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Objectives/Hypothesis: Current imaging modalities lack the necessary resolution to diagnose subglottic stenosis. The
aim of this study was to use optical coherence tomography (OCT) to evaluate nascent subglottic mucosal injury and charac-
terize mucosal thickness and structural changes using texture analysis in a simulated intubation rabbit model.

Study Design: Prospective animal study in rabbits.
Methods: Three-centimeter-long sections of endotracheal tubes (ETT) were endoscopically placed in the subglottis and

proximal trachea of New Zealand White rabbits (n 5 10) and secured via suture. OCT imaging and conventional endoscopic
video was performed just prior to ETT segment placement (day 0), immediately after tube removal (day 7), and 1 week later
(day 14). OCT images were analyzed for airway wall thickness and textural properties.

Results: Endoscopy and histology of intubated rabbits showed a range of normal to edematous tissue, which correlated
with OCT images. The mean airway mucosal wall thickness measured using OCT was 336.4 lm (day 0), 391.3 lm (day 7),
and 420.4 lm (day 14), with significant differences between day 0 and day 14 (P 5 .002). Significance was found for correla-
tion and homogeneity texture features across all time points (P < .05).

Conclusions: OCT is a minimally invasive endoscopic imaging modality capable of monitoring progression of subglottic
mucosal injury. This study is the first to evaluate mucosal injury during simulated intubation using serial OCT imaging and
texture analysis. OCT and texture analysis have the potential for early detection of subglottic mucosal injury, which could lead
to better management of the neonatal airway and limit the progression to stenosis.
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INTRODUCTION
Acquired subglottic stenosis (SGS) is most common-

ly caused by prolonged intubation or intubation with an
oversized endotracheal tube (ETT). Mucosal injury, as a
result of ischemic necrosis, typically occurs at the subglot-
tis because the cricoid cartilage is a continuous ring,
which does not flex with pressure or allow centrifugal dis-
placement of inflammatory edema. Ulceration of the sub-
glottic epithelium may occur within hours of intubation,
and permanent damage is frequently observed within the
first 7 days. Although the incidence of neonatal acquired
SGS is approximately 0.24% to 2.0%, the development of
SGS may have devastating consequences.1

Early diagnosis of SGS is not possible using imag-

ing modalities such as computed tomography (CT) and

magnetic resonance imaging (MRI), as they lack the nec-

essary imaging resolution. SGS is managed with a range

of surgical and endoscopic procedures2; however, these

procedures may lead to restenosis due to induced inflam-

mation, requiring additional anti-inflammatory treat-

ments.3 Direct laryngoscopy and bronchoscopy with

dilation is the gold standard for the management of

SGS, but it presents with the operative risks of losing a

stable, intubated airway and hypoxia. Consequently, the

treatment of neonatal SGS remains a diagnostic chal-

lenge for otolaryngologists.
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There have been several SGS models in rabbits
using direct trauma to the mucosa (i.e., brushing, caus-
tic chemicals) but very few in evaluating the use of
imaging modalities on ETT injury.4 Optical coherence
tomography (OCT) is an emerging, minimally invasive
optical imaging technique that provides high resolution
(�10 lm) images of living tissue based on different opti-
cal properties. OCT has profound impact in diagnosis
and management of retinal disease in ophthalmology,
and has been evaluated intensely in coronary vascula-
ture and gastrointestinal tract imaging.5,6 Traditionally,
OCT has focused primarily on imaging the upper aerodi-
gestive tract and vocal fold diseases.7–9 Our group, along
with others, have also focused on the developing pediat-
ric airway as a new application for OCT.10–12

Texture analysis is an objective and automated meth-
od to obtain quantifiable information from medical images
for the purposes of tissue classification, lesion detection,
and pathologic quantification.13 In a digital image, tex-
ture is defined as the spatial distribution of intensity val-
ues, whereas texture analysis is the evaluation of the
relative position and intensity of these pixels.13 Texture
properties derived from gray-level co-occurrence matrices
(GLCM)—a commonly used statistical approach—have
been investigated to characterize tissues imaged with
OCT.14 The main properties successfully used to objective-
ly classify tissue include contrast, correlation, homogenei-
ty, and energy.14,15 As OCT studies generate hundreds to
thousands of images per patient, automated or semiauto-
mated analysis is essential, particularly if this technology
evolves into a screening measure in the neonatal intensive
care unit (NICU).

The study objectives are to evaluate OCT as an
imaging modality to 1) detect nascent subglottic injury
from simulated prolonged intubation in a rabbit model,
2) obtain measurements of airway wall morphology, and
3) perform automated texture analysis for diagnosis of
the condition.

