
Multidisciplinary Ophthalmic Imaging

Polarization-Diversity Optical Coherence Tomography
Assessment of Choroidal Nevi

Yusi Miao,1 Hoyoung Jung,2 Destiny Hsu,3 Jun Song,4 Shuibin Ni,5 Da Ma,6 Yifan Jian,5

Shuichi Makita,7 Yoshiaki Yasuno,7 Marinko V. Sarunic,3,8,9 Kirk A. J. Stephenson,1

Katherine Paton,1 Zaid Mammo,1 and Myeong Jin Ju1,4

1Department of Ophthalmology and Visual Sciences, University of British Columbia, Vancouver, British Columbia, Canada
2Faculty of Medicine, University of British Columbia, Vancouver, British Columbia, Canada
3School of Engineering Science, Simon Fraser University, Burnaby, British Columbia, Canada
4School of Biomedical Engineering, University of British Columbia, Vancouver, British Columbia, Canada
5Case Eye Institute, Oregon Health & Science University, Portland, Oregon, United States
6Gerontology and Geriatric Medicine, Wake Forest University School of Medicine, Winston-Salem, North Carolina,
United States
7Faculty of Medicine, University of Tsukuba, Tsukuba, Ibaraki, Japan
8Department of Medical Physics and Biomedical Engineering, University College London, London, England,
United Kingdom
9Institute of Ophthalmology, University College London, London, England, United Kingdom

Correspondence: Myeong Jin Ju and
Zaid Mammo, 2550 Willow Street,
Vancouver, BC V5Z 3N9, Canada;
myeongjin.ju@ubc.ca,
zaid.mammo@ubc.ca.

YM and HJ contributed equally to
this work.

Received: March 30, 2023
Accepted: October 9, 2023
Published: November 6, 2023

Citation: Miao Y, Jung H, Hsu D,
et al. Polarization-diversity optical
coherence tomography assessment
of choroidal nevi. Invest Ophthalmol
Vis Sci. 2023;64(14):6.
https://doi.org/10.1167/iovs.64.14.6

PURPOSE. The purpose of this study was to demonstrate the utility of polarization-diversity
optical coherence tomography (PD-OCT), a noninvasive imaging technique with melanin-
specific contrast, in the quantitative and qualitative assessment of choroidal nevi.

METHODS. Nevi were imaged with a custom-built 55-degree field-of-view (FOV) 400 kHz
PD-OCT system. Imaging features on PD-OCT were compared to those on fundus photog-
raphy, auto-fluorescence, ultrasound, and non-PD-OCT images. Lesions were manually
segmented for size measurement and metrics for objective assessment of melanin distri-
butions were calculated, including degree of polarization uniformity (DOPU), attenuation
coefficient, and melanin occupancy rate (MOR).

RESULTS. We imaged 17 patients (mean age = 69.5 years, range = 37–90) with 11
pigmented, 3 non-pigmented, and 3 mixed pigmentation nevi. Nevi with full margin
acquisition had an average longest basal diameter of 5.1 mm (range = 2.99–8.72 mm)
and average height of 0.72 mm (range = 0.37 mm–2.09 mm). PD-OCT provided clear
contrast of choroidal melanin content, distribution, and delineation of nevus margins
for melanotic nevi. Pigmented nevi were found to have lower DOPU, higher attenuation
coefficient, and higher MOR than non-pigmented lesions. Melanin content on PD-OCT
was consistent with pigmentation on fundus in 15 of 17 nevi (88%).

CONCLUSIONS. PD-OCT allows objective assessment of choroidal nevi melanin content and
distribution. In addition, melanin-specific contrast by PD-OCT enables clear nevus margin
delineation and may improve serial growth surveillance. Further investigation is needed
to determine the clinical significance and prognostic value of melanin characterization
by PD-OCT in the evaluation of choroidal nevi.

