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Background and Objective: Primary ciliary dyskinesia (PCD) is a rare genetic disorder causing a defective ciliary
structure, which predominantly leads to an impaired mucociliary clearance and associated airway disease. As
there is currently no single diagnostic gold standard test, PCD is diagnosed by a combination of several methods
comprising genetic testing and the examination of the ciliary structure and function. Among the approved
diagnostic methods, only high-speed video microscopy (HSVM) allows to directly observe the ciliary motion
and therefore, to directly assess ciliary function. In the present work, we present our recently developed freely
available open-source software — termed “Cilialyzer”, which has been specifically designed to support and
facilitate the analysis of the mucociliary activity in respiratory epithelial cells captured by high-speed video
microscopy.

Methods: In its current state, the Cilialyzer software enables clinical PCD analysts to load, preprocess and replay
recorded image sequences as well as videos with a feature-rich replaying module facilitating the commonly
performed qualitative visual assessment of ciliary function (including the assessment of the ciliary beat pattern).
The image processing methods made accessible through an intuitive user interface allow clinical specialists to
comfortably compute the ciliary beating frequency (CBF), the activity map and the “frequency correlation length”
— an observable getting newly introduced. Furthermore, the Cilialyzer contains a simple-to-use particle tracking
interface to determine the mucociliary transport speed.

Results: Cilialyzer is fully written in the Python programming language and freely available under the terms
of the MIT license. The proper functioning of the computational analysis methods constituting the Cilialyzer
software is demonstrated by using simulated and representative sample data from clinical practice. Additionally,
the software was used to analyze high-speed videos showing samples obtained from healthy controls and
genetically confirmed PCD cases (DNAI1 and DNAH11 mutations) to show its clinical applicability.

Conclusions: Cilialyzer serves as a useful clinical tool for PCD analysts and provides new quantitative information
awaiting to be clinically evaluated using cohorts of PCD. As Cilialyzer is freely available under the terms of a
permissive open-source license, it serves as a ground frame for further development of computational methods
aiming at the quantification and automation of the analysis of mucociliary activity captured by HSVM.

1. Introduction

The inner surface of our airways is lined by a mucous fluid film,
which is permanently propelled into the direction of the throat. The
propulsion of this airway surface liquid (ASL) is provided by the col-
lectively coordinated oscillatory motion of a myriad of subjacent cilia.
Inhaled particles get entrapped by the ASL layer and subsequently trans-
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ported into the direction of the throat, where they finally get swallowed.
Thereby, mucociliary clearance (MCC) constitutes our airway’s primary
defense mechanism by protecting our airways from inhaled toxic and
infectious agents [1].

The importance of the proper functioning of motile cilia is partic-
ularly highlighted by its failure in primary ciliary dyskinesia (PCD),
which is predominantly characterized by chronic airway infections.
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PCD is a genetic disorder with an autosomal recessive inheritance pat-
tern and an estimated incidence of 1:7°500 to 1:20°000 [2,3]. Mutations
in (at least) one of many genes coding for proteins involved in ciliary
assembly lead to a defective ciliary structure exhibiting an impaired (or
absent) ciliary motion, which in turn, is commonly thought to result
in an insufficient (or absent) mucociliary clearance. The various PCD-
causing genetic mutations are associated with different structural and
functional defects resulting in different pathological patterns. This con-
tributes to the challenges of diagnosis [4]. It has to be highlighted that
the actual observable of interest — namely, the efficacy of the mucocil-
iary airway clearance - is presently not directly accessible. This raises
the challenging fundamental question of how to most adequately infer
the efficacy of the actual mucociliary clearance and to reliably recog-
nize an impairment of the latter.

Today, the efficacy of the actual mucociliary clearance function in
PCD suspects is inferred by visually examining microscopic high-speed
recordings, which merely show the ciliary motion on a few brushed
nasal epithelial cells immersed in culture medium (e.g. see [5]). These
conditions greatly differ from the native conditions, in which the air-
exposed viscoelastic mucus layer gets propelled by the underlying col-
lectively coordinated ciliary activity of large contiguous arrays of cili-
ated cells.

Due to the unavailability of easy-to-use fast software tools allowing
for a convenient quantitative analysis, the conventional HSVM analysis
currently mainly relies on the visual recognition of clearly discernible
defects in the ciliary beating pattern (CBP). This requires extensive
empirical experience, is time-consuming and is highly subjective. The
CBF is the only quantitative observable being routinely determined in
diagnostic centers. Even though the conventional HSVM approach is
commonly considered as the most sensitive and specific test to identify
PCD [6], its lack of standardization prevents its use as a confirmatory
diagnostic test, or its inclusion in a diagnostic algorithm [7].

Among the currently approved diagnostic methods, however, the
functional analysis performed by HSVM can be seen as the most direct
method to diagnose PCD, as it allows to directly observe the mucocil-
iary activity. Therefore, HSVM will continue to play an important role
in PCD diagnostics as well as for the examination of the various func-
tional phenotypes and the establishment of relations to the associated
genotypes.

