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Abstract

Optical coherence tomography (OCT) is a non-invasive imaging modality providing real-time micrometer-scale resolution
without conventional tissue processing. This study evaluated the diagnostic potential of OCT for distinguishing normal
thyroid tissue from a broad spectrum of thyroid carcinomas in a pathological context. OCT imaging was performed on
formalin-fixed thyroid specimens from 41 cases, including papillary (PTC, n=11), follicular (FTC, n=6), oncocytic (OCA,
n=3), anaplastic (ATC, n=9), and medullary thyroid carcinoma (MTC, n=12), with corresponding hematoxylin and eosin
sections for correlation. Quantitative parameters were developed or adopted, including surface irregularity, penetration
depth, tissue brightness, and gray-level co-occurrence matrix texture features. Qualitative analysis demonstrated visual-
ization of tumor-specific architectural patterns, while three-dimensional reconstruction enabled depth-resolved assessment
of capsular invasion and peri-capsular vascular structures. All quantitative metrics significantly differentiated carcinoma
from normal tissue and showed discriminative capability across carcinoma subtypes. These findings highlight OCT as a
high-resolution, label-free modality with utility in thyroid cancer diagnosis.
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1 Introduction

Thyroid cancer, the most common endocrine malignancy,
accounts for approximately 4.7% of newly diagnosed can-
cers worldwide, ranking seventh overall and fifth among
women [1]. Among thyroid cancers, papillary thyroid car-
cinoma (PTC) represents 80-85%, followed by follicular
thyroid carcinoma (FTC), oncocytic carcinoma (OCA),
medullary thyroid carcinoma (MTC), and anaplastic thy-
roid carcinoma (ATC) [2]. Differentiated thyroid carcino-
mas (DTCs; PTC, FTC, OCA) generally have excellent
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prognoses and are managed with thyroidectomy, lymph
node dissection, and radioactive iodine [3, 4]. In contrast,
ATC is highly aggressive [3, 5], and MTC, a neuroendocrine
tumor from parafollicular C cells, has a hereditary compo-
nent requiring early detection and genetic screening [2].

Ultrasonography (US) with fine-needle aspiration (FNA)
cytology is the gold standard for preoperative evaluation
[3]. Yet up to 30% of FNAs are indeterminate, often leading
to diagnostic surgery or intraoperative frozen section (FS)
[6]. Approximately 75% of such surgeries prove benign,
indicating unnecessary interventions. Molecular testing is
recommended for indeterminate FNA but limited by cost
and infrastructure.

FS offers rapid assessment but has limitations—tis-
sue destruction, difficulty with calcified/small nodules,
and frozen artifacts impairing nuclear evaluation—raising
questions about its value [7, 8]. Furthermore, intraopera-
tive parathyroid gland identification, critical for preventing
hypoparathyroidism, may paradoxically compromise pres-
ervation when FS is used.

Optical coherence tomography (OCT) is a non-invasive,
label-free, high-resolution modality that detects backscat-
tered light interferometrically employing a broadband light
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source [9, 10]. The depth profile of the sample is obtained
by subjecting Fourier transform to the interference signal,
allowing for precise depth-resolved imaging and three-
dimensional (3D) imaging potential. Leveraging these
capabilities and biosafety, OCT is widely adopted in oph-
thalmology [11], cardiology [12, 13], dermatology [14], and
gastroenterology [15].

Interest is growing in applying OCT to thyroid cancer
diagnostics [16-23] and parathyroid identification [18, 19,
23-28]. Prior studies compared OCT with histopathology,
mainly targeting normal thyroid gland (NT), parathyroid
gland, fat, and lymph node tissue [19, 23, 27, 28], or benign
thyroid nodules/lesions (multinodular goiter, lymphocytic
thyroiditis, follicular adenoma etc.) [16, 17, 19-23]. Malig-
nancy analyses were limited to small cohorts of PTCs [16—
18, 20, 22, 23], FTC [23], or MTC [16], and qualitative.

This study evaluated OCT for thyroid cancer diagnosis
across a broad carcinoma spectrum. We introduced novel
quantitative parameters—surface irregularity, penetration
depth, and tissue brightness—and applied gray-level co-
occurrence matrix (GLCM) texture analysis to differentiate
normal and malignant thyroid tissues.