MATERIALS AND METHODS

OCT System
The details of the OCT device and instrumentation used

in this study are available in the online supporting information

and have been previously described.16 The flexible OCT probes

were custom built with outer diameters of 1.2 mm and placed

within a fluorinated ethylene propylene sheath (Zeus Inc.,

Orangeburg, SC). The probes were then rotated proximally

while being retracted, acquiring images in a retrograde, helical

fashion. The system has an axial and a lateral resolution of

approximately 10 lm and 112 lm, respectively.

Rabbit Model and Data Acquisition
Ethical approval for this study was obtained from the Uni-

versity of California Institutional Animal Care and Use Com-

mittee. Ten New Zealand White rabbits (weight 2.4–4.3 kg)

were used. At this weight and stage of development, the airway

dimensions at the level of the cricoid (5.4–5.8 mm) approximate

that of neonates (4.5–5.5 mm).17

The intubation-induced subglottic injury model developed

by Kelly et al. was adapted for this study.4 A detailed

description of the surgical technique and procedure is available
in the online supporting information. On day 0, a 3-cm-long sec-
tion of ETT was endoscopically placed just below the vocal cords

(subglottis and proximal trachea) and secured with a suture via
a small cervical incision. Prior to insertion, the subglottis was
sized with an appropriately tight fitting ETT (3.5–4.0 mm).
OCT and digital video imaging was conducted prior to ETT
placement from 3 cm below the subglottis to the level of the
glottis. On day 7, imaging was acquired after the segment of
ETT was endoscopically removed. On day 14, the animal was
euthanized after imaging. The larynx and proximal trachea
were dissected free and fixed in formaldehyde for 24 hours. The
samples were then processed, embedded in paraffin, and
sequentially sectioned into 6-lm-thick slices for histological

analysis (hematoxylin-eosin staining).

Data Analysis
Histologic sections of the subglottis were examined using

light microscopy (Microphot-FXA; Nikon Corp., Tokyo, Japan)
and digitized (PictureFrame; Optronics, Tulsa, OK) for docu-
mentation. The mucosal and submucosal layers of the specimen
were visually compared to the control specimen from a parallel
study for changes in thickness and mucosal lining. The sections
were also compared to corresponding OCT images.

Morphometric and texture analyses were performed on
the subglottic region. The tissue segmentation and micrometry
methods have been previously described.18 Figure 1A shows a
representative linear image and Figure 1B shows a circular
image (analogous to CT axial images) of the subglottis with
manual segmentation in Figure 1C and 1D. The statistical val-
ues (i.e., mean, standard deviation, and range) of the thickness
were calculated across all axial lines of the segmented region of

each animal. The average statistical values of each experimen-
tal day is reported in Supporting Table 1 in the online version
of this article.

Texture analysis was performed on the segmented images.
Sixteen texture features (contrast, correlation, energy, and

homogeneity) were derived from GLCM (08, 458, 908, and 1358)
per image. The mean values per experimental day and their
standard error were reported. The repeated measures analysis
of variance (rANOVA) was used to measure changes across the
three time points. Pairwise differences were performed using a
one-tailed Student t test with Bonferroni correction to adjust for
the multiple comparisons.

RESULTS

Morbidity and Mortality
Two out of 10 rabbits were excluded from the study:

one died as a consequence of a witnessed aspiration dur-
ing the intubation process, and the other was excluded
after 1 week of intubation, as the ETT segment was
found to have migrated to the distal trachea.

Endoscopic and Histologic Analyses
Preintubation endoscopy of all animal subjects was

confirmed to be negative for injury in the subglottis pri-
or to the surgical procedure. Control endoscopy of the
subglottis was taken to allow subsequent comparison
(Fig. 2A). ETT and suture placement was verified endo-
scopically (Fig. 2B). Following extubation, endoscopy of
the animal subjects uniformly demonstrated edema and
inflammation (Fig. 2C). Five of the 8 animals
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demonstrated focal areas of ulceration by day 14 of the
study (Fig. 2D).

Histologic sections at the level of the cricoid were
compared between the intubated group at day 14 and
controls from a parallel study19; no animals were eutha-
nized on day 7. In the intubated animals, there was evi-
dence of mucosal thickening in both the epithelium and
underlying lamina propria (Fig. 3). Regions of the muco-
sal layer demonstrated signs of epithelial metaplasia
and abnormal basement membranes with the presence
of inflammatory cells. In the submucosa, there was indi-
cation of increased vascularity and development of gran-
ulation tissue.

