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Abstract

Objectives: There have been many advancements in laryngeal imaging using optical coherence
tomography (OCT), with varying system design and probes for use in research, office, and
operating room settings. We evaluated the performance of six distinct OCT systems in imaging
porcine vocal folds (cords) using computational image processing and segmentation.

Methods: Porcine vocal folds were scanned using six OCT systems. Imaging system and probe
performance were quantitatively assessed for signal penetration, layer differentiation, and
epithelium (EP) measurement. Fitted exponential decay curves with corresponding a constant and
intensity thresholding segmentation were utilized to quantify the aforementioned parameters.

Results: The smallest average a constant and deepest signal penetration was of the SS-OCT
1700 nm 90 kHz microscope system (a= -1.74), followed by the SS-OCT 1310 nm 200 kHz
VCSEL microscope system (a= -1.99), and SS-OCT 1310 nm 50 kHz rigid forward viewing
endoscope system (a= —2.23). The EP was not readily visualized for three out of six systems, but
was detected using automated segmentation. Average EP thickness (mean + SD) was calculated as
55.79 + 31.86 mm which agrees favorably with previous literature.

Conclusion: Comparisons of OCT systems are challenging, as they encompass different probe
design, optical path, and lasers, depending on application. Practical evaluation of different systems
using computer based quantitative image processing and segmentation revealed basic, constructive
information, such as EP measurements. To further validate the comparisons of system
performance with clinical usability, /n vivo human laryngeal imaging will be conducted. Further
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development of automated image processing and segmentation can be useful in rapid analysis of
information. Lasers Surg. Med.

Keywords

larynx; vocal folds; true vocal folds; vocal cords; porcine vocal folds; optical coherence
tomography; laryngeal imaging; system comparisons; segmentation

INTRODUCTION

Evaluation of the larynx and vocal folds (i.e., vocal cords, true vocal folds [TVFs]) requires
specialized hardware, as they cannot be visualized directly during standard physical
examination. The development of laryngeal visualization and imaging has incrementally
advanced over three centuries. Otolaryngologists currently evaluate the larynx using a dental
mirror and headlamp, flexible fiber-optic, or rigid endoscope. However, these conventional
methods cannot capture subsurface composition of the TVFs and associated pathologies.
State-of-the-art clinical imaging includes videostroboscopy supplemented by
videokymography, high-speed videolaryngoscopy with or without narrow band imaging, or
depth-kymography, but their uses are uncommon in general practice [1-5]. Although these
technologies functionally analyze the laryngeal mucosal wave during phonation, they still
only assess the surface. Dynamic magnetic resonance imaging has recently been introduced
to measure laryngeal structures and glottal parameters with multiplanar high-resolution
imaging. However, it still has insufficient resolution to classify TVF lesions. Thus, the
challenge remains to study cross-sectional TVF structure and pathology without invasive
biopsy and histological analysis [6].

Optical Coherence Tomography (OCT), a minimally invasive imaging technology, is capable
of producing near histopathological images of biological tissues [7]. There are several OCT
system configurations: time domain (TD), and Fourier domain techniques including swept
source (SS) and spectral domain (SD) [8-10]. Based upon system configuration, various low
coherent near-infrared light sources are used, including super luminescent diodes (SLD) [8]
and swept vertical cavity surface emitting lasers (VCSELS) [11]. Various OCT probes and
hand piece designs—including microscopes, rigid endoscopes, and flexible endoscopes—
allow for forward viewing [8,12-25], side viewing [11,26-32], or rotary viewing [33,34].
Using a TD system with a forward facing probe, Sergeev et al. first demonstrated the
feasibility of using endoscopic OCT to image the mucosa of various organs, including the
larynx [17]. Since then, many OCT systems have been developed for intraoperative and in-
office use. Small dual channel nasolaryngeal endoscopic OCT has been developed to image
normal and suspicious lesions in awake patients [16,26]. Advancements in image acquisition
speed and phase stability of laryngeal endoscopic OCT has allowed for acquisition of
functional information during phonation and vocal fold vibration [11,27]. Furthermore, OCT
imaging systems have been integrated into surgical microscopes for hands-free image
acquisition during direct laryngoscopy [14,15,20,24].

