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Introduction 
Despite the recent advancements in therapeutics and counteragents, 

mortality and morbidity from inhalation injury remain high [1,2]. 
Inhalation of toxins often affects multiple airway sites at different times, 
making diagnosis and prediction of injuries challenging: it often results 
in a combination of 1) thermal damage in the upper airway, 2) chemical 
injury that affects both the upper and lower respiratory tract, and 3) 
systematic effects from toxins, such as CO, CN, and cyanide [3]. Heated 
air from fires can cause thermal injury to the upper airway, which leads 
to swelling and edema of the tongue, epiglottis, and aryepiglottic folds 
[4]. If significant thermal damage is suspected, continuous monitoring is 
required to assess the need for ventilation. Chemical irritants can affect 
airway at different levels depending on their chemical characteristics 
and water solubility, with smaller particles and less water-soluble gases 
generally affect the lower respiratory tract. Inhalation of chemical 
irritants often results in mucosa damage, leading to ciliastasis, epithelium 
denudation, sloughing, airway obstruction, and pulmonary edema [5,6]. 
The number of substances that can cause severe lung damage continues 
to expand in both occupational and domestic settings. Besides direct 
and immediate effects, in many cases, inhalation injury is accompanied 
by inflammatory responses that can prolong the ventilation period and 
increase the risk of acute respiratory distress syndrome. Therefore, 
accurate diagnosis and continuous monitoring of affected airway 
tissue are crucial. Monitoring of airway injuries has been challenging 
due to its anatomical location. Currently, the clinical diagnosis and 
monitoring of airway inhalation injury rely on subjective clinical exams 
and bronchoscopic findings. However, only the superficial tissue can be 
seen using a bronchoscope, and the measurements from clinical exams 
are subjective. Computerized tomographic (CT) scanning has recently 
been proposed for quantitative airway injury assessment [7]. A three-
dimensional reconstruction of the airway from a chest CT can provide 
information of airway narrowing [8]. However, the CT scan does not 
provide enough spatial resolution to identify early tissue damage, such 
as hyperemia, sloughing, necrosis, and inflammation, and thus, CT 
cannot provide an accurate assessment of inhalation injury by itself [9]. 
In addition, repeated CT measurement expose the patient to the risks 
of ionizing radiation. Ultrasound has been proposed as a non-invasive 
point-of-care imaging tool for assessment of upper airway health [10]. 
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Unlike CT and Magnetic resonance imaging (MRI), ultrasound imaging 
requires minimal training and is a rapid diagnostic tool that does not 
require sedation. It has been used to detect tracheal wall thickness of a 
patient with smoke inhalation injury, with accuracy comparable to those 
of CT [11,12]. However, ultrasound alone cannot provide an accurate 
diagnosis of inhalation injury due to its limited imaging area and 
relatively low spatial resolution. Most importantly, ultrasound must be 
performed in the contact mode in order to visualize structures below the 
airway surface, which is not practical in the larger airways. Currently, 
neither CT nor ultrasound imaging has the capability to resolve early 
changes in the mucosa layer due to chemical irritants and edema. 
Therefore, a medical imaging tool that can detect early signs of airway 
injuries as well as monitor the recovery process is required to improve 
patient outcome. 

Optical coherence tomography (OCT) provides non-invasive and 
real-time visualization of biological tissue 1-3 mm beneath the surface 
with virtually histologic-level resolution. OCT has previously been used 
in ophthalmology, cardiology, and dermatology to improve patient 
outcome. Recent advancements in a high-speed swept-source laser 
allows 3D volumetric scanning of tissue in real-time during procedural 
settings [13]. Since the imaging part of OCT can be made with fiber 
optics, OCT can be made into miniature rigid or flexible endoscopic 
probes to visualize internal organs that were previously hard to reach, 
similar to fiber optic bronchoscopy. Endoscopic OCT has started to be 
utilized in humans in clinical settings to visualize the respiratory tract 
[14-16] and gastrointestinal tract [17,18].

While some previous studies discussed the development of 
endoscopic OCT techniques for airway and lung imaging, few studies 
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have focused on the assessment and monitoring of inhalation injury 
[19,20]. Therefore, this review focuses on the recent development and 
applications of endoscopic airway OCT for assessing inhalation injuries 
and discuss the potential use of OCT in diagnosis-specific assessment 
and treatment.

Development of Endoscopic OCT for airway imaging
Several studies have used endoscopic OCT to study airway diseases 

and disorders [14-16,21,22]. Endoscopic OCT commonly employs 
fiber optic-based imaging techniques that can be combined with other 
imaging modalities, such as bronchoscopy, to examine internal organs. 
Tearny et al., reported the first application of an endoscopic OCT study 
in an in vivo rabbit trachea using a Time-domain (TD) OCT system 
[23]. With the advancement of the high-speed sweeping laser, the 
imaging speed and sensitivity of endoscopic OCT has improved in 
recent years [14,16,24,25].

Early airway studies using TD OCT

In early studies, TD-OCT has been used to image the airway 
[23,26]. In TD-OCT, the optical path length of the reference arm in an 
interferometer is mechanically varied to get signals at different depths 
of the sample. Therefore, the imaging range of TD-OCT is determined 
by the moving range of the reference arm. The main limitation of TD-
OCT is the scanning speed. In the case of endoscopic imaging, slower 
scanning speed can result in motion artifact and lengthen diagnostic 
procedure time. To achieve real-time imaging with TD-OCT, several 
groups adopted a rapid scanning optical delay line in the reference arm 
to scan across the sample. In this setup, the group delay was changed 
rapidly by moving a mirror mounted on a galvanometer, allowing 500 
A-line scans per second with a 36 mm scanning distance [27]. However, 
there is a trade-off between the scanning speed and sensitivity in TD-
OCT so the fast scanning will result in lower signal-to-noise ratio.

