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ABSTRACT
Chlorine exposure can cause severe airway injuries. While the acute effects of chlorine inhalation are well-documented, the structural changes
resulting from the post-acute, high-level chlorine exposure remain less understood. Airway sloughing is one of the standards for doctors
to evaluate the lung function. Here, we report the application of a high-resolution swept-source optical coherence tomography system to
investigate the progression of injury based on airway sloughing evaluation in a chlorine inhalation rabbit model. This system employs a
1.2 mm diameter flexible fiberoptic endoscopic probe via an endotracheal tube to capture in vivo large airway anatomical changes before and
as early as 30 min after acute chlorine exposure. We conducted an animal study using New Zealand white rabbits exposed to acute chlorine
gas (800 ppm, 6 min) during ventilation and monitored them using optical coherence tomography (OCT) for 6 h. To measure the volume
of airway sloughing induced by chlorine gas, we utilized deep learning for the segmentation task on OCT images. The results showed that
the volume of chlorine induced epithelial sloughing on rabbit tracheal walls initially increased, peaked around 30 min, and then decreased.
Furthermore, we utilized a spectral encoded interferometric microscopy system to study ex vivo airway cilia beating dynamics based on
Doppler shift, aiding in elucidating how chlorine gas affects cilia beating function. Cilia movability and beating frequency were decreased
because of the epithelium damage. This quantitative approach has the potential to enhance the diagnosis and monitoring of injuries from
toxic gas inhalation and to evaluate the efficacy of antidote treatments for these injuries.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0222153
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I. INTRODUCTION

Chlorine is widely used in a variety of industrial and household
applications. Humans can be exposed to chlorine through domes-
tic and occupational accidents or intentional releases. In cases of
chlorine injury, inhalation exposures are predominantly observed,
potentially causing direct damage to airway tissues, including
injuries to the mucosal and submucosal layers and damage to
sloughing ciliated cells.1 Furthermore, this can lead to physiologi-
cal changes, such as changes in airway resistance and an increase in
airway pressure. At later stages, severe conditions such as acute res-
piratory distress syndrome (ARDS), pulmonary edema, and death
may occur.2 These characteristics of chlorine gas cause huge casu-
alties when unexpected exposure incidents happen and are even
weaponized and considered a major threat to chemical warfare, as
seen in Operation Iraqi Freedom.3

Airway sloughing is one of the important criteria that doctors
use to grade inhalation injuries. Airway sloughing is a manifesta-
tion of the epithelium layer sloughing out. Loss of the epithelium
can promote mucostasis and pneumonia. According to the bron-
choscopic criteria used to grade inhalation injuries, grade 4 (massive
injury) shows evidence of mucosal sloughing, necrosis, or endolu-
minal obliteration (any combination).4–6 Another study indicated
that in patients with inhalation injuries affecting the supraglottic air-
way, mucosal blisters ranging in size from 2 to 5 mm in diameter
were frequently observed. However, this was specifically noted in
cases where substantial mucosal edema occurred.4 Therefore, airway
sloughing usually occurs in mucosal sloughing-massive injuries.

The size of these airway sloughs is a critical factor in medi-
cal decision-making. In particular, the decision to perform a tra-
cheotomy is influenced by observations of this airway sloughing
using fiberoptic laryngoscopy. A tracheotomy was performed once
blisters in the laryngeal pharynx exceeded the glottis or burn area
by >33%.7 By evaluating the size, shape, color, rupture, or state of
seepage of the airway sloughing, doctors can ascertain the extent
of airway damage. This assessment is vital in guiding the treatment
approach for inhalation injury patients.

In clinical practice, fiber bronchoscopy (FOB) and histology are
considered the gold standard for diagnosing and assessing airway
damage through airway sloughing and pulmonary water. However,
FOB has limitations in subjectivity, and the airway sloughing is
transparent and difficult to distinguish with a brightfield camera.
FOB is unable to assess distal airways and respiratory bronchioles.6
Meanwhile, histology is limited to representing certain tissues taken
from and invasive. Therefore, the development of a comparatively
non-invasive technique for objectively identifying and quantitatively
tracking airway injury changes in patients is a critical clinical need.

