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Abstract

Rationale and Objectives: At present, there is no available method to study the /in vivo
microstructures of the airway wall (epithelium, smooth muscle, adventitia, basement membrane,
glands, cartilage). Currently, we rely on ex vivo histologic evaluation of airway biopsies. To
overcome this obstacle, we have developed an endoscopic ultrahigh-resolution diffractive optical
coherence tomography (OCT) system, operating at a wavelength of 800 nm, to non-invasively
study the /n vivo microstructures of the airway wall. Prior to human study, validation of diffractive
OCT’s ability to quantitate airway microstructural components is required.

Materials and Methods: To validate and demonstrate the accuracy of this OCT system, we
used an ovine model to image small airways (~ 2 mm in diameter). Histologic samples and
correlated OCT images were matched. The cross-sectional area of the airway wall, lumen, and
other microstructures were measured and compared.
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Results: A total of 27 sheep were studied from which we identified 39 paired OCT-histology
airway images. We found strong correlations between the OCT and the histology measurements
of the airway wall area and the microstructural area measurements of the epithelium, basement
membrane, airway smooth muscle, glands, cartilage, and adventitia. The correlations ranged from
r=0.61 (p<0.001) for the epithelium to r=0.86 (p<0.001) for the adventitia with the correlation
between the OCT and the histology measurements for the entire airway wall of r=0.76 (p<0.001).

Conclusion: Given the high degree of correlation, these data validate the ability to acquire and
quantify /n vivo microscopic level imaging with this newly developed 800nm ultra-high resolution
diffractive OCT system.

Introduction

The most common means of evaluating the lungs is by indirect methods such as auscultation
and pulmonary function testing. Direct imaging technology can improve our understanding
of pathophysiological changes in the lungs. A standard Chest X-Ray (CXR) has been
available for over a century. However, it is limited to identifying gross changes such as
pulmonary edema, infiltrative processes, or severe emphysematous changes. Over the past
several decades, additional imaging methods capable of more direct assessment of the
anatomy of the lungs have become available. The most commonly used advanced imaging
technology to evaluate pulmonary anatomy is Computed Tomography (CT). CT can measure
changes in the parenchyma, the airways, and the vessels. However, CT does not have the
resolution to visualize the microstructural components of the airways or parenchyma.

Currently, the most common method to evaluate the microstructures of the airway wall

is through histologic assessment of biopsy specimens, either obtained bronchoscopically

or through surgical resection. The critical site of disease for many pulmonary diseases is
found in the microstructures of the airways, for example in the epithelium, airway smooth
muscle, glands, and basement membrane. A non-invasive method to visualize and quantify
changes in these microstructures is critical to improve our ability to assess severity, response
to treatment, and prognostication for pulmonary diseases such as asthma, COPD, cystic
fibrosis, and interstitial lung disease.

Endoscopic optical coherence tomography (OCT) is a technology capable of /n vivo imaging
of internal luminal organs non-invasively with micron-scale resolution and without ionizing
radiation(5, 20, 26). Endoscopic OCT provides near histologic quality visualization of tissue
microstructures and allows volumetric sampling over a large area(26). Recent advancements
in catheter design have greatly expanded the potential of endoscopic OCT to a wide range
of clinical applications(8, 14, 18, 23, 24). Initial use of 1300-nm endoscopic OCT has
demonstrated the potential utility of measuring airway wall thickness in patients(3, 4).

More recently, birefringence OCT has been used to detect pathologic airway remodeling

in people with asthma with the ability to assess airway smooth muscle (ASM) /in vivo (1,

2). This birefringence OCT system operating at 1300 nm, utilizes polarized reflection of
light to highlight ordered structures visualized with OCT such as smooth muscle bundle
fibers. However, this technology was suboptimal for accurately imaging other non-ordered
structural components within the airway wall. This was mainly due to the limited resolution
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(about 10 um) and imaging contrast afforded by conventional endoscopic OCT operating
at 1300 nm. To address these limitations of traditional OCT, a 800-nm diffractive OCT
endoscopy has been recently developed to provide higher resolution and improved image
contrast for multiple airway wall structures(15, 22, 25).

The current study was performed to demonstrate the accuracy and validity of ultrahigh-
resolution 800-nm diffractive OCT system to visualize multiple microstructures in small
airways in an ovine model. We identified specific airway segments, measured the structural
components of the airway wall (i.e. epithelium, glands, ASM, cartilage), and compared these
to matched histology at the same location in the airway. The capability of 800-nm diffractive
OCT image to delineate and quantify the structural components of the airway wall provides
an opportunity to explore aspects of airway morphology /7 vivo and may serve as a future
tool to elucidate the pathophysiology of human lung disease.