Development of Fourier domain OCT for airway imaging

With the development of Fourier domain OCT (FD-OCT), the 
speed and sensitivity of endoscopic imaging have significantly improved. 
Since FD-OCT obtains depth information of the sample simultaneously 
through a wavelength-sweeping laser or a spectrometer and a broad-
band laser rather than mechanically scanning the reference arm, the 
imaging speed can be much faster than TD-OCT. However, the main 
drawback of FD-OCT is the finite imaging range. Typically imaging 
the entire airway lumen requires a 25 mm imaging range. Jun et al., 
overcame the short imaging range by implementing a phase modulator 

and effectively doubled the imaging range [28]. More recently, Jing et 
al. applied a vertical-cavity surface-emitting laser (VCSEL) based swept 
source laser and achieved long-range OCT imaging with much higher 
sensitivity by taking advantage of its narrow instantaneous pulse width 
of light source [14]. Super-high-speed endoscopic imaging using a 
Fourier domain mode lock laser has been demonstrated with an MHz 
scanning rate [24]. In addition to the speed, the axial resolution has 
been improved up to 1 um by using a broad bandwidth light source 
such as a supercontinuum [29,30].

Different types of endoscopic imaging probes for airway 
application

Most commonly used scanning schemes for endoscopic OCT 
imaging utilize proximal rotation or distal rotation driving mechanisms. 
The proximal rotational endoscopic probe utilizes a fiber optic rotary 
junction to drive the imaging probe externally. In addition to the 
flexible sheath that prevents contact of the probe with tissue, the entire 
probe is protected with a metal housing or a torque coil to reduce the 
friction during the high-speed rotation. For scanning large animals 
and the human airway, a GRIN lens-based flexible endoscopic probe 
is commonly used (Figure 1A). The distal end of the probe consists of 
a mirror, GRIN lens, and a spacer. The focusing distance of the probe 
can be adjusted based on the scanning site and the diameter of the 
airway. The probe diameter ranges from 2 mm to 0.9 mm. In some 
applications, even a smaller endoscopic probe is required, such as for 
imaging the respiratory tract of a small animal or terminal bronchus 
of a larger animal. In such cases, a Graded index (GRIN) fiber [31], a 
ball lens [32], or large core fibers [33,34] can be used instead of a lens 
to fabricate an endoscopic probe as small as an optical fiber, typically 
less than 250 um (Figure 1B). The fiber end is polished at a critical 
angle in order to reflect OCT light without a mirror. The advantages 
of the proximal rotational scheme are the simplicity of fabrication and 
the ability to be able to miniaturize the probe. However, the probe 
rotational speed is limited since the entire probe rotates, increasing the 
time to acquire the full 3D scanning image. In addition, bending the 
probe can cause Non-uniform rotational distortion (NURD). The distal 
rotational probe typically utilizes MEMS scanning mechanics (Figure 
1C) [14,35]. A miniature motor is placed at the distal portion of the 
probe next to the focusing lens. Since the moving unit is limited to the 
probe tip, the probe bending does not cause NURD and the rotation 
speed can be higher, making this method more suitable for high-speed 
scanning. However, the micromotor makes the probe size slightly larger 
than the proximal scanning probe. In addition, the electronic wire for 

 
Figure 1: Three types of endoscopic probes commonly used in airway imaging: (A) proximal rotational probe based on a GRIN lens, (B) proximal rotational probe 
based on an all-fiber optic design, and (C) distal rotational probe based on micro-motor. All endoscopic probes are protected with a disposable plastic catheter (dotted 
line) to prevent direct contact with tissue.
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controlling the motor will partially block the OCT light and cast a 
shadow to the OCT image.

OCT for Assessing Inhalation Airway Injury
OCT has been used in numerous inhalation injury studies to assess 

tissue damage and predict outcome from toxic gas exposure [36-39]. 
Epithelium and mucosa layer thickness are the main parameters that 
have been used to assess early tissue response to the inhaled substance. 
It was demonstrated that the mucosa thickness reflects the early changes 
in the tissue and OCT has a capability to assess those subtle changes 
whereas traditional diagnosis requires longer observation time [37]. 
In addition to the mucosa thickness, OCT has been used to quantify 
airway volume [33]. The degree of airway obstruction and edema can 
be correlated with the airway volume. Furthermore, temporal changes 
in the airway volume can be utilized to estimate airway compliance 
which relates to the mechanical properties [40-42]. In this section, 
we will summarize the previously conducted OCT studies related to 
inhalation injury.

Sulfured mustard

Sulfured mustard is a vesicant (blistering) agent and can cause 

significant tissue damage, leading to obstruction and edema. Hammer-
Wilson et al. first demonstrated the potential use of OCT in detecting 
tissue damage due to exposure to 2-chloro-ethyl-ethyl-sulfide, known as 
half mustard, using a hamster cheek model [43]. OCT was able to detect 
morphological changes in the mucosa and muscular layer that were not 
visible on gross visual examination such as bronchoscopy (Figure 2). 
Kreuter et al. then reported the changes in the airway epithelium and 
mucosa in vivo in a ventilated rabbit exposed to half mustard [44]. The 
endoscopic OCT probe was placed at the distal portion of the trachea. 
The changes in the epithelium were apparent within a few minutes after 
exposure in OCT images, and signs of epithelium detachment and 
haemorrhage continued to develop over the next few hours.

