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Abstract. The function of ciliated surfaces to clear mucus from the respiratory system is important for many respiratory diseases and, therefore,
has a high impact on public health. In this work, we present a quantitative method to evaluate mixing eﬃciency of cilia-driven microﬂuidic
ﬂow based on front line deformation as an integrated measurement of
cilia function. So far, mixing eﬃciency has been used mainly for analyzing artiﬁcial cilia. Most of this work, however, was either bound to
speciﬁc imaging modalities or done on simulated data. In this simulations, mixing eﬃciency has been quantiﬁed as the change in length of a
virtual dye-strip. We adopt this measure for in-vivo data of the Xenopus tropicalis tadpole that is acquired by an innovative low-cost mixing
assay (microscopy) and optical coherence tomography (OCT). Mixing is
imaged in a water ﬁlled well while dye ﬂows into it. The length of front
line is extract with the following steps: (i) ﬁltering of the video to reduce
compression artifacts, (ii) segmentation of dye based on the hue channel
in HSV colorspace, (iii) extracting and converting the front line of segmented dye to curvature scale space, and (iv) smoothing of the front line
with a Gaussian ﬁlter and calculation of length in curvature scale space.
Since dye cannot be used with OCT, we use data from prior work that
performs particle tracking to generate a ﬂow vector ﬁeld and seed virtual
dye in this ﬂow ﬁeld. The following steps extract the vector ﬁeld: (i) ﬁltering and gray scale thresholding for particle candidate detection, (ii)
thresholding size of particle candidates, (iii) pairing of remaining particles from subsequent frames, (iv) estimation of velocity and direction of
each particle, and (v) combining these measures into a velocity ﬁeld. Our
in-vivo imaging and analysis shows that the front line of dye is actively
mixed by the ciliated surface of the Xenopus embryo.

1

Introduction

Motile cilia are organelles that protrude from the surface of cells and generate
directional, low Reynolds number ﬂuid ﬂow. Cilia-driven ﬂow is important for
human health. For example, the respiratory system is covered with cilia that
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clear mucus from the respiratory system. Just as artiﬁcial cilia can drive microﬂuidic mixing, we have preliminary data showing that biological cilia can
similarly drive microﬂuidic mixing. Since prior work in artiﬁcial cilia has shown
that mixing eﬃciency can be used as a measurement of ciliary function [1, 2, 3],
we are interested in translating these measurements to use in biological ciliated
surfaces [4]. Since quantiﬁcation of mixing is bound to the imaging modality, we
present a method that can be applied to data of diﬀerent imaging modalities.
We apply our quantitative method to images of cilia-driven ﬂuid ﬂow acquired
using optical coherence tomography (OCT) [5] and bright ﬁeld microscopy.

2

Materials and methods

Since low Reynolds number ﬂow does not have turbulent ﬂow to mixing, other
mechanisms are required to drive eﬃcient mixing [6]. Those mechanisms often
focus on increasing ﬂuid stirring, thereby facilitating diﬀusion/mixing. Therefore, the length of front line (LFL) of dye, the length of the interface between
dye and water is an important factor that inﬂuences the speed of mixing by diffusion. Flow and mixing generated by the ciliated epidermis (skin) of Xenopus
embryos (tadpoles) were imaged. We chose Xenopus because (i) it is geneticallymanipulable [7] and (ii) it is an emerging animal model in ciliary biology [8].
A measurement similar to the one used by Khatavkar et al. (2007) was implemented to deﬁne mixing eﬃciency in both imaging modalities (Fig. 1). We
compare the front (or dye-water interface) length of either virtual dye seeded
into vector ﬁelds, or of the tracked front of dye the mixing experiments.
2.1

Optical coherence tomography

Two-dimensional two-component vector ﬁelds of cilia-driven ﬂow were extracted
using a commercially available optical coherence tomography (OCT) system
(16kHz swept source OCT, Thorlabs, Inc., Newton, NJ, USA) and particle tracking of tracer particles (Fig. 1(a) and 2(a)) [5]. The particles were micro-beads
with a diameter of 5μm. Images of the particles were acquired with a frame
rate of 30 fps and ﬁltered with an 3D average ﬁlter. Beads were then segmented
based on one ﬁxed gray scale threshold chosen manually for all acquisitions. A
single ﬁxed threshold is possible due to the consistency of OCT data. The segmented connected components were collected and thresholded with a size-based
rejection rule to eliminate false-positives. The centroid of the particles was calculated, thus attaining sub-pixel resolution. Particles were paired based on a
maximum-matching algorithm to account for particles leaving the ﬁeld of view.
Tracking results were combined to two-dimensional, two-component ﬂow vector
ﬁelds. In the resulting ﬁeld, a line of virtual dye was seeded and the LFL of
the virtual dye was calculated as a function of time. We assumed (i) that ﬂow
is low Reynolds number (i.e. Re < 1), (ii) that dye diﬀusion is slow compared
to ﬂow-mediated transport of dye, and (iii) that ﬂow is 2D. We acknowledge
that the last assumption (iii) is violated at certain points in the ﬂow ﬁeld while
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highlighting that the method should be readily scaled to three-dimensional ﬂow
velocimetry.
2.2

