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To the editor,

Obstructive pulmonary diseases are characterised by structural airway remodeling, including alterations
in extracellular matrix (ECM) [1]. The ECM profile differs between asthmatic and non-asthmatic airways,
with less elastin, and higher abundance of collagen I and fibronectin in asthma [2]. Additionally, increased
airway wall collagen deposition is associated with more severe disease in asthma [3]. In COPD, alterations
in collagen and elastin affect the mechanical properties of the lung, subsequently decreasing lung
elasticity and contributing to emphysema [1]. Currently, two diagnostic tools are available to assess
airway remodeling: thorax computed tomography and endobronchial biopsies. While bronchial wall
thickness and lumen area can be assessed by computed tomography, the resolution is insufficient to
assess separate airway wall layers and ECM components, leaving the pathophysiology of airway wall
remodeling unclear. Biopsies are the gold standard for determining airway remodeling; however, the

applicability is limited due to its invasiveness, small sample area and elaborative histology processing.

Optical coherence tomography (OCT) generates high resolution, real-time, near-infrared-based cross-
sectional images of the airway wall [4,5], with potential for visualizing airway remodeling and enabling
3D reconstructions. Several studies found an increased airway wall thickness and decreased lumen area
in asthma and COPD patients using OCT [5,6]. Furthermore, OCT imaging was able to identify and
quantify mucosal and submucosal airway layers [4]. To the best of our knowledge, no study has linked
OCT imaging to ECM protein deposition in the airway wall. We hypothesized that the ECM deposition
within the airway wall can be detected using OCT. The aim of this study was to relate the OCT scattering

characteristics with ECM deposition in the airway wall.

Data were acquired as previously described [4]. The medical ethics committee of the AMC approved the
protocol (NL51605.018.14) and informed consent was obtained. In brief, five patients scheduled for a
lobectomy were included. From these five lobectomies, thirteen airways were dissected and marked with
needles to match ex-vivo OCT images with histological sections. Ex-vivo OCT imaging was performed
immediately after resection, using a C7 Dragonfly from St Jude Medical (St Paul, MN, USA). The OCT
images were analysed using Matlab software (Natick MA, USA), which enabled roll-off correction and
point spread function as previously described [7]. Three sequential frames were combined to minimize

noise. Sheath and lumen segmentation were applied according to Adams et al. to minimize the influence
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of scattering intense components in the lumen [8]. OCT areas were calculated using a threshold in light
scattering intensity, illustrated in figure 1. To correct for probe optics and the imperfect sampling of the
OCT system in depth, the fixed threshold was adjusted for the probe’s distance to the airway wall in each
axial line: a lower threshold was used in longer distances and vice versa. Within each calculated OCT area,
the median OCT intensity was measured.

The histological sections were stained with Picosirius Red (TC; total collagen), Masson’s Trichrome blue
(MT blue; total collagen, bone), anti-collagen Al antibody (CA1; collagen type 1 A1), Verhoeff's (EL;
elastin) and anti-fibronectin antibody (FN; fibronectin). The region of interest (ROI) was defined as the
area of the airway wall between the epithelium and the outer border of the desmin-positive smooth
muscle. Sections without distortions within the ROI were included. The stained sections for each airway
were aligned and colour deconvoluted using Image] [9]. Thereafter, the positive area and mean grayscale
of the stained airway wall were calculated (threshold of >150 and mean of 0 - 255 grayscale intensity

respectively). Associations were tested using linear mixed effects model with intercept per subject.

For in vitro experiments, 1x1x3cm plastic containers were printed with a 3D printer, then filled with
0,5ml 5% Gelatin methacrylamide (GelMA) and 0,5% Lithium acylphosphinate (LAP) photo-initiator,
containing 1x10° primary lung fibroblasts/ml. The gels were polymerized by UV light (405nm, 2x2
minutes). On one side of the container a droplet of 50l containing 4,7mg Bovine Serum Albumin (BSA,
Sigma Aldrich, the Netherlands), 4,7mg Elastin peptides (Biorbyt, UK), or 4,7mg/ml CA1 (Rat-tail Collagen
I, Germany) was applied. These droplets were mixed with 5% GelMA and polymerized, covered by 0,5ml
5% GelMA cell-mixture, and polymerized again. The container was subsequently perforated in order to
insert the OCT probe. OCT images were captured, starting at the position where the proteins were added,

followed by GelMA without proteins, and ending outside the container.

A total of 36 from the 51 OCT-histology pairs from the right upper lobe and left lower lobe were analysed.
Reasons for exclusion were damaged histology sections (7 pairs), unavailability for additional staining, (6
pairs) and OCT images of airway bifurcations (2 pairs). The mean lumen area of the included sections was
2.38 (£2.06) mm? ECM component stained areas showed a similar spatial pattern as the OCT threshold
measured area (figure 1). Quantification of ECM component stained areas were positively correlated

with the OCT area, while MT blue mean grayscale also correlated with OCT intensity (table 1).
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In the in vitro studies, CA1 and elastin were detected using OCT, while BSA was not detected. (figure 2).

