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Abstract

1.

Moatile cilia are dynamic hair-like structures covering epithelial surfaces in multiple organs.

The periodic coordinated beating of cilia creates waves propagating along the surface, known

as the metachronal waves, which transport fluids and mucus along the epithelium. Motile
ciliopathies result from disrupted coordinated cilia beating and are associated with serious clinical
complications, including reproductive disorders. Despite the recognized clinical significance,
research of cilia dynamics is extremely limited. Here, we present quantitative imaging of

cilia metachronal waves volumetrically through tissue layers using dynamic optical coherence
tomography (OCT). Our method relies on spatiotemporal mapping of the phase of intensity
fluctuations in OCT images caused by the ciliary beating. We validated our new method ex vivo
and implemented it /n vivoto visualize cilia metachronal wave propagation within the mouse
fallopian tube. This method can be extended to the assessment of physiological cilia function and
ciliary dyskinesias in various organ systems, contributing to better management of pathologies
associated with motile ciliopathies.

INTRODUCTION

Motile cilia are microtubule-based dynamic organelles that protrude from the surface of

cells in many different organisms and organ systems. They are evolutionally conserved; their
diverse functions are essential for the survival and well-being of these organisms, and they
are involved in a wide range of functions, including movement, sensory perception, and the

maintenance of fluid flows. In microorganisms and some sea animals, periodically beating

cilia enable locomotion to move the organism through the environment in a coordinated way
[1-3]. In humans and other mammals, matile cilia are 200-300 nm in diameter and 5-10 pm

in length. In early embryonic development, they are involved in the establishment of nodal

flows, which are essential for left-right asymmetry [4]. They also cover epithelial surfaces

in various parts of the body, including the respiratory tract, the middle ear, the kidney, the
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brain, and the fallopian tubes, where they play important roles in moving fluids and particles
along the epithelial walls [5-7].

The dynamics of cilia are highly regulated. The cycle of a ciliary beat consists of the

faster effective stroke of the straightened cilium followed by the slower recovery stroke of
the bent cilium (Fig. 1A). The coordination of the effective and recovery strokes between
the neighboring cilia creates self-organized waves propagating along the surface, known as
metachronal waves (MW). The MW is achieved by synchronizing the ciliary beat frequency
(CBF) with a steady propagating phase shift relative to the neighbors within ciliated clusters.
According to the modeling studies, the MW of motile cilia increases propulsion velocity
more than three times in comparison to cilia that beat synchronously at the same frequency
without phase delay [8,9]. It was shown that MWs emerge in response to hydrodynamical
interaction between densely packed cilia [9,10]. Experiments in Chlamydomonas showed
that elastic coupling through the cytoskeleton contributed to the flagellar synchronization
[11,12]. Advancements in the numerical [9,13,14] and physical [8,15,16] modeling of ciliary
behavior and activity provided insights into the effects of nonreciprocal motions of cilia on
the surrounding viscous fluid.

Genetic abnormalities in motile cilia structures are associated with serious medical
complications affecting developmental processes, respiratory function, brain function, and
the reproductive system [17-19]. Large-scale genetic screens in mice revealed numerous
cilia-related genes, including Dnah5and /ft140, which are associated with congenital heart
disease [20]. Bustamante—Marin et a/. demonstrated that the absence of Gas2/2 causes a
defective ciliary beat and impaired mucociliary clearance in the mouse airways [21]. Mee
et al. reported that the gene associated with ciliopathy, Hy/s1, is related to hydrolethalus
syndrome, which is a perinatal lethal syndrome characterized by hydrocephalus and brain
malformation [22]. Multiple genetic studies in patients demonstrate that these pathways are
also affected in human ciliopathies [23].

Ciliated epithelial cells lining the lumen of the fallopian tube are known to play an essential
role in reproduction [24]. Primary ciliary dyskinesia, a condition affecting cilia motility, is
associated with fertility disorders in women and a higher incidence of ectopic pregnancies
[25,26]. Previous investigations using genetic mouse models of cilia dysfunction in the
fallopian tube have shown negative reproductive outcomes. Specifically, Yuan et a/.
demonstrated that mice deficient in microRNA clusters controlling multiciliogenesis had
fewer and shorter cilia with weaker cilia beat frequency, as well as fewer live births [27].
Niwa et al. showed that mice lacking the microtubule-depolymerizing kinesin, KIF19A,
were infertile due to elongated cilia and disrupted fluid flow [28]. Furthermore, studies

in genetic mouse models revealed that disruption of a planar cell polarity gene, Celsr1,
required for setting the orientation of ciliated cells in the fallopian tube of female mice, led
to infertility [29], suggesting that collective and coordinated ciliary beating is essential for
female fertility.

While the overall importance of motile cilia in reproduction is well recognized, what
specific role they play in the fallopian tube and how ciliary dysfunction leads to fertility
failures and pathological embryo implantation has not been defined and remains a
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controversial subject [30,31]. There is a classic belief that the primary function of fallopian
tube cilia is to transport oocytes and preimplantation embryos to the uterus for implantation.
However, a recent /n vivo imaging study suggested that this role is unlikely because the
revealed movements of oocytes and embryos were not compatible with cilia-generated
dynamics. Instead, it was suggested that rather than facilitating the directional transfer of
oocytes and embryos, the motile cilia generate local flow fields to steer luminal contents
from epithelial walls, and cilia-generated flows were suggested to navigate spermatozoa in
their journey to the fertilization site. It was also reported that ciliary beat frequency (CBF)
changes dramatically over the course of the estrus cycle and pregnancy [32], but how these
changes translate into fallopian tube function and how ciliary roles change during these
processes is not clear. Despite the recognized clinical importance, the capability to answer
these and other questions about ciliary role in the fallopian tube is limited by the current
imaging capability to visualize cilia and cilia-coordinated function.