Although varied quality of images produced have been documented, objective comparisons
of multiple OCT imaging systems for laryngeal imaging have not been performed.
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Comparisons in literature predominantly evaluate two systems. Variable light sources,
optical probe design, and interferometry components complicate system comparisons.
Imaging performance theoretically should depend upon laser center wavelength and
individual system components. However, in practice, there are additional factors to consider.
The variability in the manufacture’s specifications of optical components and their
arrangement could affect the overall performance, creating difficulties in comparisons.

Furthermore, objective assessment presents a challenging task given the variable subjective
human interpretation of OCT images and their relative quality. The human eye is not well-
suited to observe subtle differences in pixel intensity variations that mark the edges between
layers. OCT image interpretation often is subjective based upon what the observer expects to
see rather than what is truly represented in the image data. The use of segmentation
algorithms for OCT imaging has been established and has the potential to aid in rapid and
objective data analysis that may not be attained by visual interpretation [19,35].

Thus, we aim to compare six OCT systems in imaging ex vivo porcine TVFs, using
quantitative image processing and segmentation algorithms.

MATERIALS AND METHODS

Tissue Specimens

Freshly excised porcine larynx (Fig. 1) (obtained from a local abattoir) was fixed in formalin
(formalin refractive index, n= 1.37) to maintain structural integrity of the tissue, and
subsequently imaged using the six OCT systems consecutively. As device setup can be time
consuming and fresh tissue undergoes autolysis, fixed tissue was utilized [21,29]. The
sample was bisected between the two TVFs to allow access to the structures.

Image Acquisition
Imaging systems with various scanning probe embodiments were compared (Fig. 2). Two
flexible probe systems, two gradient-index (GRIN) lens rigid endoscopes, and two
microscope systems were evaluated. The specifications of each system and probe are
displayed in Table 1. Two-dimensional OCT images of the central area of TVFs were
acquired and adapted to accommodate the field of view (FOV) and capabilities of each
system. All systems and probes imaged the superior surface of the TVFs, apart from the SS-
OCT 1310 nm 50 kHz flexible side viewing rotational endoscope system. Due to its
scanning geometry, this system was only reliable to image the medial surfaces of the TVF.

Visual Assessment

OCT images were visually assessed for overall TVF morphology as attained by each system.
Clarity of layered structure was based on a scale of “visible,” “moderately visible,” and “not
visible.”

Image Processing

OCT B-scans acquired with each system were analyzed by image processing algorithms to
assess penetration depth, and contrast of tissue microstructures (epithelium [EP], lamina
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propria [LP], and basement membrane [BM]), and EP thickness. The EP is the most
superficial layer. The superficial lamina propria (SLP) is denoted by an increase in pixel
intensity, specifying a second layer and the deep lamina propria (DLP) is the third layer. The
BM is the interface between the EP and SLP.

Intensity Threshold Segmentation

To obtain EP thickness, a semi-automated Python (Python Software Foundation,
Wilmington, DE) image processing program denoised, segmented, and calculated the
average EP thickness (schematic, Fig. 3). First, data was converted to grayscale images in
ImageJ (LOCI, Madison, WI) [36]. Using 8-85 representative B-scans—system dependent
—a user defined region of interest (ROI) of the TVF was selected. Briefly, ROIs were
denoised by the scikit-image implementation [37] of the total variation denoising Split-
Bregman method [38]. By sampling pixel luminance, a pixel intensity histogram was
produced. Splines smoothed the histogram to identify threshold intensity values by which
EP, SLP, and noise could be separated. For each respective layer, threshold values were
deduced from the observation that noise generally exhibited the lowest centered distribution
of intensities, SLP with the highest centered intensity distribution, and EP centered in
between the former two. Two intensity values were identified to separate the intensity
histogram of the B-scan into three intensity value ranges. Using these two values, the EP
contour was obtained using the marching squares algorithm implemented in scikit-image
[39]. The vertical height of the segmented epithelial boundaries was calculated for all A-
lines within each contour, and mean thickness was subsequently determined.

