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Abstract. We evaluate the feasibility of optical coherence
tomography (OCT) and optical coherence microscopy
(OCM) for imaging of benign and malignant thyroid le-
sions ex vivo using intrinsic optical contrast. 34 thyroid
gland specimens are imaged from 17 patients, covering a
spectrum of pathology ranging from normal thyroid to be-
nign disease/neoplasms (multinodular colloid goiter,
Hashimoto’s thyroiditis, and follicular adenoma) and ma-
lignant thyroid tumors (papillary carcinoma and medul-
lary carcinoma). Imaging is performed using an integrated
OCT and OCM system, with <4 um axial resolution
(OCT and OCM), and 14 um (OCT) and <2 um (OCM)
transverse resolution. The system allows seamless switch-
ing between low and high magnifications in a way similar
to traditional microscopy. Good correspondence is ob-
served between optical images and histological sections.
Characteristic features that suggest malignant lesions, such
as complex papillary architecture, microfollicules, psam-
momatous calcifications, or replacement of normal folli-
cular architecture with sheets/nests of tumor cells, can be
identified from OCT and OCM images and are clearly dif-
ferentiable from normal or benign thyroid tissues. With
further development of needle-based imaging probes,
OCT and OCM could be promising techniques to use for
the screening of thyroid nodules and to improve the diag-

nostic specificity of fine needle aspiration evaluation.
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1 Introduction

Thyroid cancer is the most common malignancy of the endo-
crine system.I Approximately 37,200 new cases and 1630 thy-
roid cancer deaths are expected in the United States in 2009.”
Various methods are used for the detection and screening of
thyroid nodules for malignancy. These include clinical exami-
nation, various imaging methods, and ultrasound-guided fine
needle aspiration (FNA). Thyroid cancer commonly presents
as a cold (inactive) nodule on radioisotope scanning. Up to
40% of adults have a thyroid nodule detected by either palpa-
tion or ultrasound.*™® Imaging techniques that can aid in the
differentiation between benign and malignant thyroid nodules,
which may require surgery, are of great interest. However,
present imaging methods, including scintigraphy, ultrasound,
CT, and MRI, have only limited utility in the routine diagnos-
tic assessment of thyroid nodules.””
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Optical coherence tomography (OCT) is a promising tech-
nique for real-time, high resolution imaging of tissue
morphology.'® Optical coherence microscopy (OCM) is an ex-
tension of OCT, which combines coherence gated detection
with confocal microscopy to achieve cellular resolution imag-

ing in the en face plane.'™ By enhancing rejection of mul-
tiple scattered light, OCM can achieve better image contrast
and greater imaging depth'® with lower numerical aperture'
compared with confocal microscopy. Integrated 3-D OCT and
OCM have the additional advantage of enabling investigation
of tissue structure at the architectural and cellular scale. 3-D
OCT datasets enable cross-sectional and en face projection
imaging, providing large field of view, while OCM provides
high magnification, enabling cellular imaging. OCT has been
previously investigated in many tissues, such as gastrointesti-
nal tract,”’zo breast,zl’23 urological organ,%25 and thyroid.26
However, the transverse image resolution was limited to more
than 10 gm. Combination of OCM with OCT overcomes this
resolution limitation. Few studies using integrated OCT and
OCM imaging have been performed, largely due to the lack of
advanced OCM instrumentation.

In the present study, we employ an integrated OCT and
OCM system to assess benign and malignant thyroid tissue ex
vivo based on intrinsic optical contrast in freshly excised hu-
man thyroid specimens. Images of normal and pathologic tis-
sue were compared with histological sections to recognize
which histomorphologic features could be visualized using
integrated OCT and OCM imaging. The results provide a ba-
sis for interpretation of future OCT and OCM images of the
thyroid tissues, and suggest the possibility of future in vivo
evaluation of thyroid pathology.