Thyroid tissue specimens
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Fig. 1 Overview of the OCT-based pathological study for thyroid
carcinoma. A schematic diagram presents the overall workflow of
the OCT-based pathological analysis in thyroid carcinoma. Resected
human thyroid specimens, fixed in formalin, were imaged employing
a benchtop swept-source OCT system. Three-dimensional OCT data-
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2 Results

Figure 1 summarizes the overall study design and patho-
logical evaluation workflow. To investigate the diagnostic
potential of OCT across a broad spectrum of thyroid car-
cinoma, OCT imaging and quantitative analysis were per-
formed on surgically resected thyroid cancer specimens
from 41 patients, including PTC (n=11), FTC (n=6), OCA
(n=3),ATC (n=9), and MTC (n=12). Representative tissue
sections for OCT imaging were selected by a pathologist,
and paraffin blocks were reciprocally processed to obtain
formalin-fixed specimens suitable for direct comparison
with histologic sections.

OCT imaging was performed using a benchtop swept-
source (SS)-OCT system, enabling acquisition of volumet-
ric datasets for en face visualization and 3D reconstruction
of tissue architecture. Through direct comparison with
corresponding histologic sections, OCT findings were
used to identify characteristic architectural and compo-
sitional signatures of thyroid carcinoma and to evaluate
depth resolved morphological changes using the volumet-
ric imaging capability of OCT. For quantitative validation
of OCT based discrimination across the broad spectrum of
thyroid carcinoma, we evaluated whether OCT images cap-
ture measurable differences between NT and carcinoma, as
well as among distinct carcinoma subtypes. OCT derived

OCT imaging
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sets were acquired from pre-selected regions of interests (ROIs), and
en face OCT images were subsequently reconstructed. These en face
images were co-registered with corresponding histological sections.
Representative ROIs from each case were then selected for detailed
pathological interpretation and quantitative analysis
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parameters reflecting tissue morphological characteristics,
including surface irregularity, penetration depth, and tissue
brightness, were defined and analyzed. In addition, texture
features derived from GLCM analysis were evaluated to
capture cellular level differences within tissue microstruc-
ture across thyroid carcinoma subtypes. Detailed descrip-
tions are provided in the “Methods” section.

2.1 Qualitative analysis results: en face OCT image
correlation with H&E pathologic images

Representative OCT images of the five thyroid carcinoma
groups, namely PTC, FTC, OCA, ATC, and MTC, are pre-
sented in Fig. 2. Each case includes B-scan images, en face
reconstructions, and corresponding histological sections to
enable direct morphological correlation.

2.1.1 PTC

In en face OCT of conventional PTC, the tumor showed
bright reflective signal and elongated papillary structure
with slit-like spaces in a vaguely solid mass (Fig. 2a). When
follicular pattern existed, the colloid within intra-tumoral
follicles resembled normal thyroid colloid (Fig. 2a). The
fibrous capsule showed collagen fibers oriented perpen-
dicular to tumor growth, and the brightness varied with tis-
sue density (Fig. 2a). Capsular invasion was identified by
a bright tumor bud disrupting the moderately dark fibrous
capsule. The psammoma bodies, lamellated small round
calcification, appeared as highly bright round spots (Supple-
mentary Fig. 1a). When densely packed, papillary architec-
ture was indistinct, appearing as internal coarseness within
solid mass (Supplementary Fig. 1b). Solid/trabecular PTC
showed relatively homogeneous solid sheet separated by
thin fibrous septa (Supplementary Fig. 1c). In tall cell PTC,
elongated papillae with tram-track appearance were iden-
tified (Supplementary Fig. 1d). Hobnail features were not
clearly demonstrated, likely due to resolution limits.

2.1.2 FTC

In Fig. 2b, the B-scan OCT image showed FTC mass filled
with intra-tumoral follicles with fibrous capsule. The push-
ing effect of tumor is evident in the en face OCT image, flat-
tened follicles in the adjacent thyroid parenchyma pressed
by the mass. Normo- or macro-follicular patterns were
readily identified, while microfollicular pattern appeared
solid in OCT. The intra-tumoral follicular structure was
well delineated in terms of shape, size, density, and growth
direction. The tumor cells were relatively bright compared
to the adjacent NT parenchyma (Fig. 2b). Thick fibrous

capsules appeared multilayered (Fig. 2b). Calcified stroma
was highly reflective.

2.1.3 OCA

The OCA was composed of oncocytic cells, having abun-
dant eosinophilic granular cytoplasm filled with mitochon-
dria. In this cohort, the OCA showed mainly microfollicular
pattern growth. The architectural features were similar
to FTC (Fig. 2c), but the tumor cells exhibited relatively
higher signal intensity compared to those of FTC (Fig. 2c¢).