Alpha Constant (a)

RESULTS

Average intensity based exponential decay curves and respective a constants (a) were
calculated to compare OCT signal depth penetration and contrast of signal intensity into the
LP [40,41]. The a constant is defined as the decay constant of the fitted first order
exponential decay to the OCT intensity data. A MATLAB (MathWorks, Natick, MA) image
processing script was created to calculate the average a constants in all given A-lines in the
ROI. The algorithm (schematic, Fig. 4) is a modified form of decay fitting of intensity
signals [41]. Briefly, a user-defined ROI in a representative OCT B-scan was selected to
assess the same area of the TVFs. Next, tissue layers were contoured using the previously
described intensity threshold segmentation approach [35]. Data from the EP was removed,
and the LP surface was then shifted to a line to simplify further processing. All A-lines
captured within the ROI were then laterally averaged to reduce speckle artifact. Lastly, a first
order exponential decay was fitted to the depth resolved intensity OCT data and an average
a constant was determined.

ROIs of OCT images acquired from each system are represented in Figure 5. The yellow
arrow denotes the EP, the purple asterisk denotes the BM, the blue arrow denotes the SLP,
and the orange arrow denotes the DLP. As seen in Figure 5a, the image produced by the SS-
OCT 1310 nm 200 kHz VCSEL microscope system shows clear visibility of the BM and
boundary between the SLP and DLP, but poor visibility of the EP. The high intensity SLP

Lasers Surg Med. Author manuscript; available in PMC 2020 July 25.
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layer is clearly separable from the LP layer. The ROI surrounding the TVF was obtained
from a B-scan depicting a large FOV, best observed by the varying heights of the tissue
surface morphologically. The SS-OCT 1700 nm 90 kHz microscope system shown in Figure
5c¢ has a similar FOV and is able to clearly differentiate the BM, SLP, and DLP. Once again
it is very challenging to visualize the thin EP above the BM. The SLP is of lower intensity
compared to the DLP with good layer differentiation. The SS-OCT 1310 nm 50 kHz side
viewing rotational endoscope system seen in Figure 5e can resolve the structure between the
EP, BM, SLP, and DLP, with the SLP having the highest intensity. Adequate contrast for
differentiation of the LP is noted, however the EP, although visible, is difficult to appreciate.
It should be noted that the tissue is curved due to the side viewing rotational scanning
geometry. The image produced by the TD-OCT 1310 nm 254 Hz flexible forward viewing
endoscope system is seen in Figure 5g. The EP, BM, SLP, and DLP are clearly
distinguishable. The contrast for layer differentiation is moderate. The SLP shows the
highest intensity. The tissue appears to be flat due to the short scanning FOV provided by the
probe (2 mm). The imaged acquired by the SS-OCT 1310 nm 50 kHz rigid forward viewing
endoscopy system (Fig. 5i) cannot resolve the EP or BM visually. However, the SLP and
DLP layers are visible with moderate differentiation. Tissue structure is flat and angled due
to the limited FOV (3 mm). Lastly, the SS-OCT 1310 nm 200 kHz VVCSEL rigid side
viewing endoscope system has the largest FOV, as reflected by the capability of imaging the
curvature of TVFs as can be seen in Figure 5k. The EP, BM, SLP, and DLP are visible with
moderate layer differentiation. These visual assessments are summarized in Table 2.

Segmentation performed using image intensity thresholding is also presented in Figure 5.
The yellow contour delineates the epithelial layer detectable by the Python algorithm.
Average EP thickness and standard deviation (SD) for each of the six OCT imaging systems
are summarized in Table 3 and Figure 6. Values for average EP thickness ranged from 45.73
um for the SS-OCT 1310 nm 50 kHz flexible size viewing endoscope system to 76.27 ym
for the SS-OCT 1310 nm 200 kHz VCSEL rigid side viewing system. Average EP thickness
(xSD) across all systems was calculated to be 55.79 + 31.86 mm. The EP was not readily
identified by visual inspection of each image for all OCT systems, but was measured via this
segmentation algorithm.

Average intensity based exponential decay curves and the corresponding a constants for
images acquired by each OCT imaging system are shown in Figure 7 and listed in Table 2.
The alpha decay curves provided a quantitative measure of depth penetration. The smallest
average a constant was of the SS-OCT 1700 nm 90 kHz microscope system (a= —1.74),
followed by the SS-OCT 1310 nm 200 kHz VVCSEL microscope system (a= —1.99), and SS-
OCT 1310 nm 50 kHz rigid forward viewing endoscope system (a= —2.23).

