




















Figure 7. B-mode OCT slices (length x height). A.
CF lung bronchiole showing corrugated inner walls;
the airway lumen is above. B. Corresponding
histology of the CF bronchiole using Hematoxylin
and Eosin (H&E) stains C. Normal lung airway
with a smoother appearance; the airway lumen is
above. D. Corresponding histology of the normal

bronchiole using H&E stains. Note: the exposure
times are different for the two OCT images (100 ps
for CF and 190 us for normal).

L: Lumen

BL: Basal Lamina
E: Epithelium

LP: Lamina Propria
SM: Smooth Muscle
G: Gland

3.3. Elasticity of normal and CF airways using Chirped-MMOCE

To obtain a quantitative measure of the airway elasticity, MMOCE was performed on normal and CF lung airways that
were soaked in Lactated Ringer’s solution containing MNPs overnight. The MNPs diffused well into the airways as
indicated by the magnetic signal produced by the MNPs in the MMOCT images (Fig. 8).

MMOCE was performed at the center of a normal airway sample (size: ~10 mm diameter) by sweeping the frequency
from 0 to 1000 Hz while sampling at a camera line rate of 5000 Hz. From the observed resonant frequency (Fig. 9), the
elastic modulus was extracted using the MRAS inversion technique and was found to be 8000 + 3000 Pa.
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Figure 9. MMOCE performed in a normal lung
airway (~10mm in diameter). The resonant
frequency is extracted using the fitted solid green
line. Mechanical phase lag with the -chirped
magnetic force off (left) and on (right); a phase shift
of 7 is observed at the resonant frequency when the
chirped magnetic field is on. Extracted elastic
modulus, £ = 8000+ 3000 Pa.
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Figure 8. B-mode MMOCT image of CF airway (top) and
normal airway (bottom) with the magnetic field off (left
column) or modulated (right column). Red and green display
the structural and magnetomotive image channels
respectively, as indicated by the colored scale bars.
MMOCE is performed at the center of the each sample.
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Figure 10. MMOCE in lung airway showing mechanical phase as a function of chirped magnet frequency. The resonant
frequency is extracted using the fitted solid green line. A. Normal Lung airway (~5 mm in diameter); Extracted elastic
modulus: 8000 + 3000 Pa. B. CF Lung airway (~5 mm in diameter); Extracted elastic modulus: 3000 + 1000 Pa.

MMOCE was also performed at the center of a smaller normal airway sample (size: ~5 mm diameter) by modulating the
frequency from 0 to 400 Hz at a camera line rate of 2000 Hz (Fig. 10 A). A phase swing is observed across the resonant
frequency and using the MRAS inversion technique, the elastic modulus was found to be 8000 = 3000 Pa. MMOCE on a
CF airway (size: ~5 mm diameter) was carried out by modulating the frequency from 0 to 200 Hz at a camera line rate of
1000 Hz (Fig. 10 B). From the resonant frequency, the elastic modulus was extracted using MRAS technique and was
found to be 3000 + 1000 Pa.

Table 1. Experimentally measured elastic modulus values of normal and CF lung airways:

Normal Airway Normal Airway CF Airway
(~10 mm diameter) (~5 mm diameter) (~5 mm diameter)
E =18000+ 3000 Pa 8000 + 3000 Pa 3000 + 1000 Pa

The experimental elastic modulus values (Table 1) show an agreement between the two normal airway measurements.
The elastic modulus of CF airway and normal airways are separated by greater than their uncertainties, suggesting a
significant difference in their elastic moduli. This serves to corroborate the fact that the stiffness of airway walls in CF
lung is reduced due to the breakdown of ECM in bronchiectasis. This demonstrates the feasibility of MMOCE to
differentiate a normal airway from a bronchiectatic CF airway based on their elastic moduli. Various CF airways
demonstrate varying degrees of degenerations depending on the airway size, patient’s age and the severity of infection
and inflammation. In this study, the airway elasticity measurements were carried out on finite samples and in the MRAS
technique, the airway samples were assumed to have a cylindrical geometry, so discretion must be exercised in drawing
definitive conclusions about the airways and their elastic moduli. Nevertheless, we have demonstrated that MMOCE 1is
suitable for studying normal and CF airways and coupled with the in vitro study on membranes to non-invasively
monitor elasticity changes arising from putative bronchiectatic mechanisms, it may become a diagnostic tool to assess
the severity and the stage of the disease.

CONCLUSION

Lung disease is the most common cause of morbidity and mortality in CF patients. The cause of bronchiectasis, the
predominant structural pathological change in lung tissue, is poorly understood. Using hBE cells grown on “home-spun”
scaffolds as an in vitro model of the airway wall in combination with the novel MMOCE technique provides a powerful
platform for studying mechanisms resulting in bronchiectasis. The morphological study of ex vivo CF and non-CF lung
tissues with OCT and MMOCE may lead to new in vivo imaging and elastography methods to monitor disease
progression and treatment. A greater understanding of basic pathogenic mechanisms in CF lung afforded by our novel in
vitro technique may result in further advances in disease detection, monitoring and therapy in the future.”
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