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Changes in environmental conditions can be evaluated by detecting the conditions in indicator plants.

Indicator plants are sensitive to specific environmental stresses. This research focused on white clover as an
indicator plant for ozone. To analyze the effects of weaker stresses, compact OCT (Optical coherence
tomography) for plants was developed, which allows for non-invasive and non-contact cross-sectional
imaging of white clover (7rifolium repens) leaves exposed to ozone gas. OCT image changes on each level
of ozone damage were evaluated using parameters such as the OCT signal level of the leaf palisade layer, the
thickness of the leaf palisade layer, and texture analysis using GLCM (Gray-Level Co-occurrence Matrix).
Measurements of leaves grown in our laboratory showed increased palisade tissue signal, thicker palisade
tissue, a smaller distribution of palisade layer thickness, increased OCT image contrast, and decreased OCT

image homogeneity.

1 INTRODUCTION

In Japan, due to the pollution problems caused by
high economic growth around the 1950s, it became
clear that plants were affected by air pollution
(Takeshi, 2020). Using plants to help evaluate the
atmospheric environment is attracting attention.
Indicator plants are sensitive to specific
environmental stresses which can provide vital
information on the local environmental conditions.
For example, white clover is an indicator plant for
ozone, and white spots of visible damage occur near
the leaf’s main veins when exposed to high
concentrations of ozone gas. Ozone concentrations
can be high in urban areas due to the influence of
traffic. There are significant differences in ozone
concentrations between rural and urban areas.

The white clover in the field is greatly affected by
ozone, and it is possible to quickly estimate the
environment by observing its leaves. Indicator plants
are generally evaluated by visual inspection, satellite
observation, and  spectroscopic  observation.
Spectroscopic observations can observe a decrease in
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the chlorophyll of the plants. However, this
phenomenon is caused by dryness, insect damage,
and nutritional deficiencies, and it is challenging to
elucidate the cause of the change in the experimental
results(Takeshi, 2020).

Optical coherence tomography (OCT) can detect
morphological and intracellular tomographic images
using near-infrared light (Huang et al., 1991). The
internal change in plants is related to specific
environmental stresses or diseases. Additionally,
since OCT is an in-situ and non-invasive technique, it
can be used to observe indicator plants in long-term
changes over time (Wijesinghe et al., 2017; Lee et al.,
2019). Recent studies showed that OCT is used in
ophthalmology (Drexler et al., 2001; Wojtkowski et
al., 2005; Chopra, 2022), dentistry (Sinescu et al.,
2008; Colston et al., 1998), and dermatology (Liu et
al., 2020; Gambichler et al., 2005). OCT is also used
for observation of seed germination process (De Silva
et al., 2021; Saleah et al., 2022) and diagnosis of
vegetables and fruits (Zhou et al., 2022; Saleah et al.,
2022; Goctawski et al., 2017). Compared to
technologies that visualize internal structures, such as
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MRI and X-rays, OCT is high resolution, and capa
ble of non-invasive quantitative analysis. Since the
developed OCT 1is compact to bring outside, plant
internal structures can be measured at growing area.
Environmental conditions can assess to measuring the
indicator plant in the growth area.

Ozone is purposely absorbed by the plant through
its stomata which destroys the palisade tissue near the
adaxial epidermis. In our previous study, white clover
was exposed to high concentrations of ozone gas, and
it was confirmed that the OCT signal decreased

measured above the palisade tissue (Goto et al., 2023).

To evaluate the internal changes caused by ozone, this
research extracted features from the OCT images of
white clover leaves.

This study aimed to explore OCT signal
processing and image analysis methods for
classifying the level of environmental damage to
white clover leaves using machine learning. Since the
effect of ozone gas is likely to appear in the thickness
and OCT image texture of the palisade tissue, we
performed thickness evaluation by layer detection
using peak detection and OCT image texture analysis
and developed the optimum feature extraction for
OCT signal analysis.

