L))

Check for
updat

Original Article

Phase-resolved dynamic wavefront imaging of cilia metachronal
waves

Yusi Miao'**, Joseph C. Jing', Lidek Chou', Zhikai Zhu'?, Brian J. F. Wong"*’, Zhongping Chen"”

'Beckman Laser Institute and Medical Clinic, University of California, Irvine, CA, USA; “Department of Biomedical Engineering, University of
California, Irvine, CA, USA; *Department of Otolaryngology-Head and Neck Surgery, University of California, Irvine, CA, USA

Contributions: (I) Conception and design: Y Miao, JC Jing, BJF Wong, Z Chen; (IT) Administrative support: Z Zhu, L. Chou; (IIT) Provision of study
materials or patients: Z Zhu, L Chou; (IV) Collection and assembly of data: Y Miao, L Chou, Z Zhu; (V) Data analysis and interpretation: Y Miao,
JC Jing; (VI) Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.

Correspondence to: Zhongping Chen. Beckman Laser Institute and Medical Clinic, 1002 Health Sciences Road East, Irvine, CA 92612-1475, USA.

Email: z2chen@uci.edu.

Background: The coordination and the directional order of ciliary metachronal waves are the major
factors that determine the effectiveness of mucociliary clearance (MCC). Even though metachronal waves
play an essential part in immune response, clinical diagnostic tools and imaging techniques that can reliably
and efficiently capture their spatial distribution and function are currently limited.

Methods: We present label-free high-speed visualization of ciliary metachronal wave propagations
in freshly-excised tracheal explants using a spectrally-encoded interferometric microscope over a two-
dimensional (2D) plane of 0.5 mm x 0.5 mm at an acquisition rate of 50 frame-per-second. Furthermore,
phase-resolved enhanced dynamic (PHRED) analysis of time-series doppler images was performed,
where spatial-temporal characteristics of cilia metachronal wave motions are revealed through frequency
component analysis and spatial filtering.

Results: The PHRED analysis of phase-resolved Doppler (PRD) images offers a capability to distinguish
the propagation direction of metachronal waves, and quantitatively assess amplitude and dominant frequency
of cilia beating at each spatial location. Compared to the raw PRD images, the phase-resolved dynamic
wavefront imaging (PRDWI) method showed the direction and coordination of collective cilia movement
more distinctively.

Conclusions: The PRDWI technique can have broad application prospects for the diagnosis of human
respiratory diseases and evaluation of the curative effect of treatments and open new perspectives in

biomedical sciences.
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Introduction

The upper airway’s mucociliary clearance (MCC) system
is essential in protecting against airborne pathogens by
trapping viruses, bacteria, and other particles in mucus. The
mucus, which forms the first barrier in the upper airway,
is propelled out of the lungs by the cilia, small organelles
on the surface of the airway, to remove trapped pathogens
(1,2). Beneath the mucus are the cilia, surface organelles
with a length of approximately 67 pm, and a diameter of
0.2-0.3 pm in the human airway, which provide the kinetic
force to proximally propel the mucus in order to expel the
trapped pathogens out of the lungs (3-5). To accomplish
this important role, cilia displays a striking self-organized
collective beating pattern in the form of metachronal
waves mediated by multiple physiological regulators (6-8).
To achieve metachronal synchronization and effective
MCC, each cilium beats at the same characteristic beating
frequency but in a phase-shifted manner compared to its
neighbors. It is important to note that the propagation
direction of the metachronal waves is not necessarily
the same as the direction of cilia beating (6). When the
MCC system is not functioning properly, it can lead to
an increased risk for both acute and chronic respiratory
illnesses such as cystic fibrosis, asthma, and chronic
obstructive pulmonary disease. Despite the importance of
MCC in the immune response, there are currently limited
diagnostic tools and imaging techniques that can accurately
measure the movement and function of the cilia.