Methyl isocyanate (MIC)

MIC is an industrial by-product. Accidental release of MIC in 
Bhopal, India killed thousands of civilians, which is considered one of 
the worst industrial disasters in history [45]. Inhalation of the gas causes 
airway edema and epithelium delamination, leading to substantial 
airway obstruction. The mechanism of MIC has been studied in mice 
[46] and rats [47], but no effective rescue agents have been developed. 
Miao et al., first demonstrated that the degree of airway obstruction 

Figure 2: Changes in the tissue structure after exposure to different concentrations of Half mustard gas (HMG). Extensive tissue response, such as blistering, 
membrane opacity, and broken vessels, were observed in the HGM model (1: keratinized surface layer; 2: flat stratified squamous layer; 3: submucosa; 4: smooth 
muscle). Scale bar: 1mm. Reprinted with permission [43].
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can be quantified in a rat exposed to MIC using a miniature OCT 
endoscope [33]. Combined with automated segmentation technique 
based on graph theory, OCT provides capabilities for rapid assessment 
of airway structure, volume, site of maximum airway constriction, and 
aerodynamic characteristics (Figure 3).

Smoke inhalation injury

Smoke inhalation injury is the leading cause of death in fire 
victims. In modern burn care, diagnosis of inhalation injury has been 
a particularly challenging yet an important problem. Inhalation injury 
complicates the burn and increase mortality and morbidity for up to 
20% of burn patients [7]. Numerous studies have used endoscopic OCT 
in combination with a flexible bronchoscope to assess early changes in 
the tissue histopathology and predict the outcome [36-39,48]. Most of 
those studies focus on the quantification of mucosa and airway epithelial 
thickness after exposure to cold smoke. Brenner et al. reported that 
early tissue changes, such as hyperemia and edema, observed during 
in vivo OCT imaging were lost during the histological preparation, 
indicating the importance of a non-invasive, intra-operative imaging 
technique [38].

Characterization Techniques for Airway Injury and 
Recovery

Typical OCT imaging provides structural information of airway 
tissue with 3-10 um spatial resolution. To automate the analysis, post-

processing techniques have been developed for OCT airway images to 
identify and characterize different layers of tissue. Additionally, several 
techniques have been used to obtain functional information from OCT, 
such as airway compliance [41,42], birefringence property [49], and 
cilia beating frequency [50,51].

Automatic tissue identification and characterization

Automated segmentation and analysis algorithms have been 
developed by several groups to assist data interpretation for airway 
OCT. From airway OCT images, we can automatically obtain 
information of tissue layer thickness [52,53], mucus secretion [54], and 
airway dimension [33,55]. Li et al., proposed a robust segmentation 
algorithm based on graph theory to delineate boundaries between 
mucosa, submucosa, and cartilage and quantified airway thickness 
changes during smoke inhalation using a sheep model [52]. Increase 
in both mucosa and submucosa layer thicknesses were observed using 
automated analysis which matches well with manually segmented 
results (Figure 4). The algorithm can be extended to reconstruct 3D 
airway structure and create a virtual bronchoscopic view to visualize 
airway narrowing [55]. Using a similar graph theory-based algorithm, 
Miao et al., performed a 3D reconstruction of a rat airway exposed to 
MIC gas [33].

Compliance and birefringence measurement

There is a currently limited understanding of the kinetics of 

Figure 3: OCT images and 3D reconstruction of rat trachea exposed to MIC. OCT endoscopic images of (A) healthy rat airway and (B-C) MIC exposed airway. (D) 
Airway reconstruction of healthy rat and (E) MIC exposed rat. (F) A miniature fiber endoscopic probe with 0.4 mm diameter was designed for rat airway imaging. Scale 
bar: 0.5 mm. Reprinted with permission from ref. [33].
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airway repair process after inhalation injury. The airway may not be 
restored to the original structure and function after recovering from 
inhalation injury [56]. Studies show that patients exposed to chlorine 
gas continued to experience symptoms, such as fibrosis, hyperplasia, 
airway hyper responsiveness, after recovery [57,58]. Therefore, a non-
invasive visualization tool is needed to provide information on tissue 
components, such as elastin, collagen content, and smooth muscle 
thickness during the repair process. A couple of studies monitored 
mechanical properties and smooth muscle thickness in the airway 
thorough endoscopic OCT. Robertson et al., first reported compliance 
measurement of in vivo rabbit trachea using the airway deformation 
induced by the tidal breathing [40]. Oldenburg reported in vivo 
compliance measurement of porcine airway using a long-range OCT 
imaging system [41,42]. Since compliance is directly linked to elastin 
and collagen contents in the airway, the changes in the compliance can 
indicate abnormalities such as fibrosis and airway remodelling. Adams 
et al., developed an approach to visualize endoscopic smooth muscle 
in the airway using polarization sensitive OCT [49]. Polarization-
sensitive OCT can detect birefringence signals coming from tissue 
with an ordered structure, such as smooth muscle fiber bundles and 
collagen. They observed an increase in smooth muscle thickness in an 
asthma patient which can be assessed during bronchial thermoplasty 
procedures.

