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Purposk. To report the application of a novel imaging technique, pump-probe microscopy, to
analyze patterns of pigment chemistry of conjunctival melanocytic lesion biopsies.

Mernops. Histopathologic specimens of eight previously excised conjunctival melanocytic
lesions were analyzed with pump-probe microscopy. The technique uses a laser scanning
microscope with a two-color pulsed laser source to distinguish hemoglobin, eumelanin, and
pheomelanin pigment based on differences in transient excited state and ground state
photodynamics. The pump-probe signatures of conjunctival melanins were compared with
cutaneous melanins. The distributions of hemoglobin, eumelanin, and pheomelanin were
analyzed, and pump-probe images were correlated with adjacent hematoxylin and eosin
(H&E)-stained sections.

Resurts. The pump-probe signatures of conjunctival melanins are similar, but not identical to
cutaneous melanins. In addition, there are qualitative and quantitative differences in the
structure and pigment chemistry of conjunctival benign nevi, primary acquired melanosis of
the conjunctiva (PAM), and conjunctival melanomas. The pump-probe images correlated well
with histopathologic features observed in the adjacent H&E-stained sections, and provided a
labelfree means of discerning conjunctival anatomic features and pathologic benign or
malignant tissue.

Concrusions. Pump-probe laser microscopy shows promise as an adjuvant diagnostic tool in
evaluation of ocular melanocytic lesions based on morphologic correlation with the
histopathology results and pigment chemistry. This initial study suggests systematic
differences in pigmentation patterns among conjunctival benign nevi, primary acquired
melanosis, and melanomas. In addition, pump-probe microscopy has the potential for use as a
noninvasive “in vivo” optical biopsy technique to aid clinical and surgical management of
conjunctival melanocytic lesions.

Keywords: conjunctival melanoma, primary acquired melanosis, benign conjunctival nevus,
pump-probe microscopy, multiphoton microscopy

Conjunctival melanocytic lesions are common and can
comprise a broad spectrum of benign and, rarely, malignant
conditions. They are usually divided into nevi (junctional,
compound, subepithelial, and blue nevus), primary acquired
melanosis (PAM) with or without atypia, and melanoma.!
Melanocytic lesions represent 53% of all excised conjunctival
tumors. Nevi are the most common, found in 52% of the cases,
followed by melanoma in 25%, and PAM in 21%.2
Conjunctival melanoma is responsible for only 1.6% of all
noncutaneous melanomas.? It is a rare but potentially lethal
pathology with an estimated 10-year mortality rate of 13% to
30%.! Early recognition of the clinical features allows precise
diagnosis and adequate intervention, reducing potential ocular
morbidity and future metastatic disease associated with
conjunctival melanoma. Although the clinical diagnosis of
conjunctival melanoma may be obvious in some cases, there is
a clinical overlap in features among benign nevi, premalignant
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PAM lesions with atypia, and conjunctival melanoma. New
imaging technologies, including ultrasound biomicroscopy,*
anterior segment optical coherence tomography,>® and laser
scanning reflectance confocal microscopy,”® have enabled
noninvasive evaluation of conjunctival lesions. Although
clinical features seen with slit lamp ophthalmoscopy can be
confirmed with these imaging techniques, the gold standard to
differentiate between these benign and malignant conjunctival
lesions is by surgical biopsy and subsequent histopathologic
evaluation.!® However, conjunctival pathology specimens are
prone to tissue folding at the cut edge, which may prevent
adequate assessment of the surgical margin. Furthermore,
excisional biopsy with 2- to 3-mm margins is preferred over
incisional biopsy with melanocytic conjunctival lesions,!©
which may lead to wide margin excision with subsequent
ocular surface scarring for what is later determined to be a
benign lesion on histopathology.
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(a) Experimental setup. Pump and probe laser pulses are directed into a scanning microscope. The detection end measures the

modulation on the probe. (b) Image acquired with no delay between the pump and probe pulses. (¢) Image of same slide with probe delay changed,
for example, to 300 femtoseconds. The full response of the specimen is sampled by acquiring a range of probe delays, up to 16 picoseconds.

