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RESEARCH ON DIFFERENTIATED XYLEM CELLS BASED ON
FRACTAL DIMENSION

En-Hua Xi and Guang-Jie Zhao*

This study considers the fractal characteristics of differentiated xylem
cells of the fast-growing Populusxeuramericana cv. ‘74 /76’ during the
active phase by the method of differential box-counting fractal dimension.
The fractal characteristics of differentiated xylem cells as well as the
relationship between fractal dimension and tissues proportion were
considered. Results showed that the fractal dimensions of cross sections
were larger than those of tangential sections. Fractal dimension of cross
sections had a remarkable negative correlation with the ratio of vessel
element, significant positive correlations with the proportion of wood fiber
and the proportion of parenchyma. The correlation of fractal dimension
with wood fiber proportion was more significant than that with
parenchyma proportion. The results were also verified by replacement of
the tissues in the cross section. It was observed that fractal
characteristics of the wood microstructure were very much related to the
proportions of different tissues of the xylem cells.
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INTRODUCTION

The complex and erratic shape description in terms of self-similarity was
introduced by Mandelbrot (Mandelbrot 1977, 1982; Mandelbrot et al. 1984), who
proposed the fractal geometry of nature. The conception of fractal dimension (FD) can be
employed in the measurement and analysis of shape and grain. Pentland (1984, 1988)
noticed that the fractal model of imaged three-dimension (3-D) surfaces can be used to
obtain shape information and distinguish between smooth and rough textured regions.
Rigaut (1988) used the concept for image segmentation. Peleg et al. (1984) made use of
the e-blanket method, which is a 2-D generalization of the initial approach suggested by
Mandelbort (1982). Gangepain and Roques-Carmes (1986), as well as Keller et al.
(1989), used variations of the box-counting (BC) approach to estimate FD. In the late
1990s, the fractal theory began to be applied in wood science research (Jose and Paulo
1997; Fan et al. 1999). Fractal analysis provides a new means (Gao et al. 2004; Fei et al.
2007) of studying structure and physical properties (Hatzikiriakos and Avramidis 1994;
Jose et al. 1997; Hao and Avramidis 2001, 2003; Cao and Kamdem 2004; Tekleyohannes
and Avramidis 2010) of wood. One of the first pure mathematical structures using fractal,
self-similar construction was for the simulation of tree growth in so-called tree branching
(Edelstein-Keshet and Ermentrout 1989; Ford et al. 1990; Niklas 1986; Prusinkiewicz
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and Lindenmayer 1990). Fractal analysis has been used to describe wood macroscopic
texture (Wang et al. 2007; Ren et al. 2007), and results showed that the fractal dimension
can characterize the roughness of wood surface. Research work has been focused not
only on structural problems, but also on roughness (Strnadel et al. 2001) of fractured
surfaces or fracture toughness (Morel and Valentin 1999). Konas et al. (2009) studied the
correlation between impact energy and fractal dimension of wood anatomy fracture
structure after impact loading (as a measure of material toughness), and proposed that
wood structure included a sufficient amount of information about toughness in its original
state (before the loading). However, fractal structure has not yet been fully applied on an
anatomical level.

Due to seasonal changes, genetic attributes, and different effects from environ-
mental factors and elements, the division process of cambium cells and formation of
xylem cells can be regarded as a fractal with a time series. A random distribution of
elementary parts is not usually able to form a fractal construction. Wood, as a biological
material, consists of several types of cell elements. Although we can distinguish the
ultrastructure of cells, the cellular elements can be characterized as individual and inde-
pendent parts, which form the specific hierarchy of regular (irregular) sub-regions. Self-
similar shapes of structure cannot be found on lower scales of cell structure. In contrast,
the process of cell division provides lots of rules of periodical formation that can show an
even better indication of cell change process and internal regularity, and therefore
provides a better understanding of the complicated cell growth phenomena (Fei 1999).
Thus, the BC method may provide a better way to describe wood, because it is focused
on a matrix of cells where fractal structure can be expected.

