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Abstract. Three-dimensional imagesconstructed by CT and MRI hasbeen recently taken
asroutinediagnosisin medicineand so measures such asfractal dimensions. Lacunarities
for 3-dimensional networks or textures are expected to be used as diagnostic parameters.
The method of moments and the box counting method to estimate the fractal dimensions
of images were examined for their reliability, using images with theoretical fractal-
dimensions, which computationally implemented from 3-dimensional triadic Cantor sets
and 3-dimensional fractional Brownian motion. In addition, correlation between the
deviations of the measured dimensions from the theoretical ones and lacunarities was
analyzed. Thelacunarity, A-dilawasdefined using amorphol ogical filter of 3-dimensional
dilation of animage. It was found that the measured fractal-dimensions by the method of
momentswerewell fit to thetheoretical onesfor thoseimageswithlessA-dila’s, however,
significantly deviated for thoseimageswith larger A-dila’s. Thus, the method of moments
isexpected to estimate sufficiently accuratefractal dimensionsof texturesin 3-dimensional
medical images with less A-dila’s.

1. Introduction

The fractal dimensions of medical 2-dimensional images are accepted as useful
evaluations of branching structures or networks of tissuesin diagnosing diseases (BYNG et
al., 1997; HONDA et al., 1992; Peiss et al., 1996; THIELE et al., 1996; VEENLAND et al.,
1996). The digitizing technology has these days greatly progressed to allow construction
of 3-dimensional imagesin biology (STREICHER et al., 1997), and to numerically analyze
3-dimensional medical images constructed by CT and MRI (LAINE et al., 1997; SERNETZ
et al., 1992) with a satisfactory speed of computation. Therefore, the present study has
primarily attempted to assess methods to measure fractal dimensions of the 3-dimensional
medical imagesin order to apply the dimensionsas supplementary parametersin diagnosing
diseases such as osteoporosis (CHUNG et al ., 1994; HAIDEKKER et al., 1997; MAJUMDAR et
al., 1997).

Such assessment needs to take account of some problems on the nature of fractal
dimensions. Firstly, the measured fractal dimension of an image is not unique yielding
different values depending on the range of measuring scales (Voss, 1988; EVERTSz and
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MANDELBROT, 1992). Secondly, fractal sets with the same fractal dimension give rise to
imageswith different textures depending on the lacunarities as discussed by MANDELBROT
(1983, 1994). For example, atriadic 1-dimensional Cantor set onthefull closed interval of
[0,1] with segmentation factor of 1/r = 3 and N = 2 segments to leave has the same
Hausdorff-Bescovitch dimension, D = (log 2)/(log 3) as any sets with 1/r = 3kand N = 2K
for integer k(k > 1). However, the texture and the dimension measured by a box counting
method are quite different with increased N(k >> 1) depending on the arrangement of
distribution of N segmentsontheinterval [0,1]; the measured dimension, Dim= 0 when the
N segments are densely-shifted to near ends of the interval [0,1] with alarge gap in its
center, while Dim = 1 when they are uniformly-spaced in the interval. Thirdly, digitized
images of fractal setsdueto their discretized nature do not conform to the mathematics of
fractal geometry, by which fractal dimension is defined by the power law in a range of
infinitesimally-decreased scales of ¢, or by Minkowski sausage (MANDELBROT, 1983).

Previous studies on 2-dimensional images by others showed large discrepancies (0.2
to 0.3) between their measured fractal-dimensions and theoretical ones (KELLER et al.,
1989; HUANG et al., 1994), which led to a view that absolute values of fractal dimensions
could not be measured and only therelative values were reliable. These images were those
of 2-dimensional fractional Brownian motion, whichtreated asthe surfacesin 3-dimensional
space (Brownian surfaces). That is, the Brownian values f(x,y) were taken on z-axis.
KELLER et al. (1989), recogni zed that pointson the surfacewerewidely spaced and so these
contributed to lower the values of measured fractal-dimensions. To solve this problem we
havetaken an algorithm to generate 2-dimensional binary images of the Brownian surfaces
by the mean values of points, i.e. f(x,y) = 1 if |z—mean| < ¢, else f(x,y) = 0. These binary
images gave accurate estimates of the fractal dimensions and correlation between the
fractal dimensions and lacunarities was observed (DOMON et al., 1998).

