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ABSTRACT

In this study, we analyze mucociliary transport (MCT) by measuring the magnitude and identi-
fying regions of ciliary beats using high-frame-rate microscopic videos. Our methodology, inte-
grating dense optical flow (DOF), connected component labeling (CCL), Butterworth filter, and
Fast Fourier Transform (FFT), captures ciliary movement and magnitude. We focus on region
extraction, quantification of ciliary activity, and classification of power and recovery strokes
in ciliary beat frequency (CBF), which are crucial for evaluating MCT efficiency. Our approach
was able to extract the ciliary region semi-automatically, obtain the CBF, and visualize the
ciliary movement in each frame. Despite dataset challenges and limited ground truth, our
approach shows a promising result for ciliary dynamics research and medical diagnostics. We
hope for future open-source datasets with ground-truth ciliary beat patterns to enable devel-
oping and evaluating automated ciliary analysis techniques, leading to improved assessment.
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1 INTRODUCTION
1.1 Research background

The respiratory system in our body has an effective waste disposal system to
catch unknown particles and throw them out of our respiratory system because of
the synchronized movement of cilia [1]. The movement speed of cilia depends on
ciliary beat frequency (CBF) [2].

Ciliary beat frequency can be a parameter to diagnose a particular disease, such as
primary ciliary dyskinesia (PCD). A new study indicates that the movement pattern
of CBF can be essential proof to confirm a PCD patient because the ciliary are beating
in a dyskinetic way when they try to maintain their regular beating frequency [3].

Optical flow is a technique to calculate and analyze the movement inside a
video. It will try to compare two different frames consecutively based on their pixel
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intensity. This process results in a motion vector representing the pixel movement
in the x and y coordinates [4].

Fourier transform is an integral transformation technique to redefine a
function into two different domains, such as transforming a frequency domain
into a time domain or otherwise [5]. This technique helps find the CBF of ciliary
movement [1].

Several studies have employed optical flow and Fourier transform to extract the
CBF from videos [2], [6], [7]. However, most of these approaches lack the ability for
semi-automatic region of interest (ROI) extraction and rely on manual selection.
Our method addresses this limitation by automatically extracting the ciliary move-
ment region. Furthermore, it can obtain the CBF, differentiate between the power
and recovery strokes of cilia movement, and estimate the overall cilia motion. We
believe that, with a sufficiently large dataset, the motion vector data obtained from
ciliary movement holds promise for further research. This includes exploring the
possibility of predicting PCD based on the movement characteristics of cilia, as many
studies solely focus on CBP and CBF as contributing factors [8], [9], [10].

1.2 Purpose

This study seeks to improve the estimation of ciliary regions, ciliary movements,
and their magnitude by utilizing dense optical flow (DOF) for motion vector analysis.
This approach allows for precise visualization and extraction of ciliary regions. The
study focuses on identifying ciliary regions, determining their beating frequency,
distinguishing between the power and recovery strokes of ciliary movement, and
visualizing their motion. To support the analysis, connected component labeling
(CCL) is used to label the identified ciliary regions within the algorithm. Additionally,
a Butterworth filter is employed to remove noise from the motion vector signal,
while FFT is applied to obtain the CBF and differentiate between the power and
recovery strokes.

1.3 Limitation

Our main objective is to study the respiratory epithelial cells extracted from the
bronchial wall of the patient. For this purpose, we will concentrate solely on the
video sample “C0022.avi.” The cells were isolated and then suspended on a heated
stage at a temperature of 37°C.

2  MATERIALS AND METHODS
2.1 Ciliary beat video

In our study, we examined a video sample provided by Kanazawa University
in Japan for research purposes. The analysis will be conducted from a top-down
perspective, focusing on a patient condition labeled as a physically unimpaired indi-
vidual [1]. This study, including the video analysis, was conducted in accordance
with the Declaration of Helsinki and approved by the Kanazawa University Ethical
Review Committee (Approval No. 2018-149/12-19-2018) [1].
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Fig. 1. A captured frame from the video we will analyse

Notes: This video was captured from the top-side perspective. This video is about respiratory epithelial
cells taken from the patient’s bronchial wall. The cells were suspended and placed on a heated
stage at 37°C.

In Figure 1 shows the video example we analyzed, captured using high-speed
video microscopy and an x100 oil immersion objective lens of a light microscope
(IX73 OLYMPUS). The footage, shot at 480 fps using a digital camera (DSC-RX100M6
Sony) with the lens appressed onto the microscope eyepiece and later slowed to
30 fps, comprises 512 frames, spans 1.0667 sec, and has a resolution of 1418 x 800.