Materials and Methods

Preclinical model

The following animal protocol in an ovine model was approved by the Animal Care and Use
Committee of the Johns Hopkins University. Anesthesia was initiated with intramuscular
ketamine (25 mg kg~1) and maintained with a continuous intravascular (IV) infusion of
propofol (800 pug kg~ h=1). The trachea was intubated, and the animals were mechanically
ventilated at 14 breaths per minute with a tidal volume adequate to maintain an end tidal
carbon dioxide level of approximately 30 mmHg (23). To allow measurements in the
smallest airways, a tracheostomy was then performed, and a shortened endotracheal tube
was passed into the trachea and secured. A bronchoscope (Olympus BF-P40) was passed
through the endotracheal tube into the sheep airways of the right middle lobe. The 800-nm
diffractive OCT catheter was then passed through the 2.2-mm diameter working channel of
the bronchoscope to a selected airway until gentle resistance was met.

Ultrahigh-resolution diffractive OCT system

Our group previously demonstrated the use of a diffractive lens in the OCT catheter

design to overcome chromatic aberration(22). Based on that work, we further optimized the
performance of the OCT catheters with custom diffractive optics to mitigate the chromatic
aberration over the broad spectral bandwidth of about 200 nm centered around 800 nm
(Figure 1a-b). The diffractive catheter maintained a smaller diameter of 1.3 mm including
the encasing metal guard at its distal end. The overall diameter of the imaging probe

was approximately 1.8 mm including the protective plastic sheath running along the entire
length of the catheter, offering a measured lateral resolution of about 7.2um (Figure 1c).

To illustrate the achromatic performance of the diffractive catheter, we measured the back-
reflected spectra by placing a mirror at different locations relative to the focal plane of

the catheter. We found that the measured spectra remained nearly unchanged along the
imaging depth (Figure 1d), confirming the achromaticity of the diffractive catheter, which
was critical for achieving a consistent ultrahigh axial resolution afforded by the broadband
light source(23). The improved diffractive OCT system offered an ultrahigh axial resolution
of about 2.4um in air (or 1.7um in tissue) (Figure 1e).
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A bench-top endoscopy system based on an 800-nm spectral-domain OCT (SD-OCT)
platform was developed for imaging /n vivo airways. The details of this SD-OCT system
were reported previously(22, 25). In brief, it consisted of a home-built linear-k spectrometer
of 2K pixels, which can accommodate a spectrum bandwidth of approximately 250 nm
centered around 800 nm and offered an imaging depth of approximately 1.2 mm. A home-
made Ti:sapphire laser with a center wavelength of about 820 nm and an 3dB spectral
bandwidth of approximately 150 nm was used as well as a portable continuum laser.
Catheter rotation speed up to 20 frames per second was performed by using an improved
home-made broadband fiber-optics rotary joint, providing a one-way throughput >87%, an
optical coupling variation < +4% during continuous rotation, and a measured back-reflection
< -58 dB(19). The catheter pullback rate was 0.4 mm/s, corresponding to an image-to-image
pitch of approximately 20 um. The imaging system achieved a detection sensitivity of

-108 dB with a near-theoretical-limit sensitivity roll-off of approximately =13 dB/mm(22,
25). The acquired cross-sectional OCT images were converted to a logarithmic scale and
displayed in an 8-bit gray scale with 1024x1024 pixels.

Tissue registration and histology correlation

Two methods were used to facilitate the identification of the airway segment for matching
OCT images and histology slides. One method was to leave the plastic sheath that encased
the OCT imaging catheter in the sheep airway. The catheter was located and immobilized
in the imaged airway segment and removed with the lungs en block. The other method

was to mark the imaged airway sections using a laser catheter made with an SMF28 fiber,
delivering a 1,448-nm laser beam with a power of approximately 350 mW. This laser
catheter was deployed to the imaging sites through the same plastic sheath which was used
to host the imaging catheter. An exposure time of 10 seconds was used to make burn marks
on the airway wall. The airway was imaged before and after the laser marking procedure
(Figure 2). In addition, we measured the depth of the bronchoscope for each airway in each
sheep and video recorded the path to the marked airway during in vivo imaging.