2.1.4 ATC

The ATC showed highly infiltrative tumor border (Fig. 2d).
The undifferentiated tumor cells exhibited a pattern-less
growth pattern, frequently admixed with inflammatory cells.
Giant cell-rich ATC showed multiple infiltrative foci with
coarse granularity (Fig. 2d). Squamous carcinoma pattern
showed irregular sheets of tumor cells with brighter reflec-
tive signal than dark inflammatory cell-rich stroma (Supple-
mentary Fig. 2a). The geographic necrosis was frequently
observed in ATC, where the reflective signal was low and
appeared slightly dark (Supplementary Fig. 2b).

2.1.5 MTC

The diverse architectural pattern of MTC was well identi-
fied; conventional, papillary, solid, and cystic (Fig. 2e and
Supplementary Fig. 2c). The stromal amyloid deposition
area showed relatively brighter appearance with high reflec-
tive signal (Supplementary Fig. 2d).

2.1.6 Non-neoplastic tissues

The follicular epithelial cells appeared as thin rims of round
structures with moderately bright signals (Supplementary
Fig. 3a). The intra-follicular colloid showed a dark homoge-
neous texture, with brightness varying according to density
(Supplementary Fig. 3a). Follicular nodular disease dis-
played hyperplastic follicles forming nodules, with variable
size and shape—micro-, normo-, macro-follicular and occa-
sional cystic change (Supplementary Fig. 3b).

In lymphocytic thyroiditis, lymphoid follicles appeared
granular, round to ovoid with fuzzy outlines (Supplementary
Fig. 3c). Mild infiltration and fibrosis caused parenchymal
haziness with follicular remnants (Supplementary Fig. 3b).

The normal parathyroid parenchyma was slightly bright
with occasional dark vacuoles (Supplementary Fig. 4a). At
this resolution, detailed architecture was indistinct.
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Fig. 2 Representative OCT
images of each thyroid carcinoma
group. The B-scan, en face OCT
image, and the corresponding
histological section are displayed.
The position of the B-scan within
the en face plane is indicated at
the top left of each B-scan image
and adjacent to the corresponding
en face image. a PTC. The PTC
shows compact papillary growth
with slit-like space (arrow) in

en face OCT image. The col-
lagen fiber of tumor fibrous
capsule shows its own alignment
direction (asterisk). b FTC. The
intra-tumoral follicular structure
is evident in FTC except the
microfollicular area (arrow). The
elongated collagen fiber of tumor
fibrous capsule is identified with
multilayering appearance (aster-
isk). ¢ OCA. The microfollicular
pattern of OCA is identified as

a relatively homogeneous solid
feature with high signal intensity
in OCT images. d ATC. The
infiltrative feature of ATC is
demonstrated replacing normal
follicular structure. The signal
intensity is relatively low and

the penetration depth is short
comparing to the adjacent normal
thyroid parenchyma. e MTC.
Diverse histologic pattern in
MTC is identified (arrow: papil-
lary, asterisk: conventional). All
scale bars, 1 mm
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The lymph node showed bright capsules and distinct
lymphoid follicles; metastatic PTC displayed intensely
bright psammoma bodies (Supplementary Fig. 4b).

The fat had a honeycomb appearance with dark vacuoles
(Supplementary Fig. 4c). The arteries were round to ovoid
with multilayered signals; smooth muscle was relatively
bright. Blood often appeared bright. Skeletal muscle fas-
cicles were outlined by dark connective tissue (Supplemen-
tary Fig. 4d).

2.2 Qualitative analysis results: 3D reconstruction
image analysis

2.2.1 Papillary architecture in PTC

Sequential en face images reveal gradual transitions in
papillary architecture (Fig. 3a). At the 0 um-depth level,
the papillary projections were visualized within the intra-
tumoral vacant spaces. Papillary outlines were lined with
PTC cells, showing linear bright reflective signal from
67 to 134 um-depth level. The central fibro-vascular core
appeared relatively dark compared to the outlining tumor
cells, which remained persistently dark and showed gradu-
ally decreasing signal intensity (Supplementary Movie 1).

2.2.2 Capsular invasion and peri-capsular vascular
structure in FTC

At the capsular invasion focus of FTC, the neoplastic fol-
licles were elongated along the invasion vector and oriented
perpendicularly to the fibrous capsule (Supplementary
Movie 2). The peri-capsular vascular space was evident
across depths, revealing intravascular contour changes and
highly reflective fibrin along the intima (Fig. 3b).

