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Abstract

Columnar outer hair cells of the inner ear form V-shaped bundles, which are
arranged in three rows in the cochlea. If the formation of these V-shaped
bundles is disturbed, sensorineural hearing loss occurs. To quantify the dis-
tribution of V-shaped bundles, the use of a Turing-type reaction-diffusion
(RD) system, including anisotropic diffusion, should be considered. We
found that a periodic triangle pattern appears based on the anisotropy in the
RD system. Then, using the proposed RD system, the image of the V-shaped
bundle was examined. The results showed that the correlation between the
RD pattern and V-shape bundles not only classifies the experimental result
but also significantly differs in the number of directional changes in a set of
V-shape bundle. Therefore, this process can help quantify the images of
V-shaped bundles.
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1. Introduction

Although diffusion processes generally generate a uniform distribution of sub-
stances, Turing [1] has demonstrated that spatially heterogeneous patterns can
be formed out of a completely homogeneous field, in which more than two types
of diffusible substances react with one another and engage in random diffusion.
When these models are analyzed on a two-dimensional (2D) plane, striped pat-
terns in addition to the spotted patterns emerge [2] [3], which is considered as
the basic mechanism. A series of studies on Turing-type reaction-diffusion (RD)

systems have been conducted to explain many examples of pattern formation in
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chemical reactions [2] [4] and biological processes [3] [5].

Furthermore, many researchers have become interested in developing me-
thods for applying RD systems to image information processing. Admatzky et al.
[6] have proposed an algorithm for segmenting 2D images, and Ito et al [7] have
developed an algorithm for repairing the blurred part of the fingerprints using
RD models. In our previous studies, we applied these mechanisms to segment
3D images of the vascular system in the liver [8] [9]. Using these methods with
the Turing-type RD system, no preprocessing for noise removal is required,
which often affects the accuracy of information extraction.

Outer hair cells inside the cochlea of the inner ear amplify the movement of
the basement membrane [10] [11]. The amount of amplification is exquisitely
regulated at a frequency close to the characteristic frequency of the location on
the basement membrane where the hair cells are located [10] [12] [13]. However,
the exquisite formation of hair cells goes astray due to various factors, such as
genetic mutations affecting the structures of the inner ear and environmental
insults, including noise, ototoxic substances, and hypoxia, resulting in sensori-
neural hearing loss, which is the most common type of hearing loss worldwide
[13] [14] [15].

Outer hair cells are arranged in three rows near the saccule [13] [14]. Colum-
nar outer hair cells form a V-shaped bundle of stereocilia (Figure 1), and bundle
deformations occur when sensorineural hearing loss occurs (Figure 1(b)) [13]
[14] [15]. To quantify these deformations, various factors, such as changes in the
bundle direction or the number of stereocilia, have been considered. However,
given that outer hair cells are arranged in an exquisite balance relative to the
surrounding cells and environment [14] [15], measuring the direction of bundles
or counting the number of stereocilia is insufficient.

In this study, we developed a new method for quantifying the arrangement of
V-shaped bundles of stereocilia using the information obtained from the RD
model. Although the RD system generates striped patterns or spotted patterns,
we found that periodic triangular patterns are generated in an RD system using
anisotropic diffusion. Then, we applied this system to quantify the image of a

V-shaped bundle of stereocilia.

Figure 1. (a) Schematic structure of the inner ear; (b) Schematic representation of the
surface of the organ of Corti. The three rows of outer hair cells. Each hair bundle forms a
V-shaped bundle [reproduced from [12]].
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In this study, first, we explored an RD system, in which triangular patterns are
generated. Then, using this RD system, an index for comparing the obtained
patterns with the image is prepared. Hence, we propose an algorithm for quan-
tifying the difference between the images. Then, we showed the qualitative dif-
ferences between the obtained images. Moreover, by preparing the stepwise de-
formation pattern, obtained via image analysis of a part of the control pattern,

we discussed the changes in the index of the images.

