Use of High-Resolution Optical Coherence ®
Tomography in the Surgical Management of

Check for
updates

Ocular Surface Squamous Neoplasia:
A Pilot Study

CAROL L. KARP, CAROLINA MERCADO, NANDINI VENKATESWARAN, MARCO RUGGERI, ANAT GALOR,
ARMANDO GARCIA, KAVITHA R. SIVARAMAN, MARIA PAULA FERNANDEZ, ANTONIO BERMUDEZ, AND
SANDER R. DUBOVY

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

e METHODS: Eight eyes of 8 patients with OSSN under-
going excision were studied prospectively. Immediately
before surgery, the tumor was imaged using commercially
available HR-OCT 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
anatomic reference point and transferred intraopera-
tively. 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 pathologic analysis and the
histologic tumor margin was compared to the HR-OCT
predicted tumor border.

e RESULTS: Mean age of the 8 patients was 67 + 9.9
years. Seven were male, 7 were white, and, ethnically, 3
were Hispanic. All 8 tumors were bulbar and in the expo-
sure zone. Seven tumors were limbal. Corneal extension
was present in 5. Mean tumor area was 17.5
+ 11.1 mm?. Clinically, 2 of the tumors were leukoplakic,
1 papillomatous, and 3 gelatinous. A conjunctival tumor
margin identified with the HR-OCT coincided with the
pathologically confirmed margin mark in all eyes.

e CONCLUSIONS: HR-OCT has the potential to predict
histologic tumor margins in OSSN. Optical identifica-
tion of tumor margins could potentially decrease the
incidence of residual positive margins and minimize
healthy tissue removal. Advances in HR-OCT technol-
ogy and integration into a microscope for “real-time”
imaging are needed to further improve this technique.
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CULAR 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.” It is the most commonly occurring
nonpigmented ocular surface malignancy.” Known risk
factors include light skin pigmentation, ultraviolet
exposure, immunosuppression, human immunodeficiency
virus (HIV), smoking, and human papillomavirus (HPV)
infection.”” 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 impor-
tance for optimizing outcomes.

Traditional therapy for OSSN consists of wide local exci-
sion, typically with 3- to 4-mm margins, using a no-touch
technique.”'” 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—4 mm of margin removal. Despite the surgeon’s best
effort, tumor may be present at the excised margin owing
to the presence of subclinical disease.

When residual tumor is present at the excised margin,
recurrence can reach 56%.'" Achieving clear margins
dramatically reduces the rate of recurrence. Additionally,
the use of adjuvant cryotherapy and topical chemothera-
peutic agents in addition to wide resection has reduced
recurrence after primary excision.”'”'*"” 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.'?

Ideally, the surgeon would be able to confidently remove
the entire tumor at the time of surgical excision, with mini-
mal tissue loss. However, given the limitations of the
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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. Unfor-
tunately, 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 ushered in a new era of in vivo
imaging of the anterior segment of the eye. While origi-
nally pioneered for the posterior segment, OCT now pro-
vides novel images of anterior segment pathology. This
technology has evolved from time-domain devices to
spectral-domain and now swept-source devices, providing
greater levels of resolution. This has been shown to assist
in diagnosis and management of anterior segment
diseases.'” In particular, OCT has been helpful in the man-
agement of ocular surface tumors, corneal pathologies,
refractive surgery planning, and intraoperative uses, such
as in lamellar surgeries.'®*°

OSSN can be identified by anterior segment OCT ma-
chines, specifically the newer devices capable of performing
high-resolution OCT (HR-OCT) of 5-7 wm or less.”"**
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 the OSSN lesions beyond what is apparent
with the clinical examination, providing guidance for clin-
ical management.”' %’

Studies from our institution and others have shown that
HR-OCT is a particularly useful diagnostic tool for identi-
fying ocular surface squamous neoplasia.””*® Similar to
histopathologic findings of ocular surface squamous
neoplasia, HR-OCT images of OSSN show thickened,
hyperreflective epithelium and an abrupt transition from
abnormal to normal epithelium.”"**?*** These OCT
findings have remarkable correlation to the pathologic
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 resolu-
tion with medical treatment.””’ This project takes an
innovative, new angle on this technology. This pilot study
was devised to determine if we could use this technology as
an “optical Mohs” and use the HR-OCT to identify a tumor
margin of OSSN. We implemented a commercially available
(ENVISU C2200; Bioptigen/Leica Microsystems, Buffalo
Grove, Illinois, USA) spectral-domain HR-OCT system to
evaluate the utility of HR-OCT in tumor margin mapping
prior to surgical resection.