2 Materials and Methods
2.1 Specimen Selection and Preparation

The study protocol was approved by the institutional review
boards at the Beth Isracl Deaconess Medical Center (BIDMC)
and the Massachusetts Institute of Technology (MIT). In-
formed consent was waived. Freshly excised thyroid speci-
mens were selected based on the presence of pathology on
gross examination. Normal and pathologic tissues were col-
lected from each specimen without interfering with routine
pathologic workup. Fresh tissue (typically measured 1 X1
X 0.5 cm®) from surgical specimens that remained following
processing for pathologic examination was collected for im-
aging and placed in RPMI medium 1640 (Invitrogen, Carls-
bad, California) within 1 h after excision. Imaging was per-
formed within ~2 to 6 h of excision. In total, 34 thyroid
gland specimens were imaged from 17 patients (median age,
45 years; 12 females and 5 males). Ten benign and 13 malig-
nant thyroid specimens were imaged. The specimens with be-
nign diagnosis include goiters (n=4), Hashimoto’s thyroiditis
(n=3), and follicular adenoma (n=3). The specimens with
malignant diagnosis include papillary carcinoma, classic type
(n=6), papillary carcinoma, follicular variant (n=6), and
medullary carcinoma of the thyroid (n=1). 11 matched nor-
mal thyroid specimens were obtained from total thyroidec-
tomy specimens and evaluated as controls. Specimens were
classified based on histological diagnosis by a pathologist
with more than 30 years of experience.
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2.2 Integrated Optical Coherence Tomography and
Optical Coherence Microscopy System

A portable prototype imaging system integrating 3-D OCT
and OCM was employed for the study. A detail description of
the system design can be found in Ref. 27. The system uses a
compact, spectrally broadened, femtosecond Nd:glass laser
light source, which provides >200 nm bandwidth centered at
1060 nm. The output from the laser was split equally into the
OCT and OCM subsystems. The OCT subsystem had a
<4 pm axial resolution and 14 pum transverse resolution.
The axial resolution corresponds to optical image slices thin-
ner than traditional histological sections. A pair of high speed
scanning galvonometers enables the beam to be scanned in
two dimensions, allowing 640 cross-sectional OCT images to
be acquired with 1344 X 1000 (transverse X axial) pixels at
1 frame/sec. This results in a 3-D dataset covering a volume
of 3X1.5X1.3 mm> (xXyXz). The OCT signal was de-
modulated and logarithmically compressed using an analog
circuit before analog-to-digital conversion.

The OCM subsystem shares the same sample arm optics as
the OCT subunit, except for the objective lens (40X, Zeiss
Achroplan), which was turret mounted to allow rapid inter-
change between high (OCM) and low (OCT) magnifications.
The aperture of the objective is not fully filled, and the result-
ing confocal parameter is ~30 wum. The transverse image res-
olution for OCM was <2 um. A separate reference arm uti-
lizes dispersion-compensating optics and enables an axial
resolution of <4 um in tissue. The penetration depth of the
OCT and OCM system depends on the scattering properties of
the sample, and over 500- and 300-um imaging depth (re-
spectively) was obtained in human thyroid tissues. A high
speed, broadband electro-optic phase modulator was used, en-
abling rapid image acquisition with raster scanning and de-
modulation over a 400 X 400 um? field (500 X 750 pixels) at
2 frames/sec. A detection sensitivity of —98 dB was achieved
with ~10 mW of incident power.

2.3 Imaging Procedures and Histological Preparation

A thin coverslip was gently placed on the specimen to create
a flat surface and reduce optical aberration. The light pressure
applied to the specimen is not expected to influence tissue
morphology and histological comparison with OCT/OCM im-
aging. 3-D OCT images were first acquired. En face OCM
data were then collected within the same imaging area to en-
sure good coregistration. A 3-D OCM dataset was acquired on
some specimens by scanning the sample stage in the axial
direction at 5 wm/s. A gross photograph was taken before the
specimen was marked with black and red ink spots on the
imaging surface to indicate orientation. The specimen was
formalin fixed and sent for histological processing. Sections
were cut in en face planes to allow coregistration to both the
en face OCT and OCM images. Slides were stained with he-
matoxylin and eosin (H&E), and photomicrographs were digi-
tally acquired using a standard microscope (Olympus BX40).