Traditionally, the ciliary dynamics is visualized using high-speed video microscopy in
organisms with exposed ciliated surfaces, or ex vivo, which involves dissecting the organ of
interest and exposing the ciliated surface for the imaging [33—-35]. However, the biochemical
and biomechanical environment of the cilia undergoes significant disruption during this
process, leading to an inaccurate interpretation of the physiology.

Optical coherence tomography (OCT) has been gaining recognition as a promising tool for
motile cilia investigation in vitro, ex vivo, and in vivo. This microscopic imaging technique
is capable of high-speed, depth-resolved imaging with an imaging depth of 1-2 mm in an
optically scattering medium. Over the last decade, there has been significant progress in
OCT-based technologies for cilia analysis. The Tearney group pioneered pOCT with a 1 pm
axial resolution to resolve subcellular structures [36], which allowed them to visualize the
cilia beat pattern, including the effective and recovery strokes, at the level of individual cilia
[37]. Quantitative measures based on pOCT were also developed, not only on assessing the
ciliary dynamics itself but also on the mucociliary transport [37,38]. Quantitative measures,
including the CBF, the angular range of the cilia effective stroke, and the matile ciliary
region, have enabled a range of studies on various ciliated samples, from /n vitro cell
cultures [39,40], to ex vivorespiratory tissues [41,42], to /n vivo airway in the porcine model
[43]. Notably, the recent demonstration of pOCT for /n vivo human intranasal imaging is
promising in transforming the clinical care of respiratory conditions, such as cystic fibrosis
[44]. The ultra-high resolution of LOCT is achieved using a light source with a very broad
bandwidth [36]; however, due to the limited pixels in the line-scan camera of the OCT
system, this leads to a relatively short depth range that restricts the investigation to the
exposed ciliated surfaces.

While the cilia are below the resolution of traditional OCT, their beat creates intensity
fluctuations in OCT images, allowing the use of OCT to image the motile cilia without
having the 1 um axial resolution. The Oldenburg group first employed the OCT intensity
variation produced by the movement of cilia to reveal the cilia location and measure the
CBF on the ex vivoand /n vitro models of mouse trachea [45]. Taking this further, our group
developed /n vivo depth-resolved, micro-scale mapping of the cilia location and CBF in

the mouse fallopian tube by pixel-wise frequency analysis of intensity fluctuations in OCT
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images [32]. The Hendon group implemented this method to map the cilia location, CBF,
and the resulting mucus flow in ex vivo human tracheo-bronchial samples [46]. While not in
application to cilia analysis, the Grieve group developed a dynamic full-field OCT approach,
which allowed them to differentiate cell types in ex vivo samples based on frequency
analysis in pixel fluctuations due to subcellular motility [47,48]. The periodic up-and-down
movement of cilia is also reflected in the change of phase from the interferometric OCT
signal, which was first demonstrated by the Chen group [49]. This method was implemented
with spectrally encoded interferometric microscopy in extracted flattened samples of the
porcine oviduct and rabbit tracheal for mapping of CBF [50,51] and MW [52]. The phase
analysis has the advantage of high sensitivity; however, this method currently requires the
ciliated surface to be flattened and positioned perpendicularly to the scanning beam.

Probing ciliary function with OCT was also achieved indirectly through imaging the cilia-
driven fluid flow [53]. A series of OCT-based particle tracking velocimetry methods were
developed to quantitatively map and evaluate the flow fields created by cilia [54-56] and
were used to study the cilia-related phenotypes in the Xenopus model with different types of
perturbations [57] and from the mouse trachea with hyperoxia [58].

Despite all the developments in imaging technologies, none of the previous methods is
applicable to the orientation-independent analysis of cilia coordination through tissue layers.
Here, to the best of our knowledge, we present a novel OCT-based quantitative approach

for depth-resolved imaging and quantitative analysis of cilia MW, which can be performed
volumetrically. The method relies on the spatiotemporal mapping of the phase from the
ciliary beat, which is derived from variations in OCT image intensity in corresponding
pixels. The propagation of the cilia MW can be directly visualized, and the wave velocity
can be measured. We validated the new method using bright-field video microscopy and
implemented it to investigate the effect of temperature on MW velocity. We implemented
two alternative acquisition protocols. MW imaging was performed as 2D + time scanned
volumetrically, to provide MW velocity measurements over a large field of view, such

as the whole oviduct ampulla, but with MW velocities restricted to the imaging plane
orientation. We also implemented direct volumetric 3D + time cilia MW mapping to reveal
MW propagation in any direction, but over a smaller field of view. The female reproductive
system is positioned deep within the body, which limits direct imaging access. However,
using an intravital imaging approach, which involves the implantation of a chamber with

a transparent aperture on the back of the female mouse, allows for /n vivo imaging of

the fallopian tube with OCT (Fig. 1B). Here, we applied the newly developed method for
MW analysis in combination with this intravital in vivo approach, which allowed us to
visualize and quantify cilia MW within the lumen of the mouse fallopian tube /n vivo within
the natural physiological environment. This study presents the first quantitative method for
imaging the cilia MW through tissue layers and sets a platform for the investigation of the
ciliary role in reproductive physiology and reproductive disorders /n vivo, as well as in other
organ systems.
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RESULTS