The purpose of this study was to apply the fractal theory to wood anatomy,
characterizing the regularity of xylem cells over time using fractal analysis, and
quantitatively describing the regularity and correlation between the proportion of xylem
cells and the fractal dimension of wood microstructure. The method of differential box-
counting fractal analysis was applied to characterize the microstructure pictures of xylem
cells in cross section and tangential section in different differentiation phases of fast-
growing Populus x euramericana cv.‘74/76’, and the relationships between fractal
dimension and the proportion of tissues are discussed, which will provide more informa-
tion about differentiation of xylem cells.

EXPERIMENTAL

Materials

Healthy plants of fast-growing two year-old Populusxeuramericana cv.‘74/76’
grown in a plantation of Xiaotangshan in Beijing’s Changping district with the same
diameter at breast height (DBH) were chosen and marked. Plant materials were taken 1.3
m above the trunk and sampled once a week from April to October in 2009. On each
occasion, small blocks (about 10mm x10mm % 10mm) containing phloem, cambial zone,
and xylem cells were immediately immersed in fixative formalin—acetic acid—alcohol
(FAA). Upon returning to the laboratory, they were placed in the same fresh fixative
under a slight vacuum for 30 min. Following vacuum, these pieces were fixed in fresh
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fixative and preserved at 4°C. During the sampling period, until the fifth time, sampled
materials exhibited thickening secondary wall in xylem cells. For convenience, the third
to twenty-third batches of test-pieces were selected for measurements.

Cross and tangential slices with a thickness of 10 pm including phloem, cambium,
and xylem were cut on a sliding microtome, then stained with 1% safranine of alcohol
solution for 2 hours. In the next stage, the slices were dehydrated with gradient alcohol,
from 50%, 70%, 85%, 95%, 100% into xylene, and then cemented with neutral gum.
After that, they were observed under an Olympus BH-2 optical microscope. According to
quantitative anatomy conventional methods of wood, the proportions of vessel element,
wood fiber, wood ray, and parenchyma in the xylem region near the cambium zone were
measured utilizing a microscopic image analysis system. Meanwhile, the 2-D digital
pictures of two sections of xylem cells in all phases were collected using a microscopic
image analyzer, and then converted the original JPG format into grayscale BMP format
with the size of 176.2mm X 176.2mm, horizontal, and vertical resolution of 150 dpi, bit
depth of 24-bit, and width and height of 1040 x 1040 pixels. BMP images tend to be rich
in image information with almost no compression. In order to avoid losing too much
image texture information, pictures were set mainly in reference to the size of the image
itself.

Methods

The Differential Box-Counting (DBC) method, which was first proposed by
Sarlar and Chaudhuri (Sarker and Chaudhuri 1992 and 1994; Chaudhuri and Sarker
1995), is an improvement of the BC method. It contains both efficiency and reliability
rolled into one. The thought of this method is that the image of size M x M pixels has
been scaled down to a size S X S, where S is an integer lieing between 1 and 2 / M. The
previous image was considered as a 3D space with (X, Yy), denoting 2D position and the
third coordinate (z) denoting gray level. The (X, ¥) space is partitioned into grids of size S
% 8. On each grid there is a column of boxes of size $ Xs % h. If the total number of gray
levels is G, then G / h=M / s. Let the minimum and maximum gray level of the image in
(i, pth grid fall in box number k and I, respectively. Then n; (i, j) =l — k + 1 is the
contributions of Ny in (i, j)th grid. Then the FD can be estimated from the least square
linear fit of log (N) against log (1 /).

The DBC method (Borodich 1997) is typically representative of the robust
analysis of the surface objects. The investigated area is divided by a regular grid with unit
length of edge according to a specified scale. The ratio of count of positive boxes (grid-
cells) to count of all boxes is an indicator of fractal dimension. The DBC method has a
significant advantage due to its simple evaluation of the FD in image analysis mode. In
this study the fractal analysis software Fractal 3 (Ren et al. 2007), with the most common
experimental techniques for fractal evaluation, was used to estimate the FD of micro-
structure images of the cross sections and tangential sections.