The present study attempts to extend the 2-dimensional algorithms to 3-dimensional
ones and to investigate whether 3-dimensional binary imagesimplemented can be used as
standard fractal -images and the methods to measurethefractal dimensionsand lacunarities
arereliable.

2. Methods

2.1. Implementation of 3-dimensional fractal images
2.1.1. 3-dimensional triadic Cantor sets

Images were generated by the iteration; the initiator is a filled unit-cube and the
generator isto cut it into 27 (= 3 x 3 x 3) segments of cubes (r = 1/3), among which N
segments are | eft for the next cut. Therefore, after k iterations the number of segments | eft
increasesasN*from 27* of total number of segments. The Hausdorff-Bescovitch dimension,
Disrelatedto N by D = (log N)/(log 3). Figure 1 illustrates representative generators of 3-
dimensional triadic Cantor setsasfollows. The cross-sections of xy-planes of 27 segment-
cubes of the generator were grouped as 3 layers of Bottom, Middleand Top with 9 segment-
cubes per layer. The segment-cubes were named as #0 to #26 by the rule; those of the
bottom row of Bottom layer were numbered as #0, #1, #2 from the | eft, those of the middle
row as #3, #4, #5 and those of the top row as #6, #7, #8. The segments of Middle and Top
layer were named by the similar sequences. For exampl e, the generator of aN = 3 set shown
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Fig. 1. Representative generators of 3-dimensional triadic Cantor sets with an initiator of filled box. At each
iteration step, a cubeis cut into 27 segment-cubes grouped as Bottom (#0—#8 segment), Middle (#9-#17
segment) and Top layer (#18—#26 segment), of which N segmentsareleft for the next iteration. The segments
in Bottom layer are sequentially numbered as #0 to #3 from left to right for the bottom row, #3 to #5 for the
middle row and #6 to #8 for the top row and those of other layers are numbered in a similar way.
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inFig. lwastoleave#0, #13 and #26 segment -cube asindicated by closed squares. Twenty
images of the Cantor sets were implemented in this study; 3 images with N = 3, 4 images
withN=5, 6imageswithN =9, 3imageswith N =12 and 4 imageswith N = 20. Theimage
called as a Menger sponge shown in Fig. 2 is visualized by volume rendering of aN = 20
set, of which generator isseenin Fig. 1 (MANDELBROT, 1983).

Thearray size of all imageswasfixed at 244 x 244 x 244 with addresses of X, y, zfrom
0to 243, and the generator was operated by 5 iterations. Thus, the size of afinal segment-
cube left became 1 x 1 x 1 with addresses of 8 vertices. After initialization of 244 x 244
x 244 array with setting to 0, the binary image wasconstructed from theimage array for the
final segment-cubesby giving 1to only onevertex and O to the other 7 verticesfor any final
segment-cube. Figure 3 presents an image of the N = 9 set which displayed as three 2-
dimensional binary images of xy-planesat z=0, 1 and 2 (its generator is seen in Fig. 1).
2.1.2. Sets of 3-dimensional fractional Brownian motion

Three-dimensional sets of fractional Brownian motion is defined by

Variance{ f(Ri) — f(Rj)} [0 Ri — Rj(*", 0<H <1

where Ri, Rj are points in 3-dimensional space. Images of the sets for given H were
implemented by a method modulated from an algorithm named as midpoint displacement
and successive random additions for 2-dimensional fractional Brownian motion (SAUPE,
1988). Theimage sizewas 129 x 129 x 129. The method constructed 3-dimensional arrays
of f(x, y, z) = value, which were then converted to 3-dimensional binary data by the mean

Fig. 2. A visualized image of a 3-dimensional triadic Cantor set with N = 20 (a Menger sponge), of which
generator is shown in Fig. 1.
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of values; f(x, y, 2) = 1ifIf(x, y, 2 —meand < g, else f(X, y, z2) = 0. The value of € was set
to 0.125, when the standard deviation of the nearest point-to-point distribution was fixed
at 0.5 for any image. By this conversion, the fractal dimension, D wasrelatedto H by D =
3-H(Voss, 1988). Ten 3-dimensional imagesper H (H=0.3to 0.9 withastep of 0.1) were
generated and so total number of images generated was 70. Figure 4 presents the image of
aH = 0.3 set (theoretical fractal dimension of 2.7) visualized by volume rendering after
operation of 3-dimensional morphological filter of closing by structuring element of 3 x 3
x 3 (SERRA, 1992).