When examining the presently available body of literature, two main
lines of research revolving around the development of techniques aim-
ing towards a quantitative characterization of the high-speed recordings
of ciliary activity become apparent. Motivation for both lines of re-
search is to contribute to the standardization of the HSVM analysis.

In the first line of research, dedicated computational methods aim-
ing at the quantitative, objective and automated detection of defects in
the ciliary motion on detached and immersed respiratory epithelial cells
are developed [8-18]. Those studies mainly focus on the quantitative
and automated characterization of the ciliary motion pattern of indi-
vidual cilia and therefore, at making the conventional HSVM approach
observer-independent. However, from a wider perspective, the relia-
bility of the conventionally performed HSVM approach is inherently
limited, as detached ciliated cells being immersed in culture medium
can only partly reflect the quality of the primary MCC mechanism.
The MCC mechanism is an excellent example for a complex dynamical
system with a local-to-global character, as the local fluid mechani-
cal interactions of oscillating individual cilia are thought to generate
the collective motion pattern, which eventually generates efficient mu-
cociliary transport [19-21]. How the characteristic motion pattern of
individual cilia is related to the collective ciliary motion pattern largely
remains obscure. But, it can be presumed that small modulations in
the individual ciliary motion pattern will amplify due to local fluid me-
chanical interactions and thus be more clearly reflected by the collective
ciliary motion pattern [22]. This presumption is tightly connected to the
second line of research, which aims to investigate and quantify the col-
lective mucociliary phenomena in human respiratory re-differentiated
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cell cultures, which are grown and observed at the air-liquid interface
(e.g. see [23-28]). From a physical point of view, this semi-artificial
system matches the natural conditions more closely, as — in contrast
to the medium-immersed brushed epithelial cells used in the classical
clinical HSVM approach - it presents an air-exposed viscoelastic mucus
layer [29].

In summary, both lines of research have brought up new useful im-
age processing methods allowing for a quantitative characterization of
mucociliary activity. However, in diagnostics and clinical research, it is
often not possible to use those image analysis routines, as either they
are not freely accessible, or not provided with an intuitive easy-to-use
user interface. Therefore, we have developed the herein presented freely
accessible highly user-oriented open-source software, termed ‘Cilialyz-
er’. The Cilialyzer software is not only meant to serve as a clinical tool
to support diagnostic analyses of ciliary activity, but also as a frame-
work for the development of further computational methods for both
above-mentioned lines of research.

2. Methods
2.1. Sample preparation & imaging

The Cilialyzer software was designed for the analysis of dynamic
high-speed recordings showing different types of samples from the res-
piratory epithelium. Therefore, neither the details of the sample prepa-
ration nor of the imaging are crucial for the video processing methods
presented in this work. The sample preparation and the imaging used
to eventually record the herein shown high-speed videos have recently
been reported in great detail [30,31]. Briefly, the image data shown
here represent microscopic images showing the motion of cilia in three
commonly used types of samples. Sample type I: medium-immersed hu-
man nasal epithelial cells, which were harvested by nasal brushings (see
Fig. 1A). Sample typeIl: medium-immersed re-differentiated epithelial
cells, which were scratched off from intact cultures of mucociliary ep-
ithelium grown at the air-liquid interface (ALI) (see Fig. 1B). Sample
typeIll: intact cultures of mucociliary epithelium, which were grown
as well as observed at the ALI (see Fig. 1C). Note that Fig. 1A-C repre-
sent single frames of the high-speed videos (Video S1-S3), which are
provided as supplemental material.

Brushed nasal epithelial cells were cultured at the air-liquid inter-
face using the PneumaCult media from Stemcells (described in detail
in [30]). Briefly, cells were proliferated using the PneumaCult Expan-
sion Plus medium, then seeded in 12-well transwells with a pore size
of 0.4 um and exposed to the air for differentiation after full conflu-
ence. The cells were fed with PneumaCult ALI medium for four weeks
until they were fully differentiated and showed mucus production and
beating cilia. The day before the measurements, fully differentiated cell
cultures were washed with phosphate-buffered saline (PBS with magne-
sium and calcium) for 30 minutes at 37 °C to remove excess mucus and
the media in the basolateral chamber was renewed.

After brushing or scratching, respectively, samples of typel and
type Il were brought into sealed chambers, which are built by a micro-
scope slide, a 200 pm thick rubber spacer and a cover glass on top [30].
The suspensions of cells were imaged in bright field using an inverted
transmitted light microscope (Olympus IX73). By using a bright field
40x-objective (Olympus UMPlan Fluorit, water immersion, NA 0.8, WD
3.3mm) an area of approximately 55x40um? was imaged onto the
CMOS chip of a digital high-speed camera (GS3-U3-32S4M-C, FLIR In-
tegrated Imaging Solutions Inc., Canada). Samples of type III were kept
in culture well plates during observation. As for this kind of observa-
tion, an objective with a longer working distance was needed (Olympus
UPlan SemiApo, 10x phase contrast, NA 0.3, WD 10 mm), the field of
view amounts to approximately 220x165um?. For all three types of
samples, the pixel resolution was set to 640x480 and ciliary activity
was recorded at 300 frames per second over a time span of 2 seconds.
All recordings shown in this work were taken at a temperature of 37 °C.
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Fig. 1. The three depicted microscopic images represent single frames of three typical high-speed recordings showing the ciliary activity within sample type I-III.
The distinguishing characteristics of the different sample types can be nicely seen. A: freshly brushed human nasal epithelial cells immersed in culture medium
(sample typel). This sample type is mainly characterized by the availability of only small groups of cells consisting of few ciliated cells. B: medium-immersed
re-differentiated epithelial cells, which were scratched off from intact cultures of mucociliary epithelium grown at the ALIL Overall, the sample quality (in terms of
cell and cilia population as well as vitality) of sample typeIl is typically better than in samples of typel. C: intact cultures of mucociliary epithelium grown as well