METHODS

THIS PROSPECTIVE STUDY WAS APPROVED BY THE UNIVER-
sity of Miami Institutional Review Board and was conduct-
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FIGURE 1. High-resolution optical coherence tomography
(OCT) of ocular surface squamous neoplasia (OSSN). Classic
high-resolution OCT with the Bioptigen device showing classic
features of OSSN, including hyperreflective, thickened epithe-
lium (asterisk) with an abrupt transition from normal, thin,
dark epithelium to abnormal epithelium (white arrows).

ed 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 the study was HIPAA compliant.

e STUDY POPULATION: Nine eyes of 9 consecutive
patients seen at Bascom Palmer Eye Institute and deter-
mined 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 (C.L.K.) 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 excluded. Slit-lamp photographs and HR-OCT im-
ages of the lesion were obtained of the affected eye of
each patient. One patient developed a significant subcon-
junctival hemorrhage from the retrobulbar block,
obscuring all landmarks, and was excluded from the anal-
ysis, 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, sex, race, ethnicity) and OSSN risk fac-
tors, which included self-reported history of skin cancer or
OSSN; HPV; HIV; smoking; presence of pterygium,
pinguecula, or prior pterygium surgery; and sun expo-
sure—defined as patient subjectively spending a large
quantity of time in the sun.

e TUMOR CHARACTERISTICS: Characteristics of the
lesion were also documented, including the involved
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FIGURE 2. Methodology: scanning and transfer of high-resolution optical coherence tomography (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 in the gray box. (B) Classic OCT findings of epithelial hyperreflectivity and abrupt tran-
sition 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 intraoperatively using calipers and a marked hook.

eye, tumor location, tumor size, and involved ocular struc-
tures (conjunctiva, cornea, limbus); unifocality vs 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 positiv-
ity were also recorded.

e SPECTRAL-DOMAIN HIGH-RESOLUTION OPTICAL
COHERENCE TOMOGRAPHY: A table-top spectral-domain

OCT system (ENVISU C2200; Bioptigen/Leica Microsys-
tems, Buffalo Grove, Illinois, USA) operating at a central
wavelength of 840 nm and with 4 wm axial resolution in
tissue’” ! 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 3 key characteristics to identify abnormal
epithelium affected by OSSN: (1) epithelial thickening;
(2) epithelial hyperreflectivity; and (3) an abrupt transition
between normal and thickened epithelium. After scanning
and reviewing of all images, images that had a defined tran-
sition zone were selected.””

e MAPPING OF THE TUMOR MARGINS: For each eye, the
tumor was imaged with slit-lamp photography. One
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anatomic 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 photograph and seen on the en face OCT image.
Imaging with the Bioptigen OCT device was used to iden-
tify the OSSN tumor margins (Figure 2A,B).

Volume intensity projections of the 3-dimensional OCT
data along the depth direction were used to generate gray-
scale 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 3-dimensional
OCT dataset were analyzed by the subspecialist (C.L.K.).
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.

HiGH-REs OCT For SURGICAL MANAGEMENT OF OSSN 19



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 predetermined x
and y distances from the reference point (Figure 2D).

e SURGICAL TECHNIQUE: Intraoperatively, under local
anesthesia, the reference landmark was identified. The
selected classic margin point identified by
HR-OCT was then measured and marked on the ocular sur-
face. For the first 4 patients, this was done after the patient
had received a peribulbar block. In 1 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, Missouri, USA) to allow for smaller and
more precise intraoperative markings. The Bioptigen in-
tegrated calipers measured distances from the reference
mark in the horizontal and vertical meridians to the
thousandth 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 main-
tained “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 cryotherapy was performed 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 am-
niotic 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 sur-
face was drawn to clarify orientation on the sterile field.
These markings were later redrawn 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 perma-
nent 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

tumor
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FIGURE 3. Patient 1 conjunctival tumor specimen. Following
excision, tumor was placed on paper and oriented in reference
to the cornea, superior (S), temporal (T) and inferior (I) loca-
tions marked. The transferred high-resolution optical coherence
tomography—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 1 being prominent and the other
2 quite scant (arrows).

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 redrawn 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 use 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.

