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Abstract

Purpose: To evaluate whether high-resolution optical coherence tomography (HR-OCT) can
detect histologic tumor margins of ocular surface squamous neoplasia (OSSN).

Methods: Eight eyes of 8 patients with OSSN undergoing excision were studied prospectively.
Immediately before surgery, the tumor was imaged using a commercially available HR-OCT
(Bioptigen/Leica Microsystems, Buffalo Grove, IL) to identify the conjunctival margins of the
neoplastic lesion. The tumor borders of the lesion determined by HR-OCT were mapped in
relation to an anatomical reference point and transferred intraoperatively. The tumor was excised
with 4 mm margins from the visible edge of the lesion with a “no-touch” technique. The
specimens were sent for pathological analysis and the histologic tumor margin was compared to
the HR-OCT predicted tumor border.

Results: Mean age of the 8 patients were 67+£9.9 years. Seven (87.5%) were male, 7(87.5%)
were white and ethnically, 3 (37.5%) were Hispanic. All eight tumors were bulbar and in the
exposure zone. Seven tumors were limbal. Corneal extension was present in 5(62.5%). Mean
tumor area was 17.5+11.1 mm2. Clinically, two (25%) of the tumors were leukoplakic, 1(12.5%)
papillomatous, and 3(37.5%) gelatinous. A conjunctival tumor margin identified with the HR-OCT
coincided with the pathologically confirmed margin mark in all eyes.

Conclusions: HR-OCT has the potential to predict histologic tumor margins in OSSN. Optical
identification of tumor margins could potentially decrease the incidence of residual positive
margins, and minimize healthy tissue removal. Advances in HR-OCT technology and integration
into a microscope for ‘real-time” imaging are needed to further improve this technique.
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INTRODUCTION

Ocular surface squamous neoplasia (OSSN) encompasses a range of neoplastic conditions of
the cornea and conjunctiva spanning from dysplasia to carcinoma-in-situ to invasive
squamous cell carcinoma.12 It is the most commonly occurring non-pigmented ocular
surface malignancy.3#:5 Known risk factors include light skin pigmentation, ultraviolet
exposure, immunosuppression, human immunodeficiency virus (HIV), smoking, and human
papillomavirus infection (HPV).%:7 Rarely, OSSN lesions are capable of intraocular and
orbital invasion and, less commonly, distant metastasis.® Early identification and appropriate
management of OSSN tumors is therefore of great importance for optimizing outcomes.

Traditional therapy for OSSN consists of wide local excision, typically with 3 to 4 mm
margins, using a no-touch technique.®10 The excision is based on the surgeon’s clinical
impression of the tumor border. Staining of the lesion with rose bengal, lissamine green and
toluidine blue can sometimes help delineate the tumor. Essentially, the surgical excision is
based on what the surgeon “sees” plus 3 to 4 mm of margin removal. Despite the surgeon’s
best effort, tumor may be present at the excised margin due to the presence of subclinical
disease.

When residual tumor is present at the excised margin, recurrence can reach 56%.11
Achieving clear margins dramatically reduces the rate of recurrence. Additionally, the use of
adjuvant cryotherapy and topical chemotherapeutic agents in addition to wide resection has
reduced recurrence after primary excision.1:10.12.13 Although these adjuvants represent an
important advancement in the management of OSSN, the continued practice of taking wide
surgical margins can be associated with significant morbidity including limbal stem cell
deficiency and the formation of symblephara.14

Ideally, the surgeon would be able to confidently remove the entire tumor at the time of
surgical excision with minimal tissue loss. However, given the limitations of the standard
surgical approach to OSSN management, there is a need for more accurate identification of
tumor margins. This would allow removal of the lesion completely and preserve healthy
conjunctiva during excision of these tumors. Unfortunately, in terms of surgical evaluation of
tumor presence, a gap exists in the identification of tumor margins.

The development of optical coherence tomography (OCT) technology has marshalled in a
new era of /n vivoimaging of the anterior segment of the eye. While originally pioneered for
the posterior segment, OCT now provides novel images of anterior segment pathology. This
technology has evolved from time-domain devices (TDOCT) to spectral-domain (SD-OCT)
and now swept source devices, providing greater levels of resolution. This has been shown to
assist in diagnosis and management of anterior segment diseases.1® In particular, OCT has
been helpful in the management of ocular surface tumors, corneal pathologies, refractive
surgery planning, and intraoperative uses such as in lamellar surgeries.16-20

OSSN can be identified by anterior segment OCT machines, specifically the newer devices
capable of performing high-resolution OCT (HR-OCT) of 5 to 7 microns or less.21:22
Distinctive features of OSSN on HR-OCT allow for its diagnosis and differentiation from
other ocular surface pathologies. Subtle findings on these HR-OCT images help to identify
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the OSSN lesions beyond what is apparent with the clinical examination, providing guidance
for clinical management.21-23

Studies from our institution and others have shown that HR-OCT is a particularly useful
diagnostic tool for identifying ocular surface squamous neoplasia.22-26 Similar to
histopathologic findings of ocular surface squamous neoplasia, HR-OCT images of OSSN
show thickened, hyper-reflective epithelium and an abrupt transition from abnormal to
normal epithelium.21:22.24.25 These OCT findings have remarkable correlation to the
pathological findings. (Figure 1)

Until now, HR-OCT has mainly been described as an in office tool for diagnosing ocular
surface pathology. It has been shown useful in detecting subtle, subclinical OSSN in eyes
with complex ocular surface diseases, and following resolution with medical treatment.22-27
This project takes an innovative, new angle on this technology. This pilot study was devised
to determine if we could utilize this technology as an “optical Mohs” and use the HROCT to
identify a tumor margin of OSSN. We implemented a commercially available (ENVISU
C2200, Bioptigen/Leica Microsystems, Buffalo Grove, IL) spectral-domain HR-OCT system
to evaluate the utility of HR-OCT in tumor margin mapping prior to surgical resection.