After OCT imaging was completed, the sheep were sacrificed and the lungs were removed
en block, inflated to 25 cmH,0, and fixed in 10% neutral buffered formalin for at least

one week. After fixation, the fixative was drained by gravity. We used the video to guide

us to the marked area in the ex vivo fixed lungs. A bronchoscope was passed into the
ex-vivo lungs and the same airway locations that were imaged were identified and dissected.
Following dissection of the imaged airway segments, histologic slides were prepared and
stained with standard H&E and converted to micrographs (Figure 3). The histologic images
were then manually matched to the corresponding OCT images. Microstructures and tissue
compartments of small airways in cross-sectional OCT images and histology micrographs
were labelled manually using Semantic segmentation editor, an open-sourced web-based
interactive image annotation tool (Semantic segmentation editor. Hitachi Automotive and
Industry Lab, 2019). The labeled cross-sectional OCT and histologic correlates were
exported to MATLAB v9.5 (The MathWorks Inc, Massachusetts, United States). Using a
pixel counting technique, the cross-sectional areas of the airway wall, airway lumen, and
structural components (epithelium, basement membrane, smooth muscle, glands, adventitia
and cartilage) were quantified.
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Statistical analysis

Results

Statistical analyses were performed using JMP (Version 11.0.0). Structural component areas
measured by OCT and histology were compared using paired t-tests and a linear regression
model with least squares optimization. P values less than or equal to 0.05 were considered
statistically significant.

A total 27 sheep were studied from which we identified 39 paired OCT - histology

airway images. We were able to clearly identify the various structural components of the
airway wall, including the epithelium, basement membrane, airway smooth muscle (ASM),
adventitia, glands, cartilage, blood vessels, and alveoli. Figure 3 demonstrates an example of
the OCT - histology paired images with the airway wall structural components identified.

Based on the size of the catheter and the set focal point of the OCT system, the imaged
airways were approximately 1.8 mm in luminal diameter (the size of the OCT catheter

and protective sheath). The mean airway luminal diameter was 2.6+0.39 mm (meanzSD)
as measured on the OCT images and 1.8+0.97 mm as measured on histology (p<0.0001).
The slightly smaller size on histology was likely due to changes secondary to the fixation
and embedding processes. We also compared the average values for the total airway wall
area and the structural components within the airway wall (Table 1). For the total wall area,
we found a small but significant difference in the average wall areas on the OCT image
compared to histology (p=0.02).

We also found small but significant differences in the area measurements of the epithelium
(p<0.001), ASM (p<0.001), glands (p<0.001), and cartilage (p=0.03). To assess for any
directionality of bias between the OCT imaging and histology, Bland-Altman plots were
generated for each of the microstructures of the airway wall (Figure 4). We did not observe
any systematic differences between the two measurements. For example, the measurement
on OCT compared to histology for the epithelial area was slightly larger. In contrast, the
measurement on OCT compared to histology for the cartilage area was slightly smaller.
For some of the structural components, the basement membrane (p=0.57) and adventitia
(p=0.17), we found no difference between the OCT and histology measurements.

Using linear regression across all airways, we also examined the correlation between the
OCT and histology measurements for the airway wall and the structural components. We
found strong correlations between the OCT and the histology measurements of the entire
airway wall area as well as the measurements of the structural components: epithelium,
basement membrane, ASM, glands, cartilage, and adventitia (Table 2). The correlations
ranged from r=0.61 (p<0.001) for the epithelium to r=0.86 (p<0.001) for the adventitia with
the correlation between the OCT and the histology measurements for the entire airway wall
of r=0.76 (p<0.001).
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Discussion

Our results demonstrate that we are able to image the microstructures of the airway wall in
vivo with near micron scale resolution with our recently improved 800nm diffractive OCT
system (22, 23, 25). These results validate the use of diffractive OCT to identify airway
wall microstructures and document potential changes non-invasively. A validated method to
image the airway wall and its structural components /n7 vivo at the microscopic level opens
the door to a multitude of diagnostic and prognostic possibilities.

Adams and colleagues were among the first to image the microstructures of the airway
wall using OCT /n vivo. In both animal and human models, they were able to identify and
quantify ASM. Their approach capitalizes on the highly ordered structure of ASM which
permits birefringence microscopy to identify and highlight the areas of ASM that were not
immediately obvious via OCT imaging alone at 1300nm. This orientation resolved OCT
imaging approach was a significant advancement that enabled the evaluation of pathologic
airway smooth muscle remodeling in individuals with asthma. There have been few other
published manuscripts validating pulmonary OCT imaging, and all were with a 1300nm
wavelength. Chen et al. showed a reasonable concordance between the OCT and histology
for the 6! through the 9t generation airways for their airway wall, airway luminal, and
airway diameter measurements in humans(3). However, they were not able to measure the
structural components within the airway wall with their 1300-nm OCT system. Lee et al.
demonstrated good correlations between OCT and airway wall measurements(13). They
divided the airway wall into three concentric areas within the wall as well as measuring
the total wall area. While they showed strong correlations between the OCT and histology
measurements, again using a 1300-nm OCT system, they were not able to differentiate

the individual structural components within the airway wall. Hariri et al. showed OCT

and matched histological images of airway structural components of an ex vivo airway(9).
However, they did not present any measurements nor statistical analysis of the matched OCT
and histological images. Adams et al. using a birefringence OCT system to measure the
ASM showed a high correlation between OCT images and histology from both dogs and
pig bronchioles(1). Our 800-nm system offers an increase in resolution that provides more
granularity in visualization of all the microstructures in the airway wall.