» HISTOLOGIC ANALYSIS: All tissue was fixed in formalin
and embedded in paraffin. Sections were cut in 5-pm thick-
ness and stained with hematoxylin—eosin. Fifteen to 25
slides were examined per patient. The pathologist
(S.R.D.) was asked to evaluate the coincidence of the
most prominent OCT-predicted margin ink mark with
the actual tumor margin.
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TABLE. Demographic and Tumor Characteristics

Clinical Characteristics Lesion Area (mm?) Histopathologic Diagnosis

Patient Age (Years) Sex Laterality Race Ethnicity Involved Quadrant
1 76 F Right White Non-Hispanic Nasal

2 7 M Left White Non-Hispanic Nasal

3 69 M Right White Hispanic Nasal

4 71 M Right White Non-Hispanic = Temporal
5 46 M  Right White Hispanic Nasal

6 66 M  Right Black Hispanic Temporal
7 72 M Left White White Temporal
8 63 M  Right White Non-Hispanic Temporal

Gelatinous 4.5 CIS

Opalescent 9.7 CIs

Leukoplakic 2.4 CIS

Opalescent 23.9 CIS
Papillomatous 19.3 CIS

Gelatinous 20.6 CIS

Gelatinous 33.8 CIN with moderate dysplasia

Leukoplakic, gelatinous 26.3 CIs

CIN = conjunctival/corneal intraepithelial neoplasia; CIS = conjunctival/corneal intraepithelial neoplasia in situ (full thickness).

e OUTCOME MEASURES: The goal of this study was to
compare the location of an 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 histologic ink mark
with the actual tumor margin identified pathologically.

RESULTS

e STUDY POPULATION: Eight eyes of 8 patients were
analyzed. Demographic information is presented in the
Table. The mean age of the 8 patients was 67 * 9.9 years.
Seven patients were male, 7 were white, and ethnically, 3
were Hispanic. No patient had a self-reported history of
HIV or prior pterygium surgery. One patient had a pingue-
cula and 1 patient had a self-reported history of HPV. Two
patients had a prior history of smoking. All patients
reported significant sun exposure, 4 had a history of skin
cancer, and 1 had a prior history of OSSN.

e TUMOR CHARACTERISTICS: In all cases, the clinical
examination revealed clinical characteristics suggestive of
OSSN, including leukoplakic, gelatinous, opalescent, or
papillomatous lesions. All 8 tumors were bulbar and in
the exposure zone. Seven tumors were limbal and corneal
extension was present in 5. Clinically, the mean tumor
area was 17.5 = 11.1 mm?. Two of the tumors appeared leu-
koplakic, 1 papillomatous, and 3 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, hyperreflective epithelium and an
abrupt transition from normal epithelium to abnormal
epithelium. All patients elected surgical excision and
agreed to participate in the mapping study.
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e HISTOLOGIC FINDINGS: All 8 eyes were confirmed to
have an OSSN lesion on histopathologic analysis by a
board-certified ocular pathologist (S.R.D.). In all cases,
the excised lesions showed typical histopathologic charac-
teristics 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 8 cases had full-
thickness intraepithelial neoplasia in situ and 1 case had
moderate dysplasia. There were no positive conjunctival
margins from the wide excisions, and none were invasive
squamous cell carcinoma.

The pathologist was asked to evaluate the most promi-
nently 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 woman with a history of
skin cancer and sun exposure presented with a 1-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. [t was not easy to see any
distinct conjunctival tumor margins. In-office imaging
with HR-OCT  revealed classic findings of
hyperreflective 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 approxi-
mately the 2 o’clock to the 5 o’clock position. Tumor
margins were identified by the OCT (Figure 4B). A refer-
ence 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

HiGH-REs OCT For SURGICAL MANAGEMENT OF OSSN 21



FIGURE 4. Patient 1 corneal and conjunctival tumor. (A) Slit-lamp photograph of corneal and limbal ocular surface squamous
neoplasia (OSSN) lesion, right eye from Patient 1. (B) High-resolution optical coherence tomography (HR-OCT) cut with predicted
tumor margin denoted by white arrow. (C) Slit-lamp photograph 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 tumor margin (asterisk) adjacent to the transition of unremarkable and dysplastic epithelium.
The OCT-predicted mark (orange pigment, black arrows) coincides with the pathologically identified margin (hematoxylin-eosin;

original magnification X200).