A. Method for Cilia Metachronal Wave Imaging with OCT

Beating cilia create periodic intensity fluctuations in OCT images, which carry information
about the frequency and the phase of ciliary beating at corresponding pixels. The
metachronal wave is created by a shift in the phase of beating between neighboring cilia.
Our method allows for direct visualization and quantifications of metachronal waves by
mapping the phase of OCT intensity fluctuations due to ciliary movement in space and
time. The algorithm of the method is presented in Fig. 2. The first step (Figs. 2A and 2B),
mapping cilia locations and CBF on corresponding spatial pixels was described in detail in
our previous publication [32]. Briefly, OCT time-lapse imaging is performed over a ciliated
sample; then the fast Fourier transform (FFT) is performed on the temporal OCT intensity
profile to reveal the spectrum of intensity fluctuations for each spatial pixel. The dominant
peak in the spectrum for each pixel, passing the thresholding and masking, represents cilia
beat frequency (CBF) at the corresponding location. In the presented example, the imaging
frame rate was set to 100 Hz. According to the Nyquist-Shannon sampling theorem, the
maximum measurable frequency with these settings is 50 Hz, which is sufficient to resolve
the CBF in most organs and model organisms [59], including the mouse fallopian tube
[60-62]. The number of images used for each FFT was 128 over 1.28 s, which resulted in
a spectral resolution of ~0.78 Hz for the frequency measurement. To increase the spectral
resolution, potentially, the acquisition time (and the number of images) for FFT can be
increased. Because we do not expect CBF to exceed 20 Hz [60-62], all signals at the
frequency window of 25-50 Hz were taken as noise and used to set the amplitude threshold
for the whole frequency range, as an average plus three standard deviations. The frequency
peaks above the threshold are considered as the CBF signal in corresponding pixels (Fig.
2B). The lack of similar periodic motion in non-ciliated parts of the sample, such as the
mucosa, creates the contrast for imaging the cilia location.

The cilia metachronal wave analysis is performed by mapping phases across pixels one
frequency at a time. Following the CBF mapping step, the dominant CBF is selected based
on the higher number of pixels exhibiting this beat frequency in the area of analysis. Regions
exhibiting different dominant frequencies can be processed separately. A binary mask for the
selected dominant frequency is created to include all pixels in which the selected frequency
is over the defined threshold (Fig. 2C), and the phase of this selected frequency from FFT is
mapped on the corresponding pixels (Fig. 2D).

The phase delays between neighboring pixels produce an instantaneous snapshot of the
metachronal wave across the sample, where one complete phase wrap corresponds to the
wavelength of the metachronal wave. If the whole phase wrap is clearly identifiable within
the snapshot, one can calculate the velocity of the metachronal wave based on the frequency
and the wavelength. This part of the proposed algorithm was previously used for the
evaluation of metachronal wave velocity in microscopic imaging [35]. However, due to the
relatively low resolution of OCT and the rather small size of ciliated patches within 2D OCT
cross-sections, the direct quantification of the MW from such snapshots from OCT data is
extremely challenging. To overcome this challenge, we expanded this analysis to dynamic

Optica. Author manuscript; available in PMC 2024 April 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xia et al.

Page 6

visualization of MWs (Fig. 2E). For that, the FFT analysis and the phase mapping for the
same frequency are performed repeatedly with a sliding window over time. While each
phase map for each time point is reconstructed based on images acquired at different time
points, the sliding window approach produces dynamic visualization of the MW propagation
in space over time. Figure 2F shows a volumetric view of the 2D + time phase dataset

with a cross-section going along the ciliated grooves of the oviduct. The metachronal wave
produced by the coordinated ciliary beating is seen as a sequence of tilted wavefronts in the
cross-sectional plane of time versus space. The dynamic visualization of the phase provides
direct visualization of the metachronal wave propagation, while the angle of the wavefront
tilt, or the distance traveled by the wavefront over time, reveals the MW velocity along the
imaged plain in each ciliated location of the image (Visualization 1 and Fig. 2F).

B. OCT Metachronal Wave Analysis as 2D + time Mapped Volumetrically

We expanded the described method to mapping the cilia metachronal waves volumetrically
as 2D + time sequence. For that, we acquired OCT time-lapses over the area of ~1.27 mm
x 95 um at the frame rate of 100 Hz as a single continuous spatially dense volume of
10,000 frames, 1000 A-lines/B-scan. Such settings provide B-scan spacing of ~9.5 nm, and
each consecutive 128 frames (for FFT) can be treated as acquired from the same spatial
location because the total displacement over this range of frames is less than the spatial
resolution of the OCT imaging system (4 pm). The 2D + time phase and the metachronal
wave mapping as described above was performed repeatedly in a form of a sliding window
over the whole volume with a step of 10 frames. The metachronal wave visualization is
only meaningful within each imaging plane of the volume and represents the metachronal
wavevector component along that plane.

This volumetric scanning approach and imaging settings were successfully used to image
metachronal waves within large portions of the mouse fallopian tube, though luminal
grooves of the ampulla portion, which are known to be densely covered by cilia, ex vivo
(Figs. 3 and 4) and /n vivo (Fig. 5). The volumetric 2D + time scanning provided more
complete datasets and allowed for flexibility in locating specific regions of interest for
validation based on the corresponding OCT volumetric structural images.

C. Validation of the OCT Metachronal Wave Analysis Using Bright-field Video Microscopy

The bright-field video microscopy is the primary method for cilia metachronal wave analysis
[35,63]. In this case, the ciliated surface has to be directly exposed for imaging and oriented
within the focal plane. The beatings of motile cilia can be directly visualized with bright-
field imaging at high magnification, and the phase of the ciliary beat at each location can

be extracted through FFT, similarly to the first two steps of our approach [35,63]. The
metachronal wave velocity is usually quantified based on the frequency and the phase wrap
distance (MW wavelength) within the phase maps. Our new method for metachronal wave
quantification is applicable to both OCT and bright-field video microscopy images. The
metachronal wave velocity measurements using the traditional approach based on the phase
wrap length and frequency and our new method shown in Fig. 2 are equivalent by the
principle, which we also confirmed experimentally using bright-field video microscopy
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of extracted ciliated samples. Hence, we used the bright-field video microscopy-based
metachronal wavefront mapping with our method for the validation of OCT measurements.

