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Abstract: Ultrahigh-resolution optical coherence tomograf@¢T) is employed to depth-resolve
mucociliary transport on human bronchiepithelidl caltures. This has relevance for monitoring

airway mucus in lung diseases such as cystic fibersd COPD.
OCI S codes: (170.4500) Optical coherence tomography; (170.265Hctional monitoring and imaging

1. Introduction

During respiration, the human body inhales airbgrathogens and irritants that are deposited omteinface of
the airways. The airway surface liquid (ASL) piiteagainst these pathogens. The ASL is compabad
outermost mucus layer and an inner periciliary tgf2CL) in which cilia beat to clear mucus from #ievays. In
order to prevent infection, the mucus layer mustdport the pathogenic materials from the lungsnaaociliary
transport or cough clearance. Diseases such &s figsosis (CF) and chronic obstructive pulmondigease
(COPD) are characterized by a loss of mucocilieapgport, leading to chronic lung infection. Besmmucus in
these diseases is often abnormally thick and tud#gth ranging techniques such as optical coheremography
(OCT) are well-suited to monitor and depth-resatuecociliary activity. While clinical OCT systemsrfimaging
in human airways are of increasing interest,[1efehwe report a pre-clinical study of the effica¢wltrahigh-
resolution (UHR) OCT for characterizing mucocilidargnsport in aimn vitro model employing human
bronchiepithelial (hBE) cell cultures. These crdgiare grown at an air-liquid interface and camaté into an
artificial airway epithelium that exhibits mucoeity transport.

2. Methods

2.a. hBE cell cultures

Human bronchiepithelial cell cultures were prepasdiescribed in detail previously.[5] Briefly, BBells were
removed by protease dissociation from bronchi fexwess donor tissue according to protocols apprbyete
UNC Institutional Review Board. Cells were seedatb the surface of a membrane immersed in grovetiian
Upon reaching confluence the culture medium iswedetl from the apical side, cilia are observed tt,#nd over
2-4 weeks mucus is produced and exhibits rotativaabport. The cultures typically maintain g thick
PCL,[6] and facilitate coordinated transport of thacus layer.[5, 7]

2.b. UHR-OCT system

The ultrahigh resolution OCT system is a spectaafdin system that has been described in detailqursly.[8]
Briefly, the light source consisted of a femtosatditSapphire laser (Griffin, KMLabs, Inc.) at anter wavelength
of 810nm and bandwidth of typically 125nm, proviglian experimentally obtained axial resolution pf8in tissue
and a power of 10mW at the sample. A 30mm focajtletens provided a lateral resolution of g2 The OCT
system was comprised of a free-space Michelsonfémtameter and single mode fibers to steer the beaime
custom spectrometer, which was comprised of a G@d¥damera operated at 1kHz or 5kHz (Dalsa Pir&hna
Images were acquired either in M-mode (repetitiialascans of 1.5mm in depth sampled at 1kHz) and&ie (1.5
x 1.5 mm inx x z) and were sampled into 1000 x 1024 pixels.

3. Resultsand Discussion

As shown in Fig. 1, it is possible to image the R&@kn through abnormally thick mucus (in this ca2eum).
The top and bottom of the supporting membrane apesatwo strongly backscattering dark bands irG6&
images. The PCL is evident, particularly in M-mods a layer exhibiting more rapid light scatterfilugtuations.
In a single B-mode image the PCL is only weaklttgrang, however, movies generated by successiveoBe
frames at 2Hz (not shown) elicit the idea of slowcos transport under which the PCL is rapidly fhating.
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Fig. 1. Top: B-mode OCT showing depth-resolvedditire. Bottom: M-mode OCT at 1kHz performed ie th
center of the top image showing time-resolved nmtio

To quantify the depth-dependent dynamics of thisiehairway epithelium, we processed the M-mode ertag
estimate the speckle decorrelation rate. Thispeaormed by computing the autocorrelation at edeghth after
subtraction of the mean value, then averaging tiecarrelations within windows of 3n for statistical averaging.
For each window, the random noise peak=& was ignored, and the first value={t) was taken as the peak value.
The decay time was then defined as the time tdrg&eo of the peak value, since the use of a maredard 1¢
definition tended to extend into noisy regionshasf autocorrelation traces (due to finite tempoaahgling).
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Fig. 2. Left: Temporal autocorrelations of the degependent OCT signal averaged withip®0windows centered
at the depths indicated with respect to the muauistarface. Right: Associated decay times (defilas the time to
reach 75% of the peak value) versus depth.