2 METHOD

2.1 Developed Plant OCT System

The developed plant time domain (TD)-OCT system
is based on a Michelson interferometer (Fig.1). The
light irradiated from the super luminescent diode
(SLD (ANRITSU, AS3E113HJ10M)) light source is
split into a reference optical path and a sample optical
path by a fiber coupler. The light returning from the
sample optical path has different optical path lengths
due to the light backscattered by different layers
within the sample leaf. The reference optical path
length changes at a constant speed, performing the
rotation mechanism (Fig.2). The light path in the
reference optical path (red arrow) is shown in Figure
2. The light comes from the light upper position,
returns to the same position, and goes back to the fiber
coupler. To rotate the mirror on the stage, the
reference optical path length is changed. Since low-
coherence light is wused, the intensity of the
interference light can be observed only when the
optical path lengths match within the coherence
length. Since the reference optical path length
changes linearly with time, linear analysis can be
conducted directly (Shiina et al., 2003; Saeki et al.,
2021).
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Figure 1: The configuration of the plant OCT system.
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Figure 2: Reference optical path system.

Table 1: Specification of OCT system.

Parameters Values
Center wavelength 1310 nm

FWHM 53 nm

SLD output 15pW
Axial resolution 14.2 pm

Lateral resolution 10 pm

A-scan rate 25 Hz

OCT size 198x168%98 mm
Probe size @6 mmx9 mm

Table 1 shows the characteristics of the developed
OCT (Goto et al., 2023). The central wavelength is
1310 nm, which has low absorption by chlorophyll
and the local minimum value of the absorption by
water. The axial resolution is 14.2 pm related to SLD
coherent length. At 1310 nm, the resolution is lower
than that of light wavelength around 800 nm, which
is commonly used in medical OCT, but the measuring
depth is more extended because it is less affected by
scattering and absorption. The signal acquisition rate
is 25 Hz, and 16 accumulated signals were averaged
to collect one A-line data which reduces noise. The
probe moves every 10 um to produce an image from
400 signals. The size of OCT is small enough to be
carried outside and measured in the field.
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2.2 Exposure to Ozone Gas

White clover was grown in an incubator at 20°C with
an ozone generator (KENWOOD, CAX-DMO01) at a
concentration of 0.17-0.21 ppm. The red and blue
light of the cold cathode lamp that is easy to absorb
by plant’s leaves is irradiated for 15 hours a day inside
the incubator. Measurements were done before
placing plants in the incubator and after placing plants
in the incubator every 3, 6, 10, and 14 days. The
plants were measured in growing conditions to
analyze effects within the same leaf.

2.3 Parameter Extraction

To confirm the influence of 0zone, multiple analysis
parameters were utilized by measuring the intensity
of the OCT signal, the thickness of the palisade
structure using peak detection, and texture analysis
using the Gray-Level Co-occurrence Matrix (GLCM)
within the palisade structure.

2.3.1 The Intensity of Palisade Tissue

To obtain the OCT interference intensity of the
palisade tissue, the acquired data was processed by
background subtraction, focal length correction, and
distance squared correction. To make one A-line, 400
A-lines were aligned and averaged. The averaged A-
line was performed by using normalization with the
maximum value, and logarithmic transformation.
Figure 3 shows the OCT signal change in the A-line
before and after 10 days of exposure to ozone gas.
The x-axis is the depth of the sample leaves, and the
y-axis is the logarithmic intensity of the OCT signal.
The green line in Fig.3 is before exposure to ozone,
the yellow line is after ten days of exposure to ozone.
This graph shows smooth lines because averaging to
evaluate the change in a whole image of a leaf itself.
The first minimum value after the maximum position
(red dots points in Fig. 3) was defined as the intensity
of the middle position of the palisade layer.

2.3.2 Thickness Calculations

Figure 4 shows the flowchart of the thickness
calculation program. This program selects the
positions of the first and second peaks. Since the first
peak is the surface layer, and the second peak is the
palisade and spongy layer boundary, the difference
between these peaks is considered as the palisade
layer thickness.