The calculation process of FD was as follows: first of all, the input image was stored
in registers ln.x and I, (where | represents the image gray value). Secondly, it was
assumed S = 2, then r = s/ M, additionally, h was calculated through r, h =r x G. In the
next stage, the image map was reduced 1 / 4, then
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Imax (i /2, j/2) = max (Imax (i, J)s Imax ((i + 1), ), Imax (i, ( + 1)),
Imax ((1 + 1), (j + 1)),

and
lmin (i /2, §/2)=min (Iyin (1, J), Inin ((0+ 1), J), Inin (i, G+ 1)), bin (G0 1), (j + 1)));

After that, n, and N, were calculated. In this process, S was to be doubled, step by
step, until s= M. Finally, the method of the least square linear was used to estimate the
fractal dimension (D) of log (N;) against log (1 / r) (Fig. 1).

Fig. 1. The calculation of fractal dimension

As illustrated in Fig. 1, the grayscale option was selected in the toolbar to calcu-
late the fractal dimension of the gray image. Grayscale is the image that per pixel only
has one sampling color and there are many levels of color depth between black and white.
In addition, grayscale images for display usually use a nonlinear scale of each sample
pixel depth to save.

RESULTS AND DISCUSSION

Fractal Analysis of Microstructure Pattern of Xylem Cells during the Active
Phase

All fractal dimensions according to the mentioned method (DBC) were evaluated.
In order to better analyze the results, fractal dimension curves were plotted, as shown in
Figs. 2 and 3. Figure 2 shows the change of fractal dimension in cross section images
during the active phase. Over the period June to September the trend was towards a sharp
increase in the monthly mean fractal dimension, reaching a peak of 2.2953 in September,
followed by a slight decline from September to the end of the active phase. The average
value in May was approximately as great as that in June; however, that in September was
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roughly 1.07 times as much as that in June. Figure 2 indicates the change of fractal
dimension in tangential section during the active phase. As can be seen in the figure,
between May and August the average fractal dimension decreased gradually. In August,
the average fractal dimension reached its lowest point of 2.1869. A gradual increase
followed, but the fractal dimension leveled off at about 2.2046 from September to the end
of the active phase.
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A month was divided into four periods, the first stage was 7" of each month, the second one was 15" of
each month, the third one was 22™ of each month, and the fourth one was 30™ of each month. The following
figures are the same.

Fig. 2. The distribution of fractal dimension of xylem cell images in cross section
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Fig. 3. The distribution of fractal dimension of xylem cell images in tangential section
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It also can be seen from the statistics (Table 1) that the fractal dimensions of cross
sections were generally greater than those of tangential sections. This result indicates that
the texture pattern composed of microstructure in cross section has a more complex
degree of order. This is because the images in the cross section of wood can reflect
comprehensive structural information, not only in quantity, but also in size, and they can
almost characterize anatomical features of all cells. By contrast, the tangential section of
wood can only reflect the length and width of cells.