Ciliary function

In inhalation injury, epithelium and mucociliary cells are damaged 
by toxins. This leads to disturbed mucociliary transportation which 
prevents the clearance of mucus and bacteria. Currently, real-time 
visualization of cilia motion cannot be achieved due to the sensitivity 
and spatial resolution required to visualize the cilia; the size of the 

Figure 4: Automated tissue segmentation of sheep airway. (A)  Mucosa and submucosa layer in airway can be delineated after smoke inhalation [52]. (B) 3D 
reconstruction of airway lumen structure and tissue layer thickness. Reprinted with permission from ref. [55].

bronchotracheal cilia layer is 6-7 um [59]. Liu et al., developed an ultra-
high-resolution OCT system (“micro-OCT”) with 1 um axial resolution 
using a supercontinuum light source to visualize airway epithelial cell 
cilia [50]. Using a “micro-OCT system”, they were able to capture the 
ciliary stroke pattern for the first time. However, the supercontinuum 
light source is bulky and expensive compared to the light source used in 
standard swept-source OCT and may not be suitable for clinical settings 
at this time. Taking advantage of the nanometer sensitivity of Doppler 
OCT, Jing et al., has quantified the cilia beating frequency and visualize 
the temporal beating pattern of ciliary motion in a rabbit airway using a 
swept source laser [51]. Doppler OCT is a functional extension of OCT 
imaging that is capable of measuring displacements or movements 
in the sample with nanometer sensitivity. An increase in the beating 
frequency was observed as ambient temperature rises (Figure 5).

Conclusion 
Accurate assessment of the airway tissue state is important for 

improving the survival rate from inhalation injury and ensuring 
proper tissue repair. Benefiting from non-invasive, high-resolution, 
and high-speed imaging capability, endoscopic OCT can provide a 
rapid and quantitative assessment of tissue inflammation, hyperemia, 
and sloughing, and can be used to reconstruct a three-dimensional 
virtual bronchoscopy image to identify airway narrowing. In addition 
to structural information, compliance and birefringence signals 
from smooth muscle can provide important information during the 
healing process. Ciliary transportation is an active area of research, 
and endoscopic OCT has spatial resolution and sensitivity to visualize 
ciliary motion in vivo. In addition, endoscopic OCT is well suited for 
multimodal imaging since it can be easily incorporated into a working 
channel of a clinical flexible bronchoscope. In future studies, OCT 
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Figure 5: Visualization of cilia beating frequency at different temperatures using Doppler OCT. Cilia beats faster as the temperature increases. Reprinted with 
permission from ref. [51].

combined with fluorescence imaging, in an endoscopic probe will be 
capable of providing not only structural information but also molecular 
information. Endoscopic OCT has great potential for diagnosis of 
inhalation injury and monitoring the recovery process.

Acknowledgments

This work was supported by the National Institutes of Health under grant P41-
EB015890, the CounterACT Program, National Institutes of Health, Office of the 
Director, and the National Institute of Environmental Health Sciences grant U54 
ES027698, and Air Force Office of Scientific Research (FA9550-17-1-0193).

Conflict of interest

Zhongping Chen has a competing interest in OCT Medical Imaging Inc., 
which, however, did not support this work.

Funding

This study was funded by the National Institutes of Health under grant P41-
EB015890, the CounterACT Program, National Institutes of Health, Office of the 
Director, and the National Institute of Environmental Health Sciences grant U54 
ES027698, and Air Force Office of Scientific Research (FA9550-17-1-0193).

References

1. Gill P, Martin RV (2015) Smoke inhalation injury. BJA Educ 15: 143-148. 

2. Albright JM, Davis CS, Bird MD, Ramirez L, Kim H, et al. (2012) The acute 
pulmonary inflammatory response to the graded severity of smoke inhalation 
injury. Crit Care Med 40: 1113-1121. 

3. Gupta K, Mehrotra M, Kumar P, Gogia AR, Prasad A, et al. (2018) Smoke 
Inhalation Injury: Etiopathogenesis, Diagnosis, and Management. Indian J Crit 
Care Med 22: 180-188. 

4. Dries DJ, Endorf FW. (2013) Inhalation injury: epidemiology, pathology, 
treatment strategies. Scand J Trauma Resusc Emerg Med 21: 31. 

5. Gorguner M, Akgun M. (2010) Acute Inhalation Injury. Eurasian J Med 42: 28-
35. 

6. Sisson JH, Tuma DJ. (1994) Vapor phase exposure to acetaldehyde generated 
from ethanol inhibits bovine bronchial epithelial cell ciliary motility. Alcohol Clin 
Exp Res 18: 1252-1255. 

7. Walker PF, Buehner MF, Wood LA, Boyer NL, Driscoll IR, et al. (2015) Diagnosis 
and management of inhalation injury: An updated review. Crit Care 19: 1-12. 

https://doi.org/10.1093/bjaceaccp/mku017
https://doi.org/10.1097/CCM.0b013e3182374a67
https://doi.org/10.1097/CCM.0b013e3182374a67
https://doi.org/10.1097/CCM.0b013e3182374a67
https://doi.org/10.4103/ijccm.IJCCM_460_17
https://doi.org/10.4103/ijccm.IJCCM_460_17
https://doi.org/10.4103/ijccm.IJCCM_460_17
https://doi.org/10.1186/1757-7241-21-31
https://doi.org/10.1186/1757-7241-21-31
https://dx.doi.org/10.5152%2Feajm.2010.09
https://dx.doi.org/10.5152%2Feajm.2010.09


Citation: Miao Y, Brenner M, Chen Z (2019) Endoscopic Optical Coherence Tomography for Assessing Inhalation Airway Injury: A Technical Review. 
Otolaryngol (Sunnyvale) 9: 366. doi: 10.4172/2161-119X.1000366

Page 7 of 8

Volume 9 • Issue 2 • 1000366
Otolaryngol (Sunnyvale), an open access journal
ISSN: 2161-119X

8. Kwon HP, Zanders TB, Regn DD, Burkett SE, Ward JA, et al. (2014) Comparison 
of virtual bronchoscopy to fiber-optic bronchoscopy for assessment of inhalation 
injury severity. Burns 40: 1308-1315. 

