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A B S T R A C T   

Clinical visualization and quantification of the amount and distribution of airway smooth muscle (ASM) in the 
lungs of individuals with asthma has major implications for our understanding of airway wall remodeling as well 
as treatments targeted at the ASM. This paper theoretically investigates the feasibility of quantifying airway wall 
thickness (focusing on the ASM) throughout the lung in vivo by means of bronchoscopic polarization-sensitive 
optical coherence tomography (PS-OCT). Using extensive human biobank data from subjects with and without 
asthma in conjunction with a mathematical model of airway compliance, we define constraints that airways of 
various sizes pose to any endoscopic imaging technique and how this is impacted by physiologically relevant 
processes such as constriction, inflation and deflation. We identify critical PS-OCT system parameters and 
pinpoint parts of the airway tree that are conducive to successful quantification of ASM. We further quantify the 
impact of breathing and ASM contraction on the measurement error and recommend strategies for standardi
zation and normalization   

1. Introduction 

Endoscopic polarization-sensitive optical coherence tomography (De 
Boer et al., 2017) is an effective tool for the visualization and quantification 
of airway smooth muscle (ASM) in a living individual (Adams et al., 2016; 
Li et al., 2018; Vaselli et al., 2020) and has the potential to provide 

significant new insights in asthma research. Asthma is a chronic inflam
matory condition of the lungs that affects 300 million people worldwide, 
with annually 250,000 deaths and 15 million disability-adjusted life years 
lost (Bateman et al., 2008; Asthma Australia and National Asthma, 2015). 
A primary pathology of asthma is remodeling of the airway wall, partic
ularly hyperplasia and hypertrophy of the ASM (Ebina et al., 1993; James 
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et al., 2012). Thickening of the ASM layer exists in many but not all pa
tients with asthma, and is variably distributed throughout the bronchial 
tree of affected individuals (Elliot et al., 2015). Specific treatment of airway 
remodeling can be considered through application of bronchial thermo
plasty (BT), producing a heat-induced ablation of the ASM layer (Castro 
et al., 2010; Donovan et al., 2020). However, in clinical practice, there is 
currently no assessment of whether the small number of conducting air
ways treated with BT (approximately 20 out of 30,000) have excessive 
ASM, which likely contributes to heterogeneity in the response to BT 
(Pretolani et al., 2017). The lack of clinically available imaging tools to 
visualize the ASM limits the uptake and effectiveness of treatments like BT 
that target ASM. 

The current gold standard for the in vivo assessment of ASM is bi
opsy, which is not only invasive, but also unable to provide more than a 
fractional view of the highly variable distribution of ASM throughout 
the lung (Doberer et al., 2015). There is an unmet need for imaging tools 
that are able to map the ASM distribution in small and large airways. 
Such tools would also aid in understanding disease development and 
response to treatment in longitudinal studies. 

Recently, endoscopic polarization-sensitive optical coherence to
mography (PS-OCT) has been developed for pulmonary imaging, 
including quantification of the ASM (Adams et al., 2021, 2016; Feroldi 
et al., 2019). As in endobronchial ultrasound, PS-OCT uses a spinning 
probe inserted into an airway via a bronchoscope channel, producing 
cross-sectional and three-dimensional images of the airway as the probe 
rotates and translates. While traditional OCT provides scattering 
contrast similar to ultrasound (albeit at higher resolution), PS-OCT 
additionally contrasts tissue types based on their degree of organiza
tion and the orientation of fibrous structures. This type of imaging is 
well-suited to smooth muscle, which is highly organized and follows a 
well-defined circumferential orientation and therefore has potential to 
be delineated with high fidelity. Although use of PS-OCT to image ASM 

has been shown as proof of principle and clinically in individual airways, 
no study has evaluated whether bronchoscopic-guided PS-OCT can be 
applied throughout the lung; what the limiting factors are; and how 
remodeling and the dynamic behavior of airways impact clinical utility. 
Understanding how the capabilities of PS-OCT fit to the requirements of 
imaging the airway wall tissue in airways of various sizes will help 
design appropriate and achievable studies and support the appropriate 
use of PS-OCT in pulmonary medicine. 

In this study, we create a statistical representation of a human lung 
based on data from 2255 airways and apply a mathematical model to 
study the impact of dynamic changes to the airways due to breathing 
(radial and horizontal expansion) and ASM contraction. We assess po
tential limitations to bronchoscopic PS-OCT that may arise in a number 
of scenarios, including: (i) where the imaging range of a system (i.e. the 
maximum imaging distance between the probe and the region of inter
est) is insufficient for large airways; (ii) where the image depth pene
tration into tissue of a PS-OCT system is insufficient to image ASM 
thickness; (iii) where the resolution is insufficient to resolve thin ASM 
layers; and (iv) where controlled access to peripheral airways is impeded 
by the size of the bronchoscope. Unavoidable effects of breathing and 
ASM contraction or tone, as well as an eccentric position of the imaging 
probe within the lumen may further exacerbate existing limitations and 
are included in the analysis. We further assess the error of ASM quan
tification that arises from quiet breathing, deep breathing and ASM 
contraction and show avenues to a standardized approach to ASM 
measurement. If PS-OCT is to mature into a commonly used clinical tool, 
knowledge of its limitations is important to guide optimal usage of this 
technology by clinicians and system design by engineers. 