2.4 Data Analysis

Surfaces of the 2-D OCT cross-sectional images were de-
tected and flattened in postprocessing to allow en face image
planes to be viewed at constant depth. En face slices of OCT
images (3 1.5 mm?) were reconstructed from the 3-D
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2D (x-z plane) frames
En Face (x-y plane) projection

Fig. 1 En face OCT image (right) was constructed from the 3-D volu-
metric dataset (left), consisting of 640 2-D cross-sectional OCT
images.

datasets by averaging over 10 um in the axial direction to
reduce speckle noise (Fig. 1). The en face OCM data were
processed by digital demodulation, pixel resampling, spatial
filtering (3 X 3 triangular kernel), and square-root compres-
sion of the signal. The OCT and OCM images are contrast
adjusted and displayed with an inverse grayscale color map,
where black represents increased reflectivity. In this retrospec-
tive study, the entire en face OCT and OCM database and
histology slides were first reviewed, and representative nor-
mal and pathologic specimens were selected for further evalu-
ation. The registration procedure works well to identify the
region of interest for comparison to histology. However, direct
one-to-one image registration to histology remain challenging
because the exact orientation of the histological section is
difficult to control. The generation of volumetric OCT and
OCM data provide more comprehensive information than in-
dividual histological sections. Selection was based on several
factors, including the degree to which the images match his-
tology, and the degree to which identified image features ac-
curately represented the larger dataset. Representative photo-
micrographs of histological sections were then made with a
best-effort attempt to provide comparison with the en face
OCT and OCM images. The features used for comparison
included the size and shapes of follicles, papillae, patterns of
stromal tissue, calcifications, vascular features, and cellular
distribution. This protocol ensured that comparable features

Fig. 2 Normal thyroid demonstrates well-organized round to oval thy-
roid follicles (F). Colloid with various densities was observed under
(a) en face OCT and (b) OCM, obtained about 100 and 50 um below
the tissue surface respectively, as different signal strength. The follicles
are lined by a single layer of epithelium (arrows), which are clearly
seen in the OCM image (b). (c) and (d) are corresponding HE slides (4
and 20X, respectively). Scale bars, 500 um in (a) and (c), and
100 wm in (b) and (d).

Journal of Biomedical Optics

016001-3

Fig. 3 En face OCT images of normal thyroid from various depths.
Scale bar, 500 um.

were matched on OCT/OCM images and histological sec-
tions.

3 Results
3.1  Normal Thyroid

Figure 2 shows representative images of normal thyroid.
Round or oval thyroid follicles, ranging from 50 to 500 um
in diameter, are observed and appear well organized in the en
face OCT image [Fig. 2(a)]. A follicle lined by a single layer
of epithelium can be clearly seen in the OCM image [Fig.
2(b)]. The corresponding histology [Figs. 2(c) and 2(d)]
matches well with the OCT and OCM images. En face OCT
and OCM images obtained from various tissue depths were
displayed in Figs. 3 and 4, respectively. Image quality de-
creases in both OCT and OCM as the imaging depth increases
due to the influence of multiple scattering. However, the fol-
licle shape and the lining of a single layer of epithelium can
still be appreciated from images obtained in deep tissue
(about 400 to 500 pm in OCT and 250 to 300 xwm in OCM).
A 3-D OCM reconstruction of the normal follicles can be
found in the supplemental materials (Video 1).

3.2 Benign Diseases
3.2.1  Multinodular colloid goiter

Figure 5 shows an example of a multinodular colloid goiter.
Thyroid follicles with variable sizes and shapes are observed
from the en face OCT image [Fig. 5(a)]. Increased cellularity
and reduced (paler) amount of colloid in the follicle are ob-
served. Large blood vessels can be seen from the en face OCT
and corresponding histology [Figs. 5(a) and 5(c)]. OCM im-
ages [Fig. 5(b)] provide an enlarged view of the atrophy fol-

Fig. 4 En face OCM images of normal thyroid from various depths.
Scale bar, 100 um. A 3-D OCM reconstruction of the normal follicles
can be found in Video 1.
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Video 1 Three-dimensional OCM reconstruction of normal human
thyroid showing round and oval follicles. Volume size is 400 X 400
X300 um (QuickTime, 1.5 MB).

[URL: http://dx.doi.org/10.1117/1.3306696.1].

licles and are consistent with histological observations
[Fig. 5(d)].