9. Putman C, Loke J, Matthay R, Ravin C. (1977) Radiographic manifestations of 
acute smoke inhalation. AJR Am J Roentgenol 129: 865-870. 

10. Osman A, Sum KM. (2016) Role of upper airway ultrasound in airway 
management. J Intensive Care 4: 52. 

11. Kameda T, Fujita M. (2014) Point-of-care ultrasound detection of tracheal 
edema caused by smoke inhalation. Crit Ultrasound J 6: A26. 

12. Kameda T, Fujita M. (2014) Point-of-care ultrasound detection of tracheal wall 
thickening caused by smoke inhalation. Crit Ultrasound J 6: 11. 

13. Li JD, Malone JD, El-Haddad MT, Arquitola AM, Joos KM, et al. (2017) Image-
guided feedback for ophthalmic microsurgery using multimodal intraoperative 
swept-source spectrally encoded scanning laser ophthalmoscopy and optical 
coherence tomography. Proc SPIE 10053: 100530I. 

14. Jing JC, Chou L, Su E, Wong BJF, Chen Z. (2016) Anatomically correct 
visualization of the human upper airway using a high-speed long range optical 
coherence tomography system with an integrated positioning sensor. Sci Rep 
6: 39443. 

15. Sharma GK, Ahuja GS, Wiedmann M, Osann KE, Su E, et al. (2015) Long-
Range Optical Coherence Tomography of the Neonatal Upper Airway for Early 
Diagnosis of Intubation-related Subglottic Injury. Am J Respir Crit Care Med 
192: 1504-1513. 

16. Jing J, Zhang J, Loy AC, Wong BJF, Chen Z. (2012) High-speed upper-airway 
imaging using full-range optical coherence tomography. J Biomed Opt 17: 
110507. 

17. Gora MJ, Sauk JS, Carruth RW, Gallagher KA, Suter MJ, et al. (2013) Tethered 
capsule endomicroscopy enables less invasive imaging of gastrointestinal tract 
microstructure. Nat Med 19: 238-240. 

18. Tsai TH, Fujimoto JG, Mashimo H. (2014) Endoscopic optical coherence 
tomography for clinical gastroenterology. Diagnostics 4: 57-93. 

19. Hou R, Le T, Murgu SD, Chen Z, Brenner M. (2011) Recent advances in optical 
coherence tomography for the diagnoses of lung disorders. Expert Rev Respir 
Med 5: 711-724. 

20. McLaughlin RA, Noble PB, Sampson DD. (2014) Optical Coherence 
Tomography in Respiratory Science and Medicine: From Airways to Alveoli. 
Physiology 29: 369-380. 

21. Walsh JH, Leigh MS, Paduch A, Maddison KJ, Philippe DL, et al. (2008) 
Evaluation of pharyngeal shape and size using anatomical optical coherence 
tomography in individuals with and without obstructive sleep apnoea. J Sleep 
Res 17: 230-238. 

22. Leigh MS, Armstrong JJ, Paduch A, Walsh JH, Hillman DR, et al. (2008) 
Anatomical Optical Coherence Tomography for Long-Term, Portable, 
Quantitative Endoscopy. IEEE Trans Biomed Eng 55: 1438-1446. 

23. Tearney GJ, Brezinski ME, Bouma BE, Boppart SA, Pitris C, et al. (1997) In vivo 
endoscopic optical biopsy with optical coherence tomography. Science 276: 
2037-2039. 

24. Klein T, Wieser W, Reznicek L, Neubauer A, Kampik A, et al. (2013) Multi-MHz 
retinal OCT. Biomed Opt Express 4: 1890-1908. 

25. Wang T, Pfeiffer T, Regar E, Wieser W, van Beusekom H, et al. (2015) Heartbeat 
OCT: in vivo intravascular megahertz-optical coherence tomography. Biomed 
Opt Express 6: 5021-5032. 

26. Mahmood U, Hanna NM, Han S, Jung WG, Chen Z, et al. (2006) Evaluation of 
rabbit tracheal inflammation using optical coherence tomography. Chest 130: 
863-868. 

27. McLaughlin RA, Williamson JP, Phillips MJ, Armstrong JJ, Becker S, et al. 
(2008) Applying anatomical optical coherence tomography to quantitative 3D 
imaging of the lower airway. Opt Express 16: 17521-17529. 

28. Zhang J, Jung W, Nelson JS, Chen Z (2004) Full range polarization-sensitive 
Fourier domain optical coherence tomography. Opt Express 12: 6033-6039. 

29. Cui D, Chu KK, Yin B, Ford TN, Hyun C, t al. (2017) Flexible, high-resolution 
micro-optical coherence tomography endobronchial probe toward in vivo 
imaging of cilia. Opt Lett 42: 867-870. 

30. Iyer JS, Batts SA, Chu KK, Sahin MI, Leung HM, et al. (2016) Micro-optical 
coherence tomography of the mammalian cochlea. Sci Rep 6: 33288. 