2. Methods 

This study uses data from our extensive human tissue biobank to 

Fig. 1. (A) Schematic of the imaging geometry 
in an uncontracted airway with definitions of 
PS-OCT parameters, i.e. required penetration 
depth and imaging range. The imaging probe 
may be located in the lumen center (black cir
cle) or eccentrically (gray circle), which im
pacts the feasibility of ASM imaging. (B) 
Schematic of the imaging geometry in a 50% 
contracted airway. (C) Representative PS-OCT 
image of an ex vivo porcine airway, showing 
mucosa and ASM tissue layers, which together 
make up the inner airway wall that the laser 
needs to penetrate in order to image the ASM. 
(D) Magnified image of the inset in (C) indi
cating an eccentrically positioned probe (gray 
circle). Note how the required penetration 
depth (length of the dotted red line) is impacted 
by the angle of the laser beam relative to the 
airway wall surface. (E) Representative human 
airway histological image (not corresponding to 
the porcine airway PS-OCT image). The lattice 
grid is used to quantify ASM area (green dots), 
mucosa (blue dots) and perimeter of the base
ment membrane (yellow line) by point counting 
(Green et al., 2010). 
Panels (C) and (D) adapted with permission (Li 
et al., 2019).   
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establish the thickness and variability of airway wall layers and how 
these change with airway size and asthma severity. To these data we 
apply an established mathematical model of airway compliance to 
simulate and study the impacts of airway dynamics. A representative 
lung geometry is used to establish which airways are accessible during 
bronchoscopic imaging. 

2.1. Human lung specimens and morphometry 

Methods for acquiring human airways are described in our previous 
publications (Donovan et al., 2018; Green et al., 2010; Hessel et al., 1999; 
Tough et al., 1996). In brief, left lungs were acquired from post-mortem 
cases classified as non-asthmatic control (NA, n = 31), with no history 
of asthma, wheeze, or other lung disease; nonfatal asthma (NFA, n = 32), 
death attributed to a non-respiratory cause and with a confirmed history 
of asthma; and fatal asthma (FA, n = 25), death attributed to asthma with 
a confirmed history. After fixation in glutaraldehyde, three segmental 
bronchi, two from the lower lobe (anterior and posterior basal) and one 
from the upper lobe (apical), were isolated from lung parenchyma. Por
tions of airway (free from parenchyma) were acquired at nine equidistant 
levels from proximal to distal locations, yielding 27 airways per subject. 
Samples were processed into wax blocks, sectioned (5 µm), and stained 
using the elastic trichrome technique. 

The area of the ASM layer (ASMarea), the inner airway wall area 
(between the basement membrane and the outer border of the ASM 
layer) and the perimeter of the basement membrane (Pbm) were 
measured by point counting and linear intercept using a Nikon light 
microscope, drawing tube, and square lattice grid containing 240 points. 

2.2. Mathematical model of airway structure 

Since the ex vivo airway samples in the human tissue biobank have 
been prepared and quantified under conditions at higher pressure 
(20–40 cm H2O), and airway dimensions including lumen size and 
airway wall thickness are subject to change with pressure, we use a 
mathematical model to adjust airway luminal sizes from the biobank 
dataset to conditions found during bronchoscopy, i.e., Ptm = 5 cm H2O. 
Our model follows that of Lambert et al., which has been validated 
against data from excised human lungs (Lambert et al., 1982). The 
airway lumen radius ri depends on the transmural pressure Ptm as well as 
the maximal radius ri,max, the null-pressure radius Ri at Ptm = 0 and the 
parameters P1,n1,P2,n2, which depend on the airway order (see Table S.1 
in Supplemental material of (Politi et al., 2010)). 

r2
i = R2

i (1 − Ptm/P1)
− n1 for Ptm ≤ 0. 

r2
i = r2

i,max −
(

r2
i,max − R2

i

)
(1 − Ptm/P2)

− n2 for Ptm ≥ 0. 

Once the airway radius at the desired pressure is known, we add 
simple ASM contraction in the form of percent ASM shortening to the 
model, such that the contraction factor c ∊ [0 ≤ c ≤ 1] linearly scales the 
radius of the lumen: rcontracted = c⋅runcontracted. A 50% contraction induced 
by ASM then equals halving of the airway lumen. The Lambert model 
does not account for changes in airway length due to breathing pres
sures, but length changes do affect wall thickness. Therefore, we addi
tionally model the effect of longitudinal stretch based on the 
substantiated assumption that the volume of the mucosal- and ASM 
layers in a given airway segment are constant over moderate longitu
dinal stretches (Khangure et al., 2004). The cross-sectional inner wall 
area of a stretched airway is then Astretched = Aunstretched⋅Lunstretched/Lstretched 
and we assumed a cube-root relationship between lung volume and 
airway length changes (Hughes et al., 1972). Finally, knowledge of the 
lumen radius, mucosal area and ASM area allowed reconstruction of the 
ASM layer thickness and inner wall thickness (which includes mucosa 
and ASM) under the assumption of circularly symmetric morphology or 
homogeneous layer thickness (see Fig. 1). 