2.2 Dense optical flow

In our study, we utilize the DOF technique, which differs from sparse optical flow
(SOF) in its approach to motion vector calculation. DOF analyzes every pixel in a
frame to determine motion vectors between sequential frames, unlike SOF, which
tracks specific features such as edges and corners [11]. We use DOF due to its ability
to track more minor details, such as the ciliary size in our videos, which SOF might
struggle with due to its focus on more prominent, distinct features and its sensitivity
to movement noise [12]. For a detailed understanding of DOF’s workings, see Figure 2.
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Fig. 2. Dense Optical Flow compares pixel intensity between two consecutive frames to generate a motion
vector showing the magnitude of pixel movement in the x and y directions

Source: docs.nvidia.com.
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2.3 Connected component labeling

Connected component labeling is an algorithm for detecting, counting, and seg-
menting corresponding regions in a binary image, which is particularly useful in
identifying and quantifying ciliary beat regions in videos [3], [13]. By leveraging
motion vector data, we are able to differentiate between ciliary and non-ciliary
areas by representing the motion vector values in binary (see Figure 3).
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Fig. 3. (a) An example of a binary image before CCL was done (b) An example after
CCL was done on the binary image

Source: cse.buffalo.edu.

2.4 Butterworth filter

The Butterworth filter is utilized in our research for its ability to fine-tune the
sharpness of the filter’s transition from passband to stopband, enabling a smooth
transition without ringing artifacts [14]. This characteristic provides precise control
over the filter’s frequency response, which is important for the integrity and clarity
of our signal processing needs. The Butterworth filter facilitates the meticulous
and controlled approach required in our analysis, with its clean and gradual cutoff
enhancing the accuracy and reliability of our results. Figure 4 illustrates the gain
response of Butterworth low-pass filters.
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Fig. 4. An example of the gain response of Butterworth low-pass filters of orders 1 to 5 with a cut-off
frequency of 1 rad/s. Gain is normalized to 0 dB in the pass band
Source: commons.wikimedia.org.
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2.5 Fast Fourier Transform

Fast Fourier Transform (FFT) is a mathematical technique that converts a signal
from its original domain to a frequency domain representation. This method was
employed in our study to extract the CBF from ciliary movement [1], [15], and [16].
By analyzing the signal’s frequency domain, FFT identifies the frequency with the
peak amplitude corresponding to the CBF. Figure 5 shows how FFT works.

time

Fig. 5. A visualization of how FFT work to transform a signal into frequency domain representation
Source: medium.datadriveninvestor.com.

2.6 Ciliary beat frequency

Cilia are tiny hairs that line the surface of the cells in the airways. They move in a
synchronized pattern to transport mucus and foreign particles out of the lungs [17].
This process is called mucociliary clearance, and it is a vital defense mechanism for
the respiratory system [1], [18]. The rate at which the cilia move is called CBF, and it
depends on various factors such as temperature, humidity, and exposure to drugs and
noxious stimuli. CBF is important for maintaining healthy lungs and preventing infec-
tions and diseases that can affect the respiratory epithelium. In one CBF cycle, there
is a power and recovery stroke. During the power stroke, the cilium moves approxi-
mately as a straight rod, and during the recovery stroke, it rolls close to the surface in a
tangential motion. The power stroke encounters strong viscous resistance and gener-
ates thrust, whereas the recovery stroke returns the cilium to its starting position while
avoiding viscous resistance [19], [20]. In terms of movement speed, the power stroke is
faster than the recovery stroke [21], [22]. See Figure 6 for an example of cilia structure.

Lumen of
Goblet cell trachea Cilia

Pseudostratified
columnar epithelia

Seromucous gland
in submucosa

Fig. 6. The movement of cilia is driven by tiny molecular motors called dynein. It does this by making
nearby microtubules move along each other and create force

Source: openstax.org.
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2.7 Pipeline process
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Fig. 7. Pipeline process

Notes: For our DOF calculations, we utilize an NVIDIA RTX 3060 Mobile GPU with 6GB GDDR6 VRAM.
It able to compute DOF in nearly real-time, significantly faster than using CPU.

Video preprocessing. Each frame in the video has an RGB color channel. To make
it easier for DOF to process and get the motion vector result, we transform the RGB
color channel into a grayscale color channel. This is because the DOF only perceives
the difference in the pixel intensity in each frame. Hence the use of RGB channel is
wasted here.