Adjunctive, noninvasive imaging of tumor and surgical
margins may improve surgical planning and recurrence
outcomes. Current techniques can visualize cross-sectional
tissue anatomy, but fail to give direct histologic or biologic
differentiation of these tissues. One means of assessing
melanocyte behavior and tumorigenesis is by measuring
melanin pigment chemistry: the balance between eumelanin
and pheomelanin.!'-13 Premalignant dysplastic cutaneous
lesions express higher quantities of pheomelanin,'# a
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pigment associated with increased photosensitivity!>!¢ and
oxidative stress.!” On the other hand, cutaneous malignant
melanomas express higher quantities of eumelanin.!8-2° By
comparison, conjunctival melanocytic lesion pigment chem-
istry has received little attention, despite the clinical and
biological similarities between conjunctival and cutaneous
melanoma.?! Here we analyze conjunctival melanocytic
lesions with a nonlinear optical technique. Although linear
spectroscopy methods can distinguish eumelanin and
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(a) Cumulative 0.25-THz phasor histogram for pump-probe images from 7 different fields of view from eight different lesions. (b)

Comparison of pump-probe responses of eumelanin, pheomelanin, hemoglobin, and surgical ink with cutaneous pigment.
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Figure 3. Cumulative 0.7-THz phasor histogram by lesion class: (a) all lesions imaged, (b) conjunctival nevi, (¢) PAM, and (d) melanoma.

pheomelanin,'® they suffer from extremely poor spatial
resolution and lack three-dimensional optical sectioning
capabilities, both issues can be addressed by nonlinear
optical methods.

Nonlinear (i.e., multiphoton) microscopy using femtosec-
ond lasers gives microscopic resolution in scattering media,
better penetration depth than conventional microscopy,?? and
has begun to see applications to ocular pathologies.?3-2>
Traditional nonlinear methods work only when the molecular
target creates light of a different color (e.g., by fluorescence),
which restricts imaging contrast to only a small set of
endogenous molecules. In contrast, recent technological
developments have made it possible to obtain chemical
contrast from “dark” molecules, vastly increasing the range
of endogenous targets.?° For example, two-color pump-probe
microscopy can differentiate between eumelanin and pheo-
melanin,?”?® and oxy- and deoxy-hemoglobin.?*3° It has been
successfully applied to differentiate cutaneous dysplastic nevi
from melanoma in biopsy sections,?® and has been used to
image animal models of melanoma in vivo.3!:32 Pump-probe is a
time-resolved spectroscopy technique, somewhat analogous to
fluorescence lifetime methods that have been used to map
endogenous fluorophores in the retina.3> Here we establish the
feasibility of pump-probe microscopy on ocular tissue by

examining unstained biopsy sections of conjunctival melano-
cytic lesions.

METHODS

Using pump-probe microscopy, we imaged several regions of
interest from eight conjunctival melanocytic lesions: three
benign nevi, two PAM lesions with severe atypia (melanoma-
in-situ), and three malignant melanomas. Images were
acquired directly from unstained 10-um-thick paraffin sec-
tions in a custom-built laser scanning microscope. For
comparison with histopathology, adjacent step sections were
stained with hematoxylin and eosin (H&E). Figure 1 shows
the experimental setup; more detail is described else-
where.?%27 In brief, we use a Coherent Mira optical
parametric oscillator (OPO; Coherent, Inc., Santa Clara, CA)
pumped by a Spectra-Physics Tsunami oscillator (Spectra-
Physics; Santa Clara, CA) to provide a train of wavelength-
tunable pulse pairs. The two lasers are tuned to 720 nm and
810 nm, respectively serving as the pump pulse and the
probe pulse, because eumelanin and pheomelanin exhibit
very distinct pump-probe responses at these wave-
lengths.?%28 The 720-nm pump is modulated at 2 MHz,
whereas the 810-nm probe is left unmodulated. Then both
pulse trains are directed into a laser scanning microscope,
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FiGure 4. Melanoma (MM1). (@) A 61-year-old male presented with pigmented conjunctival lesion enlarging over several years. Marked vascularity
of the lesion is evident clinically. (b) H&E-stained histology section, scale bar: 100 um. Intraepithelial melanocytic hyperplasia is noted on histology
while nests of atypical melanocytes invade substantia propria. Marked vascular congestion is also noted. (¢) Pump-probe image demonstrated
distribution of eumelanin (red) and pheomelanin (green) pigment, predominantly located near vasculature (rmagenta). Surgical ink in cyan. Scale

bar: 100 pm. (d) Associated phasor plot.

