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Abstract: Endoscopic treatment of lower airway pathologresjuires
accurate quantification of airway dimensions. We demonstrate the
application of aeattime endoscopic optical coherence tomaara system

that can image lower airway anatomy and quantify airway lumen
dimensiongntra-operatively Resultsdemonstrate the ability to acquire 3D
scans of airway anatomy and include comparison against@pprative X

ray CT. The paper alstiustratesthe capabilityof the systemo assesshe
reaktime dynamic changewithin the airwaythatoccurduringrespiration
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1. Introduction

The lower airwayis a complex structureomposed of branching, tapering airwagsd
extend from below the voal cords througho the terminal bronchioledts primary function
is to conduct air from the upper airway to tieesexchange portions of the lungrhe airway
treecan be considered in termslafge (825mm diameter); intermediate-&nm); and small
( < 2mm)airways.From trachea to terminal bronchiojéise airway branches up to 25 times.

Several important pathofjiesmay affect the lower airway including asthma ¢hronic
inflammatory disease usually triggered by allergebsdnchiectasis (chronic inflammation
and dilation of the airways and a builg of mucus);and chronic obstructive lung disease
(fixed obstruction to airflow caused predominantlylbyg termexposure to cigarette smoke).
In addition, certain processesmay lead to focal narrowingstenosis)of the large or
intermediate sizedairways, resulting in ostruction to airflow and subsequent clinical
conditions The etiology of such stenoses includes bdiknign conditions and malignan
growthssuch agprimarylung, esophageandmetastatic cancer.

Endoscopic clinical interventionin the lower airwayare performed by specialist
interventionalpulmonologiss and byear, noseandthroatsurgeons. Preperative assessment
and planning requiresccurate imagingf the airway dimensionand iscritical to helpguide
these interventions.

There are several imagjrmodalitiescurrently available. PreoperativeX-ray computed
tomography CT) allows visualization and quantification of the lower airway. However, for
optimal pre-operative planning, the CT should be performed close to the time of
bronchoscopy. This is often not possible for both logistical reasons and issues of radiation
dosage In addition, CT cannot provide measuremedising an interventional procedure.
Red-time measurement is important because airway dimensions are not statiayowary
with changes in regional anatomy (such as cartilaginous ringadjadent external organs
Also, airway size may be affected by alterationdunfy volume, phase of regation and
cardiac motionFinally, the radiation burden makes CT inappropriate for repeated imaging.



Endobronchial ultrasound, used increasingly to stage lymph node involvement in lung
cancer, cannot quantify airway dimensions because poor transduceupling confounds
imaging. Initial work has been published on the usenafinetic resonance imaginyIRlI)
using hyperpolarzed gases such a$le or***Xe [1,2], but this is still farfrom clinical use.
Preliminary exvivo results have also demonstrated potential for-camerent optical
techniques3d], although such techniques have not yet hdéizedin vivo.
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In current clinical practice, interventions are guided usingties videobronchoscopy.

A persisting limitation ofsuch guidanceis the inability of bronchoscopy to provide
guantitative images. This is because of the lack of ddstriminationin the single 2D

image and is compounded by tlgstortion introduced by the wige n gl e -@eye difli ems at
the tip of the bronchoscodéd]. Although lens distortion can be correcteB-7], the time

intensive nature of gbying complex algorithms to airway imagess well as the inability to

provide realtime measurements, has meant that useffriendly system hasyet been

developed or been widely adopted by bronchoscopists Clinicians, therefore, rely on
subjectiveestimation from bronchoscopidmagesin order to assess airway sizes during a
procedure There is a need for an endoscopic, -teaé imaging modality which allows

dynamic measurement of airway dimensions.

Anatomical optical coherence tomographsOCT) [8,9] is an endoscopicoptical
modality designed to provide quantitatieeosssectional images of large internal hollow
organ anatomy over extended observational perlotias previously been used in assessment
of sleep disorders in the upper airwd®,L1], and preliminary workhas beempresentedn its
applicationin the lower airway$12]. It acquires anatomical crosgctional images of lumens
over a range of several centimeters.

This differs fromotherresearchwith endoscopisubsurfaceDCT, whichhasfocused on
subsurface morphological changd$-{18] or imaging thethickness of the airway wallLp].

In suchapplicatiors, the ystems are characteeid by extremely high resolution and an axial
scanning rangefa fewmillimeters or lessHowever, he determination of airwayimensize
and shape deenot require subsurface imagiagdthere is a need for significantly longer
scanning rage than is typical with subsurface OCT.



In this paper, we will demonstrate the applicationa®CT to quantifying the lower
airway lumen, demonstratingeveral physiological feature#ncluding 3D structure and
dynamiccompliancg(displacement versus applied pressa@ing breathing.

2. Methods

A schematic diagram of thaOCT system is presented in Fig. 1. The systeilizes a
frequencydomain optical delay line (FDODL) consisting of a grating, lens and galvanometer
mirror in a folded, doublpass arrangement. This configuration allows the system to achieve
a delay line length o86mm, although typically only 25mm is ad in the lower airway. A
scans are acquiregt a frequency of 50z. The light source has eener wavelength of
1310nm, with a bandwidth of 32nm. Details are giveRéfs.[8,9,12].