as observed at the ALI (sample typeIll). A large array of epithelial cells can be seen (basolateral view).

For more detailed information on the sample preparation, the imaging
of sample type I-III and our diagnostic procedure please refer to [30]
and [31].

Sample population

The exemplary sample data shown were derived from seven healthy
controls and four PCD patients: 2x homozygous for DNAI1, 1x com-
pound heterozygous for DNAH11 (referred in the following as DNAH11-
1) and 1x homozygous for DNAH11 (referred in the following as
DNAH11-2). Gender and age of all subjects can be found in Sec. S1. The
study was approved by the ethics committees of the University Chil-
dren’s Hospital Bern and of the canton Bern, Switzerland (reference no.
2018-02155). Written informed consent was obtained from every par-
ticipant or her/his legal guardian.

2.2. Video analysis procedure

In this section, the mathematical methods get introduced as well as
illustrated by exemplary sample data from clinical practice. Please un-
derstand that care must be taken when interpreting the results provided
by the software. For PCD specialists, we recommend to carefully read
the present work and the enclosed manual, which contains more infor-
mation on the practical use of the software.

Fig. 2 shows an overview of the video analysis procedure for all three
sample types. Each processing step is explained in detail in the following
sections.

2.2.1. Reading the data; matching the camera to the microscope

The Cilialyzer allows to import image sequences as well as videos
in most common open image and video formats, respectively. Before
reading in the data, the user has to specify the frames per second (FPS)
and the pixel size! to be used for the analysis. These two parameters will
specify the temporal and spatial resolution of the video to be analyzed.

Besides other important considerations to be made when choosing
the components of a high-speed video microscope setting, it is particu-
larly important to match the camera to the microscope. If no additional
optics, such as a video coupler device is used, the spatial lateral resolu-
tion of a transmitted-light microscope is roughly given by Abbe’s limit.
The spatial resolution of the camera is roughly given by 2.3 -§/m, where
& represents the physical pixel size of the camera and m the magnifica-
tion of the microscope. Consequently, in order to not reduce the optical
resolution by the choice of the camera, the physical pixel size § should
ideally meet the following condition:

1 Please note that ‘pixel size’ refers to how many nanometers a pixel in each
recorded image corresponds to in real units — and does not refer to the physical
pixel size of the camera in use.

A-m
46-NA’
where 1 represents the wavelength of the light source and NA the ob-
jective’s numerical aperture.

6< (€8]

2.2.2. Preprocessing

As has been shown previously (e.g. see [8,9]), the high-speed record-
ings need to be adequately preprocessed before getting analyzed. In the
following, we describe the available video-preprocessing steps, which
mainly take care of the removal of disturbing movements and vibra-
tions of the whole sample and the removal of the static background,
emphasizing the actual signal of interest.

Image stabilization

Image stabilization, or image registration, designates the process of
aligning consecutive images and represents a highly important prepro-
cessing step. Depending on the sample, image stabilization serves for
the removal of cell or tissue motion. Before stabilizing the image se-
quence, the user has the possibility to manually rotate as well as to
select a region of interest (ROI).

In order to get rid of undesirable sample motions, and thus to stabi-
lize the image sequences, Cilialyzer uses the Python package ‘pyStack-
Reg’ [32] to align each image I[x, y,7] to the mean image (I[x, y,t]),, by
performing a rigid body transform (translation and rotation). Note that
(...); denotes the average calculated along the time axis. Since each im-
age is aligned to the same common reference image, the computation
time could be significantly shortened by distributing the computation
across N processes running in parallel (where N either designates the
number of available CPU cores less 1, or the number of cores set by
the user that may be used for image stabilization). In order to further
shorten the computation time, the user can specify how many con-
secutive frames may be skipped during the stabilization process (0-3
frames). Skipped frames get then transformed in the exact same way as
its predecessor.

After the image stabilization process, the image sequence needs to
be slightly cropped, as the stabilization process adds invalid pixels at
the margins.