In recent times, optical coherence tomography (OCT) has
emerged as a valuable tool offering minimally invasive and, in some
cases, non-invasive, high-resolution anatomical imaging of various
types of tissues and organs.8–13 Flexible endoscopic surgery can
take full advantage of the non-contact fiber optic-based OCT tech-
nique to provide fast data acquisition and real-time segmentation
of airway structure information.14–17 In addition, the latest studies
that utilized deep learning for biomedical image analysis showed its
capability for precise and accurate segmentation tasks, for example,
retinal layer segmentation in a retinal OCT scan,18 airway segmen-
tation in an OCT scan,19,20 and brain tumor segmentation in an

MRI.21 The significance of utilizing deep learning for segmentation
tasks in biomedical applications lies in its trainability across imag-
ing modalities by learning to extract appropriate features to detect a
specific target. The quantitative assessment of airway injury requires
high-resolution imaging and precise segmentation; thus, it is advan-
tageous to use endoscopic OCT imaging and deep learning-based
segmentation.

Ciliary motion in the upper airway is crucial for expelling
foreign particles and maintaining respiratory health. Cilia move
mucus and trapped particles away from the lungs in a process called
mucociliary clearance, which defends against pathogens and pollu-
tants. Disruption from factors such as toxins can impair this func-
tion, causing mucus buildup, chronic infections, and reduced lung
function. Recent research emphasizes Cilia Beat Frequency (CBF) as
an essential indicator of ciliary health, but current technologies fall
short of accurately detecting it.

Visualizing ciliary motion poses a significant challenge since
the respiratory cilia are around 6–7 μm in length and 0.2–0.3 μm in
diameter. Endoscopic OCT systems, constrained by probe form fac-
tor, typically achieve an axial resolution of about 10 μm and a lateral
resolution of about 30 μm, making them inadequate for visualizing
cilia.22,23

Although Doppler OCT systems offer picometer-scale phase
sensitivity,24–28 their en face imaging speed is relatively slow. Since
the cilia cells are only present on the tissue surface, depth informa-
tion is irrelevant to cilia cell motion. Acquiring a 2D enface image of
cilia motion using conventional OCT will require a 3D image, which
severely limits the imaging speed. To address this limitation, spectral
encoded interferometric microscopy (SEIM) was developed,23 which
also relies on phase-resolved Doppler methods but utilizes an en face
line scan protocol instead of point-by-point scanning to achieve real
time 2D en face image speed.

In this study, we report the application of a high-resolution
swept-source coherence tomography (SSOCT) system to investi-
gate the progression of injury in a chlorine inhalation rabbit model.
We used the SSOCT endoscopic system to capture the cross-
sectional structure along the rabbit trachea before chlorine exposure
(“baseline”), 30 min after chlorine exposure, and from 1 to 6 h post
exposure. The system facilitated the observation of airway sloughing
induced by exposure to chlorine gas. Quantitative analysis of air-
way sloughing was performed by utilizing a segmentation technique
based on a deep learning model to achieve accurate and efficient
analysis. More importantly, this study is distinguished as the initial
research to utilize OCT for the in vivo diagnosis of airway slough-
ing injuries after chlorine gas exposure. Our study demonstrated
that endoscopic OCT imaging combined with deep learning has the
potential to enhance the diagnosis and monitoring of airway injuries
from toxic gas inhalation. In addition, we utilized the SEIM system
to monitor ex vivo airway cilia beating dynamics based on Doppler
shift analysis, aiding in elucidating how chlorine gas affects cilia
beating function.

II. MATERIALS AND METHODS
A. General preparation

New Zealand white rabbits (N = 15) (Western Oregon Rabbit
Company, Philomath, Oregon) weighing 3–4.5 kg were used in this
study. The subject will be weighed, and clippers will be used to shave:
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the inner part of the back legs (placement of catheters in the femoral
artery and vein for blood gas and blood collection), the cheek (for
pulse O2 saturation), the chest (EKG), and the top of the head
(CW). The animals were anesthetized with a 2:1 ratio of ketamine
HCl (100 mg/ml) (Ketaject, Phoenix Pharmaceutical Incorporated,
Saint Joseph, Missouri) and xylazine (20 mg/ml) (Anased, Lloyd
Laboratories, Shenandoah, Iowa), 0.75-cc/kg IM using a 23gauge
5/8-in needle. After the IM injection, a 23gauge, 1-in. catheter was
placed in the marginal ear vein to administer an IV maintenance
anesthetic of a 1:1 mixture of ketamine and xylazine (10 cc each of
ketamine 100 mg/ml and xylazine 20 mg/ml) diluted to 55 ml in
saline as a continuous infusion at a rate of 0.17 ml/min. The ani-
mals were put into an acrylic box attached to the ventilator orally
through a 3.5-mm cuffed endotracheal tube (14 cm in length) and