2.3. Penetration depth and imaging range analysis 

Imaging of the entire ASM by PS-OCT requires that the airway is 
neither too large in lumen, nor its wall too thick for the light to penetrate 
to the deeper boundary of the ASM. Both the required imaging range (i. 
e. the maximum distance between the probe and furthest part of the 
ASM) and required penetration depth (i.e., the maximum tissue thick
ness along the beam path) become increasingly challenging for an 
eccentrically positioned probe (see Fig. 1). In the case of a centered 
probe in a cylindrical section of airway, the required penetration depth 
equals the tissue thickness, while for an eccentric probe it is impacted by 
the relative angle of the imaging light beam to the airway wall surface, 
as well as on the relative sizes of probe and lumen. To generate the 
required penetration depth data, we recreated airways on a fine mesh of 
3000 × 3000 pixels using the lumen diameter and inner wall thickness 
data using MATLAB (R2017b, Natick, Massachusetts, The MathWorks 
Inc.). We added a probe of 1.2 mm outer diameter (OD) in maximally 
eccentric position, drew the beam path for every angle of probe orien
tation in one degree increments and measured the distance through the 
inner wall. The maximum was then noted as the required penetration 
depth for that airway. The required imaging range for an eccentric probe 
position was simply calculated as the luminal diameter d minus half the 
probe diameter multiplied by the refractive index of air (nair = 1), plus 
the product of the inner wall thickness and the tissue refractive index 
(ntissue), which was assumed to be 1.36. 

required imaging range =

(

d −
OD
2

)

⋅nair + IWT⋅ntissue 

Factoring in the refractive index is necessary since OCT by default 
measures optical path length, not distance. For airways of 1 mm diam
eter the probe of 1.2 mm diameter was assumed to stretch the lumen to 
fit (see Fig. 4). 

2.4. Assessing spatial constraints of PS-OCT guided bronchoscopy 

To create a lung model that indicates which (and how many) airways 
are accessible to PS-OCT via bronchoscopy we assumed an underlying lung 
geometry detailed in our previous work (Donovan et al., 2020). In short, 
the lung geometry for the large airways up to the first sub-segmental 
branching point was derived from CT imaging data in the literature 
(Clark et al., 2014; Hedges et al., 2015). Airways smaller than the resolu
tion limit of CT were then added using a volume-filling algorithm (Tawhai 
et al., 2004), where the properties of each airway are based on its Horsfield 
order and drawn randomly from statistical distributions for that order. 
Such algorithmically generated models of the conducting airways have 
been shown to match well with branching characteristics measured in 
human lungs (Howatson Tawhai et al., 2000). We then deemed ‘repeatably 
accessible’ airways as those larger than the outer diameter of the bron
choscope, but also allowed for the PS-OCT probe to be advanced from the 
scope into the next bifurcation. One or two additional daughter airways are 
thus repeatably accessible for each parent airway that limits bronchoscope 
access (see Table 3). Accessibility of large and small airways was then 
compared for four of the most common bronchoscopes. 

2.5. Quantification error calculations 

Quantification errors of airway dimensions originating from both 
radial and longitudinal stretching of airways were calculated for abso
lute and normalized ASM quantities (see Table 4). Radial stretch was 
simulated using our mathematical model of airway compliance, by 
comparing airway dimensions at two points, e.g., after inhalation and 
exhalation (for quiet breathing and deep breathing), as well as before 
and after ASM contraction, under the assumption of conserved wall 
volume. Quiet breathing was defined as breathing between FRC and 
FRC+TV (equivalent to transmural pressures (Ptm) of 5 cmH2O and 8 
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cmH2O). Deep breathing was defined as breathing between FRC and TLC 
(equivalent to Ptm of 5 cmH2O and 30 cmH2O). Longitudinal stretching 
effects were calculated as proportional to the change in the cube-root of 
the lung volume (Prakash and Hyatt, 1978). Contraction of the ASM was 
assumed to alter only radial dimensions of airways. 

3. Results and discussion 

In Sections 3.1 and 3.2 we report airway wall layer thicknesses and 
compare imaging requirements to the limitations of PS-OCT. Section 3.3 
describes the practical limitations of PS-OCT via bronchoscopy and in 
Section 3.4 we assess sources of quantification errors and provide so
lutions via standardization and normalization. 

3.1. Airway wall layer thickness in human subjects 

To understand the requirements for PS-OCT or any suitable imaging 
method, it is useful to first understand the structure of the ASM. The 
ASM band is located beneath the mucosal layer, which includes the 
epithelium, basement membrane and lamina propria. Both the ASM and 
the inner wall thickness (IWT) increase with airway size and asthma 
severity, as well as varying within and between individuals. We assess 
the capabilities of PS-OCT relative to an ‘average lung’ generated from a 
cohort of human lungs for each disease status (NA, NFA, FA). 