Motion extraction
As has been shown e.g. in [8,9], the static background of an image
sequence I[x, y,?] can be removed by subtracting the mean image:

Ulx,y, 81 =1[x, y,11 = {1[x, ,11),, ()]

Note that the mean image subtraction, as denoted in Eq. (2), is equiv-
alent to removing the zero-frequency contribution along the time axis
(for each pixel separately).
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Fig. 2. Overview of the video analysis procedures for all three sample types.
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Fig. 3. A: snapshot of an original high-speed recording showing the motion of cilia on a few epithelial cells (sample typeI). The cilia can just be recognized by eye.
B: The yellow surround indicates the manually selected ROI, which can be chosen in the rotated image sequence. C: snapshot of the manually selected ROI after
having performed the preprocessing. The cilia and their motion are now more clearly distinguished from the background.
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Fig. 4. Screenshot of Cilialyzer’s replaying module. After having extracted the ciliary motion, which is to be investigated, clinical specialists can make use of the

controls, which allow to adjust the playback speed, the zoom level and the contrast.

2.2.3. Visual assessment

The current clinical HSVM analysis procedure is primarily based on
the visual recognition of abnormalities in the ciliary motion pattern
(commonly referred to as the ciliary beat pattern). Therefore, the Cilia-
lyzer software was also specifically developed to improve and facilitate
the visual assessment of the activity.

Clinical specialists can make use of the just described preprocess-
ing, by: rotating the video, selecting a ROI, stabilizing the video and
finally extracting the ciliary motion as needed (see Fig. 3). The purpose
of these preprocessing steps is to remove anything but the signal to be
examined - i.e. the moving cilia. After having preprocessed the video,
the Cilialyzer provides a replaying module (see Fig.4), which allows
PCD analysts to control the playback speed, the zoom level as well as to
enhance the contrast as needed and is therefore perfectly suited for the
common visual assessment of the ciliary beating pattern (e.g. see [30]).

2.2.4. Computation of the ciliary beating frequency (CBF)

The ciliary beating frequency (CBF) is determined from the aver-
age relative power spectral density (PSD), which represents the average
over all relative PSDs derived from the intensity variations of all the pix-
els within a manually selected ROI (or within the whole field of view).

In more detail, the CBF is computed as follows. The intensity varia-
tion of a single pixel located at (x, y) can be considered as a time series
I,,(®). Generally, the PSD of an arbitrary time series I, () sampled at
discrete times 1 =0,1,..., N, — 1 is defined as the absolute square of its

corresponding Fourier amplitudes Txy( f), which are computed by the
discrete Fourier transform:

Ny-1

L,(N)= Y L,0-exp(=2zift/N,) , (3)
t=0

where f=0,1,..,N, — 1 is a discrete array index representing the di-
mensionless frequency. The discrete Fourier transform (Eq. (3)) gets
computed by using the highly efficient Fast Fourier transform (FFT)
[33]. The PSD of a single pixel located at (x, y), denoted by P, (f), is
given by the absolute square of its complex Fourier amplitudes: P, ,(f) =
1, (/). Furthermore, let 15Xy( f) be the relative (or normalized) PSD in

the positive frequency range: ISXy( = (E 50 Py (f )) : Py () Finally,
in order to get insight into the frequency contributions within the manu-
ally selected ROI (or the whole field of view), comprising N, - N, pixels,
the Cilialyzer eventually displays the average relative PSD, denoted as
(P,,(f))xy» in the positive frequency range:

Py (Nxy = (NN PP )
Xy

Please note that the displayed average relative power spectral density
gets slightly smoothed with a Gaussian kernel G,_;, which can be de-
noted by the following convolution: (f’xy( ) )xy * Gy=y. Furthermore,
the zero-frequency contribution gets omitted.

The CBF is finally determined as the weighted average (getting spec-
ified in the following) within the bandwidth [f|, f,] belonging to the
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Fig. 5. Typical average relative PSD computed for the rectangular user-selection
shown in Fig. 3B.

main peak, which is indicated by the gray shading in Fig. 5. Note that
the series of peaks at integer multiples of the CBF represent higher
harmonics, which indicate that the intensity variations are not purely
harmonic. The calculation of the CBF requires two cut off frequencies
f1 and f,, which represent the lower and upper limit of the main peak
in the average relative PSD. Cilialyzer automatically suggests those two
cut off frequencies (according to the procedure explained in Sec. S2).
However, the user has also the possibility to manually adjust the band-
width selection.

The array index f represents the dimensionless frequency, which
can be transformed into its corresponding physical unit Hertz, denoted
as F(f), according to: F(f)= f - FPS/N,, where FPS denotes the
frame rate (in [Hz]) at which the images have been recorded and N,
denotes the number of captured frames. The mean CBF, denoted as (F)
and the peak width, which is measured by the weighted standard devi-
ation o, are then calculated according to:

f2 1op
<F>={<Z w,«,.> 3 wf,»f,-}‘FTPS op = \[(F?) = (F)*. (5)

fi=h fi=/1
where the weights w;, are given by the average relative PSD: w;, =
(lsxy( f))xy- Finally, (F?) in Eq. (5) was calculated analogously to (F):
-1
<F2> = { (Z?:fl wf') E:f'f:fl Wi Af"z} ' %
2.2.5. Activity map

The activity map provides information on how the CBF is spatially
distributed and can thus be seen as a position-resolved CBF map. The
computation of the activity map follows the principles, which have
previously been presented [34]. Note that an alternative algorithm al-
lowing to robustly determine the activity map has very recently been
presented in [28].