mechanically ventilated (dual phase control respirator, model 613,
Harvard Apparatus, Chicago, Illinois) at a respiratory rate of 20/min,
a tidal volume of 50 cc, and a FiO2 of 100%. The ventilation rate
was monitored by connecting a Philips NM3 respiratory monitor to
the Endotracheal (ET) tube and adjusting the ventilator such that
we had a respiratory rate of 20 bpm and a tidal volume of 50 ml.
On completion of the experiment, the animals were euthanized with
1 cc of an intravenous injection of Eutha-6, administered through
the marginal ear vein.

B. Administration of chlorine
To administer chlorine to the animals, the rabbit will be dis-

connected from the ventilator and transported to a fume hood

FIG. 1. (a) General preparation of New Zealand white rabbits. (b) Baseline endoscope OCT imaging taken in the animal operating room. (c) Experimental setup for chlorine
exposure of the intubated subject. A mechanical ventilator provides negative pressure to the chamber, and the chamber acts as “iron lungs.” Chlorine gas enters the circuit
as the regulator is turned on. There should be no increase in pressure in the breathing circuit when the chlorine is introduced. A pressure gauge is placed in the circuit to
make sure airway pressure stays in the normal range. A sodium carbonate solution was used to absorb and deactivate additional chlorine gas.
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(ventilating with an Ambu bag). In the fume hood, we created a
negative pressure ventilator by modifying a large animal ventila-
tor (Model 613 Volume Control Ventilator, Harvard Apparatus,
Holliston, MA) to deliver negative pressure instead of positive pres-
sure during the inhalation drive stroke, allowing rabbits to passively
exhale at ambient (room) pressure. This ventilator is connected to
a 24 × 24 × 60 cm3 acrylic box. When the rabbit with an Endo-
tracheal Tube (ET tube) inserted is placed inside the box and a
connector is attached to the ET tube from outside the box through a
tight-fitting hole on the box, we can achieve negative pressure ven-
tilation when the ventilator is turned on, such as “iron lungs.” The
rabbit does not breathe from the air within the box but from the
outside environment due to a negative pressure placed on its chest
wall.

Chlorine Gas Inhalation: A custom inhalation
(air/800 ppm Cl2) exhalation (Cl2/absorption) respiratory circuit
has been designed to deliver the desired Cl2 (Chlorine gas mixture)
concentration and to ensure that the exhaled Cl2 is absorbed by
the absorption unit. Chlorine gas is delivered at a concentration
of 800 ppm by using a compressed gas cylinder containing a
concentration of 800 ppm Cl2 in room air (21% O2) in a specifically
designed apparatus. Heart rate and SpO2 are monitored throughout
the procedure. Rabbits were given supplemental oxygen if SpO2
dropped below 90%. A summarized experimental setup is shown in
Fig. 1.

C. Optical systems and probes
1. Endoscopic OCT system for in vivo airway 3D
imaging

Our OCT imaging system is based on a Fourier domain OCT
utilizing a 100 kHz vertical-cavity surface-emitting laser (VCSEL)
1310 nm swept source (Thorlabs Inc.) with a bandwidth of 100 nm.
A 95/5 coupler is used to split the output beam from the laser into
the OCT sample arm and the reference arm. The reference arm con-
sists of an optical delay line and a mirror to adjust the optical path
length and create interference of the light in the sample arm. The
sample arm consists of a fiber optic rotary joint, a motorized lin-
ear pullback stage, and an endoscopic probe to achieve volumetric

scanning of the airway. Circulators direct the reflected light from
the sample and reference arm to a 50/50 coupler, and the OCT inter-
ference fringe is detected by a balanced detector. Finally, the signal
from the detector is sampled using a 12-bit data acquisition card
(1.8 GHz, Alazar Technologies Inc., Pointe-Claire, Quebec, Canada).
The emitting power of the probe was 12 mW. The imaging probe
proximally rotates the entire probe at 3000 rpm to achieve 50 f/s
(2000 A-lines per frame). The computer system is equipped with
a graphics-processing unit (GPU, RTX4090, Nvidia) for processing
and displaying real-time two-dimensional (2D) cross sections due to
the high-speed capture of OCT data.