2. Methods
2.1. RD Model

Image analysis was performed using an algorithm based on the Turing-type RD
model. Turing has shown that two diffusive and reactive materials can generate
spatially periodic patterns in a uniform field. The basic model can be expressed

as follows:
u, =D, V2u+ f (u,v), (1)
v, =D,Vv+g(u,v), (2)

where u and v denote the densities of the diffusive and reactive materials, re-
spectively, and constants D, and D, are all positive. Turing [1] said that if, in
the absence of diffusion term (the first terms on the right side in (1) and (2)), u
and vof the corresponding ordinary differential equations tend to a linear stable
uniform steady state, then under certain conditions spatially inhomogeneous
patterns can evolve by diffusion-driven instability if the diffusion coefficients are
different ( D, # D, ). This novel concept is now called “diffusion-driven instabil-
ity” or “Turing instability” [2] [3].

To satisfy the conditions of Turing instability, the following four conditions
are required. Equations (1) and (2) have a time-independent uniform solution
(Ug,Vy ) » which satisfies f (Uy,v,)=0 and g(u,,V,)=0. Since the steady state
is stable (Uy,V,) in the reaction terms in Equation (1), we have f,+g, <0 and
f,9,— f,0, >0. The partial derivatives are evaluated. Then, the steady-state
(Up,Vy) becomes unstable when D, f, +D,g, >0 and
(D, f,9,-D,f,0, )2 -4D,D, (f,9, - f,0,)>0 is satisfied. The model satisfying
these conditions generates spatially periodic patterns from a uniform distribu-
tion.

The equation of FitzHugh-Nagumo [16] selected the following reaction terms:

f(uv)=u-u’-v, (3)
g(uv)=y(u-av-2), (4)

where the parameters a, f and y are all positive, and are selected to satisfy the
four conditions. Following this mechanism, in an area where activator uis a little
more than around, the high activation of uzis antagonized by a high inhibition of
v. The high activator u becomes even higher since the inhibition spread faster

than u. On the other hand, by the faster diffusion, inhibitor v preempts an area

DOI: 10.4236/jbm.2022.103022

242 Journal of Biosciences and Medicines


https://doi.org/10.4236/jbm.2022.103022

H. Shoji, R. lwamoto

where uis less, and inhibits /s activation. In this way, small differences become
more pronounced, then the periodic pattern are self-organized.

When these models are analyzed on a 2D plane, as opposed to on a 1D line,
striped patterns in addition to spotted patterns often emerge [2] [17], which is
considered as the basic mechanism, explaining many examples of striped pat-

terns observed in animal coatings [3].

2.2. RD Model with Anisotropy

The evaluation of patterns is based on an RD model with anisotropy. Here we
introduce the anisotropic diffusion following the method introduced by Ko-
bayashi [18] and Shoji et al [19]. According to the planar cell polarity of hair cell
[10] [11] [12], we assumed that the diffusion coefficient of u depends on the di-
rection of flux u as follows:

u =d,V-(D,(6,)Vu)+u(1-u*)-v, (5)
v =d,Vv+y(u-av-p). (6)
The diffusion coefficient of uis as follows:

D, (8 L 7)

)= J1-6, cos36,

where 6, denotes the angle of the gradient vectors of u, which can be expressed

¢, =arctan aujou .
oy/ ox

The flux of u is proportional to the gradient vector; however, the multiplica-

as follows:

tion coefficient depends on the angle of the vector. Equation (7) implies that the
diffusivity of u is the highest for 6, = O,Z?R ,and 4—; . 0, denotes the magnitude
of the anisotropy of u. This satisties 0< 9, <1. A case §, =0 implies the iso-
tropic diffusion.