The main challenge with visualizing metachronal
waves, in vivo, is that imaging of dynamic cilia movements
requires both cellular resolution and high imaging speed,
limiting vast majority of current MCC characterization
techniques to nasal brushing sampling (9,10), cell culturing
(11-13), or movement tracking of radiolabeled markers
(14,15). Although those studies capture certain features
of MCC (e.g., beating frequency, MCC rate), most of
those techniques are either invasive, slow to process,
or require a bulky equipment. Most of all, the absence
of standardization in sample handling and quantitative
assessment of metachronal coordination limits its current
clinical applicability. Over the years, new techniques to
characterize MCC and cilia function in different spatial
and temporal scales are proposed. For example, particle
motion tracking using synchrotron X-ray imaging has
been demonstrated as a mean to quantify mucociliary
transport behavior in live animals (16-18). Furthermore,
in recent years, there has been considerable interest in
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quantifying cilia beating and MCC function using high-
resolution label-free optical imaging techniques such
as optical coherence tomography (OCT) (19-27) and
optical coherence phase microscopy (28-30). The depth-
resolved imaging capability and low phototoxicity of OCT
imaging makes it particularly suitable for quantifying
ciliary activities along with other relevant physiological
parameters. For example, using a high-resolution OCT
endoscopic probe, Leung et al. extensively investigated
cilia beating frequency (CBF) and morphological imaging
of micro-anatomical features (e.g., periciliary liquid
layer depth, airway surface liquid layer depth, epithelium
thickness) of the upper airway in healthy and cystic
fibrosis patients (21). Phase-resolved Doppler (PRD)
OCT imaging, a functional extension of OCT, is another
promising technique for quantifying ciliary activities. PRD
OCT provides exceptional axial displacement by detecting
Doppler frequency shift induced by the cilia movement
(23,31,32). The main advantage of phase-resolve Doppler
OCT imaging compared to conventional structural OCT
imaging is that Doppler measurement is able to detect
sub-micrometer displacement, which is smaller than the
spatial resolution of the imaging system. However, most
of the current OCT measurements of cilia dynamics are
limited to a single cross-sectional scan location, as the
imaging speed of current OCT is insufficient to visualize
spatial-temporal cilia motion patterns in two-dimensional
(2D) space. To improve the imaging speed, we recently
introduced a new cilia imaging technique called spectral-
encoded interferometric microscopy (SEIM). The SEIM
system combines a wavelength sweeping laser source and
a transmission diffraction grating to scan the sample and
detect reflected light from multiple positions along the line-
field simultaneously (29,30,33), which allows for 2D PRD
measurement at speed comparable with OCT cross-sectional
scans. Although SEIM does not have depth-resolved
imaging capability, our previous studies indicate that SEIM
imaging can successfully map out spatial-temporal ciliary
activity over a 2D space on ex vivo ovary duct and tracheal
tissue samples at high temporal and spatial resolution
(29,30). SEIM is a promising technique for cilia imaging
as it combines the advantage of high phase sensitivity in
phase-resolve Doppler OCT, and high speed 2D imaging
capability of traditional microscopy techniques. However,
the main drawback of using Doppler measurement is that it
is easily influenced by the artifacts generated by the sample
bulk motion and the inherent phase noise of the laser. To
overcome this challenge, we proposed an analysis method to
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process PRD images acquired from the SEIM system that
can filter out the phase noise and provide more distinctive
visualization of the cilia motion.

In this study, we report the development of phase
resolved dynamic wavefront imaging (PRDWI) technology
based on the phase-resolved enhanced dynamic (PHRED)
analysis of PRD images that enables 2D visualization
and quantitative analysis of ciliary metachronal waves, in
addition to extracting CBF and morphological information.
"To demonstrate the feasibility of this technique to visualize
cilia movement clearly, PRD images were acquired from a
freshly excised rabbit trachea using a previously configured
SEIM system, PHRED analysis was then applied to several
spatial locations on the PRD images. Finally, to validate
the accuracy of the physiological parameters obtained
from PHRED analysis, additional PRD images of ex vivo
rabbit tracheal sample were acquired at 3 temperatures in
increasing order from 25 to 37 °C.