The OCT probe is constructed using a stainless torque coil
with a 1.0 mm outer diameter (Asahi Intecc, Santa Ana, California)
for translating torque from the proximal end to the distal end of the
probe to achieve high rotation speed, as illustrated in the schematic
in Fig. 2. A gradient index lens with a 1.0 mm diameter is used to
focus the laser beam into a single-mode fiber. The focusing beam
is subsequently reflected by a 40○ gold-coated rod mirror, result-
ing in a side-viewing probe. The entire optical assembly at the probe
tip is protected by a metal cap that is firmly attached to the torque
coil. A brushless DC motor is used to proximally drive, via a fiber
optic rotary joint, the aforementioned fiber optic probe assembly
within a light walled transparent fluorinated ethylene propylene
(FEP) protection sheath (16 AWG, ZEUS Inc.) with an overall dia-
meter of 1.65 mm to achieve cross-sectional airway imaging at
3000 rpm.

2. SEIM en face view of cilia motion
The SEIM system is derived from a swept-source OCT setup,

as detailed in a prior publication.24,29 The system setup is detailed
in Fig. 3. The system operates at a 1.3 μm center wavelength and
a 100 kHz A-line rate. Conventional OCT images tissue point-by-
point along the depth direction, making enface imaging relatively
slow. Since the cilia cells are only present on the tissue surface,
depth information is irrelevant to cilia cell motion. Acquiring a 2D
enface image of cilia motion using conventional OCT will require
a 3D image, which severely limits the imaging speed. To address
this limitation, SEIM utilizes an enface line scan protocol instead of

FIG. 2. (a) Overall design of the endoscopic OCT system and (b) OCT imaging probe. VCSEL: vertical cavity surface emitting lasers and GRIN: gradient index.
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FIG. 3. (a) Overall design of the SEIM system and (b) SEIM illustration. A broadband light source is diffracted by a grating. The colors do not represent the wavelengths.

point-by-point scanning to enhance the en face image speed. To gen-
erate a line pattern for en face optical imaging, the system employs
diffraction gratings and a 1D galvanometer mirror for scanning.
Optical relays are utilized to ensure precise alignment, thus main-
taining a consistently flat scanning plane on the sample surface. The
system is capable of real-time en face displacement imaging at speeds
of up to 100 frames per second (FPS), covering a field of view (FOV)
of ∼480 × 750 μm2. It achieves a lateral resolution of 1.2 μm and
boasts a displacement sensitivity of 0.3 nm.

When preparing the cilia sample for SEIM imaging, rabbit tra-
cheal samples were harvested from freshly euthanized male New
Zealand white rabbits 3-h post chlorine exposure and a healthy
control rabbit. After harvest, the tissue was immediately immersed
in Hanks Balanced Salt Solution (HBSS) and maintained at body
temperature (∼38 ○C). The soft tissue surrounding the trachea was
meticulously removed to ensure a smooth imaging surface. The
tracheal tissue was then longitudinally cut to expose the mucosal sur-
face for imaging and secured onto a silicone-lined Petri dish using
pins. A layer of HBSS was applied to the dish to replicate the natu-
ral tissue environment and reduce interference with ciliary motion.
A microscope cover glass was placed on top of the tissue to provide
a flat surface for SEIM imaging and to reduce movement caused by
the water surface.