Figure 2 shows the time evolution of the distribution of zin two dimensions. The
model given by Equations (5)-(7) was numerically calculated. The following para-
meters were selected: o =0.50, 5 =0.01,y =26.0,d, =0.0001 and d, =0.01. All
the simulations were performed using periodic boundary conditions in a rectan-
gular domain of size: 2.42 x 1.42 (grid size: 242 x 142). A simple explicit scheme
was adopted. The mesh size of time was set as 107 to adopt the stability condi-
tion for the numerical analysis. In the case where &, =0.00, no anisotropic dif-
fusion affected the patterns; that is, native Turing patterns emerged. Figures
2(a)-(c) shows the time evolution of the distribution of u. The distribution of v
is the same periodic pattern that has the same period but different the amplitude.
The model generated a striped pattern in which white areas indicate a high u
value and the black areas were in lines parallel to each other.

To quantify the V-shaped bundle, we consider a system that includes aniso-

tropic diffusion (J, >0 ) in which periodic triangular patterns form. In the case
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Figure 2. Time evolution of U(X,t). (a)-(c) were numerically obtained from Equation (1)
using &, =0.00; (d)-(f) were obtained using &, =0.90; and (g)-(i) were self-organized
under given initial distribution shown in (g) for the same with &, =0.90 . Given that the

patterns in (g)-(i) were generated much faster than those in (a)-(c) or (d)-(f), the times of
the patterns are different between (b) (or (e)) and (h), and between (c) (or (f)) and (i).

where ¢, =0.90, Figures 2(d)-(f) show the time evolution of the distribution
of u. The triangular modes initially appeared spontaneously (Figure 2(e)), and
then, the triangular mode adjusted the location to each other and arranged reg-
ularly (Figure 2(f)). As in the preceding section, we set the parameter as
6, =0.90.

The Turing-type RD model can perform image processing tasks, such as en-
hancement and restoration [7]. By considering the case in which local differenc-
es in the intensities of the images of V-shaped bundles exist, we set the initial
distribution of u in which white areas indicate of a high u value (equal to 0.5),
and the black areas indicate a low u value (Figure 2(g)). We applied the pro-
posed RD model to the prepared initial distribution. Figures 2(g)-(i) show the
time evolution of the obtained distribution of uz based on the proposed RD mod-
el. The triangles were formed in the direction aligned to the two edges of the
V-shaped bundle. Using this property, we performed image analysis to quantify
the distribution of the outer cells.

2.3. Algorithm for Selection

Figure 3 shows a diagram of the image analysis used to quantify the distribution
of the outer cells. First, we linearly scaled the [0, 255] gray-scale image of the
V-shaped bundle on a range of —0.5 to 0.5. Let U (X) be a scaled distribution. The
initial conditions of zand vwere multiplied with the distribution of U (X) and

0.1 with a small random deviation. Subsequently, an RD system with anisotropic
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Figure 3. RD algorithm diagram.

diffusion was numerically performed. After the computation, we calculated the

correlation between zand Uwas calculated as follows:
| =1/(So,0y ) [(u(%)-T)(U (x)-U)dx (8)

where T,U,0, and o, denote the mean and variance of zand U. Sis the to-

tal area. For each image, the correlation was calculated using Equation (8).

2.4. Statistical Analysis

The results were evaluated using the Kruskal-Wallis test followed by the
Mann-Whitney U-test. These statistical analyses were performed using R in a

Macintosh system.

3. Results

3.1. Comparison between Control and Disturbed Images and
Numerically Obtained Patterns

Figure 4(c) shows the results for the patterns obtained from the initial distribu-
tions provided in Figure 4(a). Figure 4(c) shows the output image at time 10.0.
Although the orientation of the V-shaped bundle in Figure 4(a) is the same,
every V-shaped bundle seemed to maintain a delicate balance and its own com-
bination among bundles. The RD system with the anisotropy of Equations (5)-(7)
captured these properties of the V-shaped bundle, where the directions of the
triangles appeared were the same; however, the triangles were subtly arranged in
a balanced manner between each other. The correlation (Equation (8)) between
the scaled distribution U ()?) of Figure 4(a) and the numerically obtained dis-
tribution of Figure 4(c) corresponded to 5.68 x 1072

Figure 4(d) shows the patterns obtained from the initial distributions pro-
vided in Figure 4(b). The orientation of the triangles in the obtained images was
n/3 diagonally to the right. Although the orientation of a few bundles was the
same as that of a triangle in the obtained numerical pattern, most orientations of
other V-shaped bundles were misaligned. Therefore, the correlation between
U(X) in Figure 4(b) and the numerically obtained distribution in Figure 4(g)
was 2.93 x 1072, which was lower than the control.