DISCUSSION

As the anatomy and dynamic nature of the upper airway make imaging the vocal folds a
challenge, many different approaches to OCT laryngeal imaging have been developed.
However, there have been no comparisons of systems concurrently, which was the
motivation for this study.

Lasers Surg Med. Author manuscript; available in PMC 2020 July 25.
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While in theory, source specifications and tissue optical properties should predict to a degree
the a constant and image quality, image acquisition results vary depending on many factors
related to device design. This includes the collection efficiency of the probe’s optics, probe
depth of focus, the quantum efficiency and frequency response of the photodetector, and the
position of the sample with respect to the focus. Most OCT systems are bespoke and
application specific, where the clinical needs dictate the wavelength and type of probe
utilized. For instance, a side viewing rotational endoscope is well utilized for a luminal
organ, while a forward viewing endoscope is better employed for biopsy guidance, device
placement, or uses in which a large distance between the OCT probe and tissue surface is
needed [42]. Due to this variability, side-by-side comparisons of these systems are
challenging. For instance, imaging the exact location of the TVFs at micron level precision
is challenging, as each probe design and FOV is slightly different. Difficulties in focus spot
consistency amongst systems made comparisons challenging as different wavelengths and
probes each have unique depth-of-focus. Despite the aforementioned practical limitations, it
is important to provide a functional evaluation of these different OCT systems. This study’s
strengths are in the diversity of the six different system designs compared and the
constructive information produced, which provides insight towards what an ideal system
may be for laryngeal imaging.

With system differences in mind, objective comparisons were carried out to garner
information from these OCT images. Due to the thin porcine EP in the TVF and the given
axial resolution of the OCT systems, it is challenging to observe the EP layer in most images
with the naked eye, without sufficient contrast. This can be explained by the subjective
visual misinterpretations of where the EP and LP boundaries reside. The EP is a thin,
homogenous, low intensity layer above the thicker, heterogenous, higher intensity SLP layer
filled with loose connective tissue and glandular structures [29]. The EP was not readily
visible in three out of six systems (Table 2), but was quantitatively analyzed and detected
using the computational methods. Using a standardized image segmentation method, the
variability of subjective interpretation between imaging systems can be mitigated and useful
information on layer thickness and geometry is obtained from these images. Our
segmentation algorithm provided a reliable and consistent estimate of EP thickness for most
systems (range 45.73-76.27 pm) with the overall average (xSD) of six systems as 55.79

+ 31.86 mm, which agrees well with values from literature. The porcine TVFs have
documented EP thicknesses of 30-190 um [21,22,29,43]. Given the homogeneity of the
TVF, the SD for each system can also be a useful indicator for system performance. The SS-
OCT 1310 nm 200 kHz microscope system and SS-OCT 1700 nm 90 kHz microscope
system have the smallest SD values indicating a reproducible imaging plane. The small SD
values can be attributed to the stationary aspect of the microscope platform, as compared to
the bulk motion artifact from hand held endoscopes. Future studies in live subjects should
consider motion artifacts: involuntary motion of the TVFs, motion of the subject’s body, and
motion of the user and the probe, which may all limit OCT image quality. With the addition
of adaptive optics and real time surface tracking for dynamic focusing, future improvements
can be made to accurately measure the stratified structure.

Exponential decay curves also provide some insight on depth penetration between the
systems. The a constant of the SS-OCT 1700 nm 90 kHz microscope system (-1.74) was

Lasers Surg Med. Author manuscript; available in PMC 2020 July 25.
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found to be smaller than the SS-OCT 1300 nm 200 kHz VCSEL microscope system (=1.99),
which by value indicates a slower signal roll off and deeper penetration for the 1700 nm
system. It is well understood that light diffusion into a turbid medium such as biological
tissue, is governed by light scattering and absorption. The literature has documented the
advantages of a 1700 nm center wavelength SS laser which preferentially produces a larger
degree of forward scattering photons rather than side or back scattering photons in turbid
tissue [40,44-47]. However, high bandwidth detectors capable of efficiently detecting 1700
nm photons are in their infancy, and at present have relatively low gquantum efficiency. Due
to limited availability of optically efficient wide band frequency response balanced detectors
for the 1700 nm OCT system, interferometer components were not optimized for use by this
system, which could have limited some penetration depth or signal bandwidth detection. To
achieve better imaging results, the laser, analog to digital data acquisition card, and detector
should all be paired together to optimize the digital signal processing pathway of the OCT
interferogram.