To validate the OCT-based metachronal wave measurements, the imaging was performed
sequentially with OCT and bright-field microscopy on the same locations of the same
ciliated samples. Because the bright-field video microscopy requires the ciliated surface to
be directly exposed for imaging, mouse fallopian tubes were dissected out and opened up
micro-surgically with luminal epithelial surfaces facing up. The OCT imaging captured data
volumetrically (Fig. 3A), while the bright-field video microscopy showed only the top view
of the sample (Fig. 3E). The structural details of the OCT volumetric rendering in the top
view were used to locate the same region for the two modalities, and the metachronal wave
measurements with OCT were taken from the top surface of the sample in the corresponding
in-depth cross-sections (Fig. 3B). Following the CBF mapping (Figs. 3C and 3G), the phase
at the same dominant frequency was mapped over space and time in the same location for
two modalities, revealing the metachronal wavefront propagation at comparable velocities
(Figs. 3D and 3H).

The overall distributions of metachronal wave velocity measurements with two modalities
fall in a similar range (Fig. 3I). The analysis of the paired metachronal wave measurements
(Fig. 3J) revealed a statistically significant correlation between the modalities (p <0.05).
Each pair of measurements are shown in Table S1. While the overall distribution of the
measurements was similar, we observed slightly higher values for OCT measurements in
comparison to bright-field video microscopy (slope of 1.2). Such a difference was expected
because bright-field video microscopy relies on top-view projections for analysis and tends
to slightly underestimate the MW velocity if the ciliated surface is not perfectly parallel

to the imaging plane. In contrast, the OCT relies on in-depth cross-sections and tends to
overestimate the MW velocity if the metachronal wavefront is not perpendicular to the
imaging plane. In addition, since the measurements with two modalities were acquired
sequentially, some biological variability was expected. However, the high level of correlation
between the modalities demonstrates that imaging planes were indeed oriented largely
along the MW propagation directions, as intended, and validates the OCT-based method for
visualization and quantitative assessment of cilia metachronal wave.

D. Effect of Temperature on Cilia Metachronal Wave Velocity

It is well known that temperature affects CBF. Whether temperature also affects cilia
metachronal wave propagation has not been investigated before, to the best of our
knowledge. We implemented the new OCT-based imaging method to study the effect of
temperature on the cilia metachronal wave velocity in mouse fallopian tube ex vivo. OCT
imaging of extracted intact fallopian tube samples was performed at the same locations at
three temperature settings: 20°C, 30°C, and 37°C (Fig. 4A). The structural OCT images at
these three temperatures (top row in Fig. 4A) clearly show longitudinal luminal grooves,
which are known to be highly ciliated, and confirm the same spatial location for the analysis.
As expected, the color-encoded CBF mapping showed an overall increase in CBF with
temperature, which is seen by the gradual change of colors from blue/green toward green/
yellow as the temperature changed from 20°C to 37°C (second row of Fig. 4A). The
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temperature-dependent CBF increase in these images was also confirmed quantitatively (Fig.
4B), demonstrating the shift in the peak of CBF distributions from ~4.5 Hz at 20°C to ~7.5
Hz at 30°C, to ~12 Hz at 37°C. This result is in agreement with the previous study of ciliary
dynamics in the upper airway [49]. The metachronal wavefront propagation analysis (bottom
row of Fig. 4A) revealed a dramatic increase not only in CBF, but also in metachronal wave
velocity with temperature increase. This result was confirmed through statistical analysis of
metachronal wave velocities measured in multiple samples (Fig. 4C). Since the fallopian
tube samples used for bright-field microscopy had to be opened up micro-surgically, which
disrupts the luminal microenvironment, the measurements of the metachronal wave velocity
were lower than those acquired with OCT, but the temperature-dependent change was

also detected. These results provide the first, to the best of our knowledge, quantitative
confirmation of temperature dependence of metachronal wave velocity and demonstrate the
importance of OCT-based depth-resolved investigation of ciliary dynamics in comparison

to classical bright-field microscopy, which requires disruption of the fallopian tube luminal
microenvironment.

In Vivo Application of OCT-based Cilia Metachronal Wave Analysis

The major advantage of the OCT-based metachronal wave analysis is its capability to
implement it /7 vivoto study ciliary function in intact organs through tissue layers. We
previously established an /n vivo OCT imaging of the mouse reproductive system through
an intravital window, which was successfully used for prolonged and longitudinal studies
[64,65]. This intravital imaging approach was implemented here for /in vivo metachronal
wave analysis in a mouse fallopian tube. To avoid movement artifacts caused by animal
breathing, the reproductive system is positioned on specially designed prongs of the
intravital window, fixed with clamps to the imaging stage. To reduce any potential remaining
movement artifacts, imaging was performed at a faster frame rate of 200 Hz, while the same
number of frames (128) was used for each FFT measurement. At these settings, each FFT
measurement was acquired over 0.64 s, while the MW propagation tracking was done in less
than one second. The algorithm requires cilia to remain within the same pixel of resolution
for the duration of MW tracking. The bulk movement resulted in obvious disruption of

MW patterns; the fragments of the time series associated with the bulk movement were
disregarded. An example of /n vivo metachronal wave analysis is shown in Fig. 5. The
overall top view of the fallopian tube grove is shown in Fig. 5A, labeling the location

of the slice where the ciliary analysis was performed. Within the 2D + time dataset (Fig.
5B), we located the position containing the ridge of ciliated mucosa folds (Fig. 5C) for
metachronal wave analysis. The corresponding CBF map, a spectral mask, and phase at
14.1 Hz are shown in Figs. 5D-5F, respectively. The phase mapping over space and time
revealed the metachronal wave velocity of 350 pm/s along the luminal grove (Fig. 5G),
while no metachronal wave propagation was detected perpendicular to the grove, suggesting
the overall direction of the wave propagation along the grove. To the best of our knowledge,
this is the first /n vivo analysis of the cilia metachronal wave in a mammalian model.