The 800nm endoscopic OCT (15, 19, 21-23, 25), offers higher resolution and importantly
improved image contrast designed to address the limitations of traditional 1300nm OCT.

To overcome the severe chromatic aberration faced by the conventional GRIN-Iens based
micro-optics in OCT catheters when using a broad spectrum at 800nm, a diffractive catheter
design was previously proposed by our group(22).

Compared to the first report on an 800nm endoscopic OCT system back in 2014, the one
used in the current airway imaging study has been improved considerably in terms of
resolution, signal to noise ratio, and system portability(16, 19, 25). In addition, we further
minimize the size of OCT catheter from 2.1 mm to 1.8 mm (Figure 1.a—c) allowing it to

be used with and passed through the working channel of a standard clinical bronchoscope.
We also further optimized the performance of the system on achromaticity (Figure 1.d) and
axial resolution (Figure 1.e). Our 800nm endoscopic diffractive OCT system offers super-
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achromatic performance, achieving 1.7um imaging resolution (in tissue) which represents
a 4X improvement over conventional 1300nm OCT. As this diffractive OCT enables
high-definition visualization of multiple microstructures of the airway, it does not rely on
birefringence microscopy to highlight ordered structures (e.g. ASM).

While we did not observe any systematic difference between the histology and OCT
measurements, quantitative differences did exist despite good correlation. There are likely
two competing factors driving these findings. First is shrinkage artifact that is induced

with histologic preparation (with potential bias decreasing histologic quantification). We did
make efforts to fix the lungs while inflated to 25 cmH,0. However, this likely will only
marginally mitigate shrinkage. Second is a decrease in quantification of OCT microstructure
that is induced by conservative labeling of the structures. While the 800-nm system does
provide high quality images, the quality is still less than that of histology, meaning OCT
imaging may miss subtleties of the microstructures leading to underestimates of their
volume. As both histology shrinking and OCT underestimates occur in the same direction,
this likely accounts to the lack of systemic bias in any one direction.

With real-time imaging of the airways, diagnosis of several pulmonary diseases could
become more accurate. For example, it is known that patients who die of an acute asthma
attack have significantly more airway smooth muscle(6, 11). However, there is currently no
way of identifying such asthmatic patients and thereby determining who is at greatest risk.
OCT could be used to determine which asthmatic patients have increased airway smooth
muscle and are at risk of sudden death. Another potential diagnostic use of OCT is to
determine which patients with severe asthma would respond to bronchial thermoplasty (BT).
Since the proposed mechanism of BT is destruction of the ASM, OCT could enable the
selection of patients with the greatest burden of ASM hypertrophy/hyperplasia, and who
would most likely respond to BT. It would also be valuable to verify that the treatment

has produced the desired effect, i.e. the elimination of ASM. To this extent, OCT can

image the ASM before and after treatment to verify treatment effectiveness. This is not
possible with histology, endobronchial biopsies, or any other currently available technology.
With the ability to better localize and verify treatment response, BT may show better
effectiveness(12).

One of the major causes of Chronic Obstructive Pulmonary Disease (COPD) is
inflammation of the airways(7). However, there is currently no way to assess airway
inflammation in COPD. While not directly explored in the current study and not possible
across all areas of the lung, inflammation of the airway wall caused by cellular infiltration
and cytokine release can lead to thickening of structural components such as the epithelium,
the basement membrane, and adventitial layer which could potentially be assessed by our
OCT system. OCT imaging could quantify progression of disease and response to therapy
with longitudinal measurements of these structural components.

There are some limitations to this study. Each catheter in our 800-nm system is tuned to
optimize the imaging of a specific size airway. For example, for this study we optimized
the catheters to image the airway wall microstructures of approximately 2 mm airways. In a
future study, we optimized the catheter to image the airway wall microstructures of 6 mm in
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diameter airways. Thus, each catheter has a limited optimal airway size range for imaging.
Second, at the lower extreme, we are currently limited in that the smallest airways we can
image are approximately 1.8 mm in diameter; thus, it is difficult to assess airways across all
the various diameters found in the lung and disease process that occur beyond our imaging
depth in the lung parenchyma. We have begun to test a new micro-OCT catheter that is only
1 mm in diameter(23), which would allow in vivo measurements in the smallest airways
where most chronic lung diseases begin(10, 17). Third, OCT imaging of the airways requires
bronchoscopy. Bronchoscopy, while commonly performed with few risks and side effects is
not completely benign.