METHODS AND MATERIALS

This prospective study was approved by the University of Miami Institutional Review Board
and was conducted in accordance with the principles of the Declaration of Helsinki. Written
informed consent was obtained from all study participants for both the treatment and
participation in the research, and was HIPAA compliant.

STUDY POPULATION:

Nine eyes of 9 consecutive patients seen at Bascom Palmer Eye Institute and determined to
have an ocular surface lesion suspicious for OSSN based on clinical characteristics were
included in the study. All patients underwent complete anterior segment examination by a
single subspecialist (CLK) in the department of Cornea and External Disease at Bascom
Palmer Eye Institute and desired surgical removal of their tumor. Inclusion criteria included
an isolated bulbar conjunctival lesion without extension onto palpebral, tarsal or forniceal
conjunctiva. Purely corneal lesions were also excluded. Slit lamp photographs and HR-OCT
images of the lesion were obtained of the affected eye of each patient. One patient developed
a significant subconjunctival hemorrhage from the retrobulbar block obscuring all landmarks
and was excluded from the analysis as intraoperative marking of tumor margins was not
possible. Eight remaining patients were thus included and analyzed. Patient records were
reviewed for demographic information (age, gender, race, ethnicity) and OSSN risk factors
which included self-reported history of skin cancer or OSSN, HPV, HIV, smoking, presence
of pterygium, pinguecula or prior pterygium surgery, and sun exposure - defined as patient
subjectively spending a large quantity of time in the sun.

TUMOR CHARACTERISTICS:

Characteristics of the lesion were also documented including the involved eye, tumor
location, tumor size and involved ocular structures (conjunctiva, cornea, limbus), uni- vs.
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multi-focality, and appearance (leukoplakic, gelatinous, papillomatous, flat/opalescent).
Pathologic grading of the tumor (mild, moderate, or severe carcinoma in situ or invasive
squamous cell carcinoma) and margin positivity were also recorded.

SPECTRAL DOMAIN HIGH RESOLUTION OPTICAL COHERENCE TOMOGRAPHY:

A table-top SD-OCT system (ENVISU C2200, Bioptigen/Leica Microsystems, Buffalo
Grove, IL) operating at a central wavelength of 840 nm and with 4 microns axial resolution
in tissue28-31 was used for this study. All patients underwent preoperative HR-OCT imaging
of the entire suspected OSSN lesion and adjacent tissue. The tumor margin was determined
using three key characteristics to identify abnormal epithelium affected by OSSN: 1)
epithelial thickening; 2) epithelial hyper-reflectivity; and 3) an abrupt transition between
normal and thickened epithelium. After scanning and reviewing all images, images that had
a defined transition zone were selected.?4

MAPPING OF THE TUMOR MARGINS:

1.
2.

For each eye, the tumor was imaged with slit lamp photography.

One anatomical landmark was identified on the bulbar surface and was used as a
fiducial marker (Figure 2A). The selected landmark was typically a prominent
branch point in the conjunctival vasculature that was easily identified on the slit-
lamp photo and seen on the en-face OCT image.

Imaging with the Bioptigen OCT device was used to identify the OSSN tumor
margins (Figure 2A, B)

Volume intensity projections of the 3D-OCT data along the depth direction were
used to generate grayscale and en-face images of the ocular surface. These
images were then registered with the slit-lamp image using the fiducial marker,
which was also visible on the OCT en-face image.

OCT tumor margin images from the 3D-OCT dataset were analyzed by the
subspecialist (CLK). Classic OCT predicted tumor margins were identified
according to the typical OCT features of OSSN as described above. (Figure 2B).

The horizontal and vertical distance between the OCT identified margin point
and the reference landmark on the OCT en-face image was then measured using
the internal caliper function on the HR-OCT device (yellow and red lines, Figure
2C). The device allowed for real time simultaneous viewing of both the OCT and
the en-face image.

Coordinates were placed on a surgical plan and brought to the operating room. In
the operating room, the selected points were marked on the eye by finding the
reference point and using calipers to measure the pre-determined x and y
distances from the reference point. (Figure 2D)

SURGICAL TECHNIQUE:

Intraoperatively, under local anesthesia, the reference landmark was identified. The selected
classic tumor margin point identified by HR-OCT was then measured and marked on the
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ocular surface. For the first four patients, this was done after the patient had received a
peribulbar block. In one case, the block resulted in a subconjunctival hemorrhage obscuring
the reference mark and the patient had to be excluded. Following this, all subsequent
patients were marked in the operating room under topical anesthesia, then once marked, the
block was given prior to excision.

Initially, the points were marked with a fine marker. On occasion, the ink mark was large
and thus later cases were marked with a Sinsky hook (Katalyst Surgical, Chesterfield, MO)
to allow for smaller and more precise intraoperative markings. The Bioptigen integrated
calipers measured distances from the reference mark in the horizontal and vertical meridians
to the 1000t of a millimeter. Measurements were rounded and measured as accurately as
possible using calipers intraoperatively.