3.2.2  Hashimoto’s thyroiditis

Hashimoto’s thyroiditis is an autoimmune disease character-
ized by extensive lymphocytic infiltration with germinal cen-
ter formation and Hiirthle cell change. Figure 6 is an example
of Hashimoto’s thyroiditis. In addition to the observation of
enlarged and distorted follicles from the en face OCT and
OCM images, we observe marked increased interfollicular
cellular density with nodule configuration and central palor,
which corresponds well with interstitial lymphocytic infiltrate
and germinal center formation.

3.2.3  Fibrous variant of Hashimoto’s thyroiditis

Images in Fig. 7 are characterized by extensive dense fibrosis,
which is consistent with a fibrous variant of Hashimoto’s thy-
roiditis. Although the lobular architecture of the gland is
maintained, follicular atrophy is apparent. The colloid in some

Fig. 5 (a) En face OCT and (b) OCM, obtained about 60 and 50 um
below the tissue surface, respectively, demonstrate thyroid follicles (F)
with variable sizes and shapes consistent with multinodular colloid
goiter. Increased cellularity, reduced amount of colloid, and large
blood vessels (V) were observed. (c) and (d) are corresponding HE
slides (4 and 20X, respectively). Scale bars, 500 um in (a) and (c),
and 100 um in (b) and (d).
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Fig. 6 Example of Hashimoto’s thyroiditis. (a) En face OCT and (b)
OCM, obtained about 230 and 50 um below the tissue surface, re-
spectively, demonstrate enlarged and distorted follicles (F), increased
interfollicular cellular density, interstitial lymphocytic infiltration, and
germinal center (GC) formation. (c) and (d) are corresponding HE
slides (4 and 20X, respectively). Scale bars, 500 um in (a) and (c),
and 100 um in (b) and (d).

of the follicles demonstrates features with concentrated
circles, which is consistent with the existence of hard colloid
[Figs. 7(b) and 7(d)].

3.2.4 Follicular adenoma

Follicular adenoma is a benign encapsulated tumor with fol-
licular differentiation throughout the nodule. Figure 8 shows a
representative case. As can be seen from the OCT and OCM
images, the follicle size varies significantly, ranging from
40 to 800 um in diameter. This observation corresponds to
findings from histological sections and is also confirmed by
images from other specimens.

Fig. 7 Fibrous variant of Hashimoto’s thyroiditis was observed with
(a) en face OCT and (b) OCM, obtained about 160 and 50 um below
the tissue surface, respectively. Existence of hard colloid (HC) was
observed under (b) OCM, featuring concentrated circles. (c) and (d)
are corresponding HE slides (4 and 20X, respectively). Scale bars,
500 wm in (a) and (c), and 100 um in (b) and (d).
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Fig. 8 (a) En face OCT and (b) OCM of follicular adenoma, obtained
about 500 and 50 um below the tissue surface, respectively, show
follicles (F) with significantly varying sizes. (c) and (d) are corre-
sponding HE slides (4 and 20X, respectively). Scale bars, 500 um in
(a) and (c), and 100 um in (b) and (d).

Fig. 9 Normal follicles are absent from the (a) en face OCT and (b)
OCM images, obtained about 110 and 50 um below the tissue sur-
face, respectively, in a case of classic-type papillary carcinoma. The
thyroid is replaced by complex papillae (P), showing irregular papil-
lary fronds and complex branching features. (c) and (d) are corre-
sponding HE slides (4 and 20X, respectively). Scale bars, 500 um in
(a) and (c), and 100 wm in (b) and (d).

Fig. 10 En face OCM images of papillary carcinoma from various
depths. The papillae structure can be visible from 180 um below the
tissue surface. Scale bar, 100 um. A 3-D OCM reconstruction of the
papillae is provided can be found in Video 2.
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Fig. 11 Fibrovascular cores (FVCs) of the papillae, another represen-
tative feature of classic-type papillary carcinoma, are clearly identified
in the (a) en face OCT and (b) OCM images obtained about 100 and
50 um below the tissue surface, respectively. A single layer of epithe-
lium lines the follicles (arrows), with underlying dense fibrosis. (c)
and (d) are corresponding HE slides (4 and 20X, respectively). Scale
bars, 500 wm in (a) and (c), and 100 um in (b) and (d).