Fig. 3. Two-dimensional displaysat z=0, z= 1 and z = 2 of a 3-dimensional triadic Cantor set with N = 9, of
which generator is shown in Fig. 1.
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Fig. 4. A visualized image of fractional Brownian motion with H = 0.3 (theoretical fractal dimension = 2.7)
operated by closing of a 3-dimensional morphological filter.

2.2. Methods of fractal-dimension measurement

The method of moments was based on the following algorithm (Voss, 1988). When
P(m, L) isthe probability that acube of sizeL centered on any point of abinary image covers
m points (> P(m, L) = 1) and so mP(m, L) is the moment, the mass M(L) = Y mP(m, L) is
related to the fractal dimension D by M(L) O LP. The measuring scale, L was spanned from
3to 31 by 15 steps with a step size of 2.

An alternative method to measure the fractal dimension, a box counting method
(HuANG et al., 1994) was investigated. The measuring scales, L was spanned as powers of
2, that is, from 4 to 64 for images of the Cantor sets and from 4 to 32 for images of the
fractional Brownian motion.

2.3. Lacunarity measurement

The various measures of lacunarity, A are defined by MANDELBROT (1983, 1994),
VOss (1988) and KELLER et al., (1989). In the present study, the two measures were
investigated.
2.3.1. Lacunarity defined by 3-dimensional dilation

The measure of lacunarity was defined by Minkowski sausage for a 1-dimensional
Cantor set (MANDELBROT, 1994). In the present study it was modul ated to the one for a 3-
dimensional binary image with using a 3-dimensional morphological filter of dilation
(SERRA, 1992). That is, the lacunarity was defined as A-dila= n_dila/ (n x 27), wherenis
the number of points of an original 3-dimensional binary image and n_dila, the number of
points of image dilated by 3 x 3 x 3 structuring element. Sincen_dilaisequal to n x 27 by
operation of 3-dimensional dilation filter on an image, of which points are separated from
any other points with a distance of more than 2 digitized addresses in any direction of
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X-, Y-, and z-axis, its lacunarity is 1.0. By the dilation operation on a digitized image of
Euclidean solid objects (E = 3), its dilated image remains as the original one and so the
lacunarity is 1/27. A digitized image of the straight line (E = 1) yields A-dila= 9/27 and
that of the plane (E = 2), A-dila= 3/27. Thus, 1/27 < A-dila< 1.
2.3.2. Lacunarity defined by moments

When P(m, L) is probability that the box with size L centered on a point contains m
points, g-thmoment of P(m, L) M9(L) =5 m3P(m, L). Asmentioned beforeM(L) isthemass
of P(m, L). The measure of lacunarity proposed by Voss (1988) is defined as A-moment
={M?%(L) —M(L)?}/M(L)?. When pointsare uniformly distributed in the range of measuring
box size, m [0 constant and so A-moment 0. Therefore, an image in which points are
isolated (m= 1) or compactly -filled in measuring box gives A-moment 0.

3. Results

3.1. Measured fractal dimensions of triadic Cantor images

The mass M(L) of a3-dimensional binary image wasin general fit to astraight line of
log M(L)- log L plot as expected. The fractal dimensions of triadic Cantor images
calculated from log M(L)- log L plot (method of moments) were compared with the
theoretical ones (Fig. 5). The line in the figure indicates a complete fit between the
measured fractal -dimensi ons and theoretical ones. However, whenthedeviationissupposed
as A = Omeasured fractal dimension — theoretical fractal dimensionl], the A’s larger than
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Fig. 5. The measured fractal dimensions of images of the Cantor sets plotted as a function of theoretical fractal
dimension. The open circle indicates the data by the method of moments and the closed circle, by the box
counting method.
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0.02 were investigated in 6 out of 20 images. Thelargest A > 0.1 was given by the datafor
aN = 5 image, of which theoretical fractal dimension is 1.4650.