Recall that the pixel-specific relative power spectral density (PSD)
is denoted as f’xy( f). Usually, only a part of the field of view displays
ciliary activity. Therefore, in order to discriminate between pixels ex-
hibiting a reasonable PSD from invalid pixels, we make use of the
following simple condition. On the basis of the average relative PSD,
ie. (f’xy( f))xy defined in Eq.(4), we can define the total power P
contributed by all the frequencies found inside the bandwidth of the
main peak: P = Z;{L 1 (f’xy( fi))xy- Furthermore, let P, be the pixel-
specific total power contributed in the bandwidth of the main peak,
ie P, = Z;{Z f lsxy( f). Finally, a pixel located at (x, y) is marked as in-
valid (NaN), if: P,,/P < ®, where © represents a threshold value, which
can be adjusted manually. The exact choice of ® is not crucial and to
some degree arbitrary, as its choice affects the result for the frequency
correlation length only very slightly. Its optimal choice will depend on
the recordings (sample type, noise level etc.). ® will therefore needed
to be tuned empirically. However, for most settings the optimal value
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will roughly lie between 0 and 0.3. For valid pixels, on the other hand,
a location-resolved CBF is ascribed, which is computed according to
Eq. (5) by replacing the average relative PSD (l3xy( f1))xy with the pixel-
specific PSD P_ (/).

2.2.6. Frequency correlation

The ‘frequency correlation’, denoted by &, refers to the correlation
length in the spatial autocorrelation of the activity map and constitutes
another feature of the Cilialyzer. The spatial autocorrelation of the ac-
tivity map gets computed by exploiting the Wiener-Khinchin theorem,
which states that the correlation function and the power spectrum are a
pair of Fourier transforms. The inverse Fourier transform of the spatial
power spectrum therefore yields the autocorrelation function. As the
computation in the Cilialyzer takes the zero-padding as well as miss-
ing values into account (i.e. pixels showing an invalid power spectral
density), the computation of the spatial autocorrelation of the activity
map is not trivial. The interested reader is therefore referred to Sec. S4,
where the computational details are outlined.

In simple terms, the frequency correlation ¢ can be understood as
the average distance over which the CBF roughly remains preserved.
Another interpretation concerns £2, which can be seen as the average
patch size over which the frequency roughly remains preserved. Those
patches can clearly be recognized by eye in the activity map provided
in Fig. 6.

2.2.7. Mucociliary transport speed (particle tracking)

Especially in samples of type III, mucociliary transport represents
a potentially insightful observable providing rather direct information
on the efficacy of the mucociliary clearance mechanism. In order to
adequately track the movement of the mucus layer, it is usually neces-
sary to use some kind of tracers. Please note that particle suspensions
- even though frequently used - are not well suited for the investi-
gation of mucociliary transport, as droplets applied on the outermost
mucus layer change the physical properties of the air-liquid interface
and might even induce transport phenomena, which are not related
to the underlying ciliary propulsion mechanism. Therefore, we recom-
mend to blow a tiny amount of lightweight dry puff ball spores (from
calvatia excipuliformis) onto the mucus surface, as was done previously
[31,34-37].

The Cilialyzer’s particle tracking module consists of a simple-to-use
interface, which allows the user to extract and select the particles to
be tracked. Since the tracers are small point-like structures, they can
optionally be extracted by subtracting a basically blurred copy (Lee-
filtering followed by Gaussian filtering) from the original image se-
quence. A subsequent thresholding removes some residual background.
The particle tracking is based on a local extremum tracker within a
manually adjustable window size. This yields noisy particle trajectories,
which need to be adequately fitted, in order to correctly determine the
curve length. As has been observed previously in vitro [24,27], mucocil-
iary epithelium grown at the ALI in circularly confined culture vessels
typically exhibits circular mucociliary transport. This means that parti-
cles can run along circular, spiral or quasi-linear trajectories. Therefore,
the noisy particle traces are first slightly smoothed and subsequently
fitted by a univariate spline, whose curve length is finally used to deter-
mine the mucociliary transport speed. This procedure is highly robust
and can cope with arbitrary particle trajectories.

3. Results
3.1. Software

The herein presented computational methods constitute the Cilia-
lyzer, which is a freely available open-source software. It is fully written

in the Python programming language [38] and distributed under the
terms of the MIT license with the additional request to include a citation
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Fig. 6. Left: activity map showing the spatial distribution of the CBF in a re-differentiated cell culture grown at the air-liquid interface (sample typeIll) generated
from video S3. Right: frequency correlation i.e. the spatial autocorrelation of the activity map shown on the left. The size of the central peak can be seen as a measure

for the average patch size recognizable in the activity map.

Fig. 7. Snapshot of the simulated ciliary array used to validate the computation of the CBF.

of the present manuscript. The source code, tutorials as well as com-
piled releases are provided at Github: https://github.com/msdev87/
Cilialyzer. Readers who are mainly interested in downloading and using
the application are referred to: https://msdev87.github.io/Cilialyzer.
However, users are kindly asked to carefully read the work at hand
and the enclosed manual — and to ensure that the results displayed in
Cilialyzer can be correctly interpreted.

