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The purpose of this study was to investigate effects of low maternal folic acid (FA) status on many eye struc-
tures in embryonic mice using multifractal analysis, a method for describing complex structural patterns. To do
this, we used the FracLac plugin for ImageJ to analyse binary digital images of cornea, lens, retina, and vitreous
after immunohistochemical analysis using anti-collagen IV or anti-laminin-1 antibodies. The box-counting and
gliding box methods were used to generate metrics including the fractal dimension, lacunarity, divergence, and
multifractal spectrum distance metrics for each ocular structure. Results were analysed using bootstrap resam-
pling techniques and the Kruskal-Wallis significance test. For all structures and staining methods studied, differ-
ences between embryos from control vs FA-deficient females were detectable in lacunarity plots and multifractal
spectra, and statistically significant in cornea, lens, retina and vitreous. Multifractal analysis detected even slight
differences in tissue textures presumably attributable to altered expression of extracellular matrix molecules.

© 2020

1. Introduction

A fractal structure is a geometric construction that has the peculiarity
of being self-similar [23, 35]. Fractal analysis methods are widely used
in image analysis problems in the biological and medical fields. They are
used for characterizing several biological processes (e.g., morphogene-
sis and carcinogenesis) and biological systems (e.g., the circulatory, ner-
vous and respiratory systems), etc. [1, 4, 20, 30, 37, 53]. In the present
work, we use fractal analysis methods to evaluate changes produced in
the texture of some eye structures due to maternal folic acid deficiency
(FAD). It is known that folic acid (FA) is essential for the normal de-
velopment of embryos. Because FA deficiency is a known risk factor for
neural tube defects, many professional organizations and governmental
agencies recommend the use of daily supplements containing folic acid
2-3 months before conception and during pregnancy [3, 5].

We have observed in previous studies that a FAD maternal diet, at
the gross ocular level, produces biometric changes in some eye struc-
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tures [47], and at the tissue level [45, 46], alters expression of two ex-
tracellular matrix proteins, collagen IV and laminin-1, in lens and retina.
In the present study, we expand on that work and use digital images
from it to study changes in the cornea, lens, vitreous, and retina and to
investigate the extent to which such changes generalize throughout the
eye. To quantify alterations and distinguish between altered structures,
we apply fractal and multifractal analysis at the tissue level [11, 52].
The methods and measures available for fractal and multifractal analy-
sis, especially those applied to textures of biological images, are varied
[10]; we use the fractal dimension (FD), lacunarity, multifractal spec-
trum, and Local Connected Fractal Dimension (LCFD) [54].

Due to the main objectives of the work we have improved the tradi-
tional fractal approach with an analysis of the multifractal spectrum and
statistical resampling techniques:

a) Since the total number of individuals and sample size was relatively
small, we have incorporated to the multifractal technique a statisti-
cal analysis using the bootstrap resampling techniques [6, 9, 15, 17]
along with a non-parametric significance test: Kruskal-Wallis [44].

Each of these groups also presents a variability due to the individu-
als themselves. The objective of the present work isn’t only to dis-
tinguish between individuals within their own group, but to distin-
guish between individuals of the previous groups to determine if
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the fractal structure of the tissues changes because of the maternal
FAD diet or not. Due to this, it is also necessary to characterize the
variance and covariance between the results of the individuals of the
own group. For this purpose, statistical distance such as Mahalanobis
distance [12] have been used. In this sense, metrics for the compari-
son between groups of multifractal spectrums are developed and ex-
plained in "materials and methods" section.

2. Materials and methods
2.1. Animals and diet

FA deprivation and immunohistochemistry experiments were per-
formed as described previously [34, 45, 46]. All experiments were per-
formed using protocols approved by the Animal Experimentation Com-
mittee of the Universidad Complutense of Madrid. As in the previous
studies, we are going to analyse three sample groups: Control group:
composed of embryos from females fed a standard diet of FA. D2 group:
embryos from females fed a FAD diet during the first two weeks of preg-
nancy, finally, the D8 group, consisting of embryos from females fed a
diet deficient in FA for 8 weeks: 6 before pregnancy and 2 during the
two weeks of pregnancy. In turn, each of these groups contains two sub-
groups corresponding to labeling with anti-collagen IV or anti-laminin-1.

The number of pregnant mothers for each group (control, D2 and
D8) was 9 and randomly an embryo was taken per mother. The number
of embryos was n = 9 for each group. Thus, all embryos were studied
on day 14.5 of gestation (E14.5). At this time of development, the basic
structure of the eye is formed.

Although several embryos of the same mother could be analysed in
our study, we decided to use them from different mothers so that the re-
sults were not biased by using only one mother.

Mouse embryos at 14.5 days of gestation (E14.5) were removed by
cesarean section, placed in cold sterile phosphate-buffered saline (PBS)
and decapitated. The heads were cut using a microtome set at 5 pm. Sec-
tions were placed on slides and collagen IV or laminin-1 staining was
performed.