2.2.3 Tumor diameter change in MTC

Changes in tumor contour and size across different depths
are visualized and measured (Fig. 3c). The maximal tumor
diameter gradually decreased from a depth level of 101 pm
to 202 um, indicating a spherical 3D shape. OCT, which
provides structural 3D morphology, enabled analysis of the
geometric outline of the tumor across imaging depths regard-
less of tissue optical properties or OCT signal attenuation.

2.3 Quantitative analysis results
2.3.1 Surfaceirregularity

Carcinomas exhibited flatter surface profiles than NT
(P<0.0001) (Table 1), reflecting increased intra-tumoral

compact cellular growth and stromal remodeling that
replaces the normal thyroid follicular structure.

Intergroup comparisons revealed statistically significant
differences between each carcinoma group and NT, except
for FTC (Fig. 4; Table 2). ATC, exhibiting the flattest sur-
face feature, was clearly distinguishable from PTC, FTC,
and MTC (P=0.0007, 0.0008, and 0.0227). This likely
reflects the solid growth and high cellularity of undifferenti-
ated ATC cells lacking architectural differentiation. Nota-
bly, the higher values observed in PTC and FTC reflect
increased surface irregularity associated with their respec-
tive papillary or follicular architectures. This was also
evident in the comparison between ATC and the DTC as a
whole (3.24£2.49 um; P=0.0023).

2.3.2 Penetration depth

Penetration depth serves as an indirect indicator of tissue
architecture because optical scattering and attenuation vary
with the cellular density and stromal composition charac-
teristic of each pathological state. Carcinomas showed sig-
nificantly shorter penetration depth than NT (P<0.0001)
(Table 1). This reflects replacement of low-scattering fol-
licles by densely packed tumor cells and fibrotic stroma.

Comparison of penetration depth between each thyroid
carcinoma group and NT revealed statistically significant
differences across all carcinoma groups relative to NT
(Fig. 4; Table 2). FTC demonstrated the greatest penetration
depth, showing a statistically significant distinction from all
other carcinoma groups. This finding is likely attributable
to its preserved macro- or normo-follicular architecture and
the presence of colloid-filled follicles, which closely resem-
ble the features of NT. Despite its architectural similarity
to NT, FTC exhibited a slightly reduced penetration depth
compared to NT. This could be explained by the presence of
intermixed microfollicular patterns or stroma, which intro-
duce moderate optical scattering.

2.3.3 Tissue brightness

A marked increase in tissue brightness was observed in car-
cinoma samples compared to NT (P<0.0001) (Table 1). The
elevated brightness likely reflects increased cellular density,
loss of organized follicular architecture with loss of colloid,
and extracellular-matrix remodeling. These structural and
compositional changes are likely to influence local light-tis-
sue interactions, contributing to the observed optical signal
enhancement in carcinoma regions.

Each carcinoma group except ATC exhibited signifi-
cantly higher tissue brightness compared to NT (Fig. 4;
Table 2). Despite its solid and compact growth pattern, ATC
demonstrated significantly lower brightness, which may
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Fig. 3 Depth-dependent structural variations visualized by OCT imag-
ing. The depth-specific architectural alteration is revealed by OCT
imaging. The corresponding histological section is shown alongside
the en face OCT image. The image on the left corresponds to the origi-
nal en face plane, with subsequent frames arranged toward the right
with increasing depth at same intervals. a Papillary architecture in
PTC. Note the retained high signal intensity of the outer layer of papil-
lary structure, in which the carcinoma cells align, until greater depths.
b The capsular invasion focus of FTC. The intra-tumoral follicular
structure appears elongated perpendicular to the fibrous tumor capsule

reflect distinct histopathological features such as abundant
intra-tumoral inflammatory infiltration and/or necrosis. This
optical phenotype of ATC differed significantly from PTC,
OCA, and MTC. DTC showed higher brightness than ATC
(26.43+2.30 dB; P=0.0002).
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representing the pushing force vector (arrows). The intracapsular vas-
cular space is progressively occupied by fibrinous material (asterisk).
¢ The OCT images at successive depth intervals demonstrate decreas-
ing tumor dimension in this medullary thyroid carcinoma case. This
indicates the three-dimensional ovoid nature. The red line indicates
the tumor outline at each imaging plane, with the red dotted line repre-
senting the outline from the first plane for comparison. Tumor bound-
aries were manually delineated with reference to the corresponding
histological sections and reviewed by a certified pathologist (JYS). All
scale bars, 1 mm