Keywords: optical coherence tomography (OCT), choroidal nevi, choroidal melanoma,
polarization

Choroidal nevi are common benign intraocular
neoplasms with a prevalence ranging from 0.15% to

6.5% depending on ethnicity.1–5 Malignant transformation of
a choroidal nevus to malignant choroidal melanoma has an
estimated annual rate of 1 in 8845.6 Prognosis for choroidal
melanoma is poor, as approximately 50% of patients
develop metastatic disease, and the 5-year mortality rate is
30%, although this varies depending on clinical staging.7,8

Choroidal melanoma can spread micrometastases at an
early stage; thus, long-term prognosis is improved with
early diagnosis and treatment.9,10 Clinical differentiation

between benign choroidal nevi and choroidal melanoma
requires thorough examination through multimodal imag-
ing, which includes fundus photography, fluorescein
angiography, indocyanine green angiography, fundus
autofluorescence (FAF), optical coherence tomography
(OCT), and ultrasonography (US).11

Whereas OCT has been extensively used for assess-
ing choroidal nevi and the secondary changes affecting
the overlying retina and choriocapillaris, it lacks tissue-
specific contrast within the various layers of the eyes.12,13

Polarization-sensitive OCT (PS-OCT) has been developed as
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a functional extension of OCT that measures the polariza-
tion state of light.13–17 The degree of polarization uniformity
(DOPU) is a metric that has been developed to measure
this depolarization and was found to increase as melanin
concentration decreased.13,14,18 Polarization-diversity OCT
(PD-OCT) is a type of PS-OCT described in a previous
study19 that is capable of obtaining DOPU contrast in addi-
tion to scattering information attainable by conventional
swept-source OCT imaging, which we refer to as “non-PD-
OCT” in this paper. Based on the fact that melanin depolar-
izes light, PD-OCT provides tissue-specific contrast of retinal
and choroid layers containing melanin.

Melanin is a pigment molecule produced by uveal
melanocytes in the iris, ciliary body, and choroid, and by
retinal pigment epithelial (RPE) cells, of which the RPE
is the most studied.20 Uveal melanin is believed to play
a photoprotective role protecting melanocytes from oxida-
tive stress, and is responsible for nevus pigmentation.20 Up
to 89% of choroidal nevi are pigmented,21,22 whereas 5%
to 10% are non-pigmented.23,24 The terms “pigmented” and
“melanotic” are often used interchangeably, however, we use
“pigmented” to refer to fundus photograph appearance and
“melanotic” to refer to melanin content on PD-OCT. Varia-
tion in nevi pigmentation can be attributed to their cellu-
lar composition, as there exist different subtypes of atypical
melanocytes associated with different amounts of melanin.25

Likewise, primary uveal melanomas are derived from the
same cell population and thus also have varying pigmenta-
tion.26,27 Clinical assessment of lesion pigmentation is typi-
cally done subjectively based on indirect ophthalmoscopy or
fundus photography, which only provides a frontal projec-
tion of the retina with no depth-specific information.

In this study, we assess the utility of PD-OCT imaging of
nevi in (1) objective assessment of lesion pigmentation and
(2) margin delineation. For objective assessment of pigmen-
tation, we perform quantitative analysis of nevus melanin
signal on PD-OCT and determine its correlation to pigmen-
tation on fundus photography. For margin delineation, we
compare nevus margins delineated with DOPU signal on
PD-OCT with margins delineated by scattering intensity on
non-PD-OCT, as well as margins measured with US, which
is the gold standard for clinical assessment of nevi. We
hypothesize that intrinsic melanin content of nevi will be
consistent with their pigmentation on fundus photograph,
and melanin-specific contrast imaging through PD-OCT will
distinguish nevus-specific, depth resolved lesion margins
consistent with margins delineated with non-PD-OCT and
ultrasonography.

METHODS

Patient Recruitment and Data Collection

We performed a cross-sectional study of patients with
choroidal nevi between October 2021 and August 2022
at 2 high-volume ophthalmology clinics in the Vancouver
General Hospital (Vancouver, British Columbia, Canada).
Patients diagnosed with at least one choroidal nevus were
included in the study. Patients were given dilating eye drops
(using 2.5% phenylephrine hydrochloride and 1% tropi-
camide) and underwent imaging with fundus photography
(Topcon TRC-50DX, Topcon Corporation, Tokyo, Japan),
auto-fluorescence (Optos P200dTx; Optos Inc., Marlbor-
ough, MA, USA, or Heidelberg Spectralis, Heidelberg Engi-
neering Gmbh, Germany), and a research-prototype PD-