Immunohistochemistry in sections was visualized using a Leica
DMRB microscope and photographed using Leica DFC 320 digital cam-
era. The resolution of each image is 2088 x 1550 pixels in RGB. The
pixel camera size is 3.45 pm x 3.45 pm with x10 magnification.

2.2. Multifractal analysis theory and application

As stated in the introduction section, the number of parameters that
can be used, related to the multifractal analysis, is large and varied. In
this section they are detailed those that have been used specifically in
this article with a brief explanation of them.

2.2.1. Fractal dimension (D)

Fractal analysis is used to measure and characterize irregular or
rough objects. A key feature of fractals is that they are non-trivially
self-similar patterns that can be measured by a fractal dimension (FD)
that may be a non-integer value [35]. Self-similar objects are charac-
terized by being scale-free, i.e. at all scales it looks similar, despite a
closer or a more distant look [29]. On the other hand, FD is a numer-
ical measure that details the degree of irregularity of the contour or
the roughness of the surface [14]. This measure is useful for describ-
ing how close a geometry is to being a point (0-dimensional sets), a
straight line (1-dimensional sets), a plane (2-dimensional sets), or a vol-
ume (3-dimensional sets). To calculate this dimension there are several
methodologies with their own theoretical bases [31]. The method used
in the present work is the Box-Counting that was defined by Russell
et al. [41]. This method consists in covering a given digital binary im-

age with a set of measuring boxes of sizes . The number of squares L(e)
which encompass the object from the image is given by a power law and
can be written in the following form:

L(e)=¢ P D

Then, as ¢ — 0, the box-counting dimension (FD) can be estimated
as:

_ . (log(L()
FD__P—%< log (¢) ) @

It is important to consider that the boxes of size ¢ are non-empty sets
to avoid the complications that may arise with log (0)and log (o).

In the image processing programs, the program itself estimates, for
a box size e, the number of boxes L(¢) needed to cover the entire
image. Therefore, the FD is determined by plotting log (L(¢)) versus
log (e)where the size of the boxes is represented (x-axis) versus the num-
ber of boxes needed to cover the entire object (y-axis) [26]. Fig. 1
shows the number of boxes needed to completely cover images of the
different structures of the eye studied: neural retina, vitreous, lens and
cornea.

2.2.2. Lacunarity (A)

The FD is not a complete identifier of the texture of the tissue, so
other concepts have been proposed to distinguish between structures
that have the same FD but look different. One of these concepts is Lacu-
narity (A). It is a multiscale analytical measure that evaluates tissue het-
erogeneity. It has been defined as the degree of gappiness, heterogene-
ity, and translational and rotational invariance in an image [35, 40].
Generally, it used to determine the texture associated with patterns of
spatial dispersion [13, 36]. The method for estimating lacunarity is the
gliding box algorithm introduced by Allain and Cloitre [2]. To deter-
mine this variable in a completely correct way, the fluctuations of the
mass distribution function of the pixels are analysed. The algorithm can
be briefly described for a binary image as follows: an ¢ X ¢ box is placed
at the upper left corner of an image. A value for the pixels of interest is
chosen (e.g., black) for the entire image. Then, the number of black pix-
els in the box is counted. The box is moved one-pixel position and the
number of pixels is counted again until the entire image is covered. The
procedure is repeated over the entire image once for each .

If n(M, ¢) is the number of the gliding-boxes with mass M, the proba-
bility function Q(M, ¢) is obtained by dividing n(M, ) by the total num-
ber of boxesL(g)of size ¢

n(M,e)

OM,¢e) = I® (©))

The first and second moments of the distribution Q(M, ¢) are given
by X/MO M, €)and Y,,M*Q (M, €), respectively. Now, we can define la-
cunarity for this box size as:
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where 6? is the variance of the distribution Q(M, &) and Hi is squared
mean value of that distribution. Lacunarity depends on the scale €. For
large scales, the tissue tends to appear as homogeneous and the standard
deviation is small. On the contrary, however, for small scales the stan-
dard deviation is greater, tissues will have a high lacunarity A(e)pattern
of texture due to greater variations in gap sizes. In general, lacunarity
depends on the scalecas A (¢) ~ e7#, where the exponent f can be calcu-
lated by linear regression [43]. It must be borne in mind that lacunarity
is a parameter that is sensitive to both image density and its spatial con-
figuration [21].
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Fig. 1. Application of the box-counting method to different eye structures images from a normal mouse. To calculate fractal dimension, the whole image is covered with a set of squares
with different lengths. For each grid the number of boxes covering the image are counted. Thus, the total number of boxes L(e) covering the full image surface at the scale ¢ is computed

with (Eq. (2)). From left to right, retina (A, a), vitreous (B, b), lens (C, ¢) and cornea (D, d)); a, b, ¢, and d images correspond to the magnified image regions (red rectangles) for A, B, C

and D respectively. The boxes are clearly visible on a,b,c,d images.