In conclusion, we have demonstrated the validity of our 800-nm diffractive high-resolution
OCT system to resolve and measure airway wall microstructural components /77 vivo. The
ability to acquire microscopic level information of the airways /n vivo will enhance the
ability to diagnose and study lung disease. This technology has the potential to improve
prognosis of lung diseases through longitudinal quantification of pathophysiological changes
in the airway walls. In addition, it will help guide therapeutic interventions by directly
showing the changes in the airways following treatment.
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Figure 1:

(a) Schematic of the diffractive OCT catheter. (b) Photo of the assembled distal optics

of diffractive OCT catheter, inset shows photo of the diffractive lens. (c) Photo of the
assembled diffractive catheter, inset shows image of the focused spot captured by a charge-
coupled device (CCD) camera when the catheter was encased with a plastic sheath of a

1.8 mm outer diameter (OD). (d) The back-reflected spectra measured by placing a mirror
at different locations relative to the focal plane of the catheter along the imaging depth.
The spectra were captured by an optical spectrum analyzer (OSA). (e) The measured point
spread function (PSF) with an full-width at half-maximum (FWHM, i.e. axial resolution)
of 2.4 um in air (1.7 pm in tissue) when using a home-made Ti:sapphire laser as the light
source.
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After laser marking

Figure 2:
Example of laser marking (*) of airway on OCT (a) and matched histology (b). A= alveoli,

BV = blood vessel, C = cartilage. Scale bars: 1 mm
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Figure 3:
Representative cross-sectional OCT and histological images. (a) The OCT airway image of

the entire matched airway. (b) H & E histological image of the entire matched airway. (c) the
3X enlarged matched area from Figure 3a showing the structural components of the airway
wall. (d) the 3X enlarged matched area from Figure 3b showing the matched structural
components of the airway wall. A= alveoli, C= cartilage, BV=blood vessel, EP = epithelium,
BM = basement membrane, ASM= airway smooth muscle, G = glands, Ad = adventitia.
Scale bars: 1 mm.
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Figure 4:
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Bland-Altman plots comparing bias between OCT imaging and histology across the various
microstructures of the airway wall. (a) epithelium, (b) basement membrane, (c) airway
smooth muscle, (d) glands, (e) cartilage, (f) adventitia, (g) total airway wall, (h) lumen. We
observed no system bias among the microstructures measured.
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Mean sizes of airway and components measured by OCT and Histology

Table 1:

Structure OCT Histology *p-value
Epithelium (mm?) 0.092+0.018 | 0.067+0.017 <0.001
Basement membrane (mm2) 0.033+0.0093 | 0.033+0.012 0.57
Airway smooth muscle (mm?) | 0.040£0.014 | 0.054+0.033 <0.001
Glands (mm?) 0.028+0.018 | 0.038+0.015 | <0.001
Cartilage (mm?) 0.20+0.23 0.26+0.37 0.03
Adventitia (mm?) 0.41+0.094 0.42+0.072 0.17
Total wall (mm?) 0.91+0.57 1.3+1.5 0.02
Lumen (mm?) 2.6+0.39 1.8+0.97 <0.001

* .
paired t-test

Acad Radiol. Author manuscript; available in PMC 2023 September 10.

Page 15



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Thiboutot et al.

Table 2.

Correlation between the OCT and histology measurements

Structure R Bo Br | *p-value
Epithelium 0.61 0.047 0.67 <0.001
Basement membrane 0.82 0.013 0.60 <0.001
Airway Smooth Muscle | 0.76 0.022 0.32 <0.001
Glands 0.80 | -0.0092 | 0.99 <0.001
Cartilage 0.81 0.063 0.47 <0.001
Adventitia 0.86 | -0.067 11 <0.001
Airway wall 0.76 0.51 0.30 <0.001
Lumen 0.84 2.0 0.34 <0.001

*
Linear regression

Acad Radiol. Author manuscript; available in PMC 2023 September 10.

Page 16



	Abstract
	Introduction
	Materials and Methods
	Preclinical model
	Ultrahigh-resolution diffractive OCT system
	Tissue registration and histology correlation
	Statistical analysis

	Results
	Discussion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Table 1:
	Table 2.