Each lesion was then excised using a standard “no-touch” technique with 4 mm margins
from the gross edges of the visible tumor. The margins were marked, and the tissue held by
only the peripheral margin being excised. The peripheral margin was cut with scissors and
no spreading was done under the tumor. Once the perimeter was cut, the tissue was then
reflected off the eye. The field was maintained “dry” with no irrigation to avoid any possible
seeding of neoplastic cells. Cryotherapy was applied to the corneal margin when the tumor
was limbal, and always to the excised conjunctival edges using a double freeze-slow thaw
technique. When performing cryotherapy on the cornea, the probe was placed straddling the
limbus, and the ice ball was allowed to extend and freeze approximately 2 mm onto the
cornea. This was also done in a double freeze/slow thaw technique.. The conjunctival defect
was closed using an amniotic membrane graft secured with fibrin tissue glue.

After excision, each specimen was carefully oriented with respect to its anatomic location
and mounted on a piece of cardboard. A simple schematic of the ocular surface was drawn
to clarify orientation on the sterile field. These markings were later re-drawn in pencil on the
cardboard prior to fixation. The OCT-predicted tumor margin which was measured and
marked intraoperatively was re-marked in the pathology laboratory using permanent ink
(Figure 3) prior to fixation. This permanent ink was initially placed with the pointed end of a
modified wooden applicator in the early cases and in later cases with a 25- or 30- gauge
needle. These techniques were able to mark the OCT predicted margins but resulted in
varying amounts of ink on the mark. The excised nasal, temporal, inferior, superior, and
deep tissue margins were marked in the laboratory with permanent ink as is customary prior
to histologic analysis.

Each specimen was carefully oriented with respect to its anatomic location and mounted on
a piece of cardboard. A simple schematic of the ocular surface was drawn to clarify
orientation. These markings were later re-drawn in pencil on the cardboard prior to fixation.
The OCT-predicted tumor margin initially delineated by the intraoperative marking was re-
marked using permanent ink (Figure 3). This permanent ink was initially placed with the
pointed end of a modified wooden applicator and then was changed to utilize a 25- or 30-
gauge needle. These techniques allowed marking of the OCT predicted margins but resulted
in varying amounts of ink on the mark. The entire specimen on its cardboard platform was
then fixed in formalin prior to histologic analysis.

Am J Ophthalmol. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karp et al. Page 6

HISTOLOGIC ANALYSIS:

All tissue was fixed in formalin and embedded in paraffin. Sections were cut in 5 micron
thickness and stained with hematoxylin and eosin. Fifteen to 25 slides were examined per
patient. The pathologist (SRD) was asked to evaluate the coincidence of the most prominent
OCT predicted margin ink mark with the actual tumor margin.

OUTCOME MEASURES:

The goal of this study was to compare the location of a HR-OCT guided ink mark to the
histologic margin as a proof of principle that HR-OCT can be used to identify OSSN tumor
margins. The primary outcome measure was to evaluate the coincidence of the most
prominent OCT-predicted histological ink mark with the actual tumor margin identified
pathologically.

RESULTS

STUDY POPULATION:

Eight eyes of 8 patients were analyzed. Demographic information is presented in Table 1.
The mean age of the 8 patients were 67+ 9.9 years. 7 (87.5%) were male, 7 (87.5%) were
white and 3 (37.5%) were Hispanic. No patient had a self-reported history of HIV or prior
pterygium surgery. One patient (12.5%) had a pingueculae and one patient (12.5%) had a
self-reported history of HPV. Two patients (25%) had a prior history of smoking. All
patients reported significant sun exposure, 4 (50.0%) had a history of skin cancer, and
1(12.5%) had a prior history of OSSN.

TUMOR CHARACTERISTICS:

In all cases, the clinical examination revealed clinical characteristics suggestive of OSSN
including leukoplakia, gelatinous, opalescent or papillomatous lesions. All eight tumors
were bulbar and in the exposure zone. Seven tumors were limbal and corneal extension was
present in 5 (62.5%). Clinically, the mean tumor area was 17.5+11.1 mm?2. Two (25%) of
tumors appeared leukoplakic, 1 (12.5%) papillomatous, and 3 (37.5%) gelatinous. None of
the patients had multifocal lesions or adhesion to the sclera. Three of the lesions were
clinically well circumscribed (patients 3, 5, 8), but most (5 lesions) were subtle with
indiscrete margins (patients 1, 2, 4, 6, 7). The HR-OCT images in all individuals had classic
findings of OSSN including thickened, hyper reflective epithelium and an abrupt transition
from normal epithelium to abnormal epithelium. All patients elected for surgical excision
and agreed to participate in the mapping study.

HISTOLOGICAL FINDINGS:

All 8 eyes were confirmed to have an OSSN lesion on histopathologic analysis by a board-
certified ocular pathologist (SRD). In all cases, the excised lesions showed typical
histopathologic characteristics of OSSN including acanthosis and either partial- or full-
thickness faulty maturation. This translated to a diagnosis of conjunctival and corneal
intraepithelial neoplasia in all cases. Seven of the eight cases had full thickness
intraepithelial neoplasia in situ (CIS) and one case had moderate dysplasia. There were no
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positive conjunctival margins from the wide excisions, and none were invasive squamous
cell carcinoma.

The pathologist was asked to evaluate the most prominently inked HR-OCT predicted
margin mark in each case. All of the 8 studied eyes had OCT-predicted tumor margins
coinciding with the actual tumor margins seen on histopathologic sections (Figures 4-9).
Some of the cases had a large amount of ink at the marked junction, and some had very scant
ink with this technique. Case scenarios of analyzed patients are described below.

