year-old male patient suffering from graft failure after pen-
etrating keratoplasty on the left eye, due to the condition after
congenital cataract, lentectomy, aphakia, myopia, retinal detach-
ment surgery, secondary glaucoma, cyclophotocoagulation, and
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Fig. 3 Case 1: a—d; case 2: F-H. (a) Microscope image during the assembling of the KPro (seen from
posterior part during assembly), red line displays the OCT scanning area, (b) iOCT shows a dehiscence
between the anterior (A) part of the optic and the corneal graft (C) (arrow), P, Posterior part of the optic.
Posterior view of the prosthesis during assembling explains image orientation. Inset: A magnification of
the dehiscence in detail. Parts of the anterior optics are invisible, due to shadowing by the titanium back-
plate. (c) iOCT demonstrates correct position of corneal graft and optics after reassembling the KPro.
Anterior view of the already implanted prosthesis explains image orientation. (d) 3-D reconstruction of the
implanted KPro; cornea (C), anterior (A), and posterior (P) part of the optics, titanium backplate (arrows),
and contact lens (CL) are visible. (e) Microscope image during the assembling of the KPro (seen from
anteriorly), red line displays the OCT scanning area. (f) iOCT shows a distance between the titanium
backplate and the corneal graft (arrow). Inset: A magnification of the dehiscence in detail. View from
anterior explains image orientation. (g) After implantation the distance is still visible with the iOCT
(arrows). (h) Distance (arrows) is still visible during a postoperative control 2 weeks later (SL-OCT,
Heidelberg Engineering, Heidelberg, Germany). Note that in (e)—(h) the contact between anterior optical
part and anterior stroma is as tight as it should be.
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band-keratopathy, underwent aphacic KPro implantation'*
(axial length: 27 mm) under general anesthesia with reduced vis-
ual prognosis. Preoperative best-corrected visual acuity was fin-
ger-counting for the right eye (OD) and light perception for the
left eye (OS).

Boston KPro was performed as described earlier.'* Assembly
and implantation of the KPro were monitored with the iOCT
[Fig. 3(a)]. During assembly, a small gap between the anterior
part of the optic and the graft became visible [Fig. 3(b)]. After
reassembling and reattaching the backplate, iOCT demonstrated
correct positioning of optic and graft [Fig. 3(c)]. Best postop-
erative visual outcome was hand movement. The patient devel-
oped a vitreous hemorrhage due to retinal detachment left 5
months later, and the visual outcome decreased to light percep-
tion after the vitreoretinal surgery.

3.2 Case?2

A 92-year-old female patient suffering from graft failure after
two penetrating keratoplasties on the left eye, due to condition
after herpetic keratopathy, amniotic membrane transplantation,
pseudophakia, age-related macular degeneration, secondary
glaucoma, and Junius—Kuhnt’s syndrome, underwent standard
KPro implantation under general anesthesia with reduced visual
prognosis. Preoperative best-corrected visual acuity was finger-
counting OD and hand-motion OS, and intraocular pressure was
OD/0S:9/11 mmHg (iCare tonometer, iCare Oy, Finland).
Pseudophacic Boston KPro implantation was performed as
described earlier (Fig. 4). Assembly and implantation of the
KPro were monitored with the iOCT [Fig. 3(e)]. The OCT
device was able to visualize all parts of the prosthesis (donor
graft, optic, and titanium backplate) [Fig. 3(f)]. During the
examination with iOCT, a gap between the graft and the back-
plate became apparent [Figs. 3(f) and 3(g)]. As this space was
not assumed to be the result of an incorrect prosthesis assembly
and as it was not at the surface of the prosthesis and therefore
could not increase the risk of postoperative infections, we
decided against reassembling the KPro. This space did not
change after implantation [Fig. 3(g)]. Two months after implan-
tation, the space was still unaltered, and the best visual acuity
was hand movement due to macular degeneration, and postop-
erative follow-up was without complications [Fig. 3(h)].

4 Discussion

i0CT is a technique that combines high-resolution imaging with
special requirements during delicate surgical procedures of the
eye. The adaption of OCT to a surgical microscope enables the

Fig. 4 (a) Preoperative microscope image of the eye. The cornea is
opacified by dense scar tissue. (b) Postoperative microscope image
after KPro implantation. KPro is correctly implanted, a clear central
optics (O), titanium backplate (arrows), and donor cornea (C) are
visible.
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surgeon to visualize ocular structures during the intervention
without the necessity for interruption.