F. Direct Volumetric Imaging of Cilia Metachronal Wave Propagation

We achieved direct 3D + time OCT metachronal wave imaging by reducing the transverse
scan area and pixel density and increasing the A-line and volumetric acquisition rates (Fig.
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6). Although the transverse scan area was relatively small, this approach provided the
flexibility to analyze the wave propagation in any direction. The imaging was performed

at 100 A-lines/B-scan, 30 B-scans/volume covering the region of 127 pm x 48 pm x

1.5 mm (depth) at a direct volume rate of 41.7 Hz. Figure 6A shows the size and the
location of the imaged fragment of the mouse fallopian tube ex vivo. Based on the dominant
frequency and frame position in the volume, the phase was corrected to compensate for the
volumetric scan time. The structural OCT volumetric rendering of the 3D + time scanned
region (Fig. 6B) shows the luminal grooves within the lumen. Corresponding volumetric
CBF mapping revealed that the grooves are densely covered by cilia (Fig. 6C), with a strong
presence of 5.2 Hz frequency all over the grooves (Fig. 6D). Depth-resolved volumetric
phase propagation was detected all over the ciliated grooves (Visualization 2). The cilia
MW analysis was performed along two orthogonal lines labeled in Fig. 6E; the first one
was placed across, and the second one was along the visible wavefront. The temporal phase
mapping along these lines indeed revealed the MW propagation along the direction of the
first line (Fig. 6F), but not the second one (Fig. 6G), demonstrating that the MW indeed
propagated in the direction of the first line.

3. DISCUSSION

This study presents the first quantitative method for imaging the cilia beat coordination
through tissue layers. Our approach can map and quantify the cilia location, CBF, and

the MW propagation over the structural image at a micro-scale spatial resolution with a
depth-resolved field of view that covers the entire ampulla of the fallopian tube. Because
the method takes advantage of the speckles produced by the interference of light, no
exogenous contrast agents are required. The approach could be used as 2D + time scanned
volumetrically over a large field of view to map MW velocity components along the plane
of scanning. Alternatively, direct volumetric imaging (3D + time) can be implemented over
smaller areas to visualize MW propagation in any direction. Our studies revealed that not
only CBF, but also the MW velocity are highly dependent on temperature, demonstrating
high sensitivity and large dynamic range for our method. The newly established method
was successfully implemented /n vivo using an intravital imaging approach to visualize and
quantify MW propagation in the lumen of the mouse fallopian tube.

Because mammalian reproduction takes place deep inside the body, the cilia function

in the fallopian tube is not well understood and is open to conjecture, thereby limiting

the progress of infertility treatments. Our new method in combination with the intravital
imaging approach enables live dynamic investigation of ciliary dynamics in correlation
with cilia-induced flow patterns, structural changes of the fallopian tube, and tracking the
movement of oocytes and preimplantation embryos. Mouse models provide an irreplaceable
resource for healthcare with thousands of genetic and epigenetic models available to study
human diseases, including over 300 genetic mouse models associated with fertility defects.
Investigations of the ciliary role in fertility failures in these models will inform human
reproductive healthcare strategies.

There is also a translational potential for this method in reproductive research. Fiber-based
OCT probes guided through the fallopian tube (falloposcopes) are currently being developed
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for cancer diagnostics and screening [66,67]. OCT fiber-based falloposcopes are expected to
enter clinical trials to become standard clinical practice within a few years. New methods
developed in this study for dynamic cilia analysis can potentially be directly adapted for
diagnostic purposes in clinics, and novel scientific findings in mice could be corroborated in
humans, toward better female reproductive health management.

Motile cilia are involved in the regulation of physiological processes all over the body, and
the method presented for depth-resolved imaging of cilia MW through tissue layers has

the potential for extending the assessment of ciliary dyskinesias to various organ systems.
For example, with the recent advancements in endoscopic OCT imaging of the upper

airway [68-70], this method can be applied for investigation and potential diagnostics of
pathologies in the coordination of ciliary activity in the respiratory system. Another potential
application is related to matile cilia function in the regulation of fluid flows within brain
ventricles [6]. Ciliary analysis with OCT in adult brains should be possible /n vivoin small
animal models, such as zebrafish. In mice, embryonic brain imaging could be performed /n
vivo through the uterine wall with OCT [71,72]. Analysis of coordinated ciliary function

in the embryonic brain in normal and pathological conditions in genetic mouse models
could provide new insights toward congenital and developmental neurological disorders. Our
studies investigating the effect of temperature on cilia MW revealed dramatic changes in
MW velocity, as well as high sensitivity and a large dynamic range for MW detection with
our approach. This suggests a potential for our method to study the effects of environmental
factors, substances of abuse, and toxins in different organ systems, some of which are
already known to affect cilia function [73,74].

This study introduces a new approach and demonstrates its potential for biomedical
applications. However, it is currently associated with limitations and will benefit from
multiple further advancements. Our method for 2D + time volumetric scanning of cilia MW
has the advantage of covering a large volume; however, the MW measurements are only
meaningful within each plane. If the metachronal wavefront propagation direction is not
aligned to the imaging plane, the actual and the measured velocity values are correlated as

V' = Vies ¥ cos(a),

where Vs the actual MW velocity, Ve is the measured MW velocity, and a is the angle
between the axis of the metachronal wavefront propagation and the line, where MW was
measured. To increase the chances of imaging along the MW, we attempted to orient the
imaging plane along the grooves of the fallopian tube lumen. We also ensured consistent
sample orientation for imaging over different temperatures. However, we acknowledge that
due to the complexity of the fallopian tube, the MW velocities measured as 2D + time are
likely overestimated. This artifact is avoided by the direct 3D + time scanning, which reveals
metachronal wavefront propagation in any direction volumetrically, although over a much
smaller volume. Due to different spatial scales, 2D + time and 3D + time mapping could be
used as complementary. Alternatively, an automated tiled 3D + time acquisition covering a
larger area, such as the whole ampulla of the fallopian tube, could be implemented. Another
approach could involve the acquisition of two orthogonal 2D + time datasets scanned over
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the same volume to reconstruct the vector field of cilia MW velocities in space. The major
limitation for increasing the scan size of direct 3D + time imaging is the OCT scan rate.
Implementation of faster OCT systems, which are actively being developed [75], would also
be beneficial for direct volumetric metachronal wavefront imaging with higher resolution
and over larger areas.