3.3 Malignant Diseases
3.3.1 Papillary carcinoma, classic type

Figures 9—12 show several examples of papillary carcinoma,
which is the most common type of thyroid cancer in the
United States (75 to 80%).”® As shown in Figs. 9(a) and 9(b),
normal follicles are absent in classic-type papillary carci-
noma. Instead, the thyroid is replaced by complex papillae, as
confirmed by histological sections [Fig. 9(c)]. Detailed papil-
lary structures can be appreciated from the OCM image
shown in Fig. 9(b). En face OCM images from various depths
are shown in Fig. 10. Even though tissue scattering is higher
in papillary carcinoma specimens, the papillae structures from
as deep as 180 um below the tissue surface can be visualized.
A 3-D OCM reconstruction of the papillae can be viewed in
the supplemental materials (Video 2), showing complex
branching features. Another representative feature, the fi-
brovascular core of the papillae, is clearly seen in a different

Video 2 Three-dimensional OCM reconstruction of human thyroid
with papillary carcinoma. Normal follicles of the thyroid are replaced
by complex papillae, showing irregular papillary fronds and complex
branching features. Volume size is 400 X 400X 130 um (QuickTime,
1.4 MB). [URL: http://dx.doi.org/10.1117/1.3306696.2].
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Fig. 12 Another case of classic-type papillary carcinoma, demonstrat-
ing features such as calcifications (C), clusters of papillae (P), and
dense fibrosis (F1) in the (a) en face OCT and (b) and (c) OCM images
obtained about 50 um below the tissue surface. Psammoma bodies
(arrows) can be clearly identified by (b) OCM. (d), (e), and (f) are
corresponding HE slides (4 and 20X, respectively). Scale bars,
500 um in (a) and (d), and 100 um in (b), (c), (e), and (f).

specimen (Fig. 11). A single layer of epithelium lined the
follicles with underlying stromal fibrosis. The corresponding
histological sections [Figs. 11(c) and 11(d)] match well with
the OCT and OCM images.

Figure 12 shows another example of classic-type papillary
carcinoma. Calcifications and dense fibrosis separating the
papillary fronds are clearly identified in the en face OCT im-
age [Fig. 12(a)]. The OCM image in Fig. 12(b) demonstrates
Psammoma bodies, which are a pattern of calcification com-
monly associated with papillary carcinoma. Overall, the OCT
and OCM images enable visualization of diagnostically sig-
nificant features for classic-type papillary carcinoma.

3.3.2  Follicular variant of papillary carcinoma

Figures 13—15 show examples of the follicular variant of pap-
illary carcinoma. The nodular thyroid shows a homogenous
microfollicullar pattern [Figs. 13(a) and 13(c)]. Details of the

Fig. 13 A representative case of the follicular variant of papillary car-
cinoma. (a) En face OCT showed a homogeneous microfollicular
(MF) pattern, where the details can be seen under (b) OCM. The en
face OCT and OCM images were obtained about 200 and 50 um
below the tissue surface, respectively. The size of the microfollicles is
approximately 50 um, consistent with the HE histology in (c) and (d),
4 and 20X, respectively. Scale bars, 500 um in (a) and (c), and
100 um in (b) and (d).
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Fig. 14 En face OCM images of follicular variant of papillary carci-
noma from various depths. The papillae structure can be visible from
180 um below the tissue surface. Scale bar, 100 um. A 3-D OCM
reconstruction of the microfollicles can be found in Video 3.

microfollicles can be seen in the OCM image. The size of the
microfollicles is ~50 um, consistent with histology. Figure
14 shows en face OCM images from various depths. Micro-
follicles can be clearly identified about 180 um below the
tissue surface. A 3-D OCM reconstruction of the microfol-
licles is provided in the supplemental materials (Video 3).
Figure 15 shows another case where the en face OCT image
was performed at the interface between the tumor and normal
tissue [Fig. 15(a)]. The tumor on the left can be clearly dis-
tinguished as densely packed microfollicles, separated from
the adjacent normal thyroid tissue at the lower right corner by
a dense fibrous capsule. OCM reveals details of microfollicles
[Fig. 15(b)] and normal follicles [Fig. 15(c)] from the same
specimen, consistent with the histology. Although the reso-
lution of OCM is not at the level for cytologic diagnosis of
this disease, the clear observation of the microfollicular pat-
tern provides valuable information suggesting the follicular
variant of papillary carcinoma, which is currently not avail-
able in any of the in vivo imaging modality used in clinical
practice.