3.2. Preprocessing

On the one hand, an adequate preprocessing improves the visual
assessment, as the image stabilization and the subsequent subtraction
of the static background highlights the moving cilia to the observer.
On the other hand, distorting movements of the whole sample must be
eliminated in order to ensure the correctness of the objective quantita-
tive analysis (see the example of a compromised CBF computation in
the subsequent section). The enclosed videos S4-S6 are meant to illus-
trate the power of the presently available preprocessing and represent
preprocessed versions of videos S1-S3.

3.3. Validation of the CBF-computation

It has been shown previously (e.g. see [39,40]) that the CBF com-
puted by means of the power spectral density of the pixel’s intensity
variations corresponds well to the manually determined CBF, which is
performed by progressing the high-speed videos frame by frame in or-
der to visually count the ciliary oscillation period. For reassurance, we
have shown that the computed CBF matches the manually determined
CBF very well (see Sec. S3 in the supplementary material). Additionally,
similar to the approach chosen in [41], the correctness of the output fre-
quency can be shown by recovering a predefined input frequency. For
this purpose, we have simulated a metachronally coordinated array of
cilia, which is shown in Fig. 7.

See also video S7, which provides an example of the ciliary array os-
cillating at 10 Hertz. This array of cilia was used to generate 20 videos,
in which the cilia oscillate with a predefined input oscillation frequency
ranging from 1 to 20 Hertz. Fig. 8 shows that the input frequency (simu-
lated CBF) corresponds exactly to the output frequency (measured CBF)
determined by the Cilialyzer.

3.3.1. Importance of the image stabilization
The important role of the image stabilization is best illustrated with
an example from clinical practice. When considering the high-speed
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Fig. 8. For the functional testing of the CBF-computation, an array of cilia was
simulated to oscillate in the range from 1 to 20 Hertz, which corresponds to
the input frequency shown on the x-axis. The graph shows that the CBF as de-
termined by the Cilialyzer (shown on the y-axis) exactly matches the simulated
input frequency.

recording provided by video S8, which shows a freshly excised group
of nasal epithelial cells (sample typel), it can be seen that the cil-
iary motion is superposed by a quasi-periodic movement of the whole
group of cells. Video S9 shows a stabilized and cropped version of video
S8. Fig. 9A shows the CBF computation based on the non-preprocessed
video S8, whereas Fig. 9B shows the CBF computation based on the
preprocessed video S9. In Fig. 9A, it can be nicely seen that without
any preprocessing the average power spectrum gets completely compro-
mised by the superposed motion of the whole group of cells. The actual
CBF-peak is hardly recognizable and the selection of the CBF-bandwidth
becomes a guessing game. Whereas, the average power spectral density
we are actually looking for and which corresponds to the ciliary mo-
tion can be recovered by performing the preprocessing, as can be seen
in Fig. 9B.

3.4. Spatial distribution of the CBF

Similar to the validation of the CBF-computation presented in the
previous section, we verified the proper functioning of the computation
of the activity map and the frequency correlation length with simulated
data.
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Fig. 10. For the functional testing of the computation of the activity map and the frequency correlation length, we simulated harmonic plane waves with a clustered
frequency distribution. The quadratic clusters are clearly visible in panel A and panel B, which show the simulated (ground truth; with frequencies ranging from
10 to 20 Hz) activity map and the computed activity map inferred by the Cilialyzer algorithm. C: The frequency correlation length ¢, provides a measure for the

distance over which the frequency remains roughly preserved.

In order to illustrate the proper functioning of the methods, the anal-
ysis of a single example video used for functional testing is shown in the
following. The simulated image sequence is provided in the supplemen-
tary material (see video S10). The artificially generated video shows
the propagation of harmonic plane waves. While the harmonic plane
waves were all generated with the same wavelength, the frequency
was set in a semi-random manner in the range from 10 to 20 Hertz.
The field of view was divided into 10x10 square clusters, each hav-
ing a size of 40x40 pixels. While the frequency was set constant for all
pixels within each cluster, the cluster frequency was chosen randomly.
The simulated clustered frequency distribution is shown in Fig. 10A,
whereas panel B shows the corresponding activity map computed by
the Cilialyzer. Fig. 10C finally shows the spatial autocorrelation func-
tion of the activity map and displays the frequency correlation length
&s- In the Cilialyzer we assumed that one pixel corresponds to 1 um? —
representing in principle an arbitrarily defined scale. Considering that
the frequency correlation is intended to represent an observable, which
provides rather relative? than absolute information about the distance
over which the CBF roughly remains preserved, the absolute value of
roughly 41 pixels (compare with Fig. 10C) is very close to the actual
cluster size, which was chosen to be 40 pixels.

3.5. Sample analyses
In this section we present sample data determined with Cilialyzer

for samples of typell and typelll. While the healthy individuals differ

2 As compared to recordings captured according to the same experimental
procedure.

between the two sample types (with one exception, HC-2), the PCD data
shown for sample typeII was derived from the same cell culture (as well
as the same person) as the PCD data shown for sample type Il In total,
data derived from 2x4 healthy volunteers, 2 DNAI1 and 2 DNAH11
PCD patients is shown. Cilialyzer was used to process 6-10 videos of
each person.