Case 1—A 76-year-old white female with a history of skin cancer and sun exposure
presented with a one-year history of a corneal and conjunctival tumor in the right eye nasally
(Figure 4A). The area on the cornea was gelatinous, and the adjacent conjunctival
component was subtle. It was not easy to see any distinct conjunctival tumor margins. In
office imaging with HR-OCT revealed classic findings of hyper reflective thickened
epithelium with an abrupt transition from normal to abnormal.

Preoperatively, OCT images were acquired at the nasal conjunctival limbal area of the right
eye from approximately 2 to the 5 o’clock position. Tumor margins were identified by the
OCT (Figure 4B). A reference landmark was selected of a blood vessel with an obvious
notch (Figure 4C). The reference landmark was chosen for ease of identification in the
operating room as well as for en-face measurements. The distance from the reference mark
to the tumor margin was performed using internal calipers on the OCT device and rounded
to one tenth of a millimeter.

As seen in Figure 4D, vertical and horizontal distances were documented from the reference
point to the OCT predicted tumor margin. Three margin points were then transferred to the
surgical worksheet. The OCT predicted margins were marked in the operating room using a
fine marker on the patient’s bulbar conjunctiva. Four-millimeter margins were then taken in
the “no touch” technique and cryotherapy.

Once removed from the patient, the tissue was oriented on the filter paper with superior,
nasal, temporal and corneal margins indicated (Figure 3). Once passed off the field, the
orientation of superior, inferior, and temporal was remarked in pencil for the pathologist as
the surgical pen ink on the paper often dissolves. Similarly, the OCT identified tumor
margins were re-marked with permanent ink in the pathology laboratory with permanent
orange ink. This was done with the pointed wood end of a cotton tip applicator. As seen in
Figure 3, the dot sizes were variable with some large and some scant.

The most prominently inked OCT predicted margin was then compared to the actual
histopathological tumor margin. On histopathology, the OCT predicted tumor margin mark
coincided with the histological margin junction (Figure 4E). The ink marking, done with the
pointed end of the cotton tip applicator was unpredictable, with one being quite large and the
other two very small. As noted in Figure 3, an excess of approximately 2—-3 mm existed
between the OCT predicted margin and the empiric 4 mm margin for the clinically observed
margin.
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Case 2—A 77-year-old white male who was an avid boater, scuba diver and former
smoker, presented with a subtle gelatinous corneal and conjunctival tumor in the left eye
nasally. The conjunctival margins of this lesion were not easily visualized (Figure 5A).

OCT images were performed at the limbal area nasally in the left eye. In contrast to the
difficulty evaluating the tumor margins by clinical examination, the tumor margins were
well visualized by the HR-OCT (Figure 5B). A reference landmark of a right-angle
branching blood vessel was identified (Figure 5C). Tumor margins were visualized by the
HR-OCT (Figure 5B). Three points were then transferred to the surgical plan. The distance
from the reference mark to the tumor margin was performed using internal calipers as seen
in Figure 5D. The vertical and horizontal distances were documented from the reference
point to the OCT predicted tumor margin. The OCT predicted margins were marked in the
operating room using a fine marker on the patient’s bulbar conjunctiva. In this case, the
conjunctival tumor margins were not well seen, and the OCT predicted margin did not
reflect a clinically visible tumor edge. Four-millimeter margins were then taken with a “no
touch” technique based on the OCT marks and the surgeon’s best estimation of the indistinct
margin location. Cryotherapy was applied in double freeze/slow thaw manner to the limbus
and conjunctival borders.

After removal and orientation, this time a 30-gauge needle was used to re-mark the tissue at
the OCT indicated locations. The needle was used in attempt to have a smaller marked area
of ink compared to patient 1. With this method, the ink mark was smaller compared to the
technique used in the first patient of the wooden end of a cotton tip. Even with the
pathologist evaluating the most prominent mark, that ink was subtle, but visible coinciding
with the pathological tumor margin (Figure 5E).

Case 3—A 69-year-old white Hispanic male presented with a discreet 2mmx3mm
leukoplakic lesion nasally on the right eye at the limbus (Figure 6A) He endorsed years of
sun exposure.

OCT images were performed at the limbal area nasally. Thickening and hyper-reflectivity
were seen on OCT (Figure 6B). A reference landmark was identified as a looped
conjunctival vessel. As above, the distance from the reference mark to the tumor margin was
measured with internal calipers for vertical and horizontal measurement from the reference
point (Figure 6C). This was then rounded and transferred to the surgical plan and marked in
the operating room using a fine marker on the patient’s bulbar conjunctiva. Two points were
transferred, and 4 mm margins were then taken in the “no touch” technique with
cryotherapy. After removal and orientation on the marked paper, a 30-gauge needle was used
to mark the tissue at the OCT indicated locations with permanent ink. In this case, an
attempt was made to release more ink than what was done in case 2. In one of the marked
points, scant ink was released. In the other, adequate ink was placed. The evaluated HR-
OCT predicted margin coincided with the pathological tumor margin, and the ink marking
was a good quantity (Figure 6E).

Case 4—A 71-year-old white male presented with a pingueculae temporally on the right
eye. It had been present for many years. He had a history of sun exposure, skin cancer and
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smoking. Clinically the lesion appeared slightly atypical, and OCT imaging revealed that the
gelatinous subtle lesion was indeed OSSN.