and attenuated so that approximately 3.75-mW pump and
3.75-mW probe power is incident on the specimen at the
focus of the microscope objective (10X, 0.25 numeric
aperture; Olympus, Center Valley, PA). There, nonlinear
optical interactions between the pump and the probe (such
as ground state depletion, excited state absorption, and
stimulated emission) transfer the 2-MHz modulation to the
probe. This signal is then detected with a photodiode and a
lock-in amplifier. Different pigments are resolved by scanning
the time delay between the pump pulse and the probe pulse,
T, and acquiring a stack of 55 images, each frame correspond-
ing to a different pump-probe delay. Each pixel of the
complete delay stack thus reflects the excited state photo-

dynamics as a function of time (i.e., probe delay). These
studies were conducted under a protocol approved by the
Duke University School of Medicine Institutional Review
Board, and in accordance with the tenets of the Declaration of
Helsinki.

To visualize each three-dimensional delay stack as a two-
dimensional map of pigment chemistry, we adapted the
technique of phasor analysis from fluorescence lifetime
microscopy®#3> to work with pump-probe data.3® In this
approach, the photodynamic behavior from each pixel is
decomposed into two parameters, g and s, given by the real
and imaginary parts, respectively, of the signal’s Fourier
transform at a given frequency. This enabled model-free



Investigative Ophthalmology & Visual Science

Pump-Probe Laser Microscopy as a Diagnostic Tool

IOVS | October 2013 | Vol. 54 | No. 10 | 6871

Normalized counts

FiGure 5. Melanoma (MM2). (@) A 79-year-old female with pigmented conjunctival lesion. (b) H&E-stained histology section, scale bar: 100 pm.
Nests of markedly atypical melanocytes were seen in substantia propria consistent with invasive malignant melanoma. (¢) Pump-probe image
demonstrated distribution of eumelanin (red) and pheomelanin (green) pigment with predominance of eumelanin. Hemoglobin (magenta) and
surgical ink (cyan) pigment are also noted. Scale bar: 100 pm. (d) Associated phasor plot.

analysis of the multiexponential signals, even at low signal-to-
noise levels. The key parameter is the frequency used for
phasor analysis: high-frequency phasors resolve fast differences
in photodynamics; low-frequency phasors resolve slow differ-
ences. We used two different phasor frequencies for our
analysis: 0.25 THz was selected to optimally discriminate
eumelanin and pheomelanin (and to compare with our prior
studies of cutaneous melanocytic lesions?%3%), and 0.7 THz
was selected to discriminate between pheomelanin and
surgical ink. Each image was acquired with an approximately
750 X 750-pum field of view. Larger fields of view were acquired
as separate tiles, manually aligned, and composited with
custom software written in MATLAB (The MathWorks, Inc.
Natick, MA).

RESULTS

All samples were successfully imaged with pump-probe
microscopy, and the pump-probe spectroscopic signatures
were consistent with pigments we expected to find in
conjunctival biopsy specimens (eumelanin, pheomelanin,
hemoglobin, and surgical ink), as summarized in Figure 2.
Figure 2a is a two-dimensional histogram of each pixel (above
the noise threshold) of all images in the (g, s) phasor
coordinate system at 0.25 THz. Because each image stack
contains 262,144 pixels, the data in (a) represent the
accumulation of millions of independent pump-probe mea-
surements. Representative pump-probe signatures for each
pigment were generated by averaging together the pixels that
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Ficure 6. Thin PAM with vasculature (PAM1). (@) A 55-year-old male with pigmented conjunctival lesion. (b) H&E-stained histology section, scale
bar: 100 um. The epithelium was replaced in full thickness by nests of atypical melanocytes consistent with PAM with atypia. (¢) Pump-probe image
illustrated predominance of pheomelanin (green) along basal epithelium. Surgical ink (cyan) and hemoglobin (magenta) pigments were noted.

Scale bar: 100 pm. (d) Associated phasor plot.

fell within the circled regions in Figure 2a. The resulting pump-
probe signatures are shown in Figure 2b, along with a
comparison to the corresponding pigments previously ob-
served in cutaneous pigmented lesions.?%3¢ Although the
oxygenation state of hemoglobin can be assessed by exchang-
ing pump and probe wavelengths,?® these tissue sections are
exposed to atmospheric air; therefore, all hemoglobin within is
assumed to be oxygenated.