OCT Analysis: Soft Tissue Thickness and
Texture Analysis

Images of day 0 (control) demonstrated subglottic
epithelial layer of low-intensity pixels, whereas the
underlying lamina propria presented a uniform layer of
higher intensity (Fig. 4A). Darker regions within the
submucosal layer indicated the presence of submucosal
glands or blood vessels, and the first tracheal ring and
perichondrium were clearly visible. Images obtained on
day 7, following ETT segment removal, indicated signifi-
cant pathology (Fig. 4B). The contrast between the sub-
structures was less pronounced, and the lamina propria
and submucosa were darker and degraded in appear-
ance. This observation is consistent with granulation tis-
sue and edema,10 which were also observed with
conventional digital endoscopy. The subglottic airway
also demonstrated circumferential narrowing. Images
obtained on day 14 showed marked thickening of the
mucosa and submucosa (Fig. 4C). The contrast between

the mucosal substructures was comparable to the control
and visibly different from images obtained on day 7;
however, the contour of the subglottis was more irregu-
lar, and focal regions of ulceration were observed.

Fig. 2. Endoscopic footage of gross morphology of the subglottis.
(A) The control subglottic region and (B) subglottic region after
tube placement with clear visualization of the suture. (C) Edema
and inflammation apparent after 1 week of intubation and (D) focal
areas of ulceration after 1 week of extubation.

Fig. 1. Representative optical coher-
ence tomography image of the rab-
bit subglottis in linear (A) and
circular (C) representation. Sample
segmented images in linear (B) and
circular (D) representation. Scale
bar represents 2 mm. LP 5 lamina
propria; PS 5 outer probe sheath;
TC 5 tracheal cartilage.
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Segmentation of the airway cross-section divided
the axial tissue structures into 1) the airspace, 2) the
mucosa and the submucosa, and 3) the cartilage layer.
The mean thickness of the mucosa and submucosa layer
was 336.4 6 20.7 lm on day 0, 391.3 6 22.9 lm on day
7, and 420.4 6 15.4 lm on day 14. There was a signifi-
cant increase in thickness between day 0 and day 14 of
imaging (P 5 .002). Between day 0 and day 7, the
increase was nearly significant (P 5 .053). Figure 5
shows a graphical representation of the mean thickness
measurements for each animal across the three imaging
days with standard error of the means.

Analysis with rANOVA showed statistically signifi-
cant increases for correlation and homogeneity variables
for all directions across the three time points (P < .05).
Running pairwise comparisons between the levels, there
was significance between day 0 and day 14 for correla-
tion in all directions (P � .016). Changes between day 0
and day 7 did not reach statistical significance (P � .06
for all directions). For contrast, homogeneity, and energy
parameters, there were noticeable trends in all direc-
tions across the three time points. Contrast values
decreased between day 0 and day 7, and returned to val-
ues more similar to the control on day 14. Energy
and homogeneity values increased between day 0

and day 7, and returned to more similar values to the
control on day 14. Details of the statistical analysis are
found in Supporting Table 1 in the online version of this
article.

DISCUSSION
In our previous study in critically ill intubated neo-

nates in the NICU, OCT measurement of soft tissue
changes in the subglottic mucosa was reported.20 Howev-
er, we were not able to correlate endoscopic images or
histopathology, as the number of subjects progressing to
operative endoscopy was small, and full-thickness
(including cartilage) surgical specimens are rarely avail-
able in these subjects.20 In this study, the animal model
was used to simulate the clinical scenario (intubation) to
provide insight into the relationship between OCT, histo-
logic, and endoscopic observations. Early injury due to
prolonged intubation cannot be diagnosed using conven-
tional imaging modalities (i.e., CT, MRI) due to their
limited imaging resolution. Direct laryngoscopy is the
gold standard of the diagnosis of SGS, but is generally
performed under general anesthesia, which could result
in complete airway obstruction. Alternatively, OCT can
be performed daily as a screening measure through the
endotracheal tube and would not require extubation or

Fig. 3. Histologic comparison between control and intubated specimen. (A) The normal mucosal and submucosal layers of an unintubated
animal and (B) thickened mucosal and submucosal layers of an intubated animal sacrificed after 1 week of extubation. Scale bars for (A)
and (B) represent 250 lm. (C) Entire section of the normal subglottis at the level of the cricoid cartilage. (D) Entire section of the intubated
subglottis with evidence of edema and granulation tissue. Scale bars for (C) and (D) represent 2 mm.

Fig. 4. OCT images of the subglottis at different time points. (A) Control subglottic region showing normal anatomy. (B) Thickened mucosal
layer of the subglottic region with evidence of edema (darker regions) after 1 week of intubation. (C) Thickened mucosal and submucosal
layers after 1 week of extubation. Scale bar represents 2 mm.
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endoscopy. With its high resolution, OCT may detect ear-
ly signs of SGS, providing a means to better manage the
ETT, prevent progression to high-grade SGS, and even
predict patients with high risk for extubation failure.