The SS-OCT 1310 nm 50 kHz side viewing flexible rotational endoscope system provides
adequate tissue layer differentiation and depth penetration with a small a constant. However,
it should be noted that the a constant for a side-viewing helical scanning probe could be
affected by position of the probe to the tissue. The a constant may vary laterally, depending
on the trajectory of the output beam with respect to the surface normal. Although
microscope systems have superior lateral resolution due to the larger numerical aperture, flat
planar focus field, and higher collection efficiency compared to that of endoscopic probes,
they are not suitable for in vivo laryngeal imaging. The complicated, narrow anatomy of the
upper airway does not allow for a large, forward facing lens. A slender endoscope is more
useful and practical, with the tradeoff of lower axial and lateral resolution. Endoscopes
typically have limited numerical aperture and only accommodate small incident beam
diameters based on lens size and endoscope form factor. The lateral resolution of an
endoscope is often limited compared to a microscope scanning system, which can have
resolutions ranging from 1 to 30 um [33,48,49]. In addition, endoscopes with several lenses
have a large insertion loss due to the multiple reflective surfaces of the optical assembly,
which affects both the axial and lateral resolutions through dispersion and chromatic
aberration. Axial resolution is clinically significant to resolve BM changes in evaluating
cancer. Lateral resolution can aid in the monitoring of noncancerous pathologies, or in
guidance of certain types of procedures, such as steroid injections of nodules, in which
differentiation of layered structure is not essential. Further optical relay optimization must
be conducted to determine the most suitable lens system for the probe’s form factor and
performance.

Contrast between the EP and LP may be affected by the conversion and compression of the
raw OCT interferogram to BMP image format. The range of values that represent the
intensity distribution in the raw data may be larger than the grayscale range of values for
BMP images. Although this may be a limitation, BMP files were used for practicality as the
raw data was not attainable for all systems. In addition, the use of formalin fixed ex vivo
porcine larynx can also contribute to contrast limitations. With blood and water content
present in /n vivotissue, the absorption of the near-infrared light will be greater than that of
dehydrated or fixed tissues [50,51]. Formalin increases scattering intensity from muscle
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layers, as well as shrinkage of EP, muscle, and connective tissue [50]. However, according to
Kimura et al., the shrinkage can be estimated: 59% in the medial-lateral direction and 40%
in the inferior-superior direction [52]. Nonetheless, this study uses the same specimen with
these consistent artifacts across all systems. Furthermore, although there are other animal
phonation models such as the canine larynx [43], the porcine larynx is more readily available
and is similar in vocal fold thickness, structure, and stiffness to the human larynx [53,54].
Previous studies have successfully used ex vivo or formalin fixed porcine larynx as a model
for OCT laryngeal imaging and the study of vocal fold structure and function [21,22,55].
Thus, we believe imaging the ex vivo formalin fixed porcine larynx in this study provides
useful information on system performance and the development of tools for image analysis.

This study is a practical comparison of OCT systems based on their performance in an ex
vivo model. Apart from image quality, which depends on, but is not limited to resolution,
layer differentiation, and depth penetration, other factors that are important for laryngeal
imaging include the practical usability of the system and the adoption of these devices into
current technologies, such as the visible light endoscope used in clinical practice. However,
this study showed the ability to use image processing methods to objectively compare
systems and to garner information that is not visibly acquired.

CONCLUSION

In this study, we compared six OCT imaging systems in imaging the TVFs. Analysis using
segmentation algorithms garnered information that was not readily resolved by the naked
eye. Although optical and tissue properties ought to predict system performance, image
acquisition results vary depending on components of the system and their summation of
parts. To further validate the comparisons of system performance with clinical usability, /n
vivo human laryngeal imaging will be conducted. Further development of automated image
processing and segmentation can be useful in rapid analysis of information.
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Fig. 1.