3.5.1. Sample type 2

Fig. 11A shows the boxplots illustrating the distribution of the CBF
within each individual person, as determined in recordings of medium-
immersed nasal epithelial cells scratched off from intact ALI cell cul-
tures by using Cilialyzer. The person-specific median CBF values range
from 4.0-10.6 Hz. In all samples derived from the two DNAI1 patients,
the cilia were completely immotile/static. Accordingly, the CBF in these
samples was 0 Hz. Finally, both DNAH11 patients exhibited clearly hy-
perfrequent median ciliary beating frequencies of 18.6 and 20.8 Hz.

3.5.2. Sample type 3

In videos of samples of typell], i.e. intact whole ALI cultures kept in
closed culture plates, Cilialyzer allows to characterize the mucociliary
activity in terms of the CBF, the frequency correlation length and the
mucociliary transport speed.

CBF: Fig. 11B shows the distribution of the CBF within each individual
person. As can be seen, the healthy median values show a low variabil-
ity and they all range only from 7.9 to 8.7 Hz. Despite the extensive use
of the preprocessing methods, only noise could be extracted in all PCD
samples. Accordingly, the CBF was assumed to be 0 Hz.

Frequency correlation length: The value for the frequency correlation
length could be determined for all healthy samples. Considering its rel-
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Fig. 11. Whiskers indicate the full range of values. A: person-specific CBF distributions as derived from samples of typeIl. B-D: person-specific distribution of
determined values in samples of typeIII for the CBF (B), the frequency correlation length (C) and the mucociliary transport speed (D).

atively complex computation and meaning, the values for the frequency
correlation length exhibit a remarkably low variability (see Fig. 11C). As
only noise could be extracted in videos collected from all four PCD pa-
tients, the frequency correlation length was close to 0 pm in each video.

Mucociliary transport speed: As can clearly be seen in Fig. 11D, the mu-
cociliary transport speed, as measured at randomly chosen sites, shows
a right-skewed distribution within each healthy individual. This is due
to the fact that at the time the measurement was taken, there was no
mucus located at the chosen site; and we could clearly observe that no
measurable particle transport takes place at sites showing no (or too
little) mucus. Therefore, the maximum values for the mucociliary trans-
port speed are more relevant here. In healthy samples, the maximum
transport speed ranged from 15.4 to 81.1 pm/s. In all samples derived
from the PCD patients, all measured transport speed values were lower
than 0.4 um/s. As the camera pixel size was 0.344 um, the window size
was chosen to measure 20x20 pixels and each recording time corre-
sponds to 10s, the measured transport speed would in any case have
to amount to at least 0.5 um/s to be considered a significant transport.
Therefore, no significant transport was measured in all PCD samples.

4. Discussion

This work presents the current version of the freely available Cili-
alyzer software, which we specifically developed to improve and facil-
itate the analysis of ciliary function captured by HSVM. We envision
the Cilialyzer software not only as a clinical tool for the analysis of
mucociliary activity, but also as a ground frame for the future devel-
opment of an even more comprehensive consensus-based application,
which allows clinical specialists as well as biomedical researchers to
automatically and quantitatively detect impaired mucociliary activity.
The functional testing, i.e. the proper implementation of the accessible
computational methods, is demonstrated by using either simulated data
or examples from clinical practice. The Cilialyzer software is therefore
ready for comprehensive clinical validation studies.

In comparison to applications, which were developed for the anal-
ysis of ciliary function in HSVM recordings and were recently made
publicly available (e.g. see [39,40,42]), the Cilialyzer software of-
fers many advantages. The present version can be easily customized
and extended, as Python is well suited for rapid prototyping. Users
do not need a license or a virtual machine to run the software, and
for users working on Microsoft Windows, there is the possibility to
download a compiled binary release, which is available on GitHub:
https://github.com/msdev87/Cilialyzer. The Cilialyzer represents the
most comprehensive application serving for the analysis of mucociliary
activity in HSVM recordings. From a clinical point of view, the Cilia-
lyzer stands out not only because of its ease of use, but also because of
the many pre-processing and replaying options it offers. After loading
an image sequence or a video (in almost any common format), the Cil-
ialyzer particularly offers the possibility to easily rotate the sequence,
select a ROI, remove undesirable tissue motion, remove the static back-
ground, enhance the contrast, zoom-in and set the playback speed. The
enclosed videos S4-S6 and S9, which represent pre-processed versions
of the videos S1-S3 and S8, respectively, are intended to provide an idea
of the available pre-processing options. In the pre-processed videos, the
ciliary motions are clearly emphasized, which - since the Cilialyzer
does not yet comprise computational methods allowing for a quanti-
tative assessment of the ciliary beat pattern — supports and facilitates
the common visual assessment of the ciliary beating pattern. The visual
assessment of the CBP is a subtle task, based on which experienced PCD
analysts can achieve a high accuracy in identifying aberrations to the
healthy CBP (e.g. see [6]). In recordings captured by HSVM, the ciliary
motion is often superposed by motions of the whole specimen or by mo-
tions of the cells (see video S8). As shown in Sec. 3.3.1, such videos can
be stabilized (see video S9) allowing for a reliable CBF-determination.
For the above-mentioned reasons, the Cilialyzer is ideally suited for the
current clinical assessment of ciliary function in medium-immersed ep-
ithelial airway cells (sample type I and II), which primarily consists of
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the CBF-computation and the visual assessment of the ciliary motion
pattern (e.g. see [6,30]).