Brightﬁeld microscopy

The mixing assay uses bright ﬁeld microscopy with a commercially available microscope (SMXZ800, Nikon Instruments, Inc, Melville, NY, USA) and camera
(Mark 5 dII, Canon U.S.A., Inc, Lake Success, NY, USA) for acquisition. Dye
ﬂow imaging was performed with the ciliated embryo in a round well with inlet
for dye or other ﬂow tracers (Fig. 1(b)). Images were acquired in full HD resolution with a frame rate of 30 fps and color-normalized to account for changes in
illumination by averaging the RGB channels. The original video is compressed
by the camera with the H.264 codec. To reduce compression artifacts, the video
is ﬁltered with a moving average ﬁlter with kernel size 3 (Fig. 3). The dye was
segmented based on the HSV colorspace. Using the hue channel, a piece of the
“HSV pie” was cut out corresponding to the observed color of the dye by setting
an lower and upper threshold on the hue value. Due to the color normalization,
ﬁxed thresholds for hue could be used. The front of the segmented dye was
extracted by ﬁltering the segmented image with an edge detector. It was then

(a) OCT

(b) brightﬁeld microscopy

Fig. 1. Multi-modal source data. The projection over time of OCT images shows a
water/air barrier (w), streak lines produced by the particles (ps), and the animal (eye
(e), head (h), body (b) and tail (t)). The blue arrow indicates the direction of ﬂow. In
video microscopy, the blue dye is clearly visible.
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converted into curvature scale space [9], addressing pixels belonging to the dye
by coordinates along the front instead of a using binary mask to mark pixels as
part of the dye front. The front line is then smoothed by ﬁltering the coordinates
with a Gaussian ﬁlter before the LFL was calculated.

3

Results

The data acquired by the OCT (Fig. 1(a)) visualizes the tracer particles and can
be transferred into a vector ﬁeld (Fig. 2(a)) by applying particle tracking [5].
Based on this ﬁeld, the deformation of dye due to ﬂow is simulated. A virtual
streak of dye is seeded into the ﬁeld and deformed according to the velocity ﬁeld.
Movement over time of the simulated dye (Fig. 4(a)) results in a change of LFL
(Fig. 4(c)). In contrast for diﬀusing dye, the LFL is constant over the time as
the gradient of the diﬀusion does not change on the entire front line.
The images acquired by the novel mixing assay (Fig. 1(b)) are segmented
based on the hue channel of the HSV colorspace (Fig. 2(b)). The change in
LFL during mixing (Fig. 4(b)) is almost linear (Fig. 4(d)), while the LFL of dye
moving only by diﬀusion is almost constant in the observed timespan. This is
according to the virtual model and proofs the applicability of this method.

(a) OCT

(b) brightﬁeld microscopy

Fig. 2. Image processing. The velocity vector ﬁeld is superimposed on Fig. 1(a) [5].
The vectors indicate direction and color indicates velocity. Velocity is scaled from blue
(> 0 mm/s) to red (300 mm/s). In video microscopy, dye is segmented by static
thresholding in HSV colorspace.
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Discussion

The results indicate that the front line of dye that is actively being mixed by the
ciliated surface of the Xenopus embryo at low Reynolds number ﬂow behaves
very diﬀerently from undisturbed diﬀusing dye. While the LFL does not change
for simulated undisturbed diﬀusion, the LFL doubles within three seconds in
case of active mixing. Similar observations can be made for the comparison of
diﬀusion and mixing of the real dye in the low cost assay. The length of the
diﬀusing dye only changes a few percent from the initial length, the length of
the mixed dye doubles in about two minutes.
We show that by tracking the LFL of dye or simulated dye we can create
a readout that can be useful to describe mixing eﬃciency. After assessing the
robustness of our method, the next steps will be testing of gene-manipulated or
pharmacologically manipulated animals. We will also investigate our measurement for its suitability for a low-cost screening assay of motile cilia with little
available resources.
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(a) virtual dye streak

(b) real dye
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Fig. 4. Deformation and change in LFL of OCT data and real dye in our mixing assay.
(a) and (b) show the movement of dye over the time, which is indicated from blue to
red. The length (% of inital LFL) of real dye is indicated with (blue) and without
active mixing (red)