The box counting method gave exactly the same value of fractal dimension as the
theoretical one for any image of the Cantor sets when measuring scale L’ s were chosen as
power of 3. Such complete fit was reasonable since images of the triadic sets were
implemented by the generatorswithr = 1/3 (see, Fig. 1). Therefore such measurementsare
only significant in confirming the error-free of the program to implement images of the
Cantor sets and so not concerned in further analyses. As mentioned in Sec. 2, the data by
box counting method was obtained by the measuring scal es of power 2.

The data by the box counting method are superimposed in Fig. 5 (closed circles). Itis
evident that the deviation A’s arein general larger than those by the method of moments.
Infact, thedeviation A’ sarelarger than 0.02 in 15 cases out of 20 Cantor setsinvestigated.
Thelargest deviation A=0.21 wasseenfor aN = 9imagewith theoretical fractal-dimension
of 2.0.

3.2. Measured fractal-dimensions of images of fractional Brownian motion
The data by the method of moments and box counting method are plotted in Figs. 6a
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2.1 22 23 24 25 26 27
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Fig. 6. The measured fractal dimensions of images of the fractional Brownian motion plotted as a function of
theoretical fractal dimension. The open circleindicates the data by the method of moments (Fig. 6a) and the
closed circle, by the box counting method (Fig. 6b). Each point and bar indicates means and standard error,
respectively.
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and 6b, where the points indicate the averaged values of 10 images with given H's. The
straight line is drawn as a complete fit between the measured fractal-dimensions and the
theoretical ones. The averaged dimensions by the method of moments (open circlesin Fig.
6a) were deviated from the theoretical oneswith A < 0.07, and the A’ s by the box counting
method were larger (closed circlesin Fig. 6b).

3.3. Lacunarities measured by the dilation method

Thelacunarities measured by the dilation method, A-dilafor images of the Cantor sets
areshowninFig. 7 asafunction of fractal dimension measured by both the methods (open
circles for the method of moments and closed ones, for the box counting method). The
points marked by star indicate Cantor sets with the deviation A > 0.05, and those marked
by doublestarsor by “star +” indicatestheset of A>0.18 or A> 0.2, respectively. It appears
that the A for the measured fractal -dimension by the method of momentsis correlated with
the A-dila; thelarger A-dila, thelarger A. Thisisnot the case for the box counting method.

The images of sets, of which points are rather widely spaced, yielded the largest
lacunarities among images of sets with the same N of 5, 9, 12, and 20, respectively. The
imageof N=5 set (theoretical fractal-dimension = 1.4650) yielded lacunarity of 0.7126 and
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Fig. 6. (continued).
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the dimension deviation A = 0.1 (its generator is seen in Fig. 1). Theimage of N = 9 set
(theoretical fractal-dimension = 2.0) yielded lacunarity of 0.4895 (its 2-dimensional
displaysin Fig. 3). In contrast, the lacunarity of 0.1577 was given by theimage of aN =
9 set, of which points are densely arranged. Its generator is of combination of #0#1#3/
#9#10#12/ #18#19#20 segment (the rule described in Sec. 2) and the 3-dimensional image
is composed of thin rods with L-formed cross-sections (image not shown). When the
dimension measurement was carried out on this image by the box counting method, A =
0.21 (data point marked by “ x+" in Fig. 7).

Thelacunarities, A-dila’ s of images of 3-dimensional fractional Brownian motion are
shown in Fig. 8aor in Fig. 8b as afunction of fractal dimension measured by the method
of moments or by the box counting method, respectively. In both the figures the data of
three setswiththeoretical dimensionsof 2.1,2.4and 2.6 (H=0.9, 0.6, and 0.4, respectively)
are plotted, where a cluster of 10 points correspondsto data of agroup with agiven H. The
A-dila swere decreased with increased fractal-dimensionsin away similar to those of the
Cantor sets. In addition these figures indicate that the measured fractal-dimensions are
widely scattered for the images with 2.1 of theoretical fractal-dimension and that the
extents of data scattering are larger for the data by the box counting method.
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Fig. 7. Correlation of the lacunarity-dila’ s with the theoretical fractal dimensions of images of the Cantor sets.
The open circle indicates the data by the method of moments and the closed circle, by the box counting
method. The points marked by x, % or x+ indicate the data of the images with A > 0.05, A=0.18 or A=
0.21, respectively. The A is defined in the text.
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Fig. 8. The lacunarity-dila's of the images of fractional Brownian motion plotted as a function of the fractal
dimension measured by the method of moments (Fig. 8a) and by the box counting method (Fig. 8b). Thedata
of three groups are plotted. The group is composed of 10 imageswith H = 0.9 (theoretical fractal dimension
=2.1),H=0.6 and H = 0.4, respectively.
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3.4. Lacunarities measured by the moment method