Methods
Theory of enbanced dynamic cilia imaging

The SEIM system combines a wavelength sweeping
laser source and a transmission diffraction grating (WP-
HD1145/1310, Wasatch Photonics, UT, USA) to detect
reflected light from multiple positions along the line-field
simultaneously (29,30,33). To acquire two-dimensional
en face scanning, a single-axis galvanometer mirror was
added to sweep the line-field illumination across the sample.
Furthermore, by employing a reference optical path that
interferes with the backscattered light, PRD measurement
of cilia beating is possible (23,29,30), where instantaneous
height changes Az (t,x,y) during a ciliary beating cycle can
be calculated from the relative phase shift Ag(z,x,y) in the
spectral interferences at one specific spatial location x,y
and time ¢. Here, x represents location in the galvanometer
scan direction and y in the wavelength scan direction. The
relation between Az and A¢ can be expressed as

Ag(t,x,y) 2n-Az(1,x,y)
2r Ao

where n is the refractive index of the mucosa layer, /4, is

(1]

the center wavelength of the light source. The relative
phase shift Ag(z,x,y) can be estimated from subtracting
the instantaneous phase of time-series 2D spectral
interferograms S, , acquired from SEIM imaging and can
be expressed as
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A¢(t,x,y)=¢(t+At,x,y)—¢(t,x,y) (2]

where At is the time-interval between the successive en face
scans. The instantons phase ¢(¢,x,y) of the spectral
interferogram was obtained by deriving the analytical form
(C,.,) of the interferogram using Hilbert transform along
the wavelength direction (y):

Co.,=8.,+J Hilbert[S[,x’y} 3]

"This was necessary as the recorded spectral interferograms
from SEIM contains only the real values. Then, the
instantaneous phase was estimated from the analytical form
using the cross-correlation method. To further improve the
signal contrast of the phase-resolved image, we expanded
the Eq. [2] by adding a 3D averaging kernel in x,y, and
t direction. The full expression of the modified PRD
calculation is shown as

o - n |:TI {JI N-1 Im(CMJ‘n )Re(cw’,n ) — Im(cnj,n ) RC(CMJM )}:| [4]

J)Re(C,., )+ Im(C,, ) Im(C, ;)

t+l,jn

where J and N denote the number of spatial points, T
denotes the number of temporal points in the averaging
kernel, and ®,,, indicates the resulting time-series 2D
PRD images consists of A¢(t,x,y). The large window size
in the x,y direction effectively reduce the phase noises and
enhance the PRD contrast without sacrificing the lateral
resolution due to the high sampling density of the SEIM
imaging system. We acquired 2,000x2,000 spatial points
from a single en face scan of 550 pm x 550 pm, where the
pixel resolution (0.27 pm) is much smaller than the lateral
resolution (1.5 pm) of the imaging system.

Additionally, we developed a PHRED analysis method
to obtain a phase-field representation of ciliary metachronal
waves from the PRD images as shown in Figure 1. PHRED
analysis performs spatial-temporal frequency analysis of the
time-series PRD images over a short temporal window and
extracts the phase value of a single dominant frequency at
each spatial location, refer to as dynamic wavefront (DW)
images.

The DW images correspond to the time-varying phase
field of ciliary metachronal waves, where the direction and
the coordination of metachronal motions can be clearly
visualized. Mathematically, the Doppler power spectrum
density function P (£.x,y,w) within the sliding window can be
described as

2

P(t,x,y,0)= J:ngm @, , exp(—iwr)dr (5]
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Figure 1 Data processing workflow. (A) Time-series 2D spectral interferograms are first converted to PRD images. Then, PHRED analysis
is performed to extract dynamic wavefront, ciliary beating frequency, and beating amplitude maps. (B) The process of generating Doppler
power spectrum density function from time-series PRD images in PHRED analysis. The time-varying PRD signal in each spatial location
is converted to Doppler power spectrum density within a sliding window to estimate dominant frequency. The yellow box indicates the
location of PHRED analysis. PRD, phase-resolved Doppler; PHRED, phase-resolved enhanced dynamic; STD, standard deviation; CBE,

cilia beating frequency; DW, dynamic wavefront; DFT, discrete Fourier transform; 2D, two-dimensional.

where o,,, is the duration of short-time window from the
N number of consecutive PRD images and N is empirically
fixed to 100 frames in this study. In addition, an arbitrary
thresholding value was applied to the Doppler power
spectrum density to filter out the background. Then, the
CBF and DW images were constructed from the dominant
frequency of Doppler power spectrum density (w,) at each
spatial location, where the resulting spatial-temporal maps
can be expressed as

CBF,

o = O where P =max [P(t,x,y, a))} [6]

DW,, , =angle[ P(t,x,y,0) ]| where w= ), [7]

Aside from the CBF and DW images, we obtained a
2D ciliary beating amplitude map by taking the standard
deviation (STD) of the PRD images along the temporal axis
at each spatial location shown as
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)