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 docu-
mented 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 mar-
gins 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 re-marked 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
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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 histopathologic tumor margin.
On histopathology, the OCT-predicted tumor margin
mark coincided with the histologic margin junction
(Figure 4E). As noted in Figure 3, an excess of approxi-
mately 2-3 mm existed between the OCT-predicted
margin and the empiric 4-mm margin for the clinically
observed margin.

Case 2. A T7-year-old white man 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 eval-
uating the tumor margins by clinical examination, the
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FIGURE 5. Patient 2 corneal and conjunctival tumor. (A) Slit-lamp photograph of left eye from Patient 2 showing subtle elevated
gelatinous lesion on the cornea (arrow) and conjunctiva consistent with limbal ocular surface squamous neoplasia. (B) High-
resolution optical coherence tomography (HR-OCT) cut with predicted tumor margin denoted by white arrow. (C) Slit-lamp photo-
graph 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). The tumor margin (asterisk) is located at the transition of unremarkable and dysplastic epithe-
lium. The OCT-predicted mark (subtle orange pigment, black arrows) coincides with pathologically identified margin (hematoxylin-

eosin; original magnification X200).

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). Tu-
mor 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 dis-
tances 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.
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After removal and orientation, this time a 30 gauge
needle was used to re-mark the tissue at the
OCT-indicated locations with permanent ink. The needle
was used in an 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
(using the wooden end of a cotton-tip applicator). Even
with the pathologist evaluating the most prominent
mark, that ink was subtle, but visible, coinciding with the
pathologic tumor margin (Figure 5E).

Case 3. A 69-year-old white Hispanic man presented
with a discrete 2 mm X 3 mm leukoplakic lesion nasally
on the right eye at the limbus (Figure 6A). He reported
years of sun exposure.

OCT images were performed at the limbal area nasally.
Thickening and hyperreflectivity 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
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FIGURE 6. Patient 3 conjunctival tumor with leukoplakia. (A) Slit-lamp photograph of right eye from Patient 3 with a discrete, leu-
koplakic lesion consistent with ocular surface squamous neoplasia. (B) High-resolution optical coherence tomography (HR-OCT)
cut with predicted tumor margin denoted by white arrow. Note thickening and strong hyperreflectivity over tumor. Adjacent bulbar
conjunctiva has normal thickness but remains somewhat hyperreflective epithelium adjacent to tumor, likely secondary to actinic
changes. (C) Slit-lamp photograph 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 tumor margin (asterisk) is present adjacent to
the transition of variably acanthotic and dysplastic epithelium. The OCT-predicted tumor margin mark (orange pigment, black ar-

rows) coinciding with pathologically identified margin (hematoxylin-eosin; original magnification X400).

with internal calipers for vertical and horizontal measure-
ment from the reference point (Figure 6C,D). 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” tech-
nique 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 1 of the marked points, scant
ink was released. In the other, adequate ink was placed.
The evaluated HR-OCT-predicted margin coincided
with the pathologic tumor margin, and the ink marking
was a good quantity (Figure 6E).

Case 4. A 7l-year-old white man presented with a
pinguecula temporally on the right eye. It had been
present for many years. He had a history of sun exposure,
skin cancer, and 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
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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 us-
ing a marked Sinsky hook on the patient’s bulbar con-
junctiva. 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 per-
manent ink. Similar to Case 2, (Figure 5, Case 2), the sur-
gical ink was on the OCT-identified mark, but was very
subtle. Even the most prominent mark was scant but
showed the OCT-predicted margin coinciding with the
pathologic tumor margin.

Case 5. A 46-year-old white Hispanic man 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) that
was an easily visible Y branching of a blood vessel.
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FIGURE 7. Patient 5 papillomatous conjunctival tumor. (A) Slit-lamp photograph of a papillary ocular surface squamous neoplasia
from Patient 5. (B) High-resolution optical coherence tomography (HR-OCT) image of tumor margin denoted by white arrow. (C)
Slit-lamp photograph 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 OCT predicted
tumor margin (orange pigment, arrows) adjacent to the transition of unremarkable and thickened, dysplastic epithelium (asterisk)

(hematoxylin-eosin; original magnification X200).

HR-OCT 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 hor-
izontal 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 histologic margins,
as seen in Figure 7E. The ink marking in this case was min-
imal but easily visible at the tumor border.