3.3.3 Medullary carcinoma

Medullary carcinoma is a less common malignant tumor in
the thyroid, representing about 3 to 5% of thyroid
carcinomas.”® The malignant cells are derived from parafolli-
cular cells, or C cells, that normally secrete calcitonin. In

Video 3 Three-dimensional OCM reconstruction of human thyroid
with follicular variant of papillary carcinoma. Normal follicles are
absent from the specimen. Tightly packed microfollicles are the char-
acteristic feature of the disease. Volume size is 400X 400X 180 um
(QuickTime, 1.4 MB). [URL: http://dx.doi.org/10.1117/1.3306696.3].
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Fig. 15 (a) En face OCT shows the tumor interface with normal thy-
roid tissue in a case of papillary carcinoma, follicular variant. The
tumor on the left side is clearly distinguished as densely packed mi-
crofollicles (MF), separated from the adjacent normal thyroid follicles
(F) at the lower right corner by a dense fibrous (FI) capsule. Details of
microfollicles and normal follicles are shown in (b) and (c) the OCM
images. The en face OCT and OCM images were obtained about 60
and 50 um below the tissue surface, respectively. (d), (e), and (f) are
corresponding HE slides (4 and 20X, respectively). Scale bars,
500 um in (a) and (d) and 100 um in (b), (c), (e), and (f).

medullary carcinoma, normal thyroid follicles are absent.
Sheets and nests of tumor cells are surrounded by dense fi-
brosis that can be clearly seen from the en face OCT image in
Fig. 16. Details of the tumor nests can be visualized in the
OCM image, matching the corresponding histology. Medul-
lary carcinoma can have a variable histomorphologic appear-
ance, so more examples will be sought in the future to better
document this spectrum.

4 Discussion

Over the past three decades, a 2.4-fold increase in thyroid
cancer incidence was observed in the United States.”” This
was mainly due to an increased use of ultrasound for thyroid
screening, which permits detection of nodules as small as
2 to 3 mm. Several ultrasound features have been associated
with an increased risk of thyroid cancer, including presence of
calcifications, hypoechogenicity, irregular margins, solid com-
position, nodule shape, and intranodule Vasculaurity.28 How-
ever, diagnostic accuracy of these criteria for malignancy is
dependent on tumor size.” Furthermore, considerable overlap
between benign and malignant characteristics observed with
ultrasound has been reported,’'** and sensitivity and specific-
ity of malignant nodule differentiation are variable, #0337
Current guidelines for management of thyroid nodules de-
tected by ultrasound suggest performing FNA on nodules
larger than 1 cm to make the diagnosis of a benign or malig-
nant nodule.”?® However, the sensitivity and specificity of
thyroid FNA varies.™

The OCT and OCM technologies presented in the current
study have the potential to be a useful complementary tech-
nique for the evaluation of thyroid nodules. The axial and
transverse resolutions of OCT and OCM are 1 to 2 orders of
magnitude finer than the state of the art ultrasound technol-
ogy. The integrated OCT and OCM system allows seamlessly
switching between low and high magnifications in a way
similar to traditional microscopy. The ability to visualize tis-
sue morphology at multiple scales is very important for pa-
thologists to differentiate clinical relevant features. As a re-
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Fig. 16 Sheets and nests of tumor cells (T) are surrounded by fibrous
bands (FI) in medullary carcinoma observed with (a) en face OCT and
(b) OCM obtained about 50 um below the tissue surface. (c) and (d)
are corresponding HE slides (4 and 20X, respectively). Scale bars,
500 um in (a) and (c), and 100 um in (b) and (d).

sult, characteristic architectural and cellular features from
normal thyroid and benign and malignant thyroid diseases
were successfully visualized at multiple resolution scales in
excised specimens, without exogenous contrast agents or his-
tological processing.