6,x,y

_q_)t,x,y)

STD,, , = JLGZ( [8]

N-1 =0

Preparation of trachea explant culture

A tracheal sample from a healthy male New Zealand
white rabbit weighing 4 kg was obtained by excising it
immediately after the animal was euthanized with Euthasol
injection. The use of animal in this experiment was reviewed
and approved by the Institutional Animal Care and Use
Committee at the University of California, Irvine, before
the procedure. The tracheal sample was then dissected into
a segment measuring 5 mm x 5 mm. To image the cilia,
the sectioned tissue was placed in a petri dish that had a
depression in the center and was filled with saline solution
(Figure 2). The depressed region provided the chamber
for housing the tissue and allowed for submersion of CO,
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Independent Medium (Thermo Fisher Scientific, Les Ulis,
France). A microscope cover glass was placed on top of the
silicone to provide a flat surface for SEIM imaging and to
reduce movement caused by the water surface. The tissue is
kept in the room temperature during the preparation.

System setup and implementation

Our phase-resolved cilia imaging system is based on
the fiber-based swept-source SEIM setup presented
previously (29,30) (Figure 3). The imaging system was
built with a vertical-cavity surface-emitting laser (MEMS-
VCSEL, Thorlabs, NJ, USA) that operates at a center
wavelength of 1,310 nm, has a bandwidth of 100 nm,
and a repetition rate of 100 kHz. A 90:10 fiber coupler
is used to divide the laser output into the sample and

Cover glass

Silicone cover

Trachea sample

&

Petri dish

Cell culture medium

Figure 2 Custom imaging chamber for a cilia explant.
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reference arm in the Mach-Zehnder interferometer. Each
arm has a circulator that directs the illumination light to
the sample or reference mirror and the returning light
to a 50:50 coupler and a balanced photodetector, which
produces the interferograms. In the sample arm, once the
light from the optical fiber is collimated, a transmission
diffraction grating spatially disperses the illumination
light into different wavelengths where each wavelength
encodes a successive location on a transverse line (x-scan).
En face scanning is achieved by using a galvanometer
mirror interposed between the two 4F relay lens pairs (L1
pair and L2 pair) to move the spectrally dispersed line
illumination across the imaging field in the slow axis. The
sample illumination power was 3 mW. The first pair of
lenses, designated L1, is made up of achromatic doublets
with a focal length of 35mm. The second pair of lenses,
designated L2, serves as a beam expander by having a focal
length of 35 mm and L2' having a focal length of 50 mm.
This allows the laser beam to fill the entrance pupil of
the objective lens, thus maximizing the lateral resolution.
The galvanometer mirror, which is driven by a sawtooth
waveform, can operate at a frequency of up to 200 Hz.

A 20x apochromat objective lens with a 0.40 numerical
aperture (MY20X-824, Mitutoyo Corporation, Japan)
was used to capture the micromotion of cilia and provide
high lateral resolution. The reference arm consists of
compensating windows for offsetting dispersion and
a gold mirror. The interferograms generated by the
returning reference and sample signals were converted
into electrical signals via a balanced photodetector and
then acquired using a waveform digitizer. The digitized
signals were then processed using a GPU. The system has

Objective

OCT
signal

DAQ interface

Figure 3 SEIM system setup. (A) Schematic diagram of SEIM imaging system. (B) Optomechanical arrangement of the sample arm. SEIM,

spectral-encoded interferometric microscopy; L, lens; PC, polarization controller; FC, fiber coupler; DG, diffractive grating; BPD, balanced

photodetector; OC, optical circulator; GM, galvanometer mirror; OCT, optical coherence tomography; DAQ, data acquisition.
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Figure 4 A resolution test target imaged with the SEIM system, showing Element 2 of Group 8 can be resolved. SEIM, spectral-encoded

interferometric microscopy.

a field of view of 550x550 pm” and a lateral resolution of
approximately 1.5 pm, determined using a 1951 U.S. Air
Force (USAF) resolution target. A 1951 USAF resolution
target, commonly used to determine the optical resolution
of a microscope, contains groups of small target features,
each with a specific spatial frequency. The target contains
9 groups, each comprising of 6 elements, with varying
feature dimensions. The largest element with non-
distinguishable lines determines the spatial resolution limit
of the optical system. Figure 4 shows an image of a 1951
USAF resolution target showing Element 2 of Group 8 can
be distinguished but not the Element 3.