Here, we performed the FFT analysis for CBF mapping based on 128 frames, which at 100
Hz imaging rate resulted in a relatively low spectral resolution of 0.78 Hz. To reduce the
effect of movement artifacts, the imaging frame rate was increased to 200 Hz for the /in
vivo study. With 128 frames used for each FFT analysis, these settings resulted in a spectral
resolution of 1.56 Hz. Such settings allowed for faster measurements of the metachronal
wave, 0.64 seconds per each FFT measurement, and MW velocity measurement in less than
a second. Such fast measurements were highly beneficial for /n vivo imaging but at the
expense of spectral resolution. We found it to be sufficient for the purpose of the study.
However, if the study demands, the spectral resolution could be improved by increasing the
time interval used for FFT analysis with the same sliding-window-over-time approach for
MW propagation mapping, as presented here. Increasing the spectral resolution and frame
number for analysis will improve the quality of the MW mapping, particularly at lower CBF,
but will require a longer acquisition and will be more susceptible to movement artifacts.
These parameters would need to be balanced based on specific experiments.

In this study, the phase of the ciliary beating was defined from FFT analysis of structural
OCT intensity fluctuations. Going further, it is important to explore whether employing
the phase (Doppler shift), as demonstrated before by Jing et al. for CBF mapping [49],
in addition to the structural OCT intensity, would be beneficial. The ciliary beat cycle
consists of a faster beating stroke of the extended straight cilium followed by a slower
recovery stroke while the cilium is bent. OCT Doppler shift measurements are likely

to be more sensitive to distinguishing specific phases of the ciliary beat, particularly

in en-face orientation. However, OCT phase measurements are much more sensitive to
bulk movements and tissue orientation and might or might not be advantageous for cilia
metachronal wavefront propagation analysis /in vivo.

Integration of the presented cilia MW imaging with other OCT-based functional methods
might provide a synergistic advantage in studying motile cilia. For example, OCT-particle-
tracking velocimetry has been previously developed for volumetric mapping of flow fields
as a measure of motile cilia coordination and function [55]. Simultaneous imaging and
co-registration of the volumetric MW fields and cilia-generated flows will provide a tool for
studying the mechanism and regulation of the transport function of motile cilia.

Several computational modeling studies are currently underway to simulate ciliary
dynamics, coordinated behaviors, and regulation of MW parameters, in relation to the

flow fields [9,14,76]. However, the lack of experimental data for these parameters in

the physiological environment has limited opportunities for calibration and validation of
computational models, hindering further advancement. Computational modeling of cilia is a
particularly challenging task in organs that are concealed from direct observation by layers
of tissue, structurally complex and dynamic, and filled with non-homogeneous fluids, such
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as the fallopian tube. Spatially and temporally resolved measures of ciliary coordination in
relation to fluid dynamics in their native context, now accessible with the presented method,
will inform the numerical models and empower a more thorough investigation of ciliary
function.

The nature-inspired robotic designs have gained increasing attention and have proven
successful in undertaking challenging tasks [77,78]. Among other designs, artificial cilia
have been implemented for controlled object movement and generating fluid flow [79,80].
Therefore, insights into coordinated ciliary activity implemented by nature /7 vivo could be
useful in advancing the design of cilia-based robotics.

In summary, we presented the first quantitative method for depth-resolved imaging of
cilia metachronal waves through tissue layers. This method is uniquely suited for the
investigation of ciliary function within the fallopian tube in mouse models 7 vivo,
volumetrically, through layers of tissue. Potentially, this method can be extended to the
assessment of ciliary dyskinesias in various organ systems, toward better prevention,
diagnostics, and treatment of ciliopathies.

4. METHODS

A. Mouse Manipulations for Ex Vivo and In Vivo Imaging

All animal procedures have been approved by the Institutional Animal Care and Use
Committee at Baylor College of Medicine, and all experiments followed the approved
guidelines and regulations. Experiments were performed on wild-type CD-1 female mice
(age >6 weeks, Strain Code 022, Charles River).

For ex vivo experiment, the fallopian tubes together with the attached ovary and a part

of the uterine horn were freshly dissected from euthanized mice into PBS solution at

room temperature (20°C). For the validation study, the lumen of the fallopian tube was
carefully opened through micro-surgical dissection under the dissecting microscope. To
ensure consistency in tissue orientation between the two imaging modalities, the fallopian
tube samples were carefully pinned down to the bottom of a petri dish, while exposing

the ciliated lumen in a relatively flat orientation. The tissues were emerged in PBS and
maintained at room temperature, unless noted otherwise. The ciliated samples were imaged
first using bright-field video microscopy, and right after with OCT.