OCT. Patients underwent formal ultrasonography (Aviso S;
Quantel Medical, Bozeman, MT, USA) in all non-flat lesions
as judged by clinical examination and commercial OCT
imaging. Fundus pigmentation, presence of orange pigment
on fundus autofluorescence, and PD-OCT features were eval-
uated independently by three ophthalmologists (authors
K.S., K.P., and Z.M.). All patients were informed of the
purpose and implications of the study, and written informed
consent was obtained from each participant before partici-
pating in the study. This study was approved by the research
ethics board at the University of British Columbia (human
ethics protocol H19-03110) and followed the tenets of the
Declaration of Helsinki.

System and Imaging Protocol

The PD-OCT system used in this study is based on our previ-
ous human retinal imaging swept-source OCT system28 and
illustrated in Supplementary Figure S1. The light source used
is a vertical cavity surface emitting laser (VCSEL; SVM10F-
0210; Thorlabs, Inc., Newton, NJ, USA), with an A-scan rate
of 400 kHz, center wavelength of 1060 nm, and a band-
width of 100 nm (-10 dB), providing an axial resolution of
7.06 μm in air. A custom-built retinal scanner was attached
to the scanning arm, designed based on the 55-degree
handheld OCT scanning head previously published.29 The
beam diameter at the pupil is measured to be 1.3 mm with
sample power of 1.5 mW at the cornea. The OCT inter-
ference signal is digitized by a 12-bit waveform digitizer
(ATS9373; AlazarTech Inc., Pointe-Claire, Quebec, Canada)
with 1536 sampling points, allowing dual-channel acquisi-
tion at a rate of 1.5 Giga-samples/second. A bi-directional
scanning pattern was used to perform high-speed raster
scanning with a high duty cycle, with volume sizes of 1000
A-scans by 1000 B-scans, corresponding volume acquisition
time of 2.5 seconds/volume.30 Polarization diversity detec-
tion unit implemented in PD-OCT enables the measurement
of an orthogonally polarized beam state (called the hori-
zontal H- and vertical V-channels) of the detected signal via
polarization beam splitter. This in turn is used to compute
DOPU, which is a measure of the circular variance of Stokes
vectors in a local region.31,32 DOPU contrast determines the
amount to which the polarization state of the input beam
is preserved after interaction with the sample, with 1 indi-
cating no change in polarization, and 0 being a completely
randomized polarization state. In addition, a composite of
two polarization channels in PD-OCT can be generated to
produce a scattering intensity image, equivalent to a conven-
tional OCT obtained by a commercial swept-source system,
which we refer to as “non-PD-OCT.”

Post-Processing and Multiparametric
Characterization of Nevi

To differentiate tissue characteristics in choroidal nevi, we
used a post-processing pipeline outlined in Supplemen-
tary Figure S2 to produce several nevi characterization
metrics. The pre-processing step computes the complex OCT
volumes of two polarization channels from the interference
signals recorded from the two balanced detectors in PD-
OCT, which is accompanied by wavenumber linearization,33

numerical dispersion correction, and fast Fourier transforma-
tion. Non-PD OCT images were generated by taking compos-
ite of the complex OCT images acquired from two polariza-

Downloaded from abstracts.iovs.org on 04/24/2024



3D Functional Imaging of Intraocular Tumor IOVS | November 2023 | Vol. 64 | No. 14 | Article 6 | 3

tion channels after correcting the phase offset between the
two channels. The complex OCT images from two polar-
ization channels were converted to DOPU B-scans with the
adaptive DOPU averaging kernel algorithm described in our
previous study.19 In this study, the size of the adaptive DOPU
averaging kernel was set to 3 (axial) × 5 (lateral) pixels,
empirically determined to provide optimal image quality.
The resulting DOPU values undergo a final threshold and
filtering with a three-dimensional median filter (3 × 3 × 3
pixels) to eliminate excess background noise. The DOPU
en face maps were then generated by taking a minimum
projection of DOPU values along the depth axis. The size
of melanotic nevi was determined from the DOPU en face
by manually segmenting regions of relatively lower DOPU
compared to their surroundings. The area of the segmented
regions was quantified in terms of the number of pixels, and
the longest axis length was measured and converted to its
physical length based on the resolution of the pixels.