Case 6. A 66-year-old black Hispanic man with a
history of longstanding sun exposure presented with a
diffuse lesion temporally on the right eye (Figure S8A). It
had both conjunctival and corneal components. Some
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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 visible 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-OCT-indicated locations with perma-
nent ink. Since the prior 3 patients had very little perma-
nent 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 path-
ologic tumor margin and more ink was noted than in the
prior cases (Figure 8E).
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FIGURE 8. Patient 6 corneal and conjunctival tumor. (A) Slit-lamp photograph of diffuse conjunctival ocular surface squamous
neoplasia with opalescent corneal component. Note conjunctival melanosis in this patient with dark complexion. (B) High-
resolution optical coherence tomography (HR-OCT) cut with predicted tumor margin denoted by arrow. (C) Slit-lamp photograph
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 land-
mark. (E) Examination of the excised, tangentially sectioned conjunctiva discloses faulty epithelial maturational sequencing that ex-
tends up to full thickness (carcinoma in situ) with the area of OCT predicted tumor margin (arrows; orange pigment) adjacent to the

transition of unremarkable and dysplastic epithelium (asterisk) (hematoxylin-eosin; original magnification X200).

Case 7. Case 7 involved a 72-year-old white man with a
history of multiple skin cancers who presented with a
nonlimbal 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. Af-
ter 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 an
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 pathol-
ogist was able to identify ink of the OCT-predicted margin
coinciding with the pathologic tumor margin.

Case 8. The last case involved a 63-year-old white man
with a self-reported history of long sun exposure as well as
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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 mar-
gins (Figure 9B). Interestingly, this OCT showed tumor
extending beyond the obvious tumor “ball.” A kinked
blood vessel was used as a fiducial mark (Figure 9C). As
seen in the en face image, this predicted OCT margin
was quite distal (approximately 2 mm) 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 cryo-
therapy. 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 concurred nicely with the pathologic tumor margin.
The ink quantity was ideal.
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FIGURE 9. Patient 8 elevated conjunctival tumor. (A) Slit-lamp photograph of limbal ocular surface squamous neoplasia lesion from
Patient 8. (B) High-resolution optical coherence tomography (HR-OCT) image indicates tumor margin denoted by white arrow.
(C) Slit-lamp photograph of 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 of temporal tumor margin. Of note, the HR-OCT-predicted tumor
margin (white x) was temporal to the obvious discrete 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 OCT
predicted tumor margin (arrows, orange pigment) coinciding with the transition of unremarkable and dysplastic epithelium (asterisk)

(hematoxylin-eosin; original magnification X200).

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 1 OCT-predicted point in each case coin-
ciding with the histopathologic tumor borders. To our
knowledge, this is the first study to evaluate the
HR-OCT in this manner.

Medical vs 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,’*° many practitioners still report
that they perform surgical excision as part of their
standard management, regardless of tumor size.”’

When performing surgical excision, the “no-touch tech-
nique” is commonly implemented, which involves removal
of a large (3—4 mm) margin past the visible edge of the tu-
mor.” The principle behind wide margin excision is that
microscopic tumor may extend past its grossly visible
margin. Therefore, additional healthy tissue must be sacri-
ficed in order to increase the likelihood that diseased tissue
is excised in its entirety. Achieving negative margins is of
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utmost importance, as over half of OSSN tumors with pos-
itive surgical margins may recur.'!

In the skin, a Moh’s-style excision with pathologic
margin control is commonly employed with great success.’
This, along with frozen section margin control, has been
tried for conjunctival tumors.”” 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.*” This technology is able
to provide cross-sectional, detailed, in vivo images 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 OCT
devices, resolution of 5 wm is possible (high resolution)
and even lower, of less than 5 pm (ultra-high resolution).
Unlike ultrasound, which has resolution of about 50 pwm,
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the use of light gives higher resolution than ever before.
This is owing to the short wavelength of infrared light
and the wide bandwidth of the light sources used in OCT
machines. Resolution of 7 pwm or less allows visualization
of the structural details in the corneal epithelium, corneal
stroma, and conjunctiva.16718'20727

Historically, OCT was first used for ocular structures in
the early 1990s.*"** These time-domain OCT machines
were the first generation of OCT technology. With time-
domain OCT, images were produced as the reference
mirror crossed linearly over the eye. Based on the reflectiv-
ity and depth of each tissue, the device produced individual
A-scans, which were then combined to create a cross-
sectional image (B-scan).**** These early-generation
time-domain OCT devices provided resolutions of about
10-20 pm.”’ Time-domain OCT devices were hindered
by slow image acquisition time owing to the need for the
reference mirror to physically move across the imaging
field. This provided fewer 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 visibil-
ity of the anterior segment, including iris and lens. Time-
domain OCT machines were later improved to allow for
over 2000 A-scans/second, but resolution remained in
the 15-25 wm range.*»**°