Table 1. Fractal Dimensions of Microstructure Images of Xylem Cells

Sampling
date

Tangential
section

Cross section

Parenchyma
replaced

Vessel
element
replaced

Both
replaced

May
30,2009

2.2103+0.0018

2.2132+0.0012

2.2225+0.0023

2.2347+0.0028

2.2401+0.0015

Jun.
7,2009

2.1974+0.0024

2.2236+0.0011

2.2306+0.0013

2.3024+0.0055

2.3331+0.0024

Jun.
15,2009

2.1716+0.0036

2.1878+0.0017

2.1887+0.0016

2.1943+0.0018

2.1930+0.0014

Jun.
22,2009

2.1985+0.0034

2.2063+0.0036

2.2053+0.0040

2.2106+0.0029

2.2200+0.0016

Jun.
30,2009

2.2386+0.0034

2.2396+0.0014

2.2699+0.0008

2.3152+0.0034

2.3241+0.0022

Jul.
7,2009

2.1938+0.0016

2.2201+0.0008

2.2243+0.0014

2.2548+0.0027

2.2604+0.0011

Jul.
15,2009

2.2184+0.0026

2.2342+0.0028

2.2862+0.0014

2.3229+0.0022

2.3337+0.0027

Jul.
22,2009

2.1845+0.0028

2.2410+0.0009

2.2426+0.0014

2.2880+0.0037

2.3028+0.0034

Jul.
30,2009

2.1830+0.010

2.2648+0.0008

2.3048+0.0038

2.3451+0.0040

2.3586+0.0026

Aug.
7,2009

2.1990+0.0013

2.2806+0.0012

2.3006+0.0049

2.3396+0.0013

2.3485+0.0015

Aug.
15,2009

2.1630+0.0012

2.2713+0.0010

2.3020+0.0016

2.3239+0.0039

2.3280+0.0036

Aug.
22,2009

2.1964+0.0015

2.2689+0.0015

2.3119+0.0016

2.3241+0.0016

2.3311+0.0019

Aug.
30,2009

2.1891+0.0019

2.2814+0.0014

2.3406+0.0012

2.3975+0.0052

2.3946+0.0033

Sep.
7,2009

2.2140+0.0024

2.2734+0.0022

2.2788+0.0020

2.2786+0.0035

2.2852+0.0021

Sep.
15,2009

2.1964+0.0018

2.2904+0.0009

2.2903+0.0018

2.2948+0.0012

2.2943+0.0019

Sep.
22,2009

2.1822+0.0016

2.2973+0.0033

2.2988+0.0036

2.2999+0.0023

2.3007+0.0051

Sep.
30,2009

2.2258+0.0019

2.3201+0.0008

2.3387+0.0043

2.3460+0.0025

2.3462+0.0036

Oct.
7,2009

2.2092+0.0019

2.2721+0.0016

2.2729+0.0022

2.2712+0.0032

2.2742+0.0020

Oct.
15,2009

2.1842+0.0020

2.2843+0.0024

2.2852+0.0025

2.2875+0.0028

2.2861+0.0026

Oct.
22,2009

2.2208+0.0012

2.2965+0.0029

2.2964+0.0033

2.2975+0.0032

2.2989+0.0028
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The results of one-way analysis of variance (ANOA) of fractal dimension in
tangential and cross section are shown in Table 2. According to the ANOVA, five kinds
of fractal dimension were significantly correlated at the 0.01 level. This indicates that the
fractal dimensions are largely impacted by growth time during the active phase.

Table 2. Analysis of Variance for Fractal Dimensions by Time

Sum of Squares| df |Mean Square F Sig.
Fractal dimension of | Between Groups 0.034 19 0.002 204.032 P<0.01
tangential section | wjithin Groups 0.001 80 0.000
Total 0.035 99
Fractal dimension of | Between Groups 0.119 19 0.006 1087.872 | P<0.01
cross section Within Groups 0.000 80 0.000
Total 0.120 99
Fractal dimension of | Between Groups 0.171 19 0.009 781.331 P<0.01
parenchyma Within Groups 0.001 80 0.000
replaced Total 0.172 99
Fractal dimension of | Between Groups 0.220 19 0.012 704.055 P<0.01
vessel element | \wjthin Groups 0.001 80 0.000
replaced Total 0.221 99
Fractal dimension of | Between Groups 0.230 19 0.012 1006.595 | P<0.01
both replaced Within Groups 0.001 80 0.000
Total 0.231 99

Relation between Tissues Proportion of Xylem Cells and Fractal Dimension
in Cross Section

Tissue proportions of xylem cells during the differentiation process were
measured (Table 3). In order to better analyze the data, curves of vessel element and
wood fiber proportions were plotted, and results are shown in Figs. 4 and 5. It was
observed that the average proportion of vessel elements decreased gradually throughout
the whole differentiation process. To be more precise, the maximum rate of decrease was
19.46% from May to June. By contrast, the proportion in June and July remained stable.
Furthermore, from July to August it also had a significant reduction, and the rate was
18.97%. The rate of decline was 7.90% and 16.14% respectively from August to October.
According to Fig. 4, the average proportion of wood fiber increased gradually throughout
the whole process of differentiation. To be more exact, the maximum rate of increase was
12.1% from May to June. In contrast, the proportion in June and July stayed unchanged.
In addition, from July to August there was another marked rise, and the growth rate was
9.50%. However, from August to October the ratio rose slightly, and the rise in rate was
3.73% and 4.46%, respectively.
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Sampling time Ratio of vessel Ratio of fiber | Ratio of ray Ratio of
element (%) (%) (%) parenchyma (%)