HR-OCT images performed at the bulbar and limbal area temporally revealed distinct
thickening with an abrupt junction. A reference landmark was identified of a blood vessel
loop. Three points were transferred to the surgical plan. Instead of a marking pen, the OCT
predicted margins were marked in the operating room using a marked Sinsky hook on the
patient’s bulbar conjunctiva. This was in the hope of having less ink spreading. Four-
millimeter margins were then taken with cryotherapy. After removal and orientation on the
marked paper, a 30-gauge needle was again used to mark the tissue at the OCT indicated
locations with permanent ink. Similar to case 2, (Figure 5, case 2), the surgical ink was on
the OCT identified mark, but was very subtle. Even the most prominent mark was scant but
showed that OCT predicted margin coinciding with the pathological tumor margin.

Case 5—A 46-year-old white Hispanic male with a history of cutaneous melanoma
presented with a 3-month history of an elevated, well circumscribed papillomatous
conjunctival tumor in the right eye nasally (Figure 7A). The HR-OCT revealed classic
findings for OSSN (Figure 7B).

A reference landmark was identified (Figure 7C) which was an easily visible Y branching of
a blood vessel. HROCT images were performed nasally over the lesion. The distance from
the reference mark to the tumor margin was performed using internal calipers for vertical
and horizontal measurement from the reference point. The points were then approximated
and transferred to the surgical plan. The HR-OCT predicted margin was marked in the
operating room using a marked Sinsky hook on the patient’s bulbar conjunctiva. Excision
was performed with 4 mm margins as above. In this well circumscribed papillomatous
lesion, the OCT predicted mark was right at the edge of the elevated tumor (Figure 7D).

After removal and orientation on the marked paper, a 30 gauge needle was again used to
mark the tissue at the OCT indicated location with permanent ink. The OCT predicted
margins coincided with histological margin as seen in Figure 7E. The ink marking in this
case was minimal but easily visible at the tumor border.

Case 6—A 66-year-old black Hispanic male with a history of longstanding sun exposure
presented with a diffuse lesion temporally on the right eye (Figure 8A). It had both
conjunctival and corneal components. Some conjunctival melanosis was also evident in the
lesion. In office imaging with HR-OCT revealed classic findings for OSSN (Figure 8B). The
conjunctival edges of the temporal lesion were difficult to discern clinically.

A reference landmark was identified as a looped vessel (Figure 8C). The distance from the
reference mark to the tumor margin was performed using internal calipers (Figure 8D). The
OCT predicted margin was marked in the operating room using a marked Sinsky hook on
the patient’s bulbar conjunctiva. This tumor did not have obvious conjunctival tumor borders
and the OCT mark was approximately 1 mm outside of the gelatinous lesion. Four-
millimeter margins were then taken in the “no touch” technique. After removal and
orientation on the marked paper, a 25 gauge needle was used to mark the tissue at the HR-
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OCT indicated locations with permanent ink. Since the prior 3 patients had very little
permanent ink on the pathology slides, this time it was intended to release more permanent
ink with the needle. The OCT predicted margins correlated well with the pathological tumor
margin and more ink was noted than the prior cases (Figure 8E).

Case 7—Case 7 was a 72-year-old white male with a history of multiple skin cancers who
presented with non-limbal bulbar conjunctival lesion temporally in the left eye. It had been
diagnosed as episcleritis for many months. The lesion was mobile with indistinct clinical
margins. HR-OCT was highly suggestive of OSSN.

A reference landmark was identified and OCT images were performed of the bulbar
temporal lesion. The distance from the reference mark to the tumor margin was performed
using internal calipers. Again the OCT predicted margin was marked in the operating room
using a marked Sinsky hook on the patient’s bulbar conjunctiva. Four-millimeter margins
were then taken. After removal and orientation on the marked paper, a 30 gauge needle was
used to mark the tissue at the OCT indicated locations with permanent ink in attempt to have
a smaller marked area than that from case 6. This time, similar to cases 2 and 4, (Figure 5,
case 2) the ink was again very scant. However, the pathologist was able to identify ink of the
OCT predicted margin coinciding with the pathological tumor margin.

Case 8—The last case was a 63-year-old white male with a self-reported history of long
sun exposure as well as HPV from venereal condyloma acuminata who presented with a
highly elevated temporal conjunctival lesion in the right eye. The lesion stained with rose
bengal and had classic features of OSSN by OCT (Figure 9A). The white elevated lesion
was obvious neoplasia, but it was not clear the extent of neoplasia in the surrounding
somewhat gelatinous ring which did not stain with the rose bengal.

OCT images were performed and identified tumor margins (Figure 9B). Interestingly, this
OCT showed tumor extending beyond the obvious tumor “ball”. A kinked blood vessel used
as a fiducial mark (Figure 9C). As seen in the en-face image, this predicted OCT margin was
quite distal (approximately 2mm) from the obvious tumor (Figure 9D). Two points were
transferred. This was done using a marked hook in the operating room.

Four-millimeter margins were then taken with cryotherapy. After removal, a 30 gauge needle
was used to mark the tissue at the HR-OCT indicated locations with permanent ink. One
mark was scant and the other was prominent. At this prominent mark, the histopathology
revealed a classic abrupt transition from normal to abnormal epithelium (Figure 9E). The
OCT predicted margin the concurred nicely with the pathological tumor margin. The ink
quantity was ideal.