2.3.4 GLCM texture analysis

All five GLCM-derived texture metrics (“contrast”,
“entropy”, “correlation”, “homogeneity”, and “energy”)
demonstrated statistically significant differences between
carcinoma and NT (P<0.0001) (Table 1). PTC, OCA,
ATC and MTC were distinguishable from NT across all
five GLCM-derived texture parameters (Fig. 4; Table 2).
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Table 1 Summary statistics of quantitative metrics comparing carci-
noma and normal thyroid gland tissue

Carcinoma NT P value
Surface irregularity [pm] 2.59+2.29 4.52+2.98 <0.0001
Penetration depth [mm] 1.11£0.19 1.36+0.20 <0.0001
Tissue brightness [dB] 25.96+2.53 23.33+2.38 <0.0001
GLCM texture analysis [a.u.]
Contrast 135.47+25.45 172.68+27.98 <0.0001
Entropy 6.82+0.58 7.27+£0.38 <0.0001
Correlation 0.97+0.01 0.95+0.01 <0.0001
Homogeneity 0.45+0.04 0.42+0.03 <0.0001
Energy 5.12+2.36 3.92+1.52 <0.0001

All quantitative data are summarized as mean+standard deviation

The “correlation” exhibited significant differences between
FTC and NT, indicating that OCT-derived texture analysis
can reveal subtle microstructural differences even when the
overall histoarchitectural appearance appears similar. “Con-

from MTC, while other metrics could not provide the dis-
criminative power. Notably, “contrast” also demonstrated
the ability to differentiate between OCA and MTC, a distinc-
tion not achieved by any other texture features. “Contrast”
and “entropy”, reflecting heterogeneity, clearly separated
DTC (147.98+26.30 a.u. and 7.07+0.40 a.u.) from ATC
and MTC.

2.4 Preliminary evaluation of diagnostic
classification between NT and carcinoma

To explore the potential of the proposed OCT-derived met-
rics as quantitative biomarkers for pathological differentia-
tion, a preliminary classification analysis was performed
between NT and carcinoma groups. Receiver operating
characteristic (ROC) analysis demonstrated that the evalu-
ated OCT-derived metrics each showed discriminative

trast”, “entropy” and “correlation”, PTC was distinguished  potential for separating NT from carcinoma by capturing
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Fig. 4 Quantitative analysis results. The surface irregularity, penetra-
tion depth, tissue brightness and GLCM texture analysis shows dis-
criminative power in various thyroid carcinoma groups. The surface
irregularity is high in PTC and FTC comparing to other groups, in
which papillary or follicular architecture is predominant. The penetra-
tion depth in FTC is notably high comparing to other groups. The tis-
sue brightness is relatively high in PTC, FTC and OCA comparing

T
PTC FTC OCA ATC MTC NT

T
PTC FTC OCA ATC MTC NT
== P < 0.0001 P <0.05

to ATC or NT. The GLCM texture analysis provides additional dis-
criminative power. Penetration depth was evaluated at the A-scan level
using randomly selected measurements with equal sample size for each
carcinoma group (n=10,000 per group), whereas for all other metrics
n corresponds to the number of cases in each group (see “Methods” for
details). Data are presented as Tukey box plots
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Table 2 Cross-sectional comparison of quantitative metrics between normal thyroid gland tissue and carcinoma subtype

PTC FTC OCA ATC MTC NT
Surface irregularity [pm] 3.41+2.79 3.80+2.26 1.82+1.21 1.35+1.39 2.54+2.00 4.52+2.98
Penetration depth [mm] 1.0640.15 1.2940.19 1.0640.14 1.07+0.16 1.07+0.17 1.3620.20
Tissue brightness [dB] 26.53+2.37 25.64+2.29 27.55+1.48 24.07+2.48 27.34+1.46 23.33+2.38

GLCM texture analysis [a.u.]

Contrast 135.04£16.99 169.63+28.05 143.10+£16.74 121.80+£16.64 120.34+11.18 172.68+27.98
Entropy 6.94+£0.29 7.33+0.44 6.96+0.34 6.34+0.70 6.82+0.31 7.27+0.38
Correlation 0.97+0.00 0.97+0.01 0.97+0.00 0.97+0.01 0.98+0.00 0.95+0.01
Homogeneity 0.46+0.02 0.42+0.04 0.46+0.03 0.46+0.06 0.45+0.04 0.42+0.03
Energy 5.53+1.49 4.09+1.83 5.61+1.73 5.57+£3.24 4.62+2.15 3.92+1.52

All quantitative data are summarized as mean+standard deviation

Table 3 Summary of the diagnostic performance of OCT-derived metrics for differentiating carcinoma from normal thyroid tissue