Motion vector. Our approach meticulously computes motion vectors for each
frame in a video sequence using the Gunnar Farneback DOF algorithm from the
OpenCV Python library, specifically through the “cv2.calcOpticalFlowFarneback”
function. We leverage the enhanced functionalities of the OpenCV-contrib module
to expedite these computations with the power of GPU/CUDA cores. Table 1 shows
the parameter we used for dense optical flow.

Table 1. Parameter configuration of “cv2.calcOpticalFlowFarneback”

Parameter Value

prev prev_gray
next gray
flow None
pyr_scale 0,5
levels 3
winsize 15
iterations 3
poly_n 5
poly_sigma 1,2
flags 0

Upon completing the DOF process, we obtain the motion vector results for
each frame. Given the importance of these motion vector results for subsequent
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procedures, employing an effective data structure for their storage and retrieval is
essential. Figure 8 shows the data structure we used to save the motion vector result.

width

height

Motion Vector

Frame Index (D)

(1D)

Fig. 8. 4D dimension array, where the motion vector result will be saved

Region extraction. The parameter for thresholding is based on the percentile
range of motion vectors, and candidate region selection is based on size criteria
based on the labelled region candidate.

Motion )7 7/ Rendering /7% Thresholding /7/ ccL /7% L;:;‘If: /7
Vector Heatmap (Parameterized)
Candidates

Fig. 9. Parameter for thresholding and candidate region selection criteria

Select
Candidates
(Parameterized)

CBF Region

The analysis extends to pinpointing ciliary regions by examining the motion
vector data to gauge pixel movements (see Figure 9). These regions are then visu-
alized using a heatmap. Given the variable nature of ciliary motion, which compli-
cates the determination of CBF, we selectively concentrate on optimal regions based
on specific heatmap values. The heatmap representation was based on motion
vector data from the first frame until the last frame of the video. Then we binarize
these regions by thresholding, converting values from the heatmap into binary to
aid in labeling through CCL [13]. After each region has been labeled through CLL, we
crafted an algorithm that semi-automatically choose the ideal region based on the
given parameter (see Figure 10).

Region ID 2 [Index : 0]

Fig. 10. (Left). Heatmap visualization of motion vector data, highlighting the pixel movement based
on the sum of motion vector data from the first frame until the last frame. (Right). Resultant binary image
after applying CCL to the heatmap data, with selected ciliary regions labelled for further analysis
in determining CBF
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Obtain CBF. We will use the previously saved motion vector data to make a new
data named “Delta” data. Delta data will represent how big the difference between
the current frame and the previous frame motion vector (the x and y magnitude)
results in the selected region.

To enhance the quality and diminish noise interference, we implement a 5th-
order lowpass Butterworth filter on the delta data by deploying the “signal.butter”
function from the SciPy library, with a normalized cutoff frequency (Wn) of
3800/75000, sampling rate (fs) of 75000 Hz, and an order of 5. This step is crucial for
preparing the data for frequency analysis. Following the noise reduction, we apply
the “fft.fft” function from the NumPy library to perform a FFT on the filtered data,
which aids in identifying the preliminary CBF [15], [23].

Aware that these initial frequencies may not accurately represent the ciliary
motion, we proceed with a meticulous selection process to isolate the actual CBF
frequencies. For the final step, we employ the “fft.ifft” function for an inverse
Fast Fourier Transform (IFFT), enabling us to reconstruct a time-domain signal
that more accurately captures the intrinsic motion of the cilia, free from the dis-
tortions of noise. The outcome of this refined process is visualized in the CBF
movement graph post-IFFT, providing a clear and precise depiction of the ciliary
dynamics. Figure 11 shows the result of our signal processing pipeline proposed
in Figure 7.
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Fig. 11. (Top) Original waveform depicting Delta data with inherent noise and fluctuations before any
filtering (Bottom) Processed waveform post-Butterworth filter application, FFT, selective frequency isolation,
and IFFT, which includes identified peaks and valleys

Our analysis discerns two predominant ciliary movements: the rapid power
stroke, driven by intense viscous resistance creating thrust, and the slower recovery
stroke, which aims to evade such resistance [19]. Through the CBF movement graph,
we identify peaks and troughs and then differentiate them into two distinct graph
categories: power strokes and recovery strokes. We determine the nature of each
stroke by comparing the magnitudes of these categories, with the higher magnitude
indicating a power stroke and the lower indicating a recovery stroke [21], [22]. See
Figure 12 for the final result of region extraction, Figure 13 for the CBF pattern from
Region ID 2 (see Figure 12 for region reference), Figure 14 for the ciliary movement
flow result, and Table 3 for the CBF result.
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3  RESULTS
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Fig. 13. CBF movement graph (Region ID 2)