To study the effect of temperature on cilia dynamics, the fallopian tube together with the
attached ovary and a part of the uterine horn were freshly dissected from euthanized mice
into PBS solution at room temperature (20°C). The intact organs were placed in 60 mm Petri
dish filled with PBS on the top of a heating platform (Homeothermic controller type 874,
Hugo Sachs Elektronik) on the OCT imaging station. The temperature was monitored by
probing the PBS solution in another dish placed side-by-side with the experiment dish. The
temperature was increased in steps, starting from room temperature of 20°C to 30°C, then
37°C. OCT imaging was performed at each temperature setting.
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In vivoimaging of the fallopian tube was done through an intravital approach as described
in [64,65]. To bypass the skin and muscle and provide imaging access to the reproductive
system, the approach involved the implantation of a window on the back of the mouse.

The windows are produced in the lab on a high-resolution 3D printer (Form2, gray resin,
Formlabs) The window design featured a clear aperture of 10 mm in diameter for optical
imaging access. The mouse was anesthetized by isoflurane inhalation and maintained on a
37°C heating platform. The site of implantation was processed for hair removal and skin
disinfection. A circular part of skin tissue with ~1 cm diameter was removed, and the
window was sutured to the edge of the skin through 14 eyelets along the rim using 4-0
Nylon suture. Once the window frame was implanted, the muscle layer underneath the
window aperture was cut for a ~2 mm incision to expose the reproductive organs. The ovary,
the oviduct, and part of the uterus were gently stabilized by securing the fat pad associated
with the ovary onto the window tissue holders/prongs using a tiny droplet of surgical glue.
The window aperture was closed by a 12-mm-diameter circular cover glass and secured
with an O-ring. The animals were maintained under isoflurane anesthesia for the duration
of imaging. The window was stabilized in space with clamps to successfully eliminate bulk
movement artifacts caused by mouse breathing.

B. Bright-field Microscopic Imaging

Bright-field microscopic imaging of the ex vivo oviduct was performed using a Zeiss Imager
A2 microscope equipped with a digital camera (AxioCam 702 mono, Zeiss). The time series
of the bright-field microscopic images from the oviduct were taken with 40 x magnification
at a frame rate of 88 Hz or 100 Hz. The acquired 2D images have the pixel scale of 0.147
um for both transverse directions.

C. OCT System and Imaging

We used a house-built spectral domain OCT system. The system employed the
supercontinuum laser (NKT Photonics) with a central wavelength of ~800 nm and a
bandwidth of ~100 nm. The system used a fiber-based Michaelson interferometer; the
interference of light from the reference and sample arms was directed to a spectrometer
based on a 250 kHz e2V OctoPlus camera (Teledyne Technologies Inc.). Fast Fourier
transform was used to obtain the OCT intensity A-line from equally A-spaced interference
fringes. The system provided an A-line rate of up to 250 kHz and had an axial and transverse
resolution of ~4 um and an imaging depth of ~1.5 mm. To perform transverse scanning, we
used a set of galvanometer mirrors (GVVS012, Thorlabs Inc.), which provide high flexibility
in adjusting the scanning size and pixel density.

Structural volumetric OCT datasets over a large field of view, covering the whole fallopian
tube ampulla ex vivo and in vivo, were acquired as a single volume of 1000 x 1000A-lines
over 1.27 x 0.95 mm.

For 2D + time OCT images acquired volumetrically ex vivoand /n vivo, datasets were
acquired as a single spatially dense volume of 1000 x 10,000A-lines over 1.27 x 0.095
mm, which resulted in a spatial step of 9.5 nm between frames. The frame rate was 100 Hz
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for the ex vivo experiment and 200 Hz for the /n vivo experiment, which was achieved by
increasing the A-line rate.

The datasets for direct volumetric cilia MW tracking were acquired as 100 x 30A-lines over
0.127 x 0.048 mm. The exposure time for each A-line was set to 3.3 ps with an A-line
period of 4.0 us (250 kHz A-line rate). The galvanometer reset time between frames was 0.4
ms, which resulted in a frame rate of 1,250 Hz and a volume rate of 41.7 Hz. Each dataset
was acquired as 300 volumes, which took 7.2 s. The FFT was performed over 128 volumes
and the MW tracking was performed using the same sliding window approach over time as
described above.

D. CBF Mapping and Cilia MW Analysis

As the first step to cilia MW analysis for both imaging modalities, bright-field video
microscopy and OCT, CBF mapping was performed to identify pixels with periodic intensity
variation in the expected range for the ciliary beat. The details of this step can be found in
our previous publication. The structural images were first masked based on pixel intensity
to eliminate the background pixels without tissue. For each spatial pixel corresponding to
the tissue, the pixel intensity over time was analyzed through a fast Fourier transform (FFT)
over the first 128 images to obtain the frequency amplitude spectrum. To distinguish pixels
corresponding to cilia, we applied a cutoff threshold based on spectral amplitude set as an
average amplitude plus three standard deviations from the frequency window of 30-35 Hz,
where no ciliary beating is expected, and the variations could be assumed to be background
noise. Pixels that contain the frequency peaks over the threshold within the window of 2-15
Hz were counted as the pixels corresponding to cilia. For each pixel, the highest peak on the
spectrum indicated the cilia beat frequency at that location.

A MW analysis could only be performed across one dominant frequency at a time. We
selected the frequencies for analysis based on the dominant representation and clustering
pixels of specific frequencies within regions of interest. Another binary mask was created to
include all pixels where the selected frequency was represented in the spectrum over a set
threshold, regardless of whether this frequency corresponded to the spectral peak. For OCT
imaging, the threshold was set as the average spectral amplitude from the frequency window
of 30-35 Hz plus 10 times the standard deviation. For bright-field video microscopy, the
threshold was set as the average spectral amplitude from the frequency window of 30-35
Hz plus 0.7 times the standard deviation. The phase at the selected frequency was mapped
over all pixels that remained after the masking. CBF analysis, frequency thresholding, and
phase mapping steps were repeated for the selected frequency with a sliding window over
time, which introduced the time component to phase mapping for spatiotemporal analysis
of wavefront propagation. The wavefront displacement in space over time was used to
determine the cilia metachronal wave velocity.