The range of mean ASM thickness was 14 ± 7 µm (NA, for airway 
diameter = 1 mm) to 185 ± 100 µm (FA, for airway diameter = 10 mm) 
and the ASM was located between 74 ± 13 µm and 514 ± 134 µm from 
the luminal surface of the airway wall (Fig. 2). An imaging resolution of 
the order of a few micrometers is therefore required to resolve the finest 
ASM structures. While PS-OCT systems typically have an axial resolution 
of 5–10 µm, spatial averaging is often applied to improve the signal-to- 

noise ratio (SNR), to the detriment of spatial resolution. A recent PS-OCT 
study found reliable ASM quantification in animal models for ASM 
layers as thin as 20–40 µm (Adams et al., 2021). This suggests high 
suitability of PS-OCT for airways of 3–4 mm and larger, while still 
holding promise for airways even down to 1 mm diameter given realistic 
improvements in image resolution. Table 2 provides ASM thicknesses 
(mean ± standard deviation (SD)) over a range of airway lumen sizes. 

There were clear effects of asthma severity and airway size on ASM 
and IW thickness as commonly reported (Dunnill et al., 1969; James 
et al., 2012, 2009). On average, ASM thickness in the FA group was 
twice that of controls (p < 0.001) and in the NFA group ASM thickness 
was increased by 36% compared with controls (p < 0.001). Inner wall 
thickness was increased by 18% in the FA group (p < 0.001) and 9% in 
the NFA group compared (p < 0.005) with controls. Differences were 
less apparent in larger more proximally located airways, somewhat 
reflecting the reduced sample size at these locations. Mucosal thickness 
(IW thickness minus ASM thickness) increased with increasing airway 
diameter throughout all airway sizes. 

3.2. Required penetration depth and imaging range 

Imaging the ASM with PS-OCT requires that the polarized light travel 
from the probe through the lumen, mucosa and to the external border of 
the ASM, and then traverse the same distance back to be detected by the 
probe. The penetration depth of light into tissue that is required for a full 
circumferential measurement of the ASM depends on the tissue thickness 
and the light’s penetration angle. The former is a function of airway size 
(see Section 3.1), asthma severity, lung’s inflation state (breathing) and 
contraction of the ASM (tone). Penetration angle of light is influenced by 
the positioning of the probe within the airway lumen and the lumen shape 
(see Section 2.4). As Fig. 3 shows, an imaging method with a maximum 

Fig. 2. (A) Inner wall thickness vs airway diameter. The inner wall comprises the mucosa and ASM layer, as illustrated in Fig. 1. (B) ASM thickness vs airway 
diameter. FA: fatal asthma (red), NFA: non-fatal asthma (blue), NA: no asthma (black). Sample sizes N for each data point are given in Table 1. Airways with di
ameters in a range of ± 0.5 mm were averaged. Black horizontal lines represent the 20–40 µm soft limit of PS-OCT resolution. Data are mean ± SD. 

Table 1 
Sample size N for data on airway wall layer thickness data (cf. Fig. 2 and Table 2).   

Ø= 1 mm 2 mm 3 mm 4 mm 5 mm 6 mm 7 mm 8 mm 9 mm 10 mm 

FA  162  125  95  62  46  35  27  36  33  15 
NFA  190  167  151  90  57  41  35  36  31  22 
NA  168  156  132  78  76  52  43  33  34  27  

Table 2 
ASM thickness (mean ± SD, in μm) vs airway diameter (mm).   

Ø= 1 mm 2 mm 3 mm 4 mm 5 mm 6 mm 7 mm 8 mm 9 mm 10 mm 

FA 27 ± 7*,† 63 ± 22*,† 97 ± 49*,† 111 ± 45*,† 129 ± 52*,† 145 ± 40*,† 146 ± 84 182 ± 55*,† 156 ± 53* 185 ± 100 
NFA 19 ± 6* 32 ± 12* 47 ± 19* 69 ± 25* 92 + - 36* 105 ± 33 116 ± 45 121 ± 44 122 ± 47 125 ± 58 
NA 14 ± 4 22 ± 7 35 ± 10 42 ± 26 67 ± 28 86 ± 36 97 ± 51 91 ± 32 102 ± 48 104 ± 33 

Comparisons of ASM thickness were made by mixed-effects (asthma severity and airway size) analysis, 
* p < 0.05 vs NA, † p < 0.05 vs NFA 
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penetration depth of 1 mm can satisfy the requirement for a large range of 
lumen sizes and degrees of ASM contraction. This limit is robust against the 
impact of (quiet) breathing, eccentric probe positioning as well as ASM 
contraction of up to 50%, for all airways up to an uncontracted baseline 
diameter of 10 mm. When both eccentric probe position and 50% ASM 
contraction are present, airways up to 7 mm baseline diameter can still be 
examined for ASM content. Even at 75% ASM contraction airways up to 
5 mm baseline diameter remain feasible. However, since the data points 
are based on the mean (of the FA group) there will be airways with thicker- 
than-average IWT that require an increased penetration depth. It is then 
useful to leverage central probe positioning and potentially use broncho
dilators to relax contracted airways and thereby reduce ASM thickness. 