31. Mao Y, Chang S, Flueraru C (2010) Fiber lenses for ultra-small probes used in 
optical coherent tomography. J Biomed Sci Eng 3: 27-34. 

32. Wijesundara K, Zdanski C, Kimbell J, Price H, Iftimia N, et al. (2014) Quantitative 
upper airway endoscopy with swept-source anatomical optical coherence 
tomography. Biomed Opt Express 5: 788-799. 

33. Miao Y, Jing JC, Desai V, Mahon SB, Brenner M, et al. (2018) Automated 3D 
segmentation of methyl isocyanate-exposed rat trachea using an ultra-thin, 
fully fiber optic optical coherence endoscopic probe. Sci Rep 8: 8713. 

34. Lee J, Chae Y, Ahn YC, Moon S. (2015) Ultra-thin and flexible endoscopy probe 
for optical coherence tomography based on stepwise transitional core fiber. 
Biomed Opt Express 6: 1782-1796. 

35. Tran PH, Mukai DS, Brenner M, Chen Z. (2004) In vivo endoscopic optical 
coherence tomography by use of a rotational microelectromechanical system 
probe. Opt Lett 29: 1236-1238. 

36. Yin J, Liu G, Zhang J, Yu L, Mahon S, et al. (2009) In vivo early detection 
of smoke-induced airway injury using three-dimensional swept-source optical 
coherence tomography. J Biomed Opt 14: 060503. 

37. Choi JH, Chou LD, Roberts TR, Beely BM, Wendorff DS, et al. (2018) Point-
of-care endoscopic optical coherence tomography detects changes in mucosal 
thickness in ARDS due to smoke inhalation and burns. Burns 44. 

38. Lee SW, Heidary AE, Yoon D, Mukai D, Ramalingam T, et al. (2011) 
Quantification of airway thickness changes in smoke-inhalation injury using in-
vivo 3-D endoscopic frequency-domain optical coherence tomography. Biomed 
Opt Express 2: 243-254. 

39. Chou L, Batchinsky A, Belenkiy S, Jing J, Ramalingam T, et al. (2014) In vivo 
detection of inhalation injury in large airway using three-dimensional long-range 
swept-source optical coherence tomography. J Biomed Opt 19: 36018. 

40. Robertson C, Lee SW, Ahn YC, Mahon S, Chen Z, et al. (2011) Investigating 
in vivo airway wall mechanics during tidal breathing with optical coherence 
tomography. J Biomed Opt 16: 106011. 

41. Bu R, Balakrishnan S, Iftimia N, Price H, Zdanski C, et al. (2017) Airway 
compliance measured by anatomic optical coherence tomography. Biomed Opt 
Express 8: 2195-2209. 

42. Balakrishnan S, Bu R, Iftimia N, Price H, Zdanski C, et al. (2018) Combined 
anatomical optical coherence tomography and intraluminal pressure reveal 
viscoelasticity of the in vivo airway. J Biomed Opt 23: 1-4. 

43. Hammer-Wilson MJ, Nguyen V, Jung WG, Ahn Y, Chen Z, et al. (2010) Detection 
of vesicant-induced upper airway mucosa damage in the hamster cheek pouch 
model using optical coherence tomography. J Biomed Opt 15: 016017. 

44. Kreuter KA, Mahon SB, Mukai DS, Su J, Jung WG, et al. (2009) Detection and 
monitoring of early airway injury effects of half-mustard (2-chloroethylethylsulfide) 
exposure using high-resolution optical coherence tomography. J Biomed Opt 
14: 044037. 

45. Broughton E. (2005) The Bhopal disaster and its aftermath: a review. Environ 
Health 4: 6. 

46. Boorman GA, Uraih LC, Gupta BN, Bucher JR. (1987) Two-Hour Methyl 
Isocyanate Inhalation and 90-Day Recovery Study in B6C3F1 Mice. Environ 
Health Perspect 72: 63-69. 

47. Nemery B, Dinsdale D, Sparrow S, Ray DE. (1985) Effects of methyl isocyanate 
on the respiratory tract of rats. Br J Ind Med 42: 799-805. 

48. Brenner M, Kreuter K, Ju J, Mahon S, Tseng L, et al. (2008) In vivo optical 
coherence tomography detection of differences in regional large airway smoke 
inhalation induced injury in a rabbit model. J Biomed Opt 13: 034001. 

49. Adams DC, Hariri LP, Miller AJ, Wang Y, Cho JL, et al. (2016) Birefringence 
microscopy platform for assessing airway smooth muscle structure and function 
in vivo. Sci Transl Med 8: 359ra131-359ra131. 

50. Liu L, Chu KK, Houser GH, Diephuis BJ, Li Y. (2013) Method for Quantitative 
Study of Airway Functional Microanatomy Using Micro-Optical Coherence 
Tomography. PLoS One 8: 54473. 