May 30,2009 29.50+1.70 64.08+2.43 5.46+0.93 0.96+0.23
June 7,2009 32.19+3.47 61.73+2.78 4.68+0.69 1.40+0.48
June 15,2009 24.50+3.09 70.01+£3.19 4.81+0.86 0.68+0.12
June 22,2009 30.10+1.97 64.00+2.14 4.54+0.50 1.36+0.19
June 30,2009 29.73+1.68 64.12+2.14 4.85+0.73 1.30+0.27
July 7,2009 28.02+1.27 65.20+1.29 5.63+0.60 1.15+0.35
July 15,2009 27.71+2.68 64.62+3.01 5.96+0.46 1.71+0.17
July 22,2009 32.75+1.63 60.08+1.46 6.08+0.34 1.09+0.12
July 30,2009 26.45+3.14 65.76+3.37 6.21+0.35 1.58+0.25
August 7,2009 15.6240.99 76.31+1.15 6.58+1.02 1.69+0.15
August 15,2009 20.29+1.94 73.43+2.45 4.96+0.68 1.73+0.73
August 22,2009 26.49+1.78 67.44+1.44 4.86+0.28 1.21+0.14
August 30,2009 29.70+2.41 63.78+2.36 4.92+0.67 1.60+0.20
September 7,2009 24.87+1.26 67.83+2.02 5.53+0.67 1.67+0.17
September 15,2009 21.49+1.45 71.59+1.87 5.33+0.33 1.59+0.32
September 22,2009 20.51+0.94 73.47+0.93 4.69+0.28 1.33+0.12
September 30,2009 18.88+0.74 74.38+0.83 5.13+0.74 1.61+0.15
October 7,2009 18.96+1.25 74.63+1.33 4.82+0.40 1.59+0.20
October 15,2009 18.93+0.60 74.98+0.87 4.68+0.42 1.41+0.12
October 22,2009 16.03+0.84 77.92+1.31 4.80+0.45 1.25+0.13
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Fig. 4. Changes of vessel element proportion during the differentiation process
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Fig. 5. Changes of wood fiber proportion during the differentiation process

The results of one-way ANOA of tissue proportion are shown in Table 4. It was
observed that ratio of vessel element, ratio of wood fiber, and ratio of ray and ratio of
parenchyma were significantly correlated at the 0.01 level. This demonstrates that there is
significant difference in tissue proportions during the active phase.

Table 4. Analysis of Variance for Tissue Proportion by Time

Sum of Squares df Mean Square F Sig.
Ratio of Between Groups 2773.675 19 145.983 21.720 | P<0.01
vessel Within Groups 537.680 80 6.721
element Total 3311.355 99
Between Groups 2737.286 19 144.068 18.127 | P<0.01
Ratio of wood o
b Within Groups 635.817 80 7.948
iber
Total 3373.103 99
Between Groups 33.632 19 1.770 2.741 | P<0.01
Ratio of ray Within Groups 51.669 80 0.646
Total 85.301 99
Between Groups 11.245 19 0.592 4584 | P<0.01
Ratio of o
Within Groups 10.329 80 0.129
parenchyma
Total 21.575 99

Linear relationship analysis was made between tissue’s proportions and the
anatomical fractal dimensions. The measured data were taken in comparison. The most
significant relations are highlighted in Table 5. According to the Pearson’s analysis, the

Xi and Zhao (2011). “Fractal analysis or xylem,” BioResources 6(3), 3066-3079. 3074



PEER-REVIEWED ARTICLE b | oresources.com

coefficient of correlation between the fractal dimensions of cross section and the ratios of
vessel element, wood fiber, and parenchyma were -0.618, 0.585, and 0.354, respectively.
The results showed that the fractal dimension of cross section had a highly significant
negative correlation with the proportion of vessel element and a strong positive
correlation with proportions of wood fiber and parenchyma cells. However, the
correlation with wood fiber proportion was more notable than that with parenchyma
proportion. The results also can be demonstrated from the figures. The trend of fractal
dimension was opposite to that of vessel elements during the differentiation process (see
Figs. 2 and 4) . It also can be seen from Figs. 2 and 5 that the trend of fractal dimension
of cross section was brought into correspondence with that of wood fiber. In other words,
with increasing proportion of wood fiber, the fractal dimension of cross sections
increased gradually.