Two additional metrics were introduced to quantitatively
assess tissue properties in choroidal nevi. Attenuation coef-
ficient was derived from non-PD-OCT images using the
depth-resolved method proposed by Vermeer et al.,34 which
assesses the scattering and absorption properties of the
targeted tissue. Melanin occupancy rate was derived from
PD-OCT data and calculated as the percentage area of low-
DOPU (<0.95) within the nevus margin. We created melanin
distribution maps from DOPU B-scans by highlighting only

the low-melanin area of each lesion. Note the calculation of
melanin occupancy rate is similar to the method proposed
by Miura et al.,35 but the threshold value was modified
as all of our patients are of Caucasian background, which
is associated with lower choroidal melanin than people of
Asian background.36,37 Finally, the lesion corresponding to
choroidal nevi was manually segmented from non-PD-OCT
B-scans via a segmentation assistant software (ITK-Snap).38

The segmentation mask was then applied to DOPU B-scans,
attenuation B-scans, and melanin distribution map to get
quantification metrics.

RESULTS

We examined 17 nevi from 17 patients, of which 11
were pigmented, 3 were non-pigmented, and 3 had mixed
pigmentation based on appearance on fundus photography.
Patient demographics and all nevi clinical characteristics,
including quantitative analysis of melanin features on PD-
OCT are summarized in the Table.

Nevus pigmentation on fundus photography was consis-
tent with melanin appearance on PD-OCT in 15 of 17
cases (88%). Figure 1 shows a pigmented nevus demonstrat-
ing a melanotic appearance on PD-OCT. Nevi with mixed
pigmentation had a heterogenous melanin distribution on
PD-OCT consistent with its fundus appearance, as shown
in Figure 2, whereas these contrasting areas could not be

TABLE. Patient Demographics and Nevi Characteristics

Feature Pigmented Mixed Non-Pigmented

Total number of nevi 11 (100) 3 (100) 3 (100)
Average age (SD) 68 (17) 84 (6) 61 (15)
Gender

Male 5 (45) 1 (33) 2 (66)
Female 6 (55) 2 (66) 1 (33)

Involved eye
Left 6 (55) 3 (100) 1 (33)
Right 5 (45) 0 (0) 2 (66)

Ethnicity Caucasian 11 (100) 3 (100) 3 (100)
Quadrantic location

Macula 2 (18) 0 (0) 0 (0)
Inferior 1 (9) 1 (33) 1 (33)
Temporal 6 (55) 1 (33) 2 (66)
Superior 1 (9) 1 (33) 0 (0)
Nasal 1 (9) 0 (0) 0 (0)

Size measured with non-PD-OCT*

Basal diameter, mm (SD) 4.56 (1.36) 5.65 (0.42) 6.33 (2.06)
Height, mm (SD) 0.58 (0.11) 0.57 (0.07) 1.23 (0.78)
Area, mm2 (SD) 12.49 (6.81) 16.86 (3.79) 25.37 (16.43)

Subretinal fluid 4 (33) 0 (0) 1 (33)
Orange pigment on AF

Yes 0 (0) 0 (0) 1 (33)
No 9 (82) 3 (100) 2 (67)
AF not available 2 (18) 0 (0) 0 (0)

RPE melanin loss on PD-OCT
Yes 6 (55) 1 (33) 2 (50)
No 5 (45) 2 (66) 1 (50)

Mean DOPU (SD) 0.896 (0.080) 0.985 (0.017) 0.994 (0.010)
Mean attenuation coefficient (SD) 1.521 (0.650) 1.354 (0.421) 1.117 (0.284)
Melanin occupancy, % (SD) 47.2 (32.9) 15.6 (18.7) 6.42 (11.1)

Pigmentation was determined based on fundus photo appearance. Percentages are written in parentheses, unless otherwise specified.
SD, Standard deviation; AF, autofluorescence; PD-OCT, Polarization-diversity optical coherence tomography; DOPU, degree of polarization

uniformity.
* Size measurement was not possible for two pigmented nevi and one mixed nevus due to incomplete margin acquisition.
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FIGURE 1. Macular pigmented choroidal nevus. (A) Fundus photograph. (B) Fundus autofluorescence. (C, D) Non-polarization-diversity
optical coherence tomography (non-PD-OCT) en face B-scan, with an example margin segmentation shown in D. (E, F) Non-PD-OCT
en face projection with margins segmented on non-PD-OCT B-scans shown as a yellow overlay in F. The red line indicates location of the
B-scan shown in C and D. (G, H) Degree of polarization uniformity (DOPU) en face projection with margins segmented on non-PD-OCT
B-scans shown as a yellow overlay in H.