The five samples listed in Table 1 were tested, and the results of the correla-
tion are shown in Table 1. Using the proposed index (the correlation of Equa-

tion (8)), the difference can be clearly observed.
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Figure 4. (a) (b) Examples of images examined reproduced from the Ref. [14]. (c) (d)
Patterns obtained from (a) and (b) via the RD processing of Equation (2) using o, =0.90
using the initial distributions in (a) and (b), respectively. The brown arrows in (b) indi-
cate the transformation points performed in Section 3.3.

Table 1. Comparison of the correlation /of Equation (8). * indicates the figure shown in
Figure 4(a), and ** indicates the figure shown in Figure 4(b).

Corresponding Correlation 7

Paper Control Figure No. Correlation 7 .
Figure No.

Forge A. etal. [14]  Figure 1(b)* 5.68 x 1072 Figure 1(c)** 2.93 x 1072
Siletti K. ez al [23] Figure 1(d) left 531 x 1072 Figure 1(d) right 3.59 x 107>

Figure 3(a) upper Figure 3(a) lower
Ozono Y. et al. [24] Left 5.54 x 1072 Left 3.24x 1072
Middle 5.06 x 1072 Middle 3.21 x 1072
Right 5.11 x 1072 Right 3.91 x 1072

3.2. Gradual Changes in the Orientation of the V-Shaped Bundles
in Images and Their Score Changes

Image analysis was performed to measure the quantitative differences during
modified changes in the differences. Using the images used in Figure 2, the im-
age transformation was performed as follows. In the control image (Figure 2(a)),
the bundle was randomly selected, and the selected area was rotated n/2 or 3m/2.
Then, the rotated area was embedded in the same image. Figure 5(a) shows an
example of a single-area transformation. The white circle indicates the trans-
formed area. Figure 5(d) shows the pattern obtained from the initial distribu-
tion provided in Figure 5(a). V-shaped bundles, except for those in the trans-
formed area, seemed to maintain a delicate balance and its own combination
among bundles. Therefore, the correlation between the patterns shown in Figure
5(a) and Figure 5(d) was 5.53 x 1072, which was little less than the one without
transformation. We independently performed image analysis, performed nu-
merical simulation of the RD system with anisotropic diffusion, and calculated

the correlations for 20 samples with single-area transformations.
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Figure 5. (a)-(c) Image analysis performed. (d)-(f) display the obtained patterns using the
numerical simulation of Equations (5)-(7). Initial distributions are given by the distribu-

tions linearly transformed from —0.5 to 0.5 from the pixel data (a), (b), and (c), respec-
tively.

Figure 5(b) and Figure 5(c) show examples of double- and triple-area trans-
formations, respectively, in which the transformations performed are shown by
white circles consisting of thick, thin, or dotted lines. Following the diagram
shown in Figure 3, we obtained the RD patterns and the correlations. Figure
5(e) and Figure 5(f) show the patterns obtained from the initial distributions
given in Figure 5(b) and Figure 5(c). Twenty samples were tested similar to
those with double- or triple-area transformations.

Figure 6 shows the summary of the correlation changes in the number of
transformation areas (single-area transformation: Chl; double-area transforma-
tion: Ch2; and triple-area transformation: Ch3). The correlation score gradually
decreased as the number of transformed areas increased. Significant differences

in the number of deformation were observed.