Table. 5. Correlation Coefficient of Fractal Dimension and Ratio of Tissues

Ratio of vessel Ration of Ratio of Ratio of
element wood fiber parenchyma ray
Fractal d|men_S|on of cross —0.618% 0 585 0. 354%* 0.022
section

** Correlation is significant at the 0.01 level (2-tailed)

In order to further verify the correlation between fractal dimensions and the
proportion of tissues, some replacements were made to the cross-section images. The
microstructure of xylem contains four types of cells, and the proportion of them is fixed.
So, in the microstructure images, it is assumed that the proportion of one of the cells is
constant, and others’ proportion is changed through replacement using the image
processing software Photoshop. After that, the relationship between fractal dimension and
tissues proportion can be inferred. The process of replacement is shown in Fig. 6. As the
figure shows, the process had three steps. First, parenchyma was replaced by wood fiber,
and then vessel element also was replaced by wood fiber. Finally, parenchyma and vessel
element both were replaced by wood fiber. The fractal dimensions of replacement are
listed in Table 1. In order to better analyze the results, typical months were chosen and
fractal dimension curves were plotted as shown in Figs. 7 and 8. The figures compare the
fractal dimension after image replacement in four stages. It was observed that the fractal
dimensions of parenchyma replaced by wood fiber images were a little larger than those
of the original ones. Because in that case, the ratio of vessel element was changeless, the
ratio of wood fiber became larger than that of original image. The conclusion was
consistent with the previous result that the fractal dimension had a more remarkable
positive correlation with parenchyma than with wood fiber. However, the fractal
dimensions of vessel element replaced by wood fiber images were a lot greater than those
with the parenchyma replaced on account of that the ratio of vessel element was larger
than that of parenchyma in the image. These findings also confirmed the earlier result
that the vessel element proportion had a negative relationship with the fractal dimension.
The fractal dimensions of both replaced images were the largest ones. With the increase
of wood fiber in cross section images after being processed, the fractal dimensions
increased correspondingly.
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a. Original image b. Parenchyma replaced c. Vessel element replaced d. Both replaced
by wood fiber by wood fiber by wood fiber

Fig. 6. Replacement process of xylem cells in cross section images
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The findings just described demonstrate that the changes of fractal dimension
have a certain relationship with the tissues’ proportions. According to the cross section
microstructure, the vessel elements account for a larger blank area being round or oval.
With wood fiber cell replacement, the patterns of structure become rough and complex,
so the fractal dimensions increase. Parenchyma in the cross section occupies a minor
proportion of area, and it has a similar shape with wood fiber cells except for the
thickness of cell wall; so after being replaced by wood fibers, the two fractal dimensions
are very close. The effect of the presence of parenchyma on the fractal dimension was
smaller than that of wood fiber. When both vessel elements and parenchyma tissues are
substituted by wood fiber cells simultaneously, the order degree of patterns becomes
more complicated and the roughness increases, so the fractal dimension increases.

This study only explored fractal dimension of cross section and tangential section.
The next step should be focused on discussing the fractal dimension of three sections
(including also consideration of transverse sections) and the relationship between other
anatomical characteristics of xylem cells.

CONCLUSIONS

1 Fractal analysis of differentiated xylem cells demonstrated that the fractal dimension
of cross sections presented a gradual increasing trend during the differentiation
process of xylem cells during the active phase. By contrast, the trend of tangential
section first decreased then increased.

2 In addition, the fractal dimension of cross sections was greater than that of tangential
sections during the active phase, because the structural patterns of cross sections were
more complicated than that of tangential sections.

3 Relations between the proportions of xylem cell tissues and fractal dimensions in
cross sections during the active phase indicated that fractal dimension had a
remarkable negative correlation with the ratio of vessel element, but there were
significant positive correlations with the proportion of wood fiber and with the
proportion of parenchyma cells. The correlation of fractal dimension with wood fiber
proportion was more significant than that with parenchyma proportion. The results
were also confirmed by a procedure involving tissues replacement in cross section.
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