FIGURE 2. Mixed pigmentation nevus temporal to the macula. (A) Fundus photograph showing focal areas of chorioretinal atrophy supe-
rior to the lesion. (B) Fundus autofluorescence showing hypoautofluorescent signal along the areas of chorioretinal atrophy. (C, D) Non-
polarization-diversity optical coherence tomography (non-PD-OCT) en face B-scan, with an example margin segmentation shown in D.
(E, F) Non-PD-OCT en face projection, with margins segmented on non-PD-OCT B-scans shown as a yellow overlay in F. The red line
indicates the location of the B-scan shown in C and D. (G, H) Degree of polarization uniformity (DOPU) en face projection, with margins
segmented on non-PD-OCT B-scans shown as a yellow overlay in H.

distinguished on non-PD-OCT en face projection (see
Fig. 2C). Non-pigmented nevi such as the case in Figure 3
demonstrated low melanin signal on PD-OCT and low light

attenuation on non-PD-OCT and DOPU B-scan projections
(see Figs. 3E, 3G), with adequate light penetration for visual-
ization of the scleral boundary. Pigmented lesions were asso-
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FIGURE 3. Non-pigmented nevus temporal to the macula. (A) Fundus photograph. (B) Fundus autofluorescence. (C, D) Non-polarization-
diversity optical coherence tomography (non-PD-OCT) en face B-scan, with an example margin segmentation shown inD. (E, F) Non-PD-OCT
en face projection, with margins segmented on non-PD-OCT B-scans shown as a yellow overlay in F. The red line indicates location of the
B-scan shown in C and D. (G, H) Degree of polarization uniformity (DOPU) en face projection, with margins segmented on non-PD-OCT
B-scans shown as a yellow overlay in H.

ciated with lower DOPU, higher melanin occupancy, and
higher attenuation coefficients than non-pigmented lesions
(Fig. 4). We identified two cases with a discrepancy between
fundus pigmentation and melanin appearance on PD-OCT.
Both cases appeared pigmented on fundus photograph
but primarily amelanotic with some melanotic regions on
PD-OCT, an example is shown in Figure 5. These nevi
demonstrated low attenuation, high DOPU, and low melanin
occupancy, similar to other amelanotic nevi in our study.
Otherwise, 9 of 11 (82%) of pigmented lesions had a corre-
sponding melanotic appearance on PD-OCT, 3 of 3 (100%)
mixed pigmentation cases had mixed melanin appearance
on PD-OCT, and 3 of 3 (100%) non-pigmented cases had
amelanotic appearance on PD-OCT.

Height, basal diameter, and area measurements of nevi
were obtained by manual segmentation of non-PD-OCT
B-scans. As two pigmented nevi and one mixed nevus did
not have full margin acquisition, size measurement was not
performed for these cases. The remaining 14 nevi imaged
with full margin acquisition had an average longest basal
diameter of 5.1 mm (range = 2.99–8.72 mm), average height
of 0.72 mm (range = 0.37 mm–2.09 mm), and area of
15.87 mm2 (range = 3.92–42.78 mm2). Figure 2 shows
a pigmented nevus with a well-circumscribed margin on
DOPU en face projection (see Fig. 2D) consistent with its
appearance on fundus photograph (see Fig. 2A), whereas
margins are not as clear on non-PD-OCT en face projection
(see Fig. 2C). Nonpigmented nevi had poor margin delin-
eation on PD-OCT, except for a case shown in Figure 4, in
which concurrent melanin loss in the RPE caused the nevus
to have a lower melanin signal on PD-OCT en face projec-
tion compared to the surrounding choroid. Similar to the
pigmented nevi, this enabled margin delineation on PD-OCT,