This study illustrates the potential for OCT to
detect mucosal injury and thickening in the subglottis.
Soft tissue layer thickness measurements and texture
analysis demonstrated statistically significant increases
in mucosal and submucosal thickness and changes in
texture parameters over time, respectively. The model
used here best replicates the clinical circumstances,
where the ETT remains in the airway for a prolonged
time period. Texture analysis has been used in many set-
tings, particularly in remote sensing and machine vision
applications.21 Here, texture analysis is demonstrated as
an automated means to analyze tissue.

Previous SGS models with arduous methods (i.e.,
electrocautery, chemical irritation, curette, laser, nylon
brush) produced high-grade stenoses associated with
high mortality rates and did not mimic clinical neonatal
SGS.19,22–25 Actual intubation models have been used;
however, only acute changes can be studied due to limi-
tations with respect to how long a rabbit can remain
intubated.26 In contrast, the ETT model developed by
Kelly et al. has demonstrated the ability to increase lam-
ina propria thickness, mucosal thickness, and goblet cell
density.4 The mucosal injuries induced in this study
were similar, though no perichondritis or chondritis was
observed. This is possibly due to differences in ETT siz-
ing, as the degree of injury depends on the pressure
induced by the oversized ETT. Regardless, ulceration,
granulation tissue, and mucosal thickening were
observed. The superficial injury created here is more
similar to what is believed to occur during the early
stages of subglottic injury in the neonate, which is sel-
dom clinically documented, as operative endoscopy is

rarely, if ever, performed at this time in disease evolu-
tion. Additionally, OCT tracked mucosal thickening over
three time points in the same animal, whereas other
animal studies have relied entirely upon histology
obtained only at euthanasia.

A limiting factor in this study was not including
micrometry of histologic sections at different time points,
as histology is only available on day 14, the time in
which euthanasia occurred. Animal subject numbers
were kept limited because previous studies have already
demonstrated the link between OCT-based measure-
ments of mucosal thickness and histology.19 Further-
more, micrometry based upon histologic sections is
fraught with artifact due to fixation methods, whereas
OCT micrometry is precise to less than 10 lm.27

Mucosal thickness was found to increase through 1
week of intubation, and continued to increase after extu-
bation. There was statistical significance between meas-
urements on day 0 and day 14, near significance
between day 0 and day 7, and no significance between
day 7 and day 14. This suggests that most of the muco-
sal injury occurs within the week of intubation whereas
the inflammatory process may have continued even after
extubation. These findings correlate with the signs of
early SGS, including ischemia and edema caused by pro-
longed mucosal compression, then ulceration, inflamma-
tion, and granulation tissue formation following
persistent injury. After extubation, the healing of sub-
glottic ulcers continues and follows a similar pathway as
wound healing of the skin.28

Each OCT scan includes hundreds of images, and if
used as a clinical screening measure, automated or semi-
automated processes may be required. In this study,
labor intensive manual segmentation of distinct tissue
regions was performed by one investigator (E.S.). The
feasibility of texture analysis using OCT images for the
purposes of tissue classification have been reported,
though use has not been widespread.14,29 GLCM proper-
ties potentially allow differentiation of tissue type with-
out manual segmentation14 and of tissue phantoms
containing various sizes and distributions of scattering
foci.29 To our knowledge, our investigation is the first to
apply texture analysis to airway OCT images. Changes
in the texture statistics show measurable differences
between pathological states of the intubated subglottis.
The significant changes in correlation and homogeneity
herein demonstrate potential for automated diagnosis.
In addition, the trends in homogeneity and energy indi-
cate an increase in the value after 1 week of intubation,
followed by a return to values similar to the control after
1 week following extubation. Contrast showed a decrease
followed by a return to values similar to the control.

CONCLUSION
This study is the first to characterize ETT injury to

the rabbit airway using OCT and apply texture analysis
to detect changes in tissue composition. OCT allows for
quantifiable measurements of airway soft tissue thicken-
ing, showing statistically significant changes across dif-
ferent time points. Texture analysis provides a basis to

Fig. 5. Graphical representation of the effect of intubation on the
mucosal and submucosal thickness. Mean airway soft tissue
thickness measurements of all animals are shown with significant
increase in thickness between day 0 and day 14. *P 5 .002.
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characterize the state of the pathology relative to the
control, and the success herein makes automated classi-
fication of pathology possible. Such an automated
approach would be essential should OCT evolve to
become a common part of ETT and airway management
in the NICU. Future studies will focus on combining
this ETT SGS injury model with pepsin and hydrochloric
acid application to simulate acid reflux.
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