D. OCT data acquisition
15 New Zealand white rabbits were divided into two groups:

control (N = 2) and gas exposure (N = 13), including one rabbit
suffering an unexpected death at 3 h post exposure. Once a rab-
bit was properly anesthetized, the OCT endoscopic probe protected
with FEP tubing was inserted and advanced to the rabbit’s trachea
through the ventilator connector and ET tube. After the probe passes
the carina and reaches the primary bronchi, the probe will rotate
at 3000 rpm to capture the cross-sectional image. A pullback stage
was used to pull the probe backward at 5 mm/s to obtain 2D cross-
sectional images of the trachea and bronchi along the longitudinal
axis of the endoscopic probe. Only trachea data were analyzed. In all
groups, OCT measurements were taken just before the start of chlo-
rine exposure (“baseline”), 30 min, and from 1 to 6 h after chlorine
exposure. Starting from carina to the ET tube, unwrapped images

with a size of 2048 × 2000 pixels at each time point were selected for
analysis. The whole dataset consists of 114 independent measure-
ments of the airway from 15 rabbits, resulting in 29 610 OCT scan
images.

E. Segmentation of airway sloughing using deep
learning and analysis

The airway sloughing on the mucosa layer in the unwrapped
OCT images requires accurate segmentation to determine the size
of the edema. To achieve the quantitative value of airway slough-
ing, we utilized a deep learning algorithm for the segmentation of
airway sloughing in OCT images. The dataset for training, valida-
tion, and testing was prepared by manual masking of randomly
selected 924 OCT images across the whole dataset. To perform pre-
cise localization of airway sloughing that is relatively small compared
to epithelium layers in OCT images, we have approached small
patch-based segmentation. Manually segmented OCT images and
corresponding masks for airway sloughing localization were divided
into the train-validation group (824 OCT images) and the test group
(100 OCT images). The images in the train-validation group were
augmented into the training and validation datasets by applying
weighted random cropping to generate small patches with a size
of 512 × 512 pixels, resulting in 70% with airway sloughing and
30% without it. Additional treatments, including random bright-
ness, random contrast, random rotation, and Gaussian noise, were
applied to OCT patches to secure a broad range of image quality
for OCT measurements. A total of 40 000 OCT-mask patch pairs
were generated for the training set and 10 000 for the validation
set. For the architecture, we employed the attention U-Net, which
introduced the attention gate into the U-Net, and for advance-
ment in the segmentation task.30 Training of the model was per-
formed with the pixelwise binary cross entropy loss and the Adam
optimizer.31

The performance of the trained network was validated by
measuring three metrics for the segmentation task, i.e., the pixel
accuracy, the mean intersection of unions (mIoUs), and the dice
score between the manual mask and model prediction. Evaluation of
model performance was conducted based on a test dataset consist-
ing of 1500 patches of size 512 × 512, which were generated from
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independent 100 test images by random cropping with airway
sloughing in a cropped region.

The prediction of airway sloughing in each OCT cross section
image was performed by tile-by-tile prediction with 50% overlap
and merged into a large mask for an original OCT image size of
2048 × 2000 pixels. A predicted mask is transformed into a rotated
form and used for quantitative assessment of airway sloughing vol-
ume. A series of OCT images from a single acquisition stacked into
3D-volume and the quantification of airway sloughing performed

by counting the number of voxels corresponding to airway slough-
ing. The counted voxel is converted to real scale by multiplying
5.4 × 10−4 μl/voxel.

The training and testing of the deep learning model with
post analysis were conducted by custom software in MATLAB
(MathWorks, version R2023b) and Python programming lan-
guage (version 3.11.5) with its open-source libraries: Tensorflow
(version 2.12.0), OpenCV-Python (version 4.8.0), and Albumenta-
tion (version 1.3.1).

FIG. 4. Representative results of an endoscopic SSOCT scan of the rabbit airway. (a) Control case and (b) with chlorine injury after 30 mins of gas exposure. Endoscopic
B-scan images are transformed into a cross section view of the airway (red colored box, red colored arrow), and stacks of these cross sections enable the visualization of
a longitudinal view of the scanned airway (yellow box, yellow colored arrow). The number of cross section images needed to build a 3D stack of airways is represented in
longitudinal view images. Airway sloughing on rabbit airways induced by chlorine gas exposure is well captured in the OCT scan.