Fig. 4 shows the effect of breathing, ASM contraction and probe 
position on the imaging range that is required to image the ASM across 
the circumference of the airway (see Section 2.4). Since the imaging 
range can be increased by technical means (albeit in a trade-off with 
resolution or digitization speed/cost) (An et al., 2013; Drexler and 
Fujimoto, 2015; Gora et al., 2009; Jing et al., 2012), it is less meaningful 
to assess this requirement against one fixed limit. Instead, the limits of 
systems that are published in the literature and have been applied to 
ASM imaging are used (Adams et al., 2016; Feroldi et al., 2019; Li et al., 
2018). We note that in Fig. 4, the impact of breathing is negligible, while 
probe eccentricity plays a key role and can almost double the required 

imaging range (compare red to blue lines), thereby quickly exceeding 
the capabilities of many PS-OCT systems. Contrarily, ASM contraction of 
50% reduces the airway diameter and eases the imaging range 
requirement substantially. In that case, a system with 4 mm imaging 
range is sufficient for all airways up to 10 mm (uncontracted) baseline 
diameter, if the probe can be centered in the airway, by an experienced 
bronchoscopist. However, even in the worst case scenario of a probe in a 
maximally eccentric position with a limited imaging range, part of the 
ASM is often still imageable, although partial sampling holds the po
tential for unreliable results due to thickness variations around the 
airway – a fact that also limits the reliability of bioptic sampling 
(Doberer et al., 2015). For systems with limited imaging range, placing 
the probe adjacent to the airway wall is a viable strategy to at least 
partially sample larger airways. An analysis of the percentage of the 
ASM that is measurable under these circumstances can be found in 
Appendix A. Overall, an imaging range of less than 2–3 mm will 
considerably limit the applicability of the method, especially given the 
limited accessibility of small airways (see Section 3.3), while an imaging 
range of 10 mm enables PS-OCT assessment of ASM across the lung. 

3.3. Assessing physical constraints of PS-OCT guided bronchoscopy 

Besides the above technical limitations a further practical constraint is 

Fig. 3. The graphs show the penetration depth 
required to image the ASM at different stages of 
airway contraction, for centered (blue) and 
eccentric (red) positioning of the probe in the 
airway. ASM contraction substantially increases 
IW thickness and therefore the required pene
tration depth. The effects of deep breathing 
(FRC to TLC, solid lines) are negligible. (A) 
Centering the probe in the airway ensures that 
the required penetration depth does not exceed 
the limit of 1 mm (black dashed line) for un
contracted (blue solid line) and 50% contracted 
(blue dash dotted line) airways up to 10 mm 
baseline (uncontracted) diameter. In airways of 
more than 5 mm uncontracted diameter, 
excessive ASM contraction of 75% increases the 
required penetration depth beyond the 1 mm 
limit. (B) An eccentric probe position increases 
the required penetration depth (see also Fig. 1 

(A) and 1(D)) substantially, although the added impact of ASM contraction is reduced compared to the case of a centered probe (see also Fig. 1(B)). Especially in large 
and/or contracted airways probe centering is important to ensure sufficient penetration depth to image the ASM. Data are shown only for the FA group as this poses 
the strictest requirement and differences between severity groups are small.   

Fig. 4. The graphs show the imaging range 
required to visualize the ASM at different stages 
of airway contraction, for centered (blue) and 
eccentric (red) positioning of the probe in the 
airway. ASM contraction decreases the lumen 
diameter and therefore the required imaging 
range. The effects of deep breathing (FRC to 
TLC, solid lines) are negligible. (A) For PS-OCT 
systems with short imaging ranges, e.g. 4 mm, 
centering the probe in the airway ensures that 
the system can still be applied to large airways 
up to 6 mm diameter. (B) An eccentric probe 
position is a strong limiting factor for PS-OCT 
systems with short imaging ranges. In large 
airways probe centering may be controlled by 
bronchoscope positioning, while access to small 
airways may require pushing the PS-OCT probe 
far beyond the distal end of the bronchoscope, 
impeding the operator’s control over probe 
centering. Data are shown only for the FA group 

as this poses the strictest requirement and differences between severity groups are small. Imaging range limits of 2.5 mm, 4 mm and 10 mm are indicated by 
horizontal dotted lines, reflecting that of systems applied to airway imaging in the literature (Adams et al., 2016; Feroldi et al., 2019; Li et al., 2018).   
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that not all airways in the lung are accessible via bronchoscopy. The outer 
diameter of the scope’s distal end is a strong limitation for access to small 
airways (< 2 mm), with diameters of commonly used bronchoscopes 
ranging between 3 and 6 mm. Further requirements for the appropriate 
bronchoscope are the presence of an instrument channel that allows 
passing of the PS-OCT probe as well as video feedback. Commonly, 
endoscopic PS-OCT probes have diameters between 0.9 and 1.65 mm (Lee 
et al., 2014;Adams et al., 2019; Feroldi et al., 2019). Parameters of 
selected common bronchoscopes are summarized in Table 3. 