In the absence of exogenous protein no OCT signal was observed in the hydrogel.

This study shows for the first time that OCT is able to detect and quantify ECM protein deposition in the
airway wall. In other research areas focusing on skin and ovarian tissue, an association has been made
between collagen deposition and OCT imaging [10,11]. In the airways however, OCT imaging studies have
mainly focused on the identification and quantification of the airway wall structure. Intriguingly, elastin
and fibronectin area correlated the strongest with OCT area, yet no significance was found between

intensity parameters.

Our findings that OCT may directly reflect ECM deposition, without the need of extracting biopsies is of
interest in obstructive lung diseases in which airway remodeling plays an important role. Furthermore,
by assessing not only thickness but also ECM content of the airway wall, it might be possible to monitor
treatments targeting airway remodeling in more detail, such as bronchial thermoplasty and liquid

nitrogen spray.

An achievement of this study is the development of an automated analysis of the OCT image and light
scattering intensity areas by threshold and segmentation technique. While in previous studies OCT areas
were drawn manually, this study shows that a light scattering-based intensity threshold can be used to
automatically identify and quantify ECM structures. Additionally, by combining this method with
innovative polarization sensitive - OCT systems, it may be possible to analyse individual structural

components of the airway wall with even greater accuracy [12].

A limitation needs to be addressed: in order to make a comparison between OCT and histology we used
ex-vivo material. However, by using this approach we were able to assess ECM structures of the entire
airway wall in a cross sectional manner, which would not be possible in-vivo. Despite this, a strong
correlation between OCT light scattering areas and ECM stained components within the airways was

found, which was validated in our in vitro studies.

In conclusion, our data shows that increased OCT intensity areas correspond to and correlate with higher
ECM abundance in the airway wall. This suggests that it is possible to directly measure airway remodeling

in vivo, in a minimally invasive, real-time manner.

AJRCCM Articlesin Press. Published April 30, 2020 as 10.1164/rccm.201908-1512L E
Copyright © 2020 by the American Thoracic Society



Page 6 of 12

Acknowledgements

We would like to thank T. Borghuis and M.R. Jonker for excellent technical assistance and Klaas Sjollema
from the University Medical Center Groningen Microscopy and Imaging Center for assistance with image
analysis. The authors would also like to acknowledge and thank ].J.T.H. Roelofs, O. de Boer and T. Dirksen
from the pathology department, Amsterdam UMC, for their committed and professional work. Last, we
would like to thank ].M. Vonk of the Epidemiology department of the University Medical Center Groningen

for her statistical assistance.

AJRCCM Articlesin Press. Published April 30, 2020 as 10.1164/rccm.201908-1512L E
Copyright © 2020 by the American Thoracic Society



Page 7 of 12

Figure 1 legend

Three airway wall ECM staining sections aligned to the paired OCT-image. The upper panel shows the OCT
image and matched histology sections, the lower panel shows the corresponding OCT threshold image and
histology sections after color deconvolution. OCT: optical coherence tomography image after sheath and
lumen segmentation (blue line), showing the area above the threshold (threshold adjusted per axial line for
the distance between the lumen and the airway wall) in red, TC: total collagen, CA1: collagen A1, EL: elastin,

all three stained sections with the area above the threshold (i.e. >150 of 255 grayscale) in black.

Figure 2 legend

OCT images of plastic containers filled with cells (0,5ml 5% GelMA, 0,5% LAP), BSA (including a droplet of
50ul of 4,7mg BSA), Elastin (including 50ul of 4,7mg elastin peptides), and Collagen I (including 50ul of
4,7mg Rat-tail collagen). A: protein containing area, B: GelMA without protein, C: OCT probe leaving the
container, D: OCT probe outside the container, E: boundary between different layers, F: plastic container

reflection, G: measured OCT signal.
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Table 1: regression coefficients paired OCT-histology areas and intensities

Optical Coherence Tomography

Optical Coherence Tomography

area (mm?) intensity (arbitrary unit)
B-value (95% Cl) P-value B-value (95% Cl) P-value

-5

Total collagen area (mm?) 0.39 (0.22 - 0.57) 7.3x10 _ .
0.97 (-0.14 - 8.3x107?
Total collagen mean grayscale - -
2.08)

-4
Masson’s Trichrome blue area (mm?) 0.42 (0.23 - 0.62) 1.4x10 _ )

’ . 2
Masson’s Trichrome blue mean i i 0.58 (0.09 — 1.08) 2.3 x10
grayscale

-3
Collagen A1 area (mm?) 028 (0.09-0.48) | >8*10 ] ]
- — -2
Collagen A1 mean grayscale - - 0.19(-0.89 7.0x 10
1.26)
-4
Elastin area (mm?) 0.70(039-1.01) | 28*10 ] ]
Elastin mean grayscale - - 0.48 (-0.68 - 4.1x10"
gray 1.63)
-2
Fibronectin area (mm?) 0.49 (0.12 - 0.86) 11x10 _ )
. . 0.32 (-0.53 - 4.5x10?
Fibronectin mean grayscale - - 1.16)
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Figure 1
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