Figure 3a shows the accumulated phasor plot at 0.7 THz
for all the delay stacks acquired. Compared with the 0.25-THz
analysis in Figure 2a, the eumelanin-pheomelanin mixing
path is more curved (characteristic of signals containing
positive and negative values3®); it is also easier to draw a
difference between pheomelanin and surgical ink at 0.7 THz.

The benign nevi (Fig. 3b) appeared to contain either
eumelanin or pheomelanin, with very little mixed melanin
content. The PAM lesions (Fig. 3¢) were dominated by a
pheomelanotic mixture, with very little pure eumelanin. The
melanomas (Fig. 3d) presented a wide range of pigment
mixtures.

Selected pump-probe images are shown in Figures 4
through 8, alongside corresponding H&E-stained slides for
comparison. Figure 4 shows a melanoma (MM1) imaged at the
border of the tumor. The pump-probe image shows a clear
distinction among surgical ink, hemoglobin, and melanin. The
bulk of this tumor lacks pigment, whereas the melanocytes at
the edge, embedded in the loose connective tissue and near
congested vasculature, express varying levels of eumelanin
and pheomelanin. In contrast, the melanoma shown in Figure
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Ficure 7. PAM with slightly higher atypia (PAM2). (a) H&E-stained histology section, scale bar: 100 pm. A diffuse atypical melanocytic
proliferation with increased cellularity and increased pigment is noted within epithelium. The epithelial thickness, cellular atypia, and pigment
gradually decreased in the left portion of the specimen. (b) Pump-probe image reveals the bulk of the lesion contains pheomelanin, with an
increasing eumelanin content toward the left. Scale bar: 100 um. (c) Associated phasor plot.

5 (MM2) exhibits significant pigmentation within the bulk of
the tumor, and predominantly expresses eumelanin. Figure 6
shows a thin primary acquired melanosis with atypia (PAM1),
with congested vasculature, expressing primarily pheomela-
nin. Figure 7 illustrates a primary acquired melanosis with
slightly higher atypia (PAM2). Compared with PAMI, this
lesion is much thicker and expresses a higher proportion of
eumelanin. Figures 8a through 8d show cystic structures in
benign nevi (BN1) with high eumelanin content. Figures 8e
and 8f illustrate engorged vasculature in a melanoma (MM3).
Figures 8g through 8j show pigmentation along reactive
fibrosis and within nests of melanocytes in a melanoma
(MM1D).

DISCUSSION

We report the first application of pump-probe technology to
image melanocytic conjunctival lesions. The pump-probe
images reveal spatial information on chemically specific
pigment distributions that are neither visible in the H&E-
stained slides, nor attainable through available adjunctival
tissue stains or immunohistochemical analysis. We identified
differences in photodynamic response between cutaneous
and conjunctival pigments (Fig. 2b). In the conjunctival
samples, eumelanin exhibits a shorter excited state lifetime
and pheomelanin exhibits a longer ground state recovery
time. One possible reason for the differences is that
melanocyte pigment expression is regulated by the signaling
with neighboring epithelial cells and fibroblasts.>” Another
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Ficure 8. Histologic structures observable by pump-probe microsco-
py (false color images show eumelanin in red, pheomelanin in green,
and hemoglobin in magenta). All scale bars: 100 um. (a) H&E-stained
section and (b) pump-probe image of nests of melanocytes and cysts
within substantial propria consistent with benign nevus. (¢) H&E-
stained section and (d) pump-probe image of subepithelial melanocytic
nests with associated cysts in a benign nevus. (e) H&E-stained section
and (f) pump-probe image of vascular congestion associated with
invasive melanoma. (g) H&E-stained section and (h) pump-probe image
of pigment migration with reactive fibrosis dividing sheets of atypical
melanocytes in a conjunctival melanoma. (i) H&E-stained section and
() pump-probe image of nests of atypical melanocytes with marked
pigmentation in invasive melanoma.

possibility for the differences in ground state bleaching signal
is variation in the iron content of eumelanin.?® A quantitative
analysis of pigment composition can be done by combining
delay stacks acquired with several different pump-probe
wavelength combinations, which will be useful in future
work.