whereas these contrasting areas could not be distinguished
on non-PD-OCT en face projection. To further evaluate the
accuracy of margin assessment with PD-OCT, we compared
the measurements of lesion area and height obtained from
non-PD-OCT, DOPU, and US images. Figure 6A shows
the comparison of lesion area measurements from volume
segmentation of non-PD-OCT versus DOPU en face projec-
tion image in 11 pigmented nevi. Nevus margin delin-
eation with segmentation of single DOPU en face projec-
tions yielded similar size measurements, despite requir-
ing significantly less manual labor, than margin delineation
with whole-volume segmentation of non-PD-OCT B-scans.
Segmentation of non-PD-OCT en face projections were not
possible due to poor margin visualization in the majority of
cases in our cohort. Of 11 pigmented nevi, 8 had a smaller
area measurement on PD-OCT compared to non-PD-OCT,
with an average difference of −0.8 mm2 (range = −8.0 mm2

to 5.7 mm2. Furthermore, lesion height measurements on
US were compared to that on non-PD-OCT in 11 non-flat
nevi. Nevi height measured on non-PD-OCT B-scan were
found to be generally lower than the height measured on US
especially in smaller nevi, although larger nevi were found
to have better concordance of apical height measurements
between US and non-PD-OCT (see Fig. 6B). Of these 11 non-
flat nevi, 10 cases had a greater height measurement on ultra-
sound compared to non-PD-OCT, with average difference
of 0.5 mm (range = −0.19 mm to −0.80 mm) between the
2 methods. Bland-Altman plots showing the agreeability in
area and height measurements between different modalities
are shown in Supplementary Figures S3 and S4, respectively.
The lesion height comparison between US and PD-OCT was
not conducted in this study due to the small number of
pigmented nevi cases (N = 6) that also had US taken.

Downloaded from abstracts.iovs.org on 04/24/2024



3D Functional Imaging of Intraocular Tumor IOVS | November 2023 | Vol. 64 | No. 14 | Article 6 | 6

A1 A2 A3 A4 A5

B1 B2 B3 B4 B5

C1 C2 C3 C4 C5

D1 D2 D3 D4 D5

FIGURE 4. Quantitative assessment of nevi from polarization-diversity optical coherence tomography (PD-OCT). Column 1: Fundus photo-
graph. Column 2: Non-PD-OCT B-scan with linear scale representation. Column 3: Attenuation coefficient (AC) projection. Column 4: Degree
of polarization uniformity (DOPU) projection. Column 5: Melanin occupancy rate (MOR) projection. Shown are example cases of a pigmented
nevus (row A), pigmented nevus with mixed melanotic/amelanotic appearance on PD-OCT (row B), mixed pigmentation nevus (row C), and
non-pigmented nevus (row D) are shown.

DISCUSSION

In this study, we have demonstrated PD-OCT-enabled objec-
tive assessment of choroidal nevus melanin content and
clear margin characterization. Melanin contrast imaging
through PD-OCT provides visualization of superficial and
deep melanin within the RPE and choroid. In addition to
melanin contrast, the scattering contrast used by PD-OCT
enables visualization of the hyperreflective RPE, the anterior
nevus margin, as well as secondary retinal changes such as
subretinal fluid, shaggy photoreceptors, and drusen.39

Nevus pigmentation is typically assessed subjectively
through fundus photography, which can also provide infor-
mation regarding nevi size and location, but only provides
a frontal projection and no depth-specific pigmentation
information. Although non-PD-OCT is not used to deter-