Results

To demonstrate that PHRED technique can resolve
metachronal waves, time-series spectral interferograms
were acquired from an ex vivo tracheal explant culture
harvested from a healthy rabbit airway. Before the image
acquisition, the ex vivo trachea explant was carefully placed
in a custom-designed imaging dish with the lumen side
facing the objective lens. We obtained total of 500 images
at 50 frame-per-second, with each en face image consists of
2,000x2,000 number of pixels. As the PRD signal is sensitive
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to the motion and phase noises, we apply trigger jittering
correction and bulk motion correction before the PRD
estimation (34). Time-series PRD images of rabbit trachea
are shown in Figure 5, where the area of active ciliary motion
can be visualized and color-coded based on the PRD values
(¢). Presence of active cilia movement can be observed
along the direction of tracheal cartilage as the location of
strong PRD signal. However, it is difficult to discern the
coordination and the presence of the metachronal waves
from the PRD images. Next, three representative locations
(shown as yellow, blue, orange boxes in Figure 5A are
selected for PHRED analysis. In Figure 5B, the PHRED
analysis revealed different dynamics of ciliary motion at
each region-of-interest (ROI), where three distinct ciliary
patches can be identified. In ROI 1, the largest cilia patch
on the right exhibit mostly uniform CBF around 3.4 Hz.
Contrary to the CBF map, the largest cilia path in ROI 1
exhibit different color in the DW images. While the top
part of the patch shows a red color, the bottom part of
the same patch shows a blue color. This agrees well with
the characteristics of coordinated cilia beating pattern,
where the cilia will have the same characteristic beating
frequency but in a phase-shifted manner compared to their
neighbors (6). The STD of the Doppler amplitude shows
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Figure 5 Analysis results of a rabbit tracheal tissue explant. (A) Phase-resolved Doppler image of the tracheal tissue. (B) Phase-resolved

enhanced dynamic analysis of selected ROIs. Scale bars indicate 20 pm. ROI, region-of-interest; STD, standard deviation; CBE, cilia beating

frequency; DW, dynamic wavefront.

well-defined shape of cilia patches, confirming the well-
coordinated cilia beating motion. On the other hand,
the middle ciliary patch exhibits random CBF and phase,
indicating uncoordinated ciliary beating. In addition, the
beating amplitude is blurred out in the STD plot, indicating
the randomized and overlapping beating motion. Finally,
the ciliary patch on the left shows similar behavior as the
largest patch, beating at 4.1 Hz. However, the DW image
does not show a specific directionality due to the small size
of the patch.

In ROI 2, the adjacent patches on the lower side of the
images have two distinct CBE, one beating at 4.1 Hz and
the other beating at 2.0 Hz. Although the two patches
have distinct CBE, the ciliary motion in one side can affect
the other side, including changing the CBF distribution,
as shown in Figure 6. Finally, ROI 3 shows the portion of
cilia patch with less coordination compared to the previous
two locations. The STD image indicates overall larger
amplitude compared to the other two areas close to the
center, however, the CBF and DW images suggests the
movement is largely random and not well coordinated.
The relatively slow CBF observed in our study can be
explained by the low temperature of buffer solution as CBF
is known to have temperature dependency (23). During the
preparation and the imaging, the tissue sample was kept

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

in a buffer solution at room temperature rather than the
physiological temperature.

Discussion
Qualitative comparison of PRD and DW images

The DW images revealed spatial variance of the beating
cycle at high fidelity compared to the PRD images. In
PRD images, the wave propagation was difficult to identify
due to the low signal-to-noise ratio and various phase
noises (see Video S1). On the other hand, the orientation
and the speed of the metachronal wave can be clearly
identified in DW images (see Video S1). We found that
one merit of using the PHRED analysis is that it effectively
eliminates the phase noise present in the PRD images by
focusing on only the primary frequency component of
the signal. It is well known that Doppler phase detection
is inherently sensitive to the phase stability and noise of
the light source, internal and external motion artifacts,
stability of detection system, and variation in the optical
aberrations (34). Finally, we demonstrated the temporal
variation in the metachronal wave propagation direction
within the same cilia patch (Figure 7). In one time point,
the wave propagation is along the vertical direction (yellow
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Figure 7 Visualization of dynamic wavefront and metachronal wave propagation at ROI 1. Yellow arrows in the dynamic wavefront images

indicate the direction of metachronal wave propagation. Metachronal waves can hardly be resolved in the time-series phase-resolved

Doppler images. See Video S1. PRD, phase-resolved Doppler; DW, dynamic wavefront; ROI, region-of-interest.

arrow in the middle row). In another time point, the wave
propagation changes to the horizonal direction (yellow
arrow in the bottom row). This indicates the direction of
metachronal wave propagation may be constantly changing
during the mucus transport rather than having a certain
transportation path.