Peak detection was performed using Matlab’s
PeakFinder command (Fig.5). The x-axis shows the
depth information of the leaf, and the y-axis shows
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Figure 3: The signal comparison in the palisade layer before
and after exposed to ozone gas.
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Figure 4: Flowchart of thickness calculations.
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Figure 5: Peak detection of A-line.

the logarithmic intensity of the OCT signal. At this
time, a threshold value was used to prevent peaks
below a particular value. After that, all of the A-line
peaks in the OCT images were detected. The outliers
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Figure 6: Peak detection of B-scan image (a) Before
exposure to ozone gas and (b) After 10 days exposure to
ozone gas.

of peak positions in the images were removed and
interpolated. The moving average was taken so the
peak detection results fit smoothly with the
OCTimage. Finally, we obtained the distance
between the two peaks and made a histogram. The red
arrow indicates the peak point that is defined by this
method.

Figure 6(a) and 6(b) show the results of peak
detection before and after exposure to ozone gas,
respectively. The image's upper part is the leaf's
adaxial surface, and measurements are taken with
light incident from this direction. The x-axis is the
scanning direction, and the y-axis is the depth
direction of the white clover leaf. The image's aspect
ratio has been changed to make it easier to see peak
detection results. The red line in the image is the
result of peak detection, and it can be confirmed that
the two layers can be detected correctly. Since the
ozone gas destroys the palisade tissue, the two peaks
in Figure 6(b) have a larger distance than the two
peaks in Figure 6(a).

From each histogram, the kurtosis, which
indicates the degree of concentration of the
distribution, and the average value were obtained and
compared with the measurement results of white
clover leaves grown under each condition.

Figure 7 is an example of the histogram. The blue
bar graph is the result before exposure to ozone gas,
and the red bar graph is the result after 10 days of
exposure to ozone gas. A detailed discussion of
Figure 7 is shown in subsection 3.2 Thickness
calculation.
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2.3.3 GLCM (Gray-Level Co-Occurrence
Matrix)

GLCM is a method that creates a matrix from the
frequency of appearance of specific pixel value pairs
and evaluates the image texture of an object. In the
previous OCT research, OCT images could evaluate
the moisture change because of the storage using
contrast, correlation, energy, and homogeneity from
the GLCM matrix and classify them using machine
learning of support vector machine (SVM)
(Srivastava et al., 2018).

Figure 8 shows the method for making GLCM.
One pixel intensity compares with the intensities of
adjacent pixels. GLCM creates a matrix that counts
the number of identical intensity pairs. Contrast and
homogeneity were calculated using the following
equations (1) and (2) using the created matrix.

Contrast = Y |i —j|? p(i,)) 1
Z M
Homogeneity = % (2)

The 1,j indicates the positions within the GLCM
matrix, and p(i,j) indicates the frequency of
appearance of specific pixel value pairs. p and o are
each row and column's average and standard
deviation, respectively.
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Figure 7: Histgram of the thickness.

3 RESULTS AND DISCUSSION

3.1 Intensity of Palisade Layer

Figure 9 shows the result of the intensity change
inside the palisade tissues. The vertical axis indicates
the differences between the epidermis surface and the
middle position of palisade tissue intensity, and the
horizontal axis is the day of growing in the incubator.
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Figure 9: Average of thickness.

The yellow bar indicates the result of growth in
the high concentration of ozone gas, and the green bar
indicates the result of growth in the normal air
condition. Higher intensities are observed in the
palisade tissues under high ozone concentration as
compared to tissues under normal air conditions.

In the case of normal conditions, the intensity of
palisade tissue did not have significant changes.
However, in the case of a high ozone concentration,
the palisade tissue intensity became higher from Day
0 to Day 10. Ozone gas enters the inside of leaves
from the stoma and generates the reactive oxygen
species (Takeshi, 2020). Since the oxidation stress
occurs due to the reactive oxygen species, the
palisade tissue is highly affected by ozone as
compared to spongy tissue. The less scattering effect
observed inside the destroyed leaf palisade tissue
leads to a lower signal.

Comparing the ozone exposure result of Day 0
with other days except for Day 10 in Figure 9 using a
t-test, a significant change didn’t appear in the normal
air conditions (Day 3 : p = 0.140, Day 6 : p = 0.460,
Day 10 : p=0.021, Day 14 : p=0.059). Day 10 result
shows a significant change compared to Day 0
because of the growth or senescence. On the other
hand, a significant change was observed from Day 0
to later days (Day 3: p=0.037, Day 6 : p=0.047, Day
10:p=0.012, Day 14 : p = 0.000064) after exposure
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Figure 11: Kurtosis of thickness distribution.

to ozone gas. In this research, visible inspection
where white spots appear near the leaf's main vein can
be observed after 10 days of exposure to ozone gas.
Thus, the indicator plants measurement using OCT
can detect the leaf change after 3 days of exposure to
ozone gas, and it is earlier than visible inspection.
OCT can detect the early stage of the inspection and
small inspection due to environmental stresses or
diseases.