mine pigmentation, pigmented nevi generally demonstrate
increased reflectivity and optical shadowing compared to
non-pigmented nevi,40 which is consistent with our find-
ings. Although 88% of our cases demonstrated melanin
content on PD-OCT consistent with fundus pigmentation,
we identified two cases in which nevi appeared pigmented
on fundus photograph but appeared primarily amelanotic
with some melanotic regions on PD-OCT. Given their low
melanin signal, it is possible that the presence of other
dense tissue material within these nevi are responsible for
their pigmentation and increased light attenuation, such
as necrotic tissue.41 Therefore, although nevus pigmenta-
tion on fundus photograph is consistent with its melanin
content in the majority of cases, they are not necessarily
interchangeable. Given our limited sample size with three
mixed pigmentation nevi and three non-pigmented nevi,
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FIGURE 5. Juxtapapillary pigmented nevus. (A) Fundus photograph. (B) Fundus autofluorescence. (C, D) Non-polarization-diversity optical
coherence tomography (non-PD-OCT) en face B-scan, with an example margin segmentation shown in D. (E, F) Non-PD-OCT en face
projection, with margins segmented on non-PD-OCT B-scans shown as a yellow overlay in F. The red line indicates B-scan shown in C
and D. (G, H) Degree of polarization uniformity (DOPU) en face projection showing a mixed melanotic/amelanotic appearance despite
pigmented appearance on fundus, with margins segmented on non-PD-OCT B-scans shown as a yellow overlay in H.

FIGURE 6. Comparison of margins assessed with non-polarization-diversity optical coherence tomography (non-PD-OCT) B-scans, degree of
polarization uniformity (DOPU) en face projections, or ultrasonography. (A) Nevi area measurement based on DOPU en face and non-PD-
OCT volume segmentation of pigmented nevi (N = 11). (B) Nevi height measurement based on ultrasonography and non-PD-OCT volume
segmentation (N = 11). Of 17 nevi in our cohort, 11 underwent ultrasonographic imaging (6 pigmented, 3 mixed pigmentation, and 2
non-pigmented).

further imaging of nevi with varying pigmentation can help
to elucidate the true relationship between fundus pigmenta-
tion and intrinsic melanin content. Future studies may also
investigate whether there is a discrepancy between fundus
pigmentation and melanin appearance on PD-OCT of other
pathologies, such as melanoma or choroidal metastases.

Nevus height and basal diameter are important clinical
considerations in stratifying risk of malignant transforma-
tion and monitoring for growth.42 We demonstrated that

lesion size measured based on scattering contrast with non-
PD-OCT was consistent with lesion size measured based
on melanin contrast with PD-OCT. Furthermore, height of
lesions measured through manual segmentation of non-PD-
OCT images was consistent with the height measured by US
for lesions of height greater than 1.5 mm, however, smaller
nevi measured with US had a greater apparent height than
when measured with non-PD-OCT. The discrepancy in the
height measurements between OCT and US in the case of
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smaller size nevi is likely attributed to the differences in axial
resolution, as the axial resolution of OCT ranges from 1 to
15 μm whereas the axial resolution of typical ophthalmic
US is around 450 μm.43,44 This is consistent with findings
reported in previous studies,45,46 thus the height of smaller
lesions is best measured with OCT, especially those under
1 mm.47 Given the limited depth resolution of OCT, increased
light attenuation by large, melanotic lesions can impede
visualization of the scleral boundary.39 For such larger cases,
US is generally preferred over OCT for determining lesion
height.

Our cohort was entirely comprised of patients of
Caucasian ethnicity, whose low background choroidal
melanin37 provided a high degree of contrast with the strong
melanin signal of melanotic nevi imaged with PD-OCT. This
enabled margin visualization on PD-OCT based on differ-
ence in the melanin content between the lesion and the
surrounding healthy choroid and RPE, whereas this contrast
was not visible on non-PD-OCT images. As amelanotic nevi
have a lower melanin content,margins were generally poorly
defined with PD-OCT in two of three cases. An exception
is the amelanotic nevus in Figure 5, in which there was
concurrent loss of melanin in the RPE overlying the lesion,
which caused the melanin signal of the lesion on PD-OCT
en face projection to appear lower than the surrounding
part. However, it is important to note that the region of
melanin loss in the RPE does not necessarily correspond
to the extent of the nevus itself. Further adding to this, nevi
can be comprised of a heterogenous population of melanotic
and amelanotic cells,48 thus the melanotic region of a nevus
visualized by PD-OCT may not necessarily represent the
entire lesion area. Nevertheless, melanin contrast imaging
provides an additional dimension to the clinical assessment
of choroidal nevi, and when combined other acknowledged
clinical characteristics of nevi including thickness, diameter,
and subretinal fluid, may be a useful tool for the longitu-
dinal assessment of nevi for growth. Serial follow-up imag-
ing of nevi with PD-OCT is needed to determine whether
melanin distribution patterns change over time and if these
changes are associated with lesion growth. The develop-
ment of advanced segmentation techniques to isolate layer-
specific melanin signal may also improve assessment of
melanin changes in these regions over time.