DISCUSSION

The purpose of this pilot study was to demonstrate proof of concept that HR-OCT could
successfully identify tumor margins as confirmed by histopathology. We were able to

identify one OCT predicted point in each case coinciding with the histopathologic tumor
borders. To our knowledge, this is the first study to evaluate the HR-OCT in this manner.
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Medical versus surgical treatment of OSSN continues to be a topic of debate. Although
monotherapy with topical chemotherapeutic agents has increasing popularity for the
treatment for OSSN, 32-36 most practitioners still report that they perform surgical excision
as part of their standard management, regardless of tumor size.3’

When performing surgical excision, the “no-touch technique” is commonly implemented,
which involves removal of a large (3-4 mm) margin past the visible edge of the tumor.® The
principle behind wide margin excision is that the microscopic extent of the tumor may
extend past its grossly visible margin. Therefore, additional healthy tissue must be sacrificed
in order to increase the likelihood that diseased tissue is excised in its entirety. Achieving
negative margins is of utmost importance, as over half of OSSN tumors with positive
surgical margins may recur.11

In the skin, a Moh’s style excision with pathologic margin control is commonly employed
with great success.38 This, along with frozen section margin control has been tried for
conjunctival tumors39. Frozen section control for conjunctival tumors has had limited
utilization. Most pathologists consider frozen section evaluation of mucosal tumors to be
inaccurate in assessing intraepithelial dysplasia. The primary purpose of this pilot study was
to show a proof of concept that the optical evaluation of the ocular surface with HR-OCT
could successfully identify tumor margins.

The advent of OCT now affords the ability to perform an “optical biopsy” of ocular tissues.
40 This technology is able to provide cross-sectional, detailed, /7-vivoimages of ocular
tissues. Although initially used for imaging the posterior pole, it is now able to provide
excellent resolution for the anterior segment and ocular surface. As OCT technology has
evolved with the advent of spectral domain (SD-OCT) devices, resolution of 5um is possible
(high resolution) and even lower, of less than 5um (ultra-high-resolution). Unlike ultrasound
which has resolution of about 50 pum, the use of light gives higher resolution than ever
before. This is due to the short wavelength of infrared light and the wide bandwidth of the
light sources utilized in OCT machines. Resolution of 7um or less allows visualization of the
structural details in the corneal epithelium, corneal stroma, and conjunctiva.16-18.20-27

Historically, OCT was first used for ocular structures in the early 1990’s.41:42 These time-
domain (TD-OCT) machines were the first generation of OCT technology. With TD-OCT,
images were produced as the reference mirror crossed linearly over the eye. Based on the
reflectivity and depth of each tissue, the device produced individual A-scans which were
then combined to create a cross sectional image (B-scan).#2-44 These early generation TD-
OCT devices provided resolutions of about 10-20 pm.*3 TD-OCT devices were hindered by
slow image acquisition time due to the need for the reference mirror to physically move
across the imaging field. This provided less A scans per second (100-200) and thus was
especially susceptible to artifact and distortion from patient motion. One advantage of the
devices was that the longer wavelength of 1300-1310 nm allowed for excellent depth of
penetrance and allowed for good visibility of the anterior segment including iris and lens.
TD-OCT machines were later improved to allow for over 2,000 A scans/second, but
resolution remained in the 1525 um range.4345.46
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The next advance in OCT technology for the anterior segment was the development of SD-
OCT. These devices no longer used the mobile reference mirror described above. Instead, a
spectrometer and high speed camera are used to simultaneously capture the reflections
generated from structures located at different depths in the tissue.#® This spectral
information is then transformed using a mathematical tool developed by French
mathematician Joseph Fourier to obtain a reflectivity profile of the sample, which is the
produced OCT image. This more efficient detection system is often called “Fourier-domain”
and allows for scan speeds increased to over 70,000 A scans/second.*” These devices were
originally used to image structures in the posterior pole, and adaptive lenses were required
for anterior segment imaging. These devices provided improved resolution of 4-7 pm and
allowed for detailed imaging of the corneal stroma, epithelium.43. 47-49

The current resolution of HR-OCT devices allows for the identification of OSSN and its
differentiation from other ocular surface lesions and has excellent morphological correlation
with histopathology.1:18.21.22.24.25 Qur group first studied the use of ultra HR-OCT for
ocular surface diseases and specifically OSSN using a custom built device of 2-3 um of
axial resolution. We were able to demonstrate excellent correlation between the OCT images
and the corresponding histopathology. We identified key characteristics of OSSN on HR-
OCT which as mentioned above include a thickened hyper-reflective epithelium with an
abrupt transition from normal to abnormal.?# Using our custom device, we were able to
determine with a receiver operating curve that a thickness of approximately 140 microns had
a sensitivity of 94% and a specificity of 100% for OSSN.24 We then studied its use for
OSSN with a commercially available high resolution device of 5-7 um which revealed
similarly excellent results. With the commercially available HR-OCT and using a thickness
cutoff of 120um, the sensitivity and specificity for OSSN was 100%.26

As this technology has been found to have excellent diagnostic specificity and sensitivity in
the outpatient setting for diagnosis of OSSN, 2426 we performed this pilot study to determine
whether this technology could be utilized to identify tumor margins intraoperatively. As
demonstrated by Figures 4-9, one HR-OCT-predicted tumor margin for each case was
evaluated and coincided with actual histological tumor margins. Three of the 8 cases had a
well circumscribed lesion, and five of the cases were more subtle or diffuse. Instinctively we
would suspect that this technology would be most useful in the more subtle or diffuse
lesions. Indeed, this technique was very helpful in cases where the tumor border was not
easily visualized. Interestingly, in case 8 which was well delineated, the OCT found the
tumor margin to be peripheral to the obvious area of the tumor and rose bengal staining.