3.2 Thickness Calculations

Figure 7 shows the histogram of leaf thickness after 0
and 10 days of exposure to ozone gas. This thickness
value was calculated as described in subsection ‘2.3.2
Thickness calculations’ in the section ‘2 METHOD”.
The median value of the thickness in 10 days became
thicker than the median value in 0 days. The 10-day
histogram has a wider distribution than the 0-day
histogram due to the ozone gas effect.

Figures 10 and 11 show the average and kurtosis
of the thickness measured from the OCT image,
respectively. The horizontal axis is the day of
growing in the incubator, and the vertical axis is the
average and kurtosis of the thickness. As observed,
the average thickness increases, and the kurtosis
decreases during the sampling period. Since the part
of destroyed tissue by ozone was filled with water, the
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intercellular space expanded, and the thickness of
palisade tissue increased as shown in Figure 10. The
decrease of kurtosis is due to the morphological
changes in the leaf. As the influence of the ozone
effect increased, the damaged region in the leaf
expanded and made a uniform condition. This caused
a decrease in the distribution of thickness, and the
kurtosis was decreased. The leaf at the initial state has
a large variation of the kurtosis. The initial state of
cells that are not damaged and have several
conditions due to senescence. Additionally, the 14th-
day result of an average thickness is increased, and
the kurtosis of thickness distribution is decreased. It
did not fit the same trend in earlier days.

3.3 GLCM

Figures 12 and 13 show the GLCM results of contrast
and homogeneity, respectively. The horizontal axis is
the day of growing in the incubator, and the vertical
axis is the contrast and homogeneity. The contrast
value is decreased and the homogeneity value is
increased with the day except for 14 days result.
These results showed a similar trend to the thickness
results (Fig. 10 and 11). This confirms that the
palisade tissues were destroyed and filled with water
upon exposure to ozone gas. As observed in the OCT
images, the water part showed less contrast and high
homogeneity compared with the cell part.
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Day 14 has the other trend same as Figures 10 and
11 such as high contrast and less homogeneity. The
plants may become partially senescence by the ozone
effect. Since this causes the dryness inside the leaf
and the high scattering of the light, the thickness
became thicker (Fig.10), bigger kurtosis of thickness
(Fig.11), high contrast (Fig.12), and low homogeneity
(Fig.13).

4 CONCLUSIONS

In this study, we examined the possibility of the white
clover leaves as an indicator plant for ozone gas using
TD-OCT. This study shows the use of OCT as an
early detection device for ozone gas. If the plant
leaves are exposed to ozone gas, ozone gas enters
inside the leaves from the stoma and destroys the
palisade tissue. This phenomenon causes the OCT
intensity to decrease in the palisade tissue. This study
performed peak detection and texture analysis to
evaluate the effects of ozone gas on white clover
leaves. Additionally, the thickness of palisade tissue
became thicker and has smaller distribution. The
GLCM result of palisade tissue has low contrast and
high homogeneity. After 14 days of exposure to
ozone gas, due to necrosis, they showed other trends
compared to before 14 days.

To classify the degree of damage caused by ozone
gas, this research will increase the number of samples
and use machine learning for classification. To
distinguish the ozone effect from other stresses, the
plants will be measured and evaluated under other
conditions such as dryness, lack of nutrients, lack of
light, and varying temperatures. The parameters such
as interfered intensity of palisade tissue, thickness
distribution of the palisade tissue, and image texture
that only appeared in the ozone effect will be selected
for evaluation of the condition of the plant growing
area.

Using OCT in the field, the relationship between
the field conditions and indicator plant parameters
can be properly assessed. This method can be helpful
in the field of agriculture research because the
selection of crops to be planted, and proper
application of pesticides and other growth parameters
can be studied.
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