Figure 13 shows the CBF movement graph (Region ID 2) highlighting red regions
for power strokes with higher magnitudes and green for recovery strokes with sub-
dued motion. Blue dots mark the peaks and valleys, outlining the ciliary motion
cycle. Refer to Table 2 for detailed measurement.

Table 2. The magnitude of captured CBF in region ID 2

No Stroke Type Start Frame End Frame Magnitude

1 | Power 18 59 0.0357

2 | Recovery 59 88 0.0359

3 | Power 88 113 0.0312

4 | Recovery 113 153 0.0343

5 | Power 153 182 0.0356

6 | Recovery 182 209 0.0254

7 | Power 225 247 0.0318

8 | Recovery 247 279 0.0335

9 | Power 279 319 0.0266
10 | Recovery 319 341 0.0347
11 | Power 341 379 0.0333
12 | Recovery 379 412 0.0293

(Continued)
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Table 2. The magnitude of captured CBF in region ID 2 (Continued)

No Stroke Type Start Frame End Frame Magnitude
13 | Power 412 435 0.0360
14 | Recovery 435 475 0.0350
15 | Power 475 506 0.0335
Result | Total Power Stroke 8
Total Recovery Stroke 7
Crop Coordinate ((895, 0), (1019, 50))

Fig. 14. The video frame sample result for Region ID 2

In Figure 14, the red box area is the current inspected region. The texts on the
right side are the information about what is going on in that region. We can also see
the cilia’s movement at every frame (highlighted by the red colour box).

Table 3. The CBF results from all extracted regions from the video sample

NENGEI

R (55) Minimum (Hz) Maximum (Hz)

Average (Hz)

9.0 35 4.5 155

4  DISCUSSION

In the discussion of our research, we successfully employed DOF to determine
the region of interest, visualize its movement and magnitude of ciliary beat, based
on the motion vectors. When classifying the type of ciliary movement—whether a
power or recovery stroke—we relied solely on the magnitude of the movement, a
methodological choice dictated by the top perspective of the video footage. Figure 15
show an illustration of power and recovery stroke moved from its side and top view.
However, we only focus on distinguishing them by using the estimation of CBF
movement magnitude.
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Power Recovery

Fig. 15. A visualization of power and recovery stroke magnitude
Source: researchgate.net.

In our investigation into identifying the dominant CBF, anticipated to fall within
the 3-30 Hz range, we encounter the inherent challenge of validation in the absence
of definitive ground truth and comparable datasets. At the moment of our research,
the majority of available open-source datasets and studies feature samples obtained
through nasal brushing, which could introduce a variance from our bronchial
specimens [9], [24]. Further studies are needed.

Our assistant professor, who specializes in the respiratory medicine field, further
illuminates the complexity of comparing CBF values across studies, noting that CBF
values can significantly vary based on measurement conditions. For instance, our
measuring system shows a decrease in CBF when observed with a 100x objective
lens compared to a 40x lens, possibly due to pressure applied during observation
with the higher magnification lens. We suggest that a more robust comparison might
be achieved through the analysis of the same video using different measurement
methods, such as visual assessment or alternative algorithms [1]. This approach
underscores the necessity of employing multiple methods to compare CBF values
accurately, highlighting the limitations of relying solely on measurements from a
single video for comprehensive analysis.

5 CONCLUSION

Our study has effectively demonstrated the capability to extract the ciliary
region from video data, quantify its beating magnitude, distinguish between
power and recovery strokes, and visualize its movement. This achievement was
realized through the application of DOF for capturing motion vectors of cilia, gen-
erating movement heatmaps to visualize activity, using CCL to label the extracted
ciliary region, and utilizing Butterworth filtering to minimize noise, thus refining
motion vector data and later being used with FFT to accurately determine CBF.
Our approach, although challenged by the absence of definitive ground truth and
variability in data sources, underscores the importance of employing a multifac-
eted analysis technique. The discussion highlighted the necessity of employing
diverse measurement methods to overcome the variability introduced by dif-
ferent observational conditions, such as magnification differences, which affect
CBF readings.
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