The next advance in OCT technology for the anterior
segment was the development of spectral-domain 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
amathematical tool developed by French mathematician Jo-
seph 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 wm and allowed for detailed imaging of the
corneal stroma and epithelium.*”*"~*

The current resolution of HR-OCT devices allows for the
identification of OSSN and its differentiation from other
ocular surface lesions and has excellent morphologic correla-
tion with histopathology.”'®?122%%%5 Our group first
studied the use of ultra-HR-OCT for ocular surface diseases
and specifically OSSN using a custom-built device of
2-3 pm of axial resolution. We were able to demonstrate
excellent correlation between the OCT images and the
corresponding histopathology. We identified key characteris-
tics of OSSN on HR-OCT, which, as mentioned above,
include a thickened hyperreflective epithelium with an
abrupt transition from normal to abnormal.’* Using our
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custom device, we were able to determine with a receiver
operating curve that a thickness of approximately 140 pm
had a sensitivity of 94% and a specificity of 100% for
OSSN.”* We then studied its use for OSSN with a commer-
cially available high-resolution device of 5-7 wm, which
revealed similarly excellent results. With the commercially
available HR-OCT and using a thickness cutoff of 120 pm,
the sensitivity and specificity for OSSN was 100%.°

As this technology has been found to have excellent diag-
nostic specificity and sensitivity in the outpatient setting for
diagnosis of OSSN,**%* we performed this pilot study to
determine whether this technology could be used to
identify tumor margins intraoperatively. As demonstrated
by Figures 4-9, 1 HR-OCT-predicted tumor margin for
each case was evaluated and coincided with actual histologic
tumor margins. Three of the 8 cases had a well-
circumscribed lesion, and 5 of the cases were more subtle
or diffuse. Instinctively we would suspect that this technol-
ogy 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 tu-
mor margin to be peripheral to the obvious area of the tumor
and rose bengal staining (Figure 9).

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 surgi-
cal map to successfully identify tumor margins intraopera-
tively. 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 accu-
rate idea of the true tumor margins, surgeons can poten-
tially reduce the incidence of leaving residual disease. In
addition, potentially less surrounding tissue will be sacri-
ficed and thus reduce the risk of ocular surface complica-
tions such as scarring, limbal stem cell deficiency, and
ocular motility restriction.'”'*

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 tu-
mor margin.”’*’® Most tumor margins show the classic
characteristics of thickening, hyperreflectivity, and an
abrupt transition from abnormal to normal epithelium.
However, in some cases the non-neoplastic epithelium is
thin, but may be somewhat hyperreflective due to actinic
changes in the tissue. In such cases, the border is
characterized by the thickened hyperreflective epithelium
transitioning to thin, normal-thickness epithelium but not
the dark-to-white, abrupt change. Furthermore, current
OCT technology is able to show morphologic 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
confirm them by pathology, in all 8 bulbar conjunctival
tumors. However, we found that the technique of marking
and ink transfer was not ideal. We learned that marking of
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the eye prior to excision is best done with topical anes-
thesia. In 1 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 pa-
tient, 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 mi-
croscope, we needed to use an anatomic 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 sub-
sequently changed to using a Sinsky hook in attempts to
make smaller, more precise markings. Furthermore, mark-
ings were approximated intraoperatively 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 lab-
oratory, the specimens were re-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
some, only scant ink.

Despite these challenges, we were able to confirm the
most prominent OCT-predicted tumor margin mark coin-
ciding 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 owing 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. Intraoper-
ative OCT imaging integrated into the operating micro-
scope’” has been useful for anterior chamber surgeries
such as endothelial transplantation, but the ophthalmic
microscope—integrated OCT devices commercially avail-
able at this time do not have the resolution needed to accu-
rately 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 they are limited by motion artifact and still require
the marking step. With an integrated HR-OCT intraoper-
ative system, a full mapping and orientation of the tumor
margin could be performed in real time, without the need
for point transfer and ink marking. Once such a system is
available, a future study could compare the physicians’ clin-
ical 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 tradi-
tional 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 hori-
zon 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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