Using our model of the bronchial tree (see Section 2.5) we assessed 
the impact of bronchoscope outer diameter on repeatable airway 
accessibility across the lung. This is relevant where the clinician is 
examining the effect of a targeted treatment on airway remodeling (e.g. 
BT) and the same airway must be assessed over time. We define 
repeatably accessible airways as those within reach of a bronchoscope 
and one branching generation beyond, since the PS-OCT probe is not in 
itself steerable but may be pushed from the scope and inserted into a 
bifurcation. In a representative lung, the number of accessible airways 
are shown in Table 3 and visualized in Fig. 5. Only the smallest available 
scopes allow any repeatable access to small airways (< 2 mm). Small 
airway disease is also a component of asthma and should be included in 
the assessment of a patient, emphasizing the need for small diameter 
bronchoscopes in PS-OCT based ASM quantification (Ueda et al., 2006). 

Some smaller airways may be accessible randomly (i.e. non- 
repeatably) by pushing the PS-OCT probe far beyond the distal end of 
the scope. In our clinical experience this works well for up to 10 cm 
pushing distance, with the extent of access limited by the diameter and 
flexibility of the PS-OCT probe. External opaque CT scanning can be 
used to retain identification of the scanned airway, though repeatability 
of the insertion may be difficult, since the current PS-OCT endoscopes 
have no forward viewing feature and cannot be steered. 

3.4. Standardization and normalization of ASM quantification 

When PS-OCT by means of bronchoscopy is performed, the ASM can 
be visualized. However, correct quantification still depends on the 
external conditions of the airway (such as inflation and contraction 
state), as well as the quantification techniques used for image analysis. 
The ASM may be quantified by different approaches, such as measuring 
either ASM thickness or area in individual radial cross-sectional images, 
or by measuring ASM volume in an airway segment. The lumen diameter 
and the area or thicknesses of mucosal- and ASM layers are subject to 
change during breathing and ASM contraction, which may give rise to a 
range of errors (see Table 4). The large differences between the mea
surement approaches in terms of their sensitivity to dynamic airways 
means that a standardized approach is necessary in order to compare 
results. Measuring the absolute cross-sectional ASM area is an accept
able method (4% error, see Table 4) during quiet breathing. Measuring 
the ASM volume in a given segment is a preferred approach as it leads to 
more robust measurements independent of the state of the airway 
(including contraction). In general, a sufficient length of airway needs to 
be sampled due to the potential for large local variations in ASM 
thickness (Adams et al., 2016). 

In addition to quantifying the ASM it is important to correctly 
determine airway size, as defined by parameters such as diameter or 
perimeter. Airway size assessment is necessary in order for comparison 
of data between airways, subjects and time points, as well as for 
normalization, e.g., 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ASMarea

√
/perimeter. Presently, airway size is most 

commonly quantified by the dimension of the lumen in the OCT litera
ture (Adams et al., 2016; Lee et al., 2014). However, asthmatic airways 
frequently have increased ASM tone (Ebina et al., 1993; James et al., 
2012) and remain constricted to a smaller lumen size than 
non-asthmatic airways, such that matching and comparing airways 
based on this method will lead to an overestimation of ASM in asthmatic 
airways by mistakenly choosing larger, contracted airways (McParland 
et al., 2004). Conversely, normalization by the perimeter of the lumen PL 
increases the measurement error (see Table 4) due to inflation, deflation 
and ASM contraction affecting PL (Noble et al., 2010). In histological 
assessment, these issues are known and have been corrected by using the 
perimeter of the basement membrane Pbm instead of PL. The Pbm of an 
airway remains mostly unchanged irrespective of contraction or dilation 
of the airway across moderate physiological conditions (James et al., 
2008, 1988a, 1988b) and is therefore more suitable for normalization 
and comparison. If PS-OCT image quality can be improved to delineate 
the Pbm in airways, the measurements of airway wall thickness has the 
potential to be comparable between airways, subjects and time points. 

The scale of the quantification errors can be comparable in magni
tude to the change in ASM that is being quantified, which highlights the 
importance of correct normalization (i.e., using Pbm) and the adoption of 
standardized techniques for ASM quantification (i.e., using area or 
volumetric measurements). If breathing state cannot be fixed or 
controlled during measurement of an airway segment, then these errors 
will be innate in the measurement process. The errors arising if the 
patient is quietly breathing are relatively small and sedative drugs such 
as midazolam have been shown to reduce tidal volume but not FRC, 
which further reduces these errors (Gonzalez Castro et al., 2017; Morel 
et al., 1984). For deep breaths however, the errors become increasingly 

Table 3 
Specifications of commonly used bronchoscopes and resulting number of repeatably accessible airways in the left lung.  

Model Distal end outer 
diameter (mm) 

Instrument channel 
diameter (mm) 

Includes 
integrated video 

Total repeatably 
accessible airways 

Large (>2 mm) 
repeatably accessible 
airways 

Small (<2 mm) 
repeatably accessible 
airways 

BF-MP190F  3.0  1.7 yes 62–76 48 14–28 
BF-P190  4.2  2 yes 39–48 All None 
BF-200  4.8  2 yes 25–32 All None 
BF-1TH190  6.2  2.8 yes 12–16 All None  

Fig. 5. Accessible airways when using different bronchoscopes of diameters: 
6.2 mm (red), 4.8 mm (yellow), 4.2 mm (purple) and 3.0 mm (turquoise). Small 
footprint bronchoscopes are crucial for repeatable access to small airways. 
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significant and datasets acquired under such conditions should be 
considered with care, and potentially excluded, or techniques such as 
respiratory gating applied (McLaughlin et al., 2009). As a best practice, 
patient breathing (volume) should be monitored during PS-OCT. 