51. Jing JC, Chen JJ, Chou L, Wong BJF, Chen Z. (2017) Visualization and 
Detection of Ciliary Beating Pattern and Frequency in the Upper Airway using 
Phase Resolved Doppler Optical Coherence Tomography. Sci Rep 7: 8522. 

https://doi.org/10.1016/j.burns.2014.06.007
https://doi.org/10.1016/j.burns.2014.06.007
https://doi.org/10.1016/j.burns.2014.06.007
https://doi.org/10.2214/ajr.129.5.865
https://doi.org/10.2214/ajr.129.5.865
https://dx.doi.org/10.1186%2Fs40560-016-0174-z
https://dx.doi.org/10.1186%2Fs40560-016-0174-z
https://dx.doi.org/10.1186%2F2036-7902-6-S1-A26
https://dx.doi.org/10.1186%2F2036-7902-6-S1-A26
https://dx.doi.org/10.1186%2F2036-7902-6-11
https://dx.doi.org/10.1186%2F2036-7902-6-11
https://doi.org/10.1117/12.2254847
https://doi.org/10.1117/12.2254847
https://doi.org/10.1117/12.2254847
https://doi.org/10.1117/12.2254847
https://doi.org/10.1038/srep39443
https://doi.org/10.1038/srep39443
https://doi.org/10.1038/srep39443
https://doi.org/10.1038/srep39443
https://doi.org/10.1164/rccm.201501-0053OC
https://doi.org/10.1164/rccm.201501-0053OC
https://doi.org/10.1164/rccm.201501-0053OC
https://doi.org/10.1164/rccm.201501-0053OC
https://doi.org/10.1117/1.jbo.17.11.110507
https://doi.org/10.1117/1.jbo.17.11.110507
https://doi.org/10.1117/1.jbo.17.11.110507
https://dx.doi.org/10.1038%2Fnm.3052
https://dx.doi.org/10.1038%2Fnm.3052
https://dx.doi.org/10.1038%2Fnm.3052
https://dx.doi.org/10.3390%2Fdiagnostics4020057
https://dx.doi.org/10.3390%2Fdiagnostics4020057
https://doi.org/10.1586/ers.11.59
https://doi.org/10.1586/ers.11.59
https://doi.org/10.1586/ers.11.59
https://doi.org/10.1152/physiol.00002.2014
https://doi.org/10.1152/physiol.00002.2014
https://doi.org/10.1152/physiol.00002.2014
https://doi.org/10.1111/j.1365-2869.2008.00647.x
https://doi.org/10.1111/j.1365-2869.2008.00647.x
https://doi.org/10.1111/j.1365-2869.2008.00647.x
https://doi.org/10.1111/j.1365-2869.2008.00647.x
https://doi.org/10.1109/TBME.2007.913409
https://doi.org/10.1109/TBME.2007.913409
https://doi.org/10.1109/TBME.2007.913409
https://doi.org/10.1126/science.276.5321.2037
https://doi.org/10.1126/science.276.5321.2037
https://doi.org/10.1126/science.276.5321.2037
https://dx.doi.org/10.1364%2FBOE.4.001890
https://dx.doi.org/10.1364%2FBOE.4.001890
https://doi.org/10.1364/BOE.6.005021
https://doi.org/10.1364/BOE.6.005021
https://doi.org/10.1364/BOE.6.005021
https://doi.org/10.1378/chest.130.3.863
https://doi.org/10.1378/chest.130.3.863
https://doi.org/10.1378/chest.130.3.863
https://doi.org/10.1364/OE.16.017521
https://doi.org/10.1364/OE.16.017521
https://doi.org/10.1364/OE.16.017521
https://doi.org/10.1364/OPEX.12.006033
https://doi.org/10.1364/OPEX.12.006033
https://doi.org/10.1364/OL.42.000867
https://doi.org/10.1364/OL.42.000867
https://doi.org/10.1364/OL.42.000867
https://doi.org/10.1038/srep33288
https://doi.org/10.1038/srep33288
http://dx.doi.org/10.4236/jbise.2010.31004
http://dx.doi.org/10.4236/jbise.2010.31004
https://dx.doi.org/10.1364%2FBOE.5.000788
https://dx.doi.org/10.1364%2FBOE.5.000788
https://dx.doi.org/10.1364%2FBOE.5.000788
https://doi.org/10.1038/s41598-018-26389-2
https://doi.org/10.1038/s41598-018-26389-2
https://doi.org/10.1038/s41598-018-26389-2
https://doi.org/10.1364/BOE.6.001782
https://doi.org/10.1364/BOE.6.001782
https://doi.org/10.1364/BOE.6.001782
https://doi.org/10.1364/ol.29.001236
https://doi.org/10.1364/ol.29.001236
https://doi.org/10.1364/ol.29.001236
https://doi.org/10.1117/1.3268775
https://doi.org/10.1117/1.3268775
https://doi.org/10.1117/1.3268775
https://doi.org/10.1016/j.burns.2018.10.014
https://doi.org/10.1016/j.burns.2018.10.014
https://doi.org/10.1016/j.burns.2018.10.014
https://dx.doi.org/10.1364%2FBOE.2.000243
https://dx.doi.org/10.1364%2FBOE.2.000243
https://dx.doi.org/10.1364%2FBOE.2.000243
https://dx.doi.org/10.1364%2FBOE.2.000243
https://doi.org/10.1117/1.JBO.19.3.036018
https://doi.org/10.1117/1.JBO.19.3.036018
https://doi.org/10.1117/1.JBO.19.3.036018
https://doi.org/10.1117/1.3642006
https://doi.org/10.1117/1.3642006
https://doi.org/10.1117/1.3642006
https://dx.doi.org/10.1364%2FBOE.8.002195
https://dx.doi.org/10.1364%2FBOE.8.002195
https://dx.doi.org/10.1364%2FBOE.8.002195
https://doi.org/10.1117/1.JBO.23.10.100501
https://doi.org/10.1117/1.JBO.23.10.100501
https://doi.org/10.1117/1.JBO.23.10.100501
https://doi.org/10.1117/1.3309455
https://doi.org/10.1117/1.3309455
https://doi.org/10.1117/1.3309455
https://doi.org/10.1117/1.3210775
https://doi.org/10.1117/1.3210775
https://doi.org/10.1117/1.3210775
https://doi.org/10.1117/1.3210775
https://dx.doi.org/10.1186%2F1476-069X-4-6
https://dx.doi.org/10.1186%2F1476-069X-4-6
https://dx.doi.org/10.1289%2Fehp.877263
https://dx.doi.org/10.1289%2Fehp.877263
https://dx.doi.org/10.1289%2Fehp.877263
https://doi.org/10.1136/oem.42.12.799
https://doi.org/10.1136/oem.42.12.799
https://doi.org/10.1117/1.2939400
https://doi.org/10.1117/1.2939400
https://doi.org/10.1117/1.2939400
https://doi.org/10.1126/scitranslmed.aag1424
https://doi.org/10.1126/scitranslmed.aag1424
https://doi.org/10.1126/scitranslmed.aag1424
https://doi.org/10.1371/journal.pone.0054473
https://doi.org/10.1371/journal.pone.0054473
https://doi.org/10.1371/journal.pone.0054473
https://doi.org/10.1038/s41598-017-08968-x
https://doi.org/10.1038/s41598-017-08968-x
https://doi.org/10.1038/s41598-017-08968-x