The sample arm utilizes a rotatiffiper-optic endoscopic probe for deployment in the
airway, encased in a transparetdastic catheter with outer diameter of 2.2mm. It is attached
by 1.8m of optical fiber encased in a biplex toreansmissiorstainless steadoil. The light
beam is focused gy a 1.0mm diameter gradient index lens, and redirected at right angles to
the probe head with a righingle prism of 0.7mm width. The probe rotates at approximately
2.5Hz, tracing out an axial image. The rotary joint and probe coupling are mounted on a
movable carriage to allow thtating probe to beranslatedthrough a section of airway to
obtain a 3D data set.

The aOCT probe has a beam waist of 188 at a distance of 9mm from the probe head
expanding to249'm at an axial distance o25mm. Because aotating probe is used, the
transverse resolution is a function of bdile distance from the probe andskan frequency.

The sampling rate of 1.8 degrees pesdan means the transverse resolution ranges from the
143.5mm per pixel at the probe head,a@®@mm per pixel at a distance 25mm.

Our portableaOCT system has been configured for use in the bronchoscapiedures
theatre, and has been used to make measuremerdsesthetizedsubjects undergoing a
variety of proceduresihe catheter is passed into the lower airway viavoeking channel of
a standard bronchoscope.

During scanning, external analoguespiratory signals are recorded by a lab data
acquisition system (ADInstrumentéustralig and integrated into theOCT datain post
processing. When using the two systems simultanepasigt of clockand synchronization
signals are generated by #1©CT system and used for subsequent synchronization. Examples
of analogue physiological parametdtgmt can be measured and syrmhized in this way
include lung volume, airflowesophageal pressure and airway pressure.

3. Results

We report the use dironchoscopi@OCT to assess both 3D airway anatomy and dynamic
movementduring quiet breathingScans have been performed on ovetyfpatients. In this
paper, we illustrate with results from two patiertformed consent was obtained and the
study was approved by the Human Research Ethics Committee of Sir Charles Gairdner
Hospital. Bronchoscopic procedures were performedn®of the authors @W).

Figure 2 (View 1) shows a typicalchestlung CT used in interventional planning,
obtained using &ightSpeed 1&canne(GE HealthcareWl, USA) with acquisitionsettings
of 120kV peak voltagand406mA X-ray tube currentThis data is available onlin€ésel).

The CT wasperformedat total lung capacity (a breattold at full inspiration)and extends
from the abdomen up to above theynx The trachegannotated in the imagbifurcatesinto
the left and right main bronehThe leftmain bronchudbifurcates into the left upper and left
lower lobesandthe right divides into three lobethe right upper, right middle and right lower
lobes.

Figure 3 (View 2) demonstrates arintra-operative aOCT scan obtained during
brondhoscopy.The data may also be accessed onliDas€?). The cathetercontaining the
aOCT probewas inserted througthe bronchoscopg s wo r k i ang into theapaghret! 6 s
left lower lobe. The catheter then remained stationary as the probe was rotatgthdradvn
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through the left main bronchus and into the distal section of the traabeairing a 3D scan
of the airway lumen.As shown inthe axial view of Hg. 3, the aOCT scan enabled
guantification of the lumen diameteasthe time of théronchoscopy.

A strong correlation was observed between CT a@€T estimates of airway lumen
diameters. A representative site in the proximal left main bronchus was selected for the
purposes of illustratignwith the same anatomical site visually identified for comparison
Using CT, the airway diameter was estimatde 17.8mm x 14.1mm (Fig. 2). In th®CT
scan, the diameter was measured as 17.3mm x 13.9mm. Note that with the CT scan, we have
used the oblique (not axial) view, so as to orient the measurement perpendicular to the central
axis of the airway.
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Fig. 2.Patient A.ChestCT depictingthe lower airwayView 1). Top row (L-R): 3D view;
Axial sliceat the level of thenain carinaMiddle row (L-R): Coronal view; Sagittal vie.
Bottom row (L-R): Lightbox view; Oblique view measuring airway diameter.
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Fig. 3. Patient AaOCT oftrachea, through the left main bronchus and into the left lower lobe.
(View 2). Top row (L-R): 3D view; Axial view showingliameters othe proximaleft main
bronchus Bottom row (L-R): Coronal view Sagittal viewThe catheter, within which the

probe is housed, is visible within the airway lumen.

Fig. 4. Patient A aOCT scan through midrachea, proximal trachea and theynx (View 3).
Top row (L-R): 3D view; Axial view showingirway dimensions in proximal trachdzottom
row (L-R): Coronal view; Sagittal viewI'he catheteis visible within the airway lumen.

Note also that each axial image in H@®CT scan is cepted on the rotatingaOCT probe
and hence s relative to the position of the catheter. The bending of the catheter through the