3.5. Limitations of this study 

The biobank data used in this study does not contain information on 
lumen shape or local variations in layer thickness. Reconstructing air
ways with our mathematical model assumes homogeneous wall thick
ness and airways were approximated as circularly symmetric cylinders. 
However, airway wall layer thickness can change along the circumfer
ence of the airway. In particular, mucosal folding may create local 
bulges that are thicker than the average mucosa (Wiggs et al., 1997). In 
practice, administration of a bronchodilator prior to PS-OCT may then 
be desirable to remove folding and reduce the required penetration 
depth to a level within the abilities of PS-OCT. 

We note that ASM will deviate from the uniform thickness assumed 
within this study, as well as potentially only spanning part of the air
way’s circumference. While a fully circumferential ASM layer of non- 
uniform thickness implies regions with thinner-than-average ASM, the 
contrary scenario of a thicker layer intersected with gaps is also imag
inable, causing thicker-than-average ASM. A further assumption is the 
absence of mucus in the airway. Although generally present, particularly 
in airways of subjects with asthma, mucus is translucent and may be 
cleared by bronchoscope suction. Image distorting effects of mucus or 
other fluids can potentially be corrected in PS-OCT post processing 
(Adams et al., 2019; Westphal et al., 2002). 

Findings on limitations due to penetration depth are impacted by our 
assumption that the useful image penetration depth of PS-OCT is 
approximately 1 mm. The image penetration depth is limited by optical 
backscatter and absorption, resulting in attenuation of the signal in 
turbid tissue. While OCT is sometimes described as having a penetration 
depth of 2–3 mm in soft tissue, this is only possible in optically trans
parent tissues, which is not the case in the airway. Previous studies have 
suggested a useful image penetration of 1.5 mm for intensity-based OCT 
(Welzel, 2001). In our experience, the additional requirements in 
PS-OCT of reliably computing the change in polarization of the optical 
signal reduce this to 1 mm in practice. 

4. Conclusions and recommendations 

The current gold standard for the in vivo assessment of ASM is bi
opsy, which is not only invasive, it is also unable to provide more than a 
fractional view of the highly variable distribution of ASM throughout 
the lung (Doberer et al., 2015). PS-OCT offers a useful imaging approach 
to the task of mapping ASM distribution. 

This study summarizes the requirements that any endoscopic imag
ing technique must meet in order to visualize the ASM in airways 
throughout the lung, such as sufficient resolution, imaging range, 
penetration depth and small footprint of the bronchoscopic probe. These 
requirements were assessed against data on the mean ASM thickness and 
variability in a large sample of the human population with and without 

asthma. The presented data are a valuable resource and can serve as a 
benchmark to define airway wall remodeling, which is the target for 
bronchoscopic-guided PS-OCT. Thickness of ASM varies substantially 
between and within subjects (not shown), as well as with asthma 
severity, and ranged from a few micrometers (challenging for PS-OCT) 
up to several hundred micrometers. 

In this paper, we have assessed the technical and practical limitations 
of endoscopic PS-OCT via bronchoscopy. We found that PS-OCT has the 
potential to assess ASM distribution over a wide range of airway gen
erations. Eccentric probe positioning and ASM contraction were iden
tified as potential confounding factors in ASM assessment. In particular, 
eccentric probe positioning has a very large impact on the required 
imaging ranging of a PS-OCT system. 

Bronchoscope choice severely limits repeatable accessibility of small 
airways. We note that imaging of the small airways would benefit from 
development of bronchoscopes with smaller than currently available 
footprint. Representative Olympus bronchoscopes were chosen but 
further models and manufacturers exist, however in a similar size range. 
Given the smaller diameter of PS-OCT probes (down to < 1 mm) 
compared to ultrasound or BT probes, small working channel devices 
such as pediatric scopes are also suitable. 

Errors on quantification of ASM due to dynamic behavior of airways 
can become significant where subjects are breathing deeply (i.e., FRC to 
TLC) or airways are contracted, but impact differently on various mea
sures of ASM (e.g., thickness, area, volume). Generally, measuring the 
ASM volume in an airway segment is least sensitive to error while 
measuring cross-sectional ASM area contains only small errors (< 10%) 
provided that the subject is breathing quietly. Quantification of luminal 
perimeter is similarly sensitive to dynamic airway behavior and when 
used for normalization of ASM measurements, will substantially affect 
outcomes, especially in pre-contracted airways. We note that a robust 
way to categorize airways for longitudinal and inter-patient comparison 
is by using the perimeter of the basement membrane. 

Validation studies of PS-OCT based ASM quantification against his
tology have demonstrated the modality’s precision and accuracy, but 
have so far been based on static, ex vivo animal airways (Adams et al., 
2021, 2016). Dynamic changes to airway length and diameter that will 
affect the measured ASM and lumen size will occur in the clinical setting 
and need to be taken into account to avoid systematic errors and con
founding factors, especially where the magnitude of these errors is of the 
order of the effect one is seeking to study. 