Citation: Miao Y, Brenner M, Chen Z (2019) Endoscopic Optical Coherence Tomography for Assessing Inhalation Airway Injury: A Technical Review. 
Otolaryngol (Sunnyvale) 9: 366. doi: 10.4172/2161-119X.1000366

Page 8 of 8

Volume 9 • Issue 2 • 1000366
Otolaryngol (Sunnyvale), an open access journal
ISSN: 2161-119X

52. Qi L, Huang S, Heidari AE, Dai C, Zhu J, et al. (2015) Automatic airway wall 
segmentation and thickness measurement for long-range optical coherence 
tomography images. Opt Express 23: 33992-34006. 

53. Heydarian M, Choy S, Wheatley A, McCormack D, Coxson HO, et al. (2011) 
Automated segmentation of lung airway wall area measurements from 
bronchoscopic optical coherence tomography imaging. SPIE 7965: 79651M. 

54. Adams DC, Pahlevaninezhad H, Szabari MV, Cho JL, Hamilos DL, et al. (2017) 
Automated segmentation and quantification of airway mucus with endobronchial 
optical coherence tomography. Biomed Opt Express 8: 4729-4741. 

55. Qi L, Zheng K, Li X, Feng Q, Chen Z, et al. (2019) Automatic three-dimensional 
segmentation of endoscopic airway OCT images. Biomed Opt Express 10: 642-656. 

56. Tuck SA, Ramos-Barbón D, Campbell H, Mcgovern T, Karmouty-Quintana H, 
et al. (2008) Time course of airway remodelling after an acute chlorine gas 
exposure in mice. Respir Res 9: 61. 

57. Brooks SM, Weiss MA, Bernstein IL. (1985) Reactive airways dysfunction 
syndrome (RADS). Persistent asthma syndrome after high level irritant 
exposures. Chest 88: 376-384. 

58. Gautrin D, Boulet LP, Boutet M, Dugas M, Bhérer L, et al. (1994) Is reactive 
airways dysfunction syndrome a variant of occupational asthma? J Allergy Clin 
Immunol 93: 12-22. 

59. Yaghi A, Dolovich MB. (2016) Airway Epithelial Cell Cilia and Obstructive Lung 
Disease. Cells 5: 40.

https://doi.org/10.1364/OE.23.033992
https://doi.org/10.1364/OE.23.033992
https://doi.org/10.1364/OE.23.033992
https://doi.org/10.1117/12.878194
https://doi.org/10.1117/12.878194
https://doi.org/10.1117/12.878194
https://dx.doi.org/10.1364%2FBOE.8.004729
https://dx.doi.org/10.1364%2FBOE.8.004729
https://dx.doi.org/10.1364%2FBOE.8.004729
https://dx.doi.org/10.1364%2FBOE.10.000642
https://dx.doi.org/10.1364%2FBOE.10.000642
https://doi.org/10.1186/1465-9921-9-61
https://doi.org/10.1186/1465-9921-9-61
https://doi.org/10.1186/1465-9921-9-61
https://doi.org/10.1378/chest.88.3.376
https://doi.org/10.1378/chest.88.3.376
https://doi.org/10.1378/chest.88.3.376
https://doi.org/10.1016/0091-6749(94)90228-3
https://doi.org/10.1016/0091-6749(94)90228-3
https://doi.org/10.1016/0091-6749(94)90228-3
https://doi.org/10.3390/cells5040040
https://doi.org/10.3390/cells5040040

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	Development of Endoscopic OCT for airway imaging 
	Early airway studies using TD OCT 
	Development of Fourier domain OCT for airway imaging 
	Different types of endoscopic imaging probes for airway application 

	OCT for Assessing Inhalation Airway Injury 
	Sulfured mustard 
	Methyl isocyanate (MIC) 
	Smoke inhalation injury 

	Characterization Techniques for Airway Injury and Recovery 
	Automatic tissue identification and characterization 
	Compliance and birefringence measurement 
	Ciliary function 

	Conclusion
	Acknowledgments 
	Conflict of interest 
	Funding
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	References