The results of these processing steps on the M-imoage of Fig. 1 are illustrated in Fig. 2. Theaytime
(e.g., the speckle decorrelation time) varies betwE-30ms throughout the bulk of the mucus layéswever, in
the region containing the PCL, a sharp drop to 3®@lis observed, as anticipated based upon visspéction of
Fig. 1. Measuring from Fig. 1, the region of dyneuctivity correlated with the position of the P@ppears to be
nominally 2Qum thick which covers a large fraction of thgu8®windows near the bottom of our region of analysis
Further reduction of our window size to better hresdhe PCL might be possible in future work witttier



BTu4B.6.pdf Biomedical Optics and 3D Imaging OSA 2012

statistical sampling in other dimensions, suchiras,tor higher resolution. We also note that mecopic analysis
of the PCL in these models reveals that it is tgihyoconly 7 um thick[5], suggesting that the dynamic light
scattering changes observed in OCT extend oveoader region than the physical extent of the PGeady, our
UHR-OCT system resolution ofuén is sufficient to resolve this active region asatex with the PCL, although a
higher resolution micro-optical OCT system has ndgebeen reported which can resolve individuabd®].

Conclusions

In summary, we have demonstrated the use of UHR-@€monitoring the functional dynamics of mucoaily
transport in an abnormally thi¢k vitro model system of the human airway which modelsadisestates such as
COPD and CF. A decrease in speckle decorrelatiosnear the PCL is associated with ciliary acyivitn future
work, methods to quantify the mucus transport cate be accomplished by relating decorrelation wétte velocity,
or alternately, by speckle tracking via spatialssraorrelations. The methods developed withithigtro system
may be translatable to bronchoscopic OCT for dihépplications such as monitoring mucus-thinnheyapies
aimed at restoring mucociliary transport.

Acknowledgements

We acknowledge funding from the National InstitutgdsHealth NHLBI 5R01HL105241-02 (Davis, PI), NHLBI
5R01HL092964-02 (Boucher, PI), NHLBI 2RO1HLO7546{@&uperfine, PI), and startup funds at the Univgrsf
North Carolina at Chapel Hill (Oldenburg).

References

1. J. P. Williamson, R. A. McLaughlin, W. J. Nofigier, A. L. James, V. A. Baker, A. Curatolo, J. J.
Armstrong, A. Regli, K. L. Shepherd, G. B. Marks,[D Sampson, D. R. Hillman, and P. R. Eastwoothstic
properties of the central airways in obstructiveguiseases measured using anatomical optical @oter
tomography,” Am J Respir Crit Care M&83, 612-619 (2011).

2. R. G. Michel, G. T. Kinasewitz, K. M. Fung, ahd. Keddissi, "Optical coherence tomography as an
adjunct to flexible bronchoscopy in the diagnogituiag cancer: a pilot study,” Chek38, 984-988 (2010).

3. H. O. Coxson, P. R. Eastwood, J. P. Williamsow D. D. Sin, "Phenotyping airway disease withaapbt
coherence tomography," Respirolatfy; 34-43 (2011).

4, M. Rubinstein, E. L. Fine, A. Sepehr, W. B. Atrosg, R. L. Crumley, J. H. Kim, Z. Chen, and B. J.
Wong, "Optical coherence tomography of the larysixg the Niris system," J Otolaryngol Head Neckg33,
150-156 (2010).

5. H. Matsui, S. H. Randell, S. W. Peretti, C. Vavi3, and R. C. Boucher, "Coordinated clearance of
periciliary liquid and mucus from airway surface3,Clin Invest1i02, 1125-1131 (1998).
6. H. Matsui, B. R. Grubb, R. Tarran, S. H. RandelIT. Gatzy, C. W. Davis, and R. C. Boucher, tievice

for Periciliary Liquid Layer Depletion, Not Abnormin Composition, in the Pathogenesis of Cystlar&sis
Airways Disease," CeB5, 1005-1015 (1998).

7. H. Matsui, V. E. Wagner, D. B. Hill, U. E. Schiwdl. D. Rogers, B. Button, R. M. Taylor, R. Supesf
M. Rubinstein, B. H. Iglewski, and R. C. Bouchek,physical linkage between cystic fibrosis airwayface
dehydration and Pseudomonas aeruginosa biofilmmeg' Ratl Acad Sci U S A03, 18131-18136 (2006).

8. A. C. Sullivan, J. P. Hunt, and A. L. OldenbuHgractal analysis for classification of breastoi@oma in
optical coherence tomography," J Biomed Oft066010 (2011).
9. L. Liu, J. A. Gardecki, S. K. Nadkarni, J. D.uBsaint, Y. Yagi, B. E. Bouma, and G. J. Tearnbyaging

the subcellular structure of human coronary atteeossis using micro-optical coherence tomographat Med
17, 1010-1014 (2011).