3.3. Changes in Degree of Bending at the Apex of the V-Shaped
Bundles

In this section, we examined the bending degree of deformation in which the
V-shaped bundle pointed toward the portion observed in the part indicated by
the brown arrow in Figure 4(b). The degree of the angled parts of the pointed
part of the V-shaped bundle decreased as one pointed by “m1” to “m3” in Fig-
ure 4(b). Image analysis was performed to measure the quantitative differences
during modified changes in the pointed parts of the V-shaped bundle. Figure 7
shows the summary of the transformation performed here. For example, in the
control image (Figure 4(a)), the V-shaped bundle as indicated by “m1” in Fig-
ure 4(b) was embedded in the same area as the ones indicated by white circles in
Figure 5. Then, numerical simulations were performed in the manner shown in
Figure 3.

Table 2 shows the summary of the correlation 7 (Equation (8)). The degree
and number of bending are gradually decreasing quantitatively using the corre-

lation of Equation (8).
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Figure 6. (a) Change in correlation I relative to the number of transformations. The
number of stars indicates the statistical level of significance (%: p < 0.05, % %: p < 0.01).
The Kruskal-Wallis test among Ch1, Ch2, and Ch3, p = 1.72 x 107°. The Mann-Whitney
U-test between Ch1 vs. Ch2, p=1.09 x 107 Ch2 vs. Ch3, p=4.53 x 1072

3

Single-Transfromation at

-

Double-Transfromation at O and ( )
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*
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Figure 7. Transformations performed for gradual change of the degree of bending at the

apex of the V-shaped bundles.

Table 2. The summary of the correlation 7 (Equation (8)) of transformed images ex-
plained in Figure 7 and text.

Single-area Double-area Triple-area
transformation transformation transformation
ml 5.63 x 1072 5.58 x 1072 5.50 x 1072
m?2 5.61 x 1072 5.52 x 1072 5.48 x 1072
m3 5.52 x 1072 5.44 x 1072 5.31 x 1072
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4. Discussion

In this study, we developed a method for evaluating the V-shaped bundle pat-
terns of outer cells using an RD system with anisotropic diffusion. Using the
proposed RD model, quantitative differences were observed in the number of
orientation changes of the V-shaped bundles and in the gradual change of de-
gree at the apex of the V-shaped bundles.

The other advantage of this method was that the morphogenetic features were
similar to biological pattern formation. The obtained triangular patterns ad-
justed the location to each other and arranged accordingly. That morphology is
similar to the motility of outer hair cells and their electromotility [20] [21] [22].

Here, we comment on the change of correlation in Section 3.2. We also per-
formed the image analysis of the images with more than four areas. As the
number of transformation areas increased to more than four, correlation differ-
ences gradually decreased; however, no significant difference in the correlation 7
(Equation (8)) between triple- and quad-area transformations was detected. The
increase in the number of transformations in images was not linearly reflected in
the correlation 7/ (Equation (8)); however, the pattern changes along with the
surrounding bundles may change nonlinearly.

For effective orientation extraction of a given image, adjusting the parameters
in the model is required to obtain patterns with a suitable frequency period of
the given image. The parameters d, and d, are particularly useful for this pur-
pose. A smaller d, (larger d,) implies a long period in which the RD system is
generated. If the period of the numerically obtained pattern is different from the
image to analyze, changing the parameters, especially d, and d,, is necessary. In
this study, we set the parameters explained above, because the period of the pat-
tern, which is equal to the number of V-shaped bundles in images, was fixed.
Then, at each point, the orientation of the V-shaped bundles (Figure 4(a)) and
triangle in the numerically obtained image (Figure 4(f)) are the same. As V-shaped
bundles maintain a delicate balance and their own combination among bundles,
the triangles exhibit balance and combination among the generated triangles.

Finally, the periodic patterns appearing in the biological and medical fields
often included more localities than those appearing in physical or electric
processes. Thus, the method proposed in this study can be useful for detecting
periodicities in some localities. Therefore, the proposed method is expected to

facilitate further analysis of periodic triangle patterns.
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