There are qualitative differences in the pigment chemistry
distributions between benign nevi, primary acquired mela-

IOVS | October 2013 | Vol. 54 | No. 10 | 6874

nosis, and melanomas (Fig. 3). For the specimens we
examined here, melanomas appeared heterogeneous in
eumelanin/pheomelanin content, having more eumelanin
than pheomelanin. PAMs were also heterogeneous, with
more pheomelanin than the melanomas. Although PAM1
expressed primarily pheomelanin, PAM2, which showed
slightly more histopathologic cellular atypia, had a higher
proportion of eumelanin. This shift from pheomelanin to
eumelanin may indicate a biochemical marker for malignant
transformation, as we previously identified with cutaneous
melanoma.?® The group with the largest variance among
samples was the benign nevi, where one was highly
eumelanotic, another was amelanotic, and the third was
pheomelanotic. Cysts were visible in both of the pigmented
benign nevi. Although these benign nevi could not be
distinguished from PAMs and melanomas solely on the basis
of overall pigment chemistry, they differ markedly in terms
of spatial heterogeneity.

Quantitative analysis of the spatial distribution of the
pigment chemistry, as determined by phasor analysis, can be
done with a two-dimensional autocorrelation method (Ro-
bles FE, Wilson JW, Warren WS, manuscript in preparation).
Figure 9 illustrates three structural parameters based on this
analysis that correctly classify the pump-probe images we
have acquired. Here, benign lesions are well separated from
PAMs and melanomas, even though, as noted previously, the
chemical composition of the pigment varies widely. PAMs
and melanomas also group into different regions in this
three-dimensional plot. Larger population studies will be
necessary to define proper placement of decision lines and
evaluate whether this technique can reliably separate PAMs
and melanomas.

Although the results of this study are promising, this
series of patients is small (n = 8) and further studies with a
wider variety of lesions (including other types of PAM
lesions, e.g., with and without atypia) are necessary to
validate these preliminary findings and to determine the role
of pump-probe imaging in management of ocular melano-
cytic lesions. In addition, we used higher laser powers than
we previously used for cutaneous imaging, where the
pigments appear quite stable. Establishing an upper limit
on acceptable laser power will require further study of the
photostability of ocular melanins. Of course, because pump-
probe contrast is by nature limited to optically absorptive
pigments (e.g., melanins and hemoglobin), it should be
combined with either confocal reflectance or multiphoton
autofluorescence to provide morphologic context (we have
already developed a combined system for in vivo cutaneous
imaging3?). Although the images shown here were acquired
from pathology specimens, our technique can be adapted for
“in vivo” pigment imaging. We have already demonstrated
pump-probe imaging of cutaneous pigmented lesions in live
mice, by collecting back-scattered light.3!:32 Pump-probe
imaging of the retina even may be possible with the use of
adaptive optics, an approach that has enabled multiphoton
imaging of primate retinas “in vivo.”?°

In conclusion, pump-probe laser microscopy of conjunc-
tival melanocytic lesions demonstrated a correlation to the
histopathology, highlighting its potential use in clinical and
surgical management of conjunctival melanocytic lesions. It
may serve as an ‘‘in vivo’ optical biopsy and help
distinguish, via biochemical patterns of intrinsic melanins,
malignant and premalignant lesions from benign lesions.
Therefore, it may lead to reduced rate of unnecessary
surgical biopsies. Moreover, it may serve as a surgical adjunct
to identify lesion margins in subtle cases. And, most
importantly, it may allow postexcisional surveillance for
tumor recurrence in melanoma cases on the molecular level.



Investigative Ophthalmology & Visual Science

Pump-Probe Laser Microscopy as a Diagnostic Tool

<1 S

0.08

0.06. "

* MM
o PAM
A Benign

Pheomel. ACF distribution

IOVS | October 2013 | Vol. 54 | No. 10 | 6875

0.35
0.3

0.25

0.2 .
e\ d‘\str'\bu“o“

percent e

Ficure 9. Quantification of pigment spatial distribution based on a two-dimensional autocorrelation function (ACF) method. Each point
corresponds to one field of view. Different lesion types group into different regions of a three-dimensional plot.
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