FIG. 5. Representative examples showing airway sloughing during exposure by OCT (a) and after exposure by histology (b) and (c). Trachea tissue folds inward during
fixation where there is no cartilage support. (c) Enlarged view of the dashed box. Yellow boxes indicate the sloughing of the epithelial layer.
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F. Statistical analysis and validation
Further statistical analysis of the results of airway sloughing

measurements was conducted. Since the number of OCT images
(cross section) that were acquired from each measurement was dif-
ferent, we summarized our observation of airway sloughing as the
average volume per section. To validate statistical significance in air-
way sloughing volume per OCT section scan between the control
and the chlorine gas exposed group, we performed the Student’s
t-test between rabbits in a one-to-one manner using randomly
selected 30 measurements from each rabbit at each time point. The
analysis was performed based on the Python programming language

with the open-source libraries scipy (version 1.11.1) and pandas
(version 2.0.3).

III. RESULTS
A. 3D OCT scan of rabbit airway

OCT scan images were obtained once the probe reached the
carina region. For each 3D scan image set, around 300 OCT images
were selected for analysis for each rabbit. The selected OCT images
correspond to roughly a 30-mm section of the lower trachea,
between the carina and the distal end of the ET tube.

FIG. 6. Localization of airway sloughing in a 3D OCT scan of the airway. (a) Longitudinal cross section of the airway of a sample rabbit after 30 mins of chlorine gas exposure.
(b1)–(b4) Representative results of localization of bubbles from the trained network in unwrapped images that correspond to the yellow lines in (a). (c) Visualization of bubble
localization in 8 sequential cross sections corresponding to the green colored box regions in (a).
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Figure 4 presents the outcome of OCT endoscopic imaging of
a rabbit’s trachea both at baseline and 30 min following exposure
to chlorine gas. The images, including an unwrapped and cor-
respondingly rotated cross section view, originate from the same
longitudinal position, as indicated by a red arrow in the longitu-
dinal depiction. The longitudinal view was derived from the cross
sections along an orange arrow in a sequentially rotated image. In
the control group, the inner lumen of the airway appears smooth and
clean, with no evidence of sloughing or detachment of the epithelial
layer at this juncture. However, 30 min after exposure to chlorine
gas, noticeable sloughing and detachment of the airway epithelium
were observed, indicating significant acute injury and damage to the
airway structure due to chlorine gas.

The histology of the 6-h post chlorine exposure sample was
obtained and compared with the images obtained from the OCT
system for histological confirmation. To make sure histology co-
registered with the OCT image, we harvested the airway from one
of the 6 h post chlorine exposure rabbits and fixed it in 10% forma-
lin. As shown in Fig. 5, in the in vivo OCT image, the sloughing of
the epithelial layer can be observed, which is confirmed by histology.

B. Quantitative analysis of airway sloughing
To analyze airway sloughing in a quantitative manner, a deep

learning model was trained. We utilized the attention of U-Net for
accurate localization of airway sloughing caused by chlorine gas
inhalation. The performance of the trained network is validated by
measuring the pixel accuracy, the intersection of unions, and the dice
score using an independent test dataset. The model performance was
confirmed at 99.1% for the pixel accuracy, 74.2% for the intersection
of unions, and 85.1% for the dice score from the test dataset.

Example results of localized airway sloughing are represented
and confirm that the trained model can accurately predict from
the OCT scan of the airway in unwrapped images, as shown in
Fig. 6. Segmented airway sloughing is highlighted within the red
circled areas. Airway sloughing resulting from chlorine gas inhala-
tion injuries can manifest at various positions along the longitudinal

axis of the rabbit airway, as illustrated in panel (a). Panels (b1)–(b4)
display the distinct OCT unwrapped images at specific longitudinal
sites, correlating with the yellow lines marked in (a). Furthermore,
panels (c1)–(c8) showcase sequential OCT cross-sections within the
green box in (a), thereby providing a comprehensive view of the
injury’s impact at different airway locations.

Quantitative analysis was conducted on the segmentation
results to calculate the mean volume of airway sloughing per cross
section in OCT images for both the control group and the group
exposed to chlorine gas, as shown in Fig. 7. A significant differ-
ence was observed between the experimental group and the control
group. The data indicate a pattern of initial increases followed by
a decrease in airway sloughing volume. The peak airway slough-
ing volume for most rabbits occurred at 30 min post-chlorine gas
exposure, after which a decreasing trend was noted. In certain
cases, a rapid escalation in tissue sloughing of the airway tissue was
observed, beginning as early as 30 min following exposure to chlo-
rine gas. By contrast, the control group exhibited minimal changes,
with the majority of the animals showing little to no alteration. Ani-
mals tolerated the 6 h of OCT monitoring well, and no significant
complications were caused by the OCT catheter. To validate sta-
tistical significance, we further conducted a statistical test between
measurements of rabbits in the control and gas exposed groups
in a one-to-one manner. The t-test between pairs of rabbits from
the control and chlorine gas exposed groups confirms the statisti-
cal significance of injury to the airway by chlorine gas inhalation. A
summary of the statistical analysis of airway sloughing can be found
in the supplementary material.