We demonstrated that the size and shape of melan-
otic nevi with diameter between 3 and 8 mm can be reli-
ably assessed using our PD-OCT system. Furthermore, a
55-degree wide scanning angle retinal scanner combined
with high-speed swept-source laser was implemented to
achieve an unprecedented wide FOV. Supplementary Table
S1 summarizes the imaging protocols of similar PS-OCT and
PD-OCT systems in terms of FOV, A-line speed, and acquisi-
tion time. Having a large FOV not only helps to capture rela-
tively large choroidal lesions but also minimizes the require-
ment of operator input to identify nevi located in the periph-
eral retina.

We have demonstrated that depth-resolved ocular
melanin visualized by PD-OCT can be further assessed
through objective measures including DOPU, attenuation
coefficient, and MOR. Pigmented nevi demonstrated lower
DOPU values, higher light attenuation, and higher melanin
occupancy than nonpigmented nevi. In particular, MOR was
found to differ widely among pigmented lesions, likely due
to the highly scattering nature of pigmented lesions prevent-
ing adequate light penetration to visualize melanin down
to the scleral boundary of elevated lesions. Although we

demonstrate that PD-OCT can enable objective assessment
of ocular melanin, further studies are needed to refine our
understanding of how melanin synthesis and distribution
are implicated in the pathogenesis of choroidal nevi and
melanomas.

Although PD-OCT confers unique advantages in enabling
melanin-specific contrast imaging of the posterior retina and
choroid, this imaging modality comes with several limita-
tions. First, although our system is the largest FOV PD-OCT
system published to date, the FOV is still limited compared
to that of a commercial wide field scanning laser ophthal-
moscope which can have an FOV of up to 200 degrees. As
a result, full margin acquisition of choroidal lesions located
near the equator with our PD-OCT system remains a chal-
lenge. A previous study has suggested that an FOV of more
than 100 degrees is desirable for a reduction in total imaging
time and detecting peripheral retinal pathologies.49 Further-
more, limitations in measurable depth range at a given illu-
mination power made it challenging to visualize the scle-
ral boundary and measure the height of highly scatter-
ing melanotic nevi. Given our small sample size and low
number of mixed pigmentation and non-pigmented nevi, an
increased sample size may further elucidate differences in
PD-OCT imaging features of different pigmentation groups
of nevi. As mentioned previously, all patients in our study are
Caucasian, therefore, we cannot validate whether our objec-
tive assessment of melanin and nevus margin delineation is
affected by race-based differences in choroidal melanin.36,37

DOPU is also dependent on the polarization state of the
incident light, which may prevent extrapolation of DOPU
values across different patients. Previous studies have intro-
duced the computation of entropy as well as depolarization
index, which are insensitive to incident polarization state, as
a reproducible parameter to report melanin quantity.17,50–52

CONCLUSIONS

In this study, we demonstrated that melanin-specific contrast
provided by PD-OCT can be useful in assessing lesion
margin, melanin content, and size, in addition to visualiza-
tion of secondary retinal changes with scattering contrast. En
face intensity projection of DOPU showed clear delineation
of melanotic nevi margins, as well as some amelanotic nevi
in patients with high baseline choroidal melanin. In future
studies, advanced image segmentation techniques can be
integrated to improve lesion margin visualization of amelan-
otic nevi. Compared to conventional imaging modalities, PD-
OCT enables objective assessment of melanin in choroidal
lesions. Further imaging with a larger sample size can corre-
late nevus pigmentation on fundus photograph with objec-
tive melanin parameters measured by PD-OCT, including
attenuation coefficient, DOPU, and MOR. Serial follow-up
imaging is needed to determine whether melanin distri-
bution patterns of nevi are associated with lesion growth.
Further studies are also needed to refine our understand-
ing of how melanin distribution within nevi is implicated in
tumor pathogenesis and risk of malignant transformation.
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