4.1. Summarizing the considerations above, we make the following 
recommendations  

1. PS-OCT system development should consider the range of ASM 
thicknesses and airway sizes that are of interest for a study.  

2. It is important to center the probe in large airways and those with 
thick airway walls to reduce instances where the PS-OCT system has 
insufficient image penetration in tissue. PS-OCT provides a pene
tration depth that is sufficient for airways up to an uncontracted 
diameter of 10 mm and beyond, but probe eccentricity and ASM 

Table 4 
Percentage ASM quantification error. Dynamic changes in the airway due to breathing and ASM contraction cause (radial and longitudinal) stretching of the airway 
which impacts the measurement of ASM both in absolute terms and when normalized to the perimeter. Different measures of ASM quantity are affected differently. 
Where two separate errors are reported in one cell, these were calculated based on 1 and 10 mm diameter airways. Only one error is provided for some parameters, 
since these errors are independent of diameter. All values are in %.   

absolute 
ASMthickn 

normalized 
ASMthickn

PL 

absolute 
ASMarea 

normalized 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ASMarea

√

PL 

absolute 
ASMvol 

normalized 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ASMvol

√

PL⋅L 

lumen perimeter 
PL 

Quiet breathing -10 to − 5 -17 to − 7  -4 -10 to − 4  0 -8 to − 2 + 9 to + 2 
Deep breathing -30 to − 25 -42 to − 31  -20 -24 to − 17  0 -15 to − 7 + 18 to + 8 
50% ASM 

contraction 
+ 50 to + 70 + 200 to + 240  0 + 100  0 + 100 -50  
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contraction will reduce the range of airway diameters that are 
amenable to imaging.  

3. For longitudinal studies of peripheral airways (requiring repeatable 
access to the same airway) it is essential to use bronchoscopes with 
the smallest available footprint (typically 3 mm distal diameter).  

4. For normalization and comparability across airways, time points and 
subjects, the perimeter of the basement membrane is an appropriate 
measure of airway size and is less subject to variation or other con
founding factors than the visible luminal perimeter or luminal 
diameter.  

5. ASM should ideally be quantified in terms of ASM volume per airway 
segment, as this parameter is more robust to variation due to dy
namics of breathing or ASM contraction than measurements of ASM 
area or thickness from a single radial cross-sectional image.  

6. PS-OCT offers the potential ability to visualize and quantify ASM 
throughout the lungs and offers a useful adjunct to biopsy. Bronchos
copists trained in use of EBUS will require only minimal additional 
training in PS-OCT due to the similarity in operation of the devices. 
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James, A.L., Hogg, J.C., Dunn, L.A., Paré, P.D., 1988. The Use of the Internal Perimeter to 
Compare Airway Size and to Calculate Smooth Muscle Shortening. The American 
review of respiratory disease 138, 136–139. 

Jing, J., Zhang, J., Loy, A.C., Wong, B.J.F., Chen, Z., 2012. High-speed upper-airway 
imaging using full-range optical coherence tomography. J. Biomed. Opt. 17, 110507 
https://doi.org/10.1117/1.jbo.17.11.110507. 

Khangure, S.R., Noble, P.B., Sharma, A., Chia, P.Y., McFawn, P.K., Mitchell, H.W., 2004. 
Cyclical elongation regulates contractile responses of isolated airways. Journal of 
applied physiology 97 (3), 913–919. https://doi.org/10.1152/ 
japplphysiol.00262.2004. 

Lambert, R.K., Wilson, T.A., Hyatt, R.E., Rodarte, J.R., 1982. A computational model for 
expiratory flow. J. Appl. Physiol. Respir. Environ. Exerc. Physiol. 52, 44–56. https:// 
doi.org/10.1152/jappl.1982.52.1.44. 

Lee, A.M.D., Kirby, M., Ohtani, K., Candido, T., Shalansky, R., MacAulay, C., English, J., 
Finley, R., Lam, S., Coxson, H.O., Lane, P., 2014. Validation of airway wall 
measurements by optical coherence tomography in porcine airways. PLOS One 9, 
1–10. https://doi.org/10.1371/journal.pone.0100145. 

Li, Q., Karnowski, K., James, A., Villiger, M., Noble, P.B., Cairncross, A., Sampson, D.D., 
2018. Robust reconstruction of local optic axis orientation with fiber-based 
polarization-sensitive optical coherence tomography. Biomed. Opt. Express 9, 5437. 
https://doi.org/10.1364/boe.9.005437. 

Li, Q., Karnowski, K., Noble, P.B., Hackmann, M., Çetinkaya, O., Cense, B., James, A., 
Villiger, M., Sampson, D.D., 2019. Local optic axis mapping for airway smooth 
muscle assessment in catheter-based polarization-sensitive optical coherence 
tomography (Conference Presentation). Endosc. Microsc. XIV 10854, 108540U. 

McLaughlin, R.A., Armstrong, J.J., Becker, S., Walsh, J.H., Jain, A., Hillman, D.R., 
Eastwood, P.R., Sampson, D.D., 2009. Respiratory gating of anatomical optical 
coherence tomography images of the human airway. Opt. Express 17, 6568. https:// 
doi.org/10.1364/oe.17.006568. 
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