Thanks to the availability of affordable high-performance comput-
ers and the ongoing development of new dedicated image processing
techniques, it will soon be possible to retrieve considerably more quan-
titative information from the high-speed recordings. We are strongly
convinced that this will significantly enhance the reliability of future
HSVM outcomes in PCD diagnostics.

From a wider perspective, detached ciliated cells being immersed
in culture medium, i.e. sample typel and II, can only partly reflect
the quality of the primary mucociliary clearance mechanism, which is
the actual variable of interest to be judged. We therefore believe that
specimens of sample typelll, i.e. intact re-differentiated respiratory cell
cultures, which are grown as well as observed at the air-liquid interface,
harbor the greatest potential in terms of the information content about
the primary mucociliary clearance. The following reasons support this
presumption. 1) In contrast to brushed respiratory epithelial cells sus-
pended in culture medium, cell cultures grown at the ALI match the
natural physical conditions more closely, as they present an air-exposed
mucus layer. 2) The actual variable of interest, namely the mucociliary
transport speed, can be measured directly after applying lightweight
dry puff ball spores, which have been used previously [31,34-37] and
are ideally suited to track the movement of the mucus layer. Please note
that the speed of suspended microbeads was shown to exhibit an essen-
tially parabolic decrease with an increasing distance to the ciliary tips
in samples of type I and II [18]. The current Cilialyzer version does not
yet offer the possibility to measure the distance to the ciliary tips and
can therefore only be used for transport speed measurements in sam-
ples of type III. 3) Compared to the recordings of medium-immersed
brushed epithelial cells, the recordings of ciliary activity in intact ALI
cultures are much more homogeneous - in terms of their occurrence
and orientation to the optical axis — facilitating the use and develop-
ment of quantitative image processing methods. This is reflected in the
applicability of the frequency correlation length, which was tested and
does not represent a meaningful observable for sample typelI and II, as
they appear in too different forms making comparability between de-
termined values for the frequency correlation length impossible. 4) The
ciliary activity of a much greater number of cells can be recorded. Since
we know that the CBF can vary significantly between individual cells
— or between groups of cells, averaging over a much greater number
of cells is expected to significantly increase the diagnostic value of the
CBF. This can clearly be seen when comparing the distribution of the
CBF for sample type II and III (see Sec. 3.5). To our knowledge, the diag-
nostic significance of the CBF, when determined from samples of type III
remains to be properly studied. The interested reader is also referred to
Sec. S5 in the supplementary material, where the spatial variance of
the CBF is illustrated for all three sample types. 5) Finally, mucociliary
transport represents a collective phenomenon and it can be presumed
that small modulations in the individual ciliary motion pattern will am-
plify due to local fluid mechanical interactions and thus be more clearly
reflected by the collective ciliary motion pattern [22].

Therefore, we are confident that the HSVM analysis will run in the
direction of this newly emerging type of genuine functional PCD diag-
nostics and have started to develop mathematical methods allowing for
the quantitative (and automated) characterization of the collective mu-
cociliary activity in ALI cultures. Currently, the Cilialyzer offers to use
the preprocessing, replaying, CBF computation and the generation of
the activity map for all types of samples. Whereas, the frequency cor-
relation and the particle tracking deliver meaningful values only for
samples of typelll. From a classical point of view, the greatest poten-
tial for improvement of the Cilialyzer as a diagnostic tool for PCD, most
probably lies in the quantification of the CBP. However, according to
the above reasoning, samples of typelll harbor a lot of information,
which has not yet been made quantitatively accessible — especially con-
cerning the collective ciliary beat pattern, which we are currently trying
to quantify in terms of space-time correlations. Since the values deter-
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mined within healthy samples (see Fig. 11) delivered consistent results,
the frequency correlation length serves as a first observable character-
izing the collective ciliary beating. The significance of the observables
for PCD diagnostics, especially as determined in recordings of sample
type III, remains to be properly studied. By using the Cilialyzer, the CBF,
the mucociliary transport speed as well as the frequency correlation
length can now be determined and need to be clinically validated.

Future incorporations of further methods, will allow for a more pre-
cise characterization of the collective ciliary motion in ALI cultures,
which in turn, will allow for a more sensitive identification of impair-
ments of the collective mucociliary activity. To clinical PCD analysts,
we therefore would like to propose to use the Cilialyzer software to
fully explore the diagnostic value of the CBF, the mucociliary trans-
port speed and the frequency correlation length determined in sample
typeIIL

Finally, we are looking forward to a broad user and developer com-
munity and hope that with the help of the Cilialyzer software, many of
the mentioned open questions will be addressed in clinical studies.
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