The lacunarities, A-moment’s of the Cantor set images are plotted in Fig. 9. The
correlation between the A-moments and the measured fractal -dimensi ons cannot be found.
In Fig. 10 both the lacunarities, the A-dila's and A-moment’s are compared for the
fractional Brownian motion images. It can be seen that the A-moment’s are more widely
scattered within 10 images of aH and shows no tendency in their changes with increased
theoretical fractal-dimensions. Similar results were obtained by using the scaling sizeL =
5 for the measurements of lacunarities of images by both the methods.

4. Discussion

4.1. 3-dimensional images as standards for fractal dimension measurements

The implemented images of fractal setsare not truefractals dueto their discretization
and limited resolution (KELLER et al., 1989; AVNIR et al., 1998). A gquestion may beraised
whether or not 3-dimensional images in this study can be applied as the standards for
assessing a method to measure fractal-dimensions. As described in Sec. 3 most images of
the Cantor setsare confirmedto provide measured fractal -dimensionsfit to their theoretical
ones and so at least, those images with lower A-dila lacunarities are expected to be
candidates for such standard images.
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Fig. 9. The lacunarity-moment of images of the Cantor sets plotted as a function of the fractal dimension
measured by the method of moments. The points marked by » indicates the data with A > 0.05.
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Sincetexturesin medical imagesare, in general, of irregular pattern unlike the Cantor
sets, the images of fractional Brownian motion may be useful as the standards. It remains
a question whether these images implemented by the algorithm in the present study are
reliable as the standards. We have attacked the question by the 1-, 2- and 3-dimensional
images of fractional Brownian motion with scanning H's, variances of values between
nearest neighbors and the binary widths, €'s (see, Sec. 2). The settings described in Sec. 2
are found to be satisfactory to give the measured fractal dimensions closer to theoretical
ones for images with H = 0.9 to 0.3. However, the images of setswith less H's were more
similar to those images of white noise and so the images with H < 0.2 were not described.
Even those images with H = 0.3 are widely scattered in their measured dimensions and
lacunarities, which reflects a statistical nature in the point-distributions of images. Thus,
theimages of fractional Brownian motion with H = 0.3 to 0.9 can be used as the standards
for fractal analysis, when the collected data from 10 or more images with asingle H are
assayed.

4.2. Methods to measure fractal dimensions of images

Small deviationswere not observed in measurement of fractal dimensionsof fractional
Brownian motion images (Figs. 8a and 8b). The deviations may result from a method.
However, the method of moments has been assessed to be reliable in the measurements of
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Fig. 10. The values are compared in the images of fractional Brownian motion between the lacunarity defined

by the dilation method, A-dila (open circles) and that defined by the moment method, A-moment (closed
circles).
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the fractal dimension of an 3-dimensional image except for cases with larger lacunarities,
A-dila. In contrast, the box counting method, in general, providesrather larger deviations,
theA’s. Thereasonfor thiswasgiven by EVERTSZ and MANDELBROT (1992) asfollows. The
box counting method counts the number of boxes of size, L to cover animage when the box
contains asingle point, afew points or even large number of points, respectively. In other
wordsthe number of boxes N(L) is counted without taking into consideration of theweights
of points.

4.3. Lacunarity and noise

The results lead to the conclusion that the measure of lacunarity defined by the
dilation, A-dila of animage is preferable to the one by the moment method and gives the
correlation between lacunarities and fractal dimensions. In addition the present study
indicatestheinfluence of noisewhichisuniversal in medical images. When the noiselevel
is high, the moment mP(m, L) is increased resulting in the larger fractal dimension.
Inversely, the noise at a lower level is added to images with lower theoretical fractal-
dimensions, the isolated points are widely positioned and so the moment P(1, L) becomes
significant resulting in lowering the measured fractal-dimensions and increasing the A-
dila's. Thus, it may be essential to remove the noise of images prior to the measurements
of their fractal dimensions.

The work has been partly supported by Grant-in-Aid of Japanese Ministry of Education,
Culture and Sports, Grant # 08672150.
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