The ability of OCT and OCM to assess follicle shape and
delineate growth patterns of thyroid tissues is valuable. The
shapes of normal follicles are round to oval. Lesions contain-
ing macrofollicles are more likely to be benign, whereas nod-
ules composed predominantly of microfollicles are more
likely to be neoplastic. Features visualized in malignant dis-
eases, such as the absence of normal follicles, and the pres-
ence of complex papillae, microfollicles, and sheet/nests of
tumors, are approaching resolution at the cellular level. These
intrinsic features form an image base that can be used to dif-
ferentiate normal and benign nodules from malignancy using
OCT and OCM.

One limitation of this study is the registration of images
with histology. The method used in this study provides accu-
rate registration between the region of pathology and histol-
ogy. However, exact control of the histological plane is diffi-
cult, and combined with processing artifacts in histology, this
makes precise one-to-one registration of histology to OCT/
OCM images challenging. Therefore, assessment of image
and histological data is based on correspondence of feature
information. This approach is consistent with methods used in
other studies and addresses the objective of this study, en-
abling a correspondence to be established between features in
OCT/OCM images and histology. Another limitation in the
current study is the relatively small sample size, which pre-
vents us from determining the sensitivity and specificity for
assessment of thyroid malignancy. Prospective studies with a
larger sample size and blinded image interpretation will be
required to establish the clinical utility of OCT and OCM for
thyroid neoplasia assessment.

Recently, significant efforts have been directed at miniatur-
izing OCT imaging probes for in vivo clinical applications,
such as in gastroenterology39_41 and cz11"di()logy.42’43 Needle-
based OCT imaging probes have also been demonstrated.***’
Small diameter needle probes have been demonstrated with
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confocal and multiphoton microscopy.%’49 It is challenging to

achieve a microscopy probe size comparable to the needles
used for thyroid FNA. However, OCM uses both confocal and
coherence detection to achieve cellular level transverse and
axial resolution, even when a lower NA objective lens is used.
This is an important advantage because it would facilitate the
development of needle-based miniature OCM probes suitable
for guiding FNA at cellular resolution.

The current OCT and OCM imaging system has excellent
image resolution, but imaging speeds are limited and are not
suited for in vivo applications. The recent development of
Fourier/spectral domain and swept source OCT has yielded
significant improvements in imaging speed.so’51 The develop-
ment of Fourier domain mode-locked lasers enables speeds as
high as 370,000 axial lines/s.>® This would enable imaging
speeds of 275 cross-sectional frames per second for the volu-
metric OCT datasets described in this work. The field of view
of 3-D OCT can be greatly enhanced with high speed imaging
methods. A recent study demonstrated imaging of a 20X 8
X 1.6-mm? volume within 20 s in the human gastrointestinal
tract.> Swept source OCM has also been demonstrated to
achieve 3-D cellular resolution images at high speed.15 These
technological advances would achieve imaging speeds suffi-
cient for future clinical applications.

A needle-based OCT and OCM imaging device would pro-
vide complementary architectural information to ultrasound
and FNA for in vivo evaluation of thyroid nodules. The com-
bination of cytological and architectural information is ex-
pected to help clinicians make decisions for thyroid nodule
management. In addition, OCT scans a larger field of view in
real time, which could help locate higher yield areas for sam-
pling with FNA. This could also potentially minimize the
number of FNAs performed in benign nodules in the setting
of multinodular colloid goiter. By excluding nodules with
conclusive benign features up front, this will avoid potential
cytologic false positive diagnoses and limit the number of
nodules that require further evaluation, which would contrib-
ute to a reduction in cost for the workup of the incidentally
detected thyroid nodule. One other potential future application
involves the cytologic diagnosis of hypercellular follicular le-
sions on FNA. The diagnosis of follicular carcinoma cannot
be made on cytologic specimens, because the definition of
carcinoma requires histological examination of the entire cap-
sule for capsular or vascular invasion. Patients with a cyto-
logic diagnosis of hypercellular follicular lesion will usually
undergo a hemithyroidectomy to rule out follicular carcinoma.
A large majority of these nodules turn out to be follicular
adenomas. The ability to distinguish between follicular ad-
enoma and follicular carcinoma would be invaluable. OCT
and OCM has the potential to assess capsular or vascular in-
vasion in thyroid nodules with a predominant pattern of mi-
crofollicles. Further studies on excised tissue and in vivo trials
will be needed to establish the clinical utility of OCT and
OCM for thyroid nodule management.
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