AUC Sensitivity Specificity Accuracy Precision Flscore
Surface irregularity 0.81 0.63 0.91 0.75 0.90 0.74
Tissue brightness 0.80 0.88 0.66 0.78 0.77 0.82
Penetration depth 0.80 0.82 0.74 0.78 0.76 0.79
Contrast 0.93 0.85 0.97 0.90 0.97 0.91
Entropy 0.86 0.76 0.81 0.78 0.84 0.79
Correlation 0.96 0.98 0.91 0.95 0.93 0.95
Homogeneity 0.81 0.68 0.84 0.75 0.85 0.76
Energy 0.79 0.73 0.81 0.77 0.83 0.78

complementary quantitative characteristics, with the cor-
relation metric exhibiting the highest overall performance
among the parameters (Table 3 and Supplementary Fig. 5).
These results suggest that the proposed quantitative descrip-
tors have potential utility for pathological classification.

3 Discussion

Advances in optical imaging enable rapid, noninvasive
acquisition of histopathology-like images without conven-
tional preparation. These modalities improve pathology
workflows by offering near-instant visualization, particu-
larly valuable intraoperatively. As resolution improves, out-
puts increasingly resemble histology, underscoring the need
for strong pathological correlation. Among novel modali-
ties—confocal fluorescence [29], light sheet [30], photo-
acoustic [31], fluorescence lifetime imaging [32]—OCT
stands out for real-time capability, minimal manipulation,
and proven in vivo safety. Though lower in resolution than
some techniques, OCT yields images comparable to low- to
medium-power histology, making it suited for intraopera-
tive use. Like US (Fig. 5), OCT is grayscale, non-destruc-
tive, and safe, but provides higher resolution (~10 um vs.
~150 pm with US) with a broad field, enabling detailed
assessment of lesion morphology and tumor-parenchyma
interfaces [19, 22]. Although OCT does not match high-
magnification histology, its speed, biosafety, and integrative
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potential underscore promise as a complementary modality
in multimodal workflows.

Prior OCT studies on thyroid lesions focused mainly on
PTC [16-18, 20]. Some included FTC [23], OCA [18], and
unspecified [19, 21], but sample sizes were small type-spe-
cific characterization limited. Reports of MTC are scarce,
confined to isolated cases [16]. This study is the first to
include ATC, expanding OCT characterization to the full
spectrum of thyroid malignancies.

Here, OCT showed micro-architectural patterns com-
parable to moderate-power H&E images. With ~10
micrometer resolution, OCT could not resolve nuclear or
cytoplasmic details, but lesion architecture remained infor-
mative. Calcification produced strong signals, highlighting
psammoma bodies in PTC. OCT also visualized PTC infil-
tration fronts and FTC capsular invasion. 3D reconstruction
further enhanced interpretation.

Evaluation of capsular invasion in FTC remains chal-
lenging, with low concordance even among experienced
pathologists [33]. Alternatives like micro-computed tomog-
raphy (microCT) or polarization-resolved second harmonic
generation imaging have been explored for whole-block
3D reconstructions [34, 35]. OCT offers a complemen-
tary approach, applicable to paraffin-embedded blocks and
usable intraoperatively or during gross exam, enabling real-
time assessment before sectioning. This may improve diag-
nostic accuracy by guiding targeted sampling and adding
architectural information in early evaluation of follicular
neoplasms.
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Fig.5 US, OCT, gross and
microscopic images. a The in
vivo US image of PTC shows

a hypoechoic nodule with an
irregular margin (arrow), which
corresponds to the gross finding
of the freshly resected specimen.
The en face OCT image, acquired
ex vivo from the formalin-

fixed specimen, is a grayscale
presentation resembling US but
has significantly higher-resolu-
tion details similar to findings
observed in a medium-power
H&E stained histologic section.

b The in vivo US image in FTC
shows a well-defined ovoid nod-
ule with iso-echogenicity (arrow).
The en face OCT image, acquired
ex vivo from the formalin-fixed
specimen, demonstrates the intra-
tumoral follicular growth pattern
and tumor fibrous capsule details.
All scale bars, | mm
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This study introduces and validates OCT-derived param-
eters—surface irregularity, penetration depth, and tissue
brightness—as quantitative markers distinguishing thyroid
carcinomas from NT. Previous quantitative OCT mainly
assessed follicular metrics such as follicle count, size, and
density [21]. These are less applicable to malignant tumors
lacking follicular structure. Among parameters, penetration