Characterization of temperature dependency on CBF

"To evaluate the effects of different temperatures on CBF in a
rabbit trachea, we acquired PRD images and analyzed CBF
through PHRED analysis while setting the temperature of
the base plate to 25, 32, and 37 °C. The sample preparation
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Figure 8 Analysis of the cilia beating characteristics at different temperatures. (A-C) Spatial distribution of cilia beating frequency map at
25,32, and 37 °C. (D-F) Doppler power spectrum density function profiles at the location indicated by the dotted boxes, where the peak (black
triangles) corresponds to the dominant CBE. (G-I) Temporal changes of phase in dynamic wavefront images at the location indicated by the

red lines in (A-C). Scale bars indicate 20 pm. CBE cilia beating frequency.

follows the same procedure described in the method section,
except that the tissue sample is placed on a temperature-
programmable heating plate in this measurement.
Figure 84-8C displays a CBF map of the rabbit tracheal
sample taken at the fixed location at various temperatures.
The colors represent the CBF value, with black denoting
the locations with minimum cilia movement. At each
temperature, we can observe a connected area containing a
single CBF frequency near the area marked by black dotted
lines. Based on our result, a coordinated cilia movement (e.g.,
metachronal wave) can be easily observed from these areas.
Figure §D-8F shows the Doppler power spectrum density of
the area indicated by dotted lines in Figure 84-8C. We found
the dominant frequencies of each temperature are 4.8+1.6,
9.7£1.6, 10.2+0.8 Hz at 25, 32, and 37 °C, respectively. It
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is worth noting that these CBF values in rabbit trachea
closely match our previous study (23). Finally, we generated
DW images for each temperature condition and visualized
the phase changes in the DW images at a fixed spatial
location over time. Figure §G-81 shows the phase changes
in DW images at the locations indicated by the solid red
lines in Figure 84-8C over the time duration of 2 seconds.
The temporal changes of the phase in DW images clearly
show a higher modulation frequency of cilia beating as the
temperature increases.

Future directions

Although the frame acquisition rate of SEIM imaging
system can reach more than 200 Hz, the frame rate in
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this study was set to 50 Hz based on the ciliary beating
frequency range of rabbit trachea, which provided a good
trade-off between acquisition speed (20 ms/frame) and
signal-to-noise ratio in the PRD images. Combined with
faster imaging speed of SEIM system compared to the
point-by-point laser scanning-type microscopes, PHRED
analysis is able to visualize cilia movement over a relatively
wide field-of-view while maintaining high imaging frame
rate, which is important to capture the full dynamics of
metachronal wave propagation. Future studies will involve
investigating the critical questions regarding the formation
and the stability of metachronal waves; such as, what is the
stability of metachronal wave coordination and directional
orders over time? How does the formation of metachronal
wave affected by the spatial and geometrical arrangement of
the cilia? In addition, the sample arm of the SEIM system
can potentially be configured to a handheld endoscope by
replacing the objective lens rod with a gradient index lens,
similar to the design demonstrated in one of our previous

studies (35).

Conclusions

In conclusion, we have demonstrated that SEIM system
combined with PHRED analysis provides a new tool
to study collective ciliary interaction and characterize
organized cilia motion. The feasibility of the PRDWI
technique has been verified through acquiring data
from freshly excised rabbit trachea tissue with varying
temperatures. Continued development of this technique,
including configuring the sample arm into a handheld
endoscope, can expand the clinical and utility of this
technique and provide insight into the biological mechanism
of the coordinated ciliary beating.
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Supplementary

Dynamic Wavefront

Video S1 Cilia beating patterns visualized through phase-resolved
Doppler (PRD) images and phase-resolved enhanced dynamic

(PHRED) images in an ex vivo rabbit tracheal explant.
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