Phgotograph of formalin fixed porcine larynx imaged by OCT systems. This porcine larynx
was freshly excised and fixed in formalin prior to imaging. (a) depicts the top down view of
the bisected sample, (b) depicts the luminal surface of the larynx, with arrows indicating
TVF=true vocal folds and FVVF=false vocal folds. Scale bar indicates 1cm.
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(d)

Fig. 2.
Photograph of probes from OCT systems. The various imaging probes utilized to image the

vocal folds include the (a) SS-OCT 1310nm 200kHz VVCSEL system and microscope, and
SS-OCT 1700nm 90kHz system and microscope; (b) SS-OCT 1310nm 50kHz system and
flexible side viewing endoscope; (c) TD-OCT 1310nm 254kHz and flexible forward viewing
endoscope; (d) SS-OCT 1310nm 50kHz and rigid forward viewing endoscope; (e) SS-OCT
1310nm 200kHz and rigid forward viewing endoscope.
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HER i -1
Intensity

Fig. 3.

Pr%cessing algorithm for intensity thresholding segmentation and epithelium measurements.
(a) A selection of an ROI was made on the original OCT image denoted by the red box.The
(b) cropped ROI (c) is denoised and smoothed by total variation denoising with split-
Bregman optimization. (d) Intensity histogram of the entire denoised image or B-scan was
used to bin respectively for pixel intensities that belong to the image noise, epithelium and,
lamina propria. (e) Pixel populations identified are then contoured using the marching
squares algorithm. (f) Vertical distances between the top and bottom contour of the EP,
shown in yellow. (g) Resulting histogram distribution of the measured EP thickness.
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Fig. 4.

Pr%cessing algorithm for determination of alpha constants. (a) A representative OCTB-scan
is cropped to a given ROI of the true vocal folds denoted by the red box (b) Resulting
cropped OCT image containing the segment of interest (c) Epithelium is segmented and
removed (d) Remaining lamina propria edge is then shifted to a horizontal line to simplify
computation (e) All vertical A-lines in an image are averaged laterally (f) Blue: resulting
laterally averaged OCT A-lines, Red: fitted first order exponential decay on the blue OCT
depth resolved intensity.
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Fig. 5.
Intensity threshold contouring of the epithelium for each OCT system. Representative ROI

and contoured ROI of (a,b) SS-OCT 1310nm 200kHz VCSEL system and microscope
scanning probe, (c,d) SS-OCT 1700nm 90kHz system and microscope scanning probe, (e,f)
SS-OCT 1310 50kHz system and flexible side viewing endoscope (g,h) TD-OCT 1310nm
254Hz system and flexible forward viewing endoscope (1,j) SS-OCT 1310nm 50kHz system
and rigid forwarding viewing endoscope (k,l) SS-OCT 1310 nm 200 kHz VVCSEL system
and rigid side viewing endoscope. Yellow contour and yellow arrow denotes epithelium,
purple asterisk denotes basement membrane, blue arrow denotes superficial lamina propria,
and orange arrow denotes deep lamina propria. Red scale bars denote 200um of axial
distance.
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Comparison of Average Epithelial Thickness for each OCT System

§S-0CT 1310 nm S$S-OCT 1700 nm $S-0OCT 1310nm 50kHz TD-OCT 1310nm S$S-OCT 1310 nm $S-OCT 1310nm 200kHz
200kHz VCSEL 90kHz Microscope Flexible Side Viewing 254Hz Flexible Forward  50kHz Rigid Forward VCSEL Rigid Side
Microscope System System i Viewing Viewing Viewing

Comparison of average epithelial thickness for each OCT system. Bar graph of average
epithelial thicknesses for each OCT system with corresponding standard error of the mean

bars.
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Fig. 7.
Average intensity based exponential decay curves and alpha constant of vocal folds imaged

by each OCT system. Laterally averaged depth intensity and its exponential decay curves for
the respective OCT systems and probes imaging the same fixed porcine larynx (a) SS-OCT
1310nm 200kHz VCSEL microscope system, (b) SS-OCT 1700nm 90kHz microscope
system, (c) SS-OCT 1310nm 50kHz flexible side viewing endoscope, (d) TD-OCT 1310nm
254kHz flexible forward viewing endoscope, (e) SS-OCT 1310nm 50kHz rigid forward
viewing endoscope, (f) SS-OCT 1310nm 200kHz rigid forward viewing endoscope. SS-
OCT=swept-source OCT, VCSEL = vertical-cavity surface-emitting laser, TD-OCT=time-
domain OCT.
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