depth showed strongest discriminatory power, with most
carcinomas exhibiting values compared to NT. GLCM tex-
ture analysis further detected subtle grayscale differences
between malignant and non-malignant tissues. Metrics also
stratified carcinoma types, with DTCs distinct from aggres-
sive tumors like ATC. FTC, which shares follicular archi-
tectural similarity with normal thyroid tissue, nevertheless
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showed statistically significant differences from NT in
several OCT-derived metrics, including penetration depth,
tissue brightness, and correlation. In addition, preliminary
NT-carcinoma classification analysis based on individual
metrics indicated the potential utility of the proposed quan-
titative descriptors for pathological differentiation, which
may be further enhanced through multi-parameter integra-
tion in advanced classification frameworks. While prior
studies applied artificial intelligence (Al) to OCT imaging
[26, 36, 37], few integrated clearly defined, interpretable
metrics. Our parameters enhance understanding of OCT
features in thyroid malignancies and support future Al-
driven diagnostic tools. The OCT-derived metrics primar-
ily reflect structural characteristics and may therefore be
less sensitive to moderate variations in imaging conditions,
although penetration depth may be influenced by factors
such as focal alignment. In addition, the comparable distri-
butions of metric values observed across multiple images
within the same pathological subtype suggest a reasonable
level of measurement consistency. This observation pro-
vides preliminary support for the robustness of the proposed
approach. However, formal repeatability testing based on
repeated measurements from the same region was beyond
the scope of the present study and should be further evalu-
ated in future work.

This study has limitations. OCT imaging was performed
only on formalin-fixed carcinoma specimens; because fixa-
tion can alter tissue optical properties, potentially affecting
parameters such as penetration depth and tissue brightness,
the imaging conditions may differ from those encountered
intraoperatively [38]. While relative structural contrast and
micro-architectural patterns are generally preserved after
fixation, validation in fresh tissue will be important for clin-
ical translation. Small case numbers, especially for FTC and
OCA, limit statistical power and could influence the robust-
ness of the reported quantitative OCT metrics; therefore,
further validation in larger cohorts will be necessary. Benign
nodular disease and adenomas were not included, represent-
ing a key gap in the current cohort [20, 23]; their exclusion
may limit the direct clinical applicability of the findings,
as determining whether OCT-derived features can reliably
differentiate theses benign from malignant lesions will be
essential for establishing real-world clinical applicability.

Future applications of OCT in thyroid cancer diagnosis
are outlined. First, OCT shows intraoperative promise for
real-time differentiation and guidance, though fresh tissue
utility needs study. Second, OCT may aid pathology by sup-
porting gross inspection, guiding sampling, and identify-
ing invasion. Third, a needle-based OCT device with FNA
or biopsy could enable real-time, preoperative imaging,
improving diagnostic accuracy and streamlining clinical
workflows.
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4 Methods
4.1 Case selection and histopathologic evaluation

This study was reviewed and approved by the Institutional
Review Board (GCIRB2021-241, 9-2023-0090) and the
informed consent was waived. The study was performed in
accordance with the Declaration of Helsinki.

We retrospectively reviewed the electronic database at
our institution between January 2013 and August 2023. A
total of 41 surgically treated thyroid cancer patients suitable
for OCT imaging were included; PTC (n=11), FTC (n=6),
OCA (n=3), ATC (n=9), and MTC (n=12). The hematoxy-
lin and eosin (H&E) stained slides were analyzed per the
5th WHO classification [2]. A pathologist (JYS) selected
the representative section for OCT. Each paraffin block for
OCT imaging was reciprocally processed, yielding forma-
lin-fixed tissue. PTC cases included 4 conventional, 2 solid,
3 tall cell, 2 hobnail subtypes. All FTC and OCA cases were
minimally invasive subtype. ATC cases included 1 epithe-
lioid pattern, 1 giant cell-rich pattern and 2 squamous cell
carcinoma patterns. MTC cases exhibited diverse patterns,
including conventional, papillary, solid, and cystic change.

4.2 OCT system and imaging process

OCT imaging used a customized benchtop SS-OCT with
axial/lateral resolutions of 10 um (air) and 13 pm [39].
It operated at a central wavelength of 1,290 nm with a
110 nm bandwidth, an average output power of 40 mW,
and a frame rate of 117 frames per second. Volumetric data
were acquired with a 2-axis galvanometer. Frame (B-scan)
intervals during slow-axis scanning were 6 um, considering
Nyquist sampling and lateral resolution. Each B-scan was
composed of a series of A-scans, where an A-scan repre-
sents a single depth-resolved axial profile acquired at one
lateral position. The effective 3D field of view was 5.03 x
579 x 1.85 mm (X X Y x Z).