This concept of an “optical Moh’s” is exciting and intriguing. We found that we could
indeed identify tumor borders using HR-OCT and translate this to create a surgical map to
successfully identify tumor margins intra-operatively.

The ability to outline and identify the microscopic extent of OSSN tumors has significant
implications for the surgical management of this disease. With a more accurate idea of the
true tumor margins, surgeons can potentially reduce the incidence of leaving residual
disease. In addition, potentially less surrounding tissue will be sacrificed and thus reduce the
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risk of ocular surface complications such as scarring, limbal stem cell deficiency and ocular
motility restriction.12:14

With all studies, there are limitations. While the HR-OCT has excellent specificity and
sensitivity to diagnose OSSN, multiple scans are sometimes required to identify the exact
tumor margin.2426 Most tumor margins show the classic characteristics of thickening,
hyper-reflectivity and an abrupt transition from abnormal to normal epithelium. However, in
some cases, the non-neoplastic epithelium is thin, but may be somewhat hyper-reflective due
to actinic changes in the tissue, so the border is characterized by the thickened hyper-
reflective epithelium transitioning to thin, normal thickness epithelium but not the dark to
white abrupt change. Furthermore, current OCT technology is able to show morphological
and internal reflectivity changes in the epithelium but is not yet able to show cellular
changes such as atypia.

We were able to identify the tumor margins by OCT and confirmed by pathology, in all eight
bulbar conjunctival tumors. However, we found that the technique of marking and ink
transfer was not ideal. We learned that marking of the eye is best done with topical
anesthesia. In one case, a subconjunctival hemorrhage from the retrobulbar block precluded
visualization of the reference mark and the patient was excluded from the study. After that
occurrence, we marked the patients under topical anesthesia in the operating room and then
blocked the patient, which rendered the process more time-consuming. In addition, since this
technology is not yet available as a “real time” integrated intraoperative system with the
microscope, we needed to use an anatomical landmark on the conjunctiva as a reference
point. The marking of the OCT-predicted tumor margins on the ocular surface was initially
performed with a sterile marking pen but was subsequently changed to using a Sinsky hook
in attempts to make smaller, more precise markings. Furthermore, markings were
approximated intra-operatively from the internal caliper measurements from the HR-OCT
device, another step that could be obviated with a real-time device. Once transferred to filter
paper and brought to the pathology laboratory, the specimens were marked with permanent
ink prior to formalin fixation to confirm our OCT predicted margins. It was challenging to
place the “right” amount of ink, as some cases had more ink than desired and in some, only
scant ink.

Despite these challenges, we were able to confirm the most prominent OCT predicted tumor
margin mark coinciding with the histopathologic tumor border in all 8 cases. Ideally, we
would have been able to evaluate all the marks, but this was not always possible due to scant
ink. These challenges demonstrate the need for an integrated HR-OCT within the operating
room microscope which would have bypassed many of these more cumbersome steps and
provided an en-face overlay for the excision. Intraoperative OCT imaging integrated into the
operating microscope®® has been useful for anterior chamber surgeries such as endothelial
transplantation, but the ophthalmic microscope-integrated OCT devices commercially
available at this time do not have the resolution needed to accurately detect the margins of
these epithelial tumors. Microscope-integrated OCT systems also currently have a fixed
scanning direction, which prevents proper alignment of the OCT scanning beam to target the
location of all ocular surface tumors. Hand-held OCT systems do exist, but are limited by
motion artifact and still require the marking step. With an integrated HR-OCT intraoperative
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system, a full mapping and orientation of the tumor margin could be performed real-time,
without the need for point transfer and ink marking. Once such a system is available, a
future study could compare the physicians’ clinical impression of tumor margins with the
OCT predicted, and actual tumor margins. Finally, the clinical outcomes of OCT guided
excisions can then be compared to traditional surgery.

In conclusion, this pilot study showed that a commercially available HR-OCT can
successfully predict tumor margins that coincide with histopathologic tumor borders. The
horizon of OCT guided surgical excisions is indeed promising and exciting. These results
will hopefully encourage the development of high resolution “real-time” intraoperative OCT
devices for use in ocular surface tumor excisions.
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Figure 1.
High resolution optical coherence tomography of OSSN Classic high resolution OCT with

the Bioptigen device showing classic features of ocular surface squamous neoplasia (OSSN)
including hyper-reflective, thickened epithelium (asterisk) with an abrupt transition from
normal, thin, dark epithelium to abnormal epithelium (white arrows)
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OCT tumor margin

D.

Figure 2.
Methodology: scanning, and transfer of HR-OCT predicted tumor margin points A. A

reference point was identified of a prominent vessel or marking (red circle). The tumor was
scanned to identify lesion margins. The en-face overlay is shown here in the gray box. B.
Classic OCT findings of epithelial hyper-reflectivity and abrupt transition from normal to
abnormal were identified (yellow arrow). C. The internal calipers of the OCT device
measured the distance from the reference point to the HR-OCT predicted tumor margin
(black x). D. Example of transfer method of OCT predicted tumor margin points intra-
operatively using calipers and a marked hook.
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Figure 3:
Patient 1 conjunctival tumor specimen

Following excision, tumor was placed on paper and oriented, superior (S), temporal (T) and
inferior (I). The transferred HR-OCT predicted margins were re-marked with permanent
orange dye prior to fixation. Note the variability in the size of the re-marked orange ink dots
with one being prominent and the other two quite scant (arrows).
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Figure 4.
Patient 1 corneal and conjunctival tumor