C. Quantitative assessment of airway cilia motion
The inhalation of chlorine gas can have detrimental effects on

cilia function. This assertion is vividly illustrated in Fig. 8, which
presents a histological comparison of cilia in a healthy rabbit tra-
chea (b) and (c) and those in a trachea subjected to chlorine-induced
injury (e) and (f) with corresponding OCT images (a) and (d). In the
detailed view provided in (c), the cilia structure remains intact and

FIG. 7. Box plot of the mean volume of airway sloughing per cross section in OCT images for control samples and samples that were exposed to chlorine gas. Red colored
points indicate the averaged value of overall observations, and the dashed line represents the median.
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FIG. 8. Endoscope OCT image of healthy rabbit trachea (a) and corresponding histology (b) and (c). Endoscope OCT image of rabbit trachea after chlorine injury (d) and
corresponding histology (e) and (f). (c) Enlarged view of (b), cilia structure is intact. (f) Enlarged view of (e), cilia structure is hard to distinguish.

FIG. 9. En face cilia beating analysis results of a rabbit tracheal tissue explant. (a) and (b) Standard deviation of the SEIM image set from a control rabbit tracheal tissue.
(c) Cilia beating frequency map of control rabbit tracheal tissue. (d) and (e) Standard deviation of the SEIM image set from rabbit tracheal tissue after 3-h chlorine exposure.
(f) Cilia beating frequency map of rabbit tracheal tissue after 3-h chlorine exposure. (g) Distribution of cilia beating frequency for both the control and chlorine exposure
groups. STD: standard deviation and CBF: cilia beating frequency.
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clearly visible, affirming the typical histological features of a healthy
trachea. Conversely, the magnified section in (f) illustrates the after-
math of chlorine exposure, where the cilia structure becomes barely
discernible, indicating significant histological alteration. Building
upon this comparison, our study aims to quantitatively analyze
chlorine’s toxic effect on the ciliary beating function. We harvested
the rabbit tracheas after 3 h of chlorine exposure and used the SEIM
system to image ciliary motion. We obtained a total of 500 en face
images at 50 f/s, with each en face image size of 2000 × 2000 pixels.
Bulk motion and bulk phase correction were applied to the image
sequence before being fed into a phase-resolved Doppler (PR-D)
algorithm.23

The phase difference standard deviation map from the SEIM
image sequence is shown in Figs. 9(a), 9(b), 9(d), and 9(e), where
areas of active cilia can be visualized in the heat maps based on
the normalized variation in phase values over time. Cilia beating
frequency maps shown in Figs. 9(c) and 9(f) were generated based
on the dominant frequency determined by the Fourier transform
along the time axis at each pixel. The distribution of cilia beat-
ing frequency within the selected ROIs for the control and chlorine
exposure groups is shown in Fig. 9(g).

Notable ciliary activity is present in the control group, as
depicted in Figs. 9(a) and 9(b). Conversely, in animals exposed to
chlorine, as demonstrated in (d) and (e), while ciliary motion per-
sists, there is a significant reduction in ciliary mobility, with only
minimal observable movement in certain areas. In addition, in (c),
(f), and (g), ciliary activity is notably diminished. Following chlo-
rine exposure, there is a pronounced decrease in ciliary beating
frequency.

IV. DISCUSSION AND CONCLUSION
This study demonstrates the feasibility and capability of endo-

scopic OCT, which can assess airway injury and detect acute
changes in large airway sloughing occurring following chlorine-
inhalation exposure in vivo in a clinically relevant animal model.
Statistically significant changes in the airway sloughing of the air-
way are observed in those animals that received chlorine exposure
when compared to control animals that did not receive chlorine
exposure.