In contrast to office-based OCT devices, iOCT is operated
under fundamentally different conditions. During surgery, the
patient is in a horizontal position, often under general anes-
thesia, and unable to willingly position the eye. Also, instru-
ments, injected air or fluids, artificial tissues, transplanted
tissues, or materials are introduced in the field of view, thereby
changing optical properties rapidly and blocking the en face
field of view. This is a challenge for the surgeon and potential
risk for the patient. iOCT provides cross-sectional two-dimen-
sional and optional three-dimensional (3-D) images, thus adding
valuable information to the surgeon in difficult optical or tech-
nical situations. Also, otherwise, only postoperative visible con-
ditions such as attachment and alignment of lamellar corneal
transplants may be acknowledged during surgery with the
option of immediate correction and avoidance of postoperative
complications.

This first study on the use of iOCT during KPro surgery dem-
onstrates the usefulness of iOCT during assembly and implan-
tation of Boston KPro type 1. iOCT was able to visualize all parts
of the KPro during assembly and implantation. In addition,
iOCT was superior in comparison to the surgical microscope
in the visualization of unwanted “gaps” between the donor
graft and the KPro backplate and the correct positioning of
the optics in relationship to the corneal graft (Fig. 5). iOCT pro-
vides another level of safety when checking the correct
assembly of the device prior to implantation. For example,
here iOCT demonstrated two different types of intraoperative
malposition during device assembly, which were not visible
without iOCT and could be essential for the postoperative out-
come. To our knowledge, these malpositions and their potential
impact on graft and prosthesis survival, especially postoperative
corneal melting and interface problems, are not known yet.!
Moreover, microscope-integrated OCT gives important informa-
tion concerning the anatomical preoperative situation, especially
in opacified corneas with reduced view of the anterior chamber
or eyes with multiple previous ocular surgeries, anterior syne-
chiae, or glaucoma implants (data not shown). Although these
data are available via preoperative OCT or ultrasound biomicro-
scopy, 10OCT is able to deliver online data during the surgical
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Fig.5 Schematic illustration of the KPro and the related dehiscences.
Left: Dehiscence of the corneal graft (C) and the anterior (A) optics (O)
of the prosthesis (arrow). Right: Dehiscence between the corneal graft
and the posterior (P) titanium backplate (T) of the prosthesis (arrows).
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procedure itself. In addition, later, 3-D reconstruction and
implant evaluation are possible [Fig. 2(d)]. As only few studies
exist that provide information about important factors for the
postoperative outcome after KPro implantation, we propose
that future studies should also include intraoperative criteria vis-
ible on iOCT and examine them for their relevance on outcome
after Boston Kpro.

Regarding the imaging features of the OCT device used in
this study, all parts of the prosthesis despite being of varying
materials, were visible and OCT imaging delivered important
additional information. Nonetheless, shadowing of the titanium
backplate limited imaging of the tissues behind [compare
Figs. 2(b) and 2(f)]. iOCT enabled the surgeon nearly without
interrupting the procedure to evaluate the surgical progress. In
addition, a scale bar included to the 6.5’ monitor was helpful
to estimate distances. To our knowledge, it is not feasible yet to
include exact scale bars, because, as we demonstrate here, no
standardized measuring environments exist or examined mate-
rials are strongly differing in their optical properties in the intra-
operative setup. Intraoperative changes such as corneal
hydration, intraocular pressure, or injected air or fluid interfere
with measurements and focus alignment are additional chal-
lenges in software-based corrections of optical distortions.
Nevertheless, this function would enable further precise surgical
maneuvers, exact lamellar dissection of tissues, or placement of
artificial materials such as intraocular lenses in the eye. During
the imaging process, we evaluated the OCT images mostly using
the 6.5'' screen. The eyepiece image injection was, despite its
sufficient resolution, for our approach not superior to the 6.5”
screen, due to the decreased contrast of the visual field in
relatively well-illuminated anterior segment surgery. Eyepiece
injection could make sense especially during posterior segment
surgery, but this was not evaluated in this study. Nonetheless,
it has to be determined if eyepiece-integrated image injection
really improves intraoperative imaging and if this technique
does not interfere with the normal surgical field through the
microscope. A benefit of the device we used was the controlling
mechanism by foot-switch, so that further assistance was not
necessary.

In summary, online iOCT delivers additional information
adding to the normal surgical microscope view during KPro sur-
gery. Correct assembly can be controlled as well as the correct
placement of Boston KPro into the anterior chamber. This tech-
nology will have a great impact on intraoperative use of surgical
instruments, navigation within the eye, intraocular placement of
artificial materials, and estimation of surgical success at the end
of the procedure. Hereby, it is very likely that learning curves
will be steepened and potential risks and complications will
decline.
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