4.3 Quantitative analysis

Quantitative analysis used three new metrics (surface irreg-
ularity, penetration depth, and tissue brightness) and GLCM
texture features (contrast, entropy, correlation, homogene-
ity, and energy), extracted from OCT B-scan and/or A-scan
data. For each metric, statistical comparisons were first
conducted between the carcinoma and NT groups. Subse-
quently, multiple comparisons were performed to evaluate
intergroup variability. All quantitative assessments were
performed within registered regions that were co-registered
with corresponding histopathological sections. The num-
ber of frames analyzed was as follows: PTC (12,231), FTC
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a Surface irregularity
Tumor

b Penetration depth
Tumor

c Tissue brightness
Tumor

Fig. 6 Procedure for assessing the surface irregularity, penetration
depth, and the tissue brightness metrics in OCT images. a Surface
irregularity. The tissue surface outline was extracted from the acquired
OCT image and fitted using a first-order polynomial to quantify devia-
tions from the baseline surface. b Penetration depth. Penetration depth
was defined as the axial distance from the tissue surface to the point at
which the signal intensity intersected a threshold set at the background
level plus two standard deviations of background noise. Representa-
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(8,387), OCA (4,767), ATC (13,076), MTC (9,172), and NT
(27,011).

43.1 Surface irregularity

Surface irregularity indicates the extent of deviation pres-
ent on the tissue cut surface. It was quantified by detecting
the surface outline in the acquired OCT images, applying a
first-order polynomial fitting, and measuring the deviation
between the fitted surface and the original detected surface
(Fig. 6a and Supplementary Table 1).

4.3.2 Penetration depth

Penetration depth represents the extent to which opti-
cal signals can be detected within tissue in OCT imaging,
reflecting the scattering and attenuation characteristics of
the underlying microstructure [40—42]. It was defined as the
axial distance from the tissue surface to the point where the
signal intensity intersects a threshold set at the background
level augmented by two standard deviations of background
noise (Fig. 6b). Randomly selected A-scans were analyzed
in 10,000 each from PTC, FTC, OCA, ATC, MTC, and
50,000 from NT.

4.3.3 Tissue brightness

The tissue brightness represents the reflective signal inten-
sity observed in OCT images. While minimizing the influ-
ence of background signal noise, we analyzed the histogram
density of each frame to determine the background intensity
level (Fig. 6¢) [43]. We then estimated the signal intensity
relative to the background level for the tissue areas (Supple-
mentary Table 1).

4.3.4 GLCM texture analysis

We adopted the GLCM to analyze the texture of the B-scan
OCT images [44-46]. Five key parameters were catego-
rized into groups that represented texture heterogeneity
(contrast, entropy) and homogeneity (correlation, homoge-
neity, energy) (Supplementary Table 2). OCT images were
transformed to 8-bit grayscale with a contrast range tailored
to adequately cover the entire signal intensity range before
GLCM calculation. To examine the spatial relationships
between neighboring pixels, the d and 6 for GLCM compu-
tations were set to 1 pixel and 0°, respectively.

4.4 Statistics and reproducibility

The statistical analyses were performed using GraphPad
Prism (GraphPad Prism 9.0, GraphPad Software Inc.). For
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most quantitative parameters, values were first averaged at
the individual case level, as these parameters were evalu-
ated on B-scan images where macroscopic structural simi-
larity within the same specimen could introduce intra-case
dependence. Penetration depth was analyzed at the A-scan
level, as it represents a localized optical attenuation prop-
erty that is not adequately captured by case-level averag-
ing; non-adjacent A-scans were used to reduce local spatial
dependence. NT was sampled across all carcinoma cases,
and the corresponding sample size reflects the combined
number of contributing cases. All inter-group comparisons
were conducted using the Mann-Whitney test. A P-value (P)
of less than 0.05 was considered statistically significant.

4.5 Preliminary evaluation of pathological
classification performance

To assess the diagnostic potential of the proposed OCT-
derived metrics, a preliminary classification analysis was
performed between carcinoma and NT groups. For each
metric, ROC analysis was conducted by varying the deci-
sion threshold across the full range of metric values. The
area under the ROC curve (AUC) was calculated as a sum-
mary measure of discriminative performance. An optimal
threshold was determined using the Youden index [47], and
standard classification metrics—including accuracy, pre-
cision, sensitivity, specificity, and F1 score—were subse-
quently computed based on this threshold [48].
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