A) Slit lamp photo of corneal and limbal OSSN lesion, right eye from Patient 1. B) HR-OCT
cut with predicted tumor margin denoted by white arrow. C) Slit lamp photo of corneal and
limbal OSSN lesion with reference landmark (red star) D) OCT en-face reconstruction of
ocular surface with reference landmark denoted by red star and measurement to HR-OCT
predicted tumor margin (white x) done by internal calipers from reference landmark
vertically and horizontally. E) Examination of the excised conjunctiva discloses faulty
epithelial maturational sequencing that extends up to full thickness (carcinoma in situ) with
the area of predicted tumor margin (asterisk) adjacent to the transition of unremarkable and
dysplastic epithelium. OCT predicted mark (orange pigment, black arrows) coinciding with
pathologically identified margin. (Hematoxylin-eosin; original magnification x200).
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Figure 5.
Patient 2 corneal and conjunctival tumor

A) Slit lamp photo of left eye from patient 2 showing subtle elevated gelatinous lesion on the
cornea (arrow) and conjunctiva consistent with limbal OSSN. B) HR-OCT cut with
predicted tumor margin denoted by white arrow. C) Slit lamp photo of left eye showing
selected reference landmark (red star). D) OCT en-face reconstruction of ocular surface with
reference landmark denoted by red star and measurement to superior HR-OCT predicted
tumor margin (white x) from reference landmark with internal calipers E) Examination of
the excised conjunctiva discloses faulty epithelial maturational sequencing that extends up to
full thickness (carcinoma in situ) with the area of predicted tumor margin (asterisk) adjacent
to the transition of unremarkable and dysplastic epithelium. OCT predicted mark (subtle
orange pigment, black arrows) coinciding with pathologically identified margin
(Hematoxylin-eosin; original magnification x200).
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Figure 6.
Patient 3 conjunctival tumor with leukoplakia

A) Slit lamp photo of right eye from patient 3 with a discreet, leukoplakic lesion consistent
with OSSN. B) HR-OCT cut with predicted tumor margin denoted by white arrow. Note
thickening and strong hyper-reflectivity over tumor. Adjacent bulbar conjunctiva has normal
thickness but remains somewhat hyper-reflective epithelium adjacent to tumor, likely
secondary to actinic changes. C) Slit lamp photo of right eye showing selected reference
landmark (red star). D) OCT en-face reconstruction of ocular surface with reference
landmark denoted by red star and measurement to HR-OCT predicted tumor margin (white
x) with internal calipers E) Examination of the excised conjunctiva discloses faulty epithelial
maturational sequencing that extends up to full thickness with overlying hyperkeratosis
(carcinoma in situ) the area of predicted tumor margin (asterisk) is present adjacent to the
transition of variably acanthotic and dysplastic epithelium. OCT predicted mark (orange
pigment, black arrows) coinciding with pathologically identified margin (Hematoxylin-
eosin; original magnification x400).
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Figure 7.
Patient 5 papillomatous conjunctival tumor

A) Slit lamp photo of a papillary OSSN from patient 5. B) HR-OCT image of tumor margin
denoted by white arrow. C) Slit lamp photo reference landmark (red star), a Y bifurcation of
a conjunctival vessel. D) OCT en-face reconstruction of ocular surface with reference
landmark denoted by red star. Internal calipers used to measure the distance from the
predicted tumor margin (white x) to the reference landmark. F) Examination of the excised
conjunctiva discloses faulty epithelial maturational sequencing that extends up to full
thickness in a variable papillary configuration (carcinoma in situ, papillary) with the area of
predicted tumor margin (orange pigment, arrow) adjacent to the transition of unremarkable
and thickened, dysplastic epithelium (asterisk) (Hematoxylineosin; original magnification
x200).
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Figure 8.
Patient 6 corneal and conjunctival tumor

A) Slit lamp photo of diffuse conjunctival OSSN with opalescent corneal component. Note
conjunctival melanosis in this patient with dark complexion. B) HR-OCT cut with predicted
tumor margin denoted by arrow. C) Slit lamp photo of right eye showing selected reference
landmark (red star) of looped vessel. D) OCT en-face reconstruction of ocular surface with
reference landmark denoted by red star and measurement of inferior HR-OCT predicted
tumor margin (white x) from reference landmark E) Examination of the excised, tangentially
sectioned conjunctiva discloses faulty epithelial maturational sequencing that extends up to
full thickness (carcinoma in situ) with the area of predicted tumor margin (arrows; orange
pigment) adjacent to the transition of unremarkable and dysplastic epithelium (asterisk)
(Hematoxylin-eosin; original magnification x200).
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Figure 9.
Patient 8 elevated conjunctival tumor

A) Slit lamp photo of limbal OSSN lesion from patient 8. B) HR-OCT image indicates
tumor margin denoted by white arrow. C) Slit lamp photo of limbal OSSN lesion with
reference landmark D) OCT en-face reconstruction of ocular surface with reference
landmark denoted by red star and measurement of temporal tumor margin. Of note, the HR-
OCT predicted tumor margin (white x) was temporal to the obvious discreet tumor seen
(dashed white lines) E) Examination of the excised conjunctiva discloses faulty epithelial
maturational sequencing that extends up to full thickness (carcinoma in situ) with the area of
predicted tumor margin (arrow, orange pigment) adjacent to the transition of unremarkable
and dysplastic epithelium (asterisk) (Hematoxylin-eosin; original magnification x200).
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