E. Software

OCT imaging, data acquisition, and export were performed through LabVIEW (National
Instruments Corporation)-based custom software. Acquisition of bright-field video
microscopy data was performed using ZEN software (Zeiss). Data processing was
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performed using custom codes written in MATLAB (MathWorks, Inc.). Data visualizations
and volumetric renderings, and supplementary videos were created using Imaris software
(Oxford Instruments plc).

F. Statistical Analysis

The Pearson correlation coefficient test was used to compare the paired metachronal wave
velocity measurements acquired with two modalities, the bright-field video microscopy and
OCT, with a significance level of a= 0.05. Brown-Forsythe and Welch analysis of variance
tests were applied to determine whether there is significant difference between metachronal
wave velocity measurements at three temperature settings.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Phg;/siology and investigation of motile cilia. A: Motile cilia are hairlike structures that beat
in coordination to produce waves (metachronal waves) along epithelial surfaces. Matile cilia
are critical for the physiological function of multiple organs including the brain, the middle
ear, the respiratory tract, the kidney, and the fallopian tube. B: An intravital OCT imaging
approach to study cilia dynamics in the mouse fallopian tube /n vivo.
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Proposed algorithm for visualization and quantitative analysis of cilia metachronal wave.
The presented example is an intact extracted mouse oviduct with highly ciliated luminal

longitudinal grooves. The imaging plane was oriented along the grooves to ensure

metachronal wave orientation within that plane. A: Time-lapse structural OCT imaging

is performed through the ciliated sample. B: Pixel-wise FFT analysis is performed on
the OCT time-lapse to reveal the CBF in corresponding pixels after thresholding. The

fragment used for metachronal wave analysis is enlarged in the inlet, showing the dominant
frequency of 4.7 Hz, which was selected for further analysis. C: The binary mask for the
dominant frequency is created to include all pixels where this frequency amplitude is over
the threshold. D: The corresponding FFT phases are mapped. The dashed line indicates the
location of the cross-section and metachronal wave visualization in panel F. E: The FFT and
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phase mapping for the same dominant frequency is repeated as a sliding window over time,
F: revealing metachronal wave propagation over space and time.
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Fig. 3.

Va?lidation of OCT 2D + time metachronal wave mapping. Sample comparison of the
metachronal wave velocity measurement in the same spatial location of an extracted
fallopian tube sample with OCT (A-D) and bright-field video microscopy (E-H). A: Top
view of the overall volumetric structural rendering of the sample acquired with OCT.

The location of the imaging plane and the fragment for future analysis shown in B and

C are labeled with magenta lines. B: Corresponding zoom-in fragment of the in-depth

OCT structural B-scan (top is on the left), and C: CBF mapping. The magenta line and
notches indicate the fragment analyzed in panel D. D: The spatiotemporal phase wavefront
reconstruction with OCT at 5.5 Hz reveals metachronal wave propagation at 107 mm/s.

E: Large field of view (10X) bright-field microscopy image of the same sample. F:
Higher-magnification view (40X) of the fragment labeled in E with the magenta box. G:
Corresponding CBF mapping. The magenta line and notches indicate the fragment analyzed
in panel H. H: The spatiotemporal cilia metachronal wavefront reconstruction with bright-
field microscopy at 5.5 Hz reveals metachronal wave propagation at 94 mm/s. I: Comparison
of metachronal wave velocity measurements with bright-field microscopy and OCT (N = 11
for each group). J: Pearson correlation coefficient test for paired measurements demonstrates
a statistically significant correlation between the metachronal wave velocity measurements
with two modalities (N = 11).
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Fig. 4.

Cigllia metachronal wave velocity increases with temperature. A: Structural OCT images of
the same location of a mouse fallopian tube imaged ex vivo at different temperatures are
shown in the top row. Corresponding CBF maps are shown in the middle row; the areas
used for the metachronal wave analysis are marked with white rectangles and enlarged inlets
for each panel. The magenta lines indicate the positions for the metachronal wavefront

maps in the bottom row. B: The histogram of CBFs calculated over the whole area of

the images in A shifts toward higher frequencies with an increase in temperature. C: The
cilia metachronal wave velocity increases with temperature. N = 10 regions from three
independent experimental samples. p < 0.001.
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Fig. 5.

lngvivo OCT quantitative analysis of cilia metachronal wave in mouse fallopian tube. A: Top
view of the 3D OCT of the fallopian tube. The lines indicate the location of the 2D+time
dataset covering the turn of the fallopian tube, where the luminal grooves are parallel to

the scanning plane. B: Volumetric view of the imaged slice with longitudinal grooves. C:
An in-depth slice through the ridges of the luminal grooves, selected for further analysis.
Corresponding D: CBF mapping, E: spectral mask for CBF of 14.1 Hz, and F: phase
mapping over the whole field of view. The insets highlight the region of interest, and the
lines indicate the positions, where the metachronal wavefront was reconstructed. G and H:
Spatiotemporal reconstruction of the metachronal wavefront along and perpendicular to the
grove, respectively, shows that the metachronal wave propagated along the grove at 304
um/s.
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Fig. 6.

Direct volumetric imaging of cilia metachronal wave propagation in the mouse fallopian
tube. A: Large view of the 3D OCT rendering of the fallopian tube ampulla. The region used
for 3D+time imaging is labeled. B: Volumetric view of structural OCT of the selected region
with ciliated oviductal grooves, C: corresponding frequency mapping, and D: phase at 5.2
Hz dominant frequency. E: Phase distribution over the surface of one of the grooves viewed
from the direction indicated in D. F: Plotting the phase along the line labeled in E over time
reveals metachronal wavefront propagation at 91 um/s, G while the orthogonal orientation
does not show any identifiable waves.
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