Flexible fiberoptic OCT is a critically important clinical tool for
assessing airway inhalation injuries since it can be carried out repeat-
edly and reliably in a non-contact, minimally invasive manner. This
methodology’s feasibility and capabilities were illustrated. In addi-
tion, after going through fixation during the histology procedure, the
tissue sample lost most of the hyperemia and edema features dur-
ing the preparation of the histologic specimens. Because OCT data
were collected in vivo, it provides the best snapshots of tissues. This
is another benefit of in vivo OCT imaging.

Although bronchoscopy with or without biopsy is the gold
standard in clinical use, this method has its limitations as it does
not provide objective and quantitative information about airway
edema, including hyperemia, edema, and sloughing of the tracheal
ciliated epithelium. When doing bronchoscopy, it can be challeng-
ing to tell whether or how much airway mucosal swelling is present,
especially in the initial stages after a chlorine inhalation injury. Uti-
lizing endoscopic OCT without performing invasive biopsies may

improve patient care, enable more thorough monitoring of inhala-
tion injuries, shorten the diagnostic time, and possibly even serve
as a sensitive tool for providing guidance and evaluating antidote
development.

Furthermore, the study underlines the destructive impact of
chlorine gas on the respiratory system. Upon inhalation, chlorine
gas interacts with the mucosal water in the airways, leading to the
formation of hypochlorous acid and hydrogen chloride.32 These
compounds can penetrate the fine, hair-like structures of the res-
piratory membrane, compromising its integrity and permeability.
This disruption often results in tissue inflammation, edema, con-
gestion, and, in severe cases, necrosis. Furthermore, the increased
permeability of capillaries within the alveolar walls leads to the
destruction of the air–blood and gas–liquid barriers. Consequently,
a substantial amount of interstitial fluid leaks into the pulmonary
interstitium and alveoli, causing pulmonary edema. Moreover, chlo-
rine exposure at levels sufficient to induce acute lung injury results
in the death and exfoliation of a majority of pseudostratified epithe-
lial cells, encompassing virtually all club and ciliary cells.1 This is
also confirmed by SEIM, who observed a decrease in cilia beating
frequency.

There are several limitations to these studies. First, since we
cannot ensure which exact stem of the bronchus the OCT probe was
inserted into, it is impossible to precisely place the OCT probe in
the same bronchus at each time point. Therefore, in this study, we
only analyzed the main trachea. Our 1.2 mm (excluding protection
sheath) minimized OCT probe can reach the bronchioles. Future
developments in probe guidance technology, such as CT image guid-
ance or position tracking sensors, can be applied to address this
problem. Second, because of the safety concerns of chlorine gas, the
exposure circuit needs to be placed in a chemical fume hood. This
makes OCT imaging and chlorine exposure in different rooms and
animals require about 2-min of transportation and reconnection of
the ventilator. This may introduce extra displacement of the trachea.
Although the distal end of the endotracheal tube has a bloom struc-
ture that will hold the ET tube in place, the bending of the entire
trachea and the position of the rabbit will cause a shift of the OCT
image from the baseline to the post exposure dataset. Finally, the
SEIM system used in this study only provides ex vivo cilia beating
analysis. The complexity of the optical design presents additional
challenges for integration into endoscopic probes. In addition, we
need to overcome the motion artifacts introduced by heartbeat and
airflow. We are currently working on adapting the SEIM setup for in
vivo use.

The study shows that it is feasible to use minimally invasive
flexible fiberoptic OCT to assess airway acute chlorine inhalation
injury in vivo. Changes in the epithelial and mucosal airway struc-
tures were noticeable as soon as 30 min after exposure to chlo-
rine inhalation. SEIM provides a method to observe a decrease
in cilia movability and beating frequency after a chlorine inhala-
tion injury. Future studies will include identifying the reasons for
possible variations in response to chlorine among regions and
individuals, as well as compliance studies and in vivo spectrally
encoded interferometric endoscope development. Most impor-
tantly, in both animal models and patients with inhalation chlorine
injury, long-term studies will be crucial to investigate the correlation
between acute airway changes and the later development of airway
compromise.
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SUPPLEMENTARY MATERIAL

The results of the statistical analysis are provided in the
supplementary material.
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