2.2.3. Multifractal singularity spectrum

The singularity spectrum can be used to characterize a structure
as mono- or multifractal [7, 43]. To measure it, the image is covered
with various boxes size €. Then, a probability can be defined for each
box,P;(€) as:

Pie)=—— ®)

where Nj(¢) is the number of pixels occupied (black pixels) in the box
i, divided by the total number of pixels N1. This measure gives us the
probability that a pixel chosen at random belongs to the box i. In a ho-
mogeneous tissue the previous probability varies homogeneously with &
size as P ~ P, where D is tissue’s fractal dimension FD. If the tissue is
heterogeneous, the probability scales locally in different regions k of the
tissue as P (k,€) ~ £%,qy is the Lipschitz-Holder exponent or singularity
strength [16]. If we measure now the number of boxes,B(a), whose sin-
gularities are in the interval [a, @ + da], we will see that they are scaled
as B(a) ~ @, fla)is the FD of the set of boxes with singularitiesa [42].
For the calculation of f(a), it is usual to proceed as follows: from the
Eq. (5), a probability measure y;(q, €)which dependents on a q parame-
ter is defined as [7]:

(Pi (5))q
YO (Pj (E))q (6)

=1

Hi (qs 5) =

The parameter q acts as a magnifier. The values of ¢ > 1 amplify
the regions with high probability, while ¢ < lamplify the low prob-
ability ones. For a certain range of values of q [(-10,10), (-20, 20),
etc.], the FD f(a(q)) is calculated as the slope of the regression line of
i (g.€)log u; (q,€) versus log (¢), while the singularity a(q) is calcu-
lated as the slope of the regression of X4, (¢.€)log P; (¢, €)versus log (¢)
[43]. Thus, for each value of ¢ we have a pair (a(q), fla(q)), known as
the multifractal spectrum [19] with interesting properties: if the struc-

ture is monofractal its spectrum collapses to a single point. Contrariwise,
if it is multifractal tends to have a wide spectrum whose maximum cor-
responds to the dominant singularityag.The value flag)would correspond
to the fractal dimension D, that we would obtain by ignoring the mul-
tifractality and treating the tissue as monofractal [43]. The left part of
the spectrum, measured from this ag,corresponds to the large fluctua-
tions (g > 1) while the right part corresponds to the small fluctuations
(g < 1). Thus, in a multifractal structure the left part of the spectrum is
often wider than the right part due to the structure heterogeneity (see
Fig. 2).

The previous algorithm is implemented in FracLac [24]. In this work
we have taken the curves (o, f(a)) provided by the previous software
along with a measure of the multifractality called green divergence or di-
vergence, p. Divergence is based on the minimum and maximum values
for the f(a)versus o multifractal spectra for the two sets of values around
each side of ¢ = 0. Mathematically (Eq. (7)), it is the ratio of the areas
defined by the spectra within those two spaces, X 100, calculated in
the space defined by the Q. used in determining the multifractal spec-
tra ([25]Db).

(a0 = amin) * ( (20) =/ (@min))

p= X 100 @

(max = @) (f (@0) =/ (@max))

To use it to compare patterns, the same Qg for all images must
be used. In our case this range goes from —30 to 30. For example, in
the case of Fig. 2, p is equal to 100 because the multifractal part with
large fluctuations is equal to the small fluctuations part. As can be seen
in Fig. 2, the peak value of the multifractal spectrum corresponds to
dominant singularity or Dy. The spectrum studies the degree of rough-
ness, complexity, abnormality and asymmetry of tissues [7]. While,
the curvature and symmetry of the f(a) spectra provide information on
the heterogeneity [38]. From the curves of the multifractal spectrums,
we can obtain the values of aya and api,, which indicate the maxi-
mum and minimum fluctuation probability of the pixels, respectively
[8]. From these parameters, we can calculate the width of singular-
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Fig. 2. Schematic presentation of main parameters of a multifractal spectrum: the maximum value of f («) is DO, (0tmax—0tmin) Mmeasures the heterogeneity index which can be divided in

two indices:, (aq+—ap) is for low values of « and (ag—ag-) is for high values, where ay_ and oy, are the a values for the minimum and maximum value of q considered, respectively as

(0tg +—0tp) and (xp—0g_) assess such quantity for high and low singularities, respectively.

ity strength A@ = @pyx — ¥min, an index providing information about the
heterogeneity of texture, i.e. it makes a quantitative determination of
the degree of multifractality. Moreover, we have evaluated the asymme-
try of the spectrum shape by the following formula [22, 49]:

A= Ay~ Xmin , ®
Amax ~ %o

where «g is the value of « when f(a) assumes its maximum value. The

parameter A is also an important index of multifractality.

For each group of images (control, D2, and D8) we have a vector
with the values of the fractal dimension, DF, divergence, Div, and La-
cunarity, Lac, [DF, Div, Lac] that can be represented as a point in a 3D
diagram. Each group will therefore have an average value of this vector

given by [[Tp Div, Lac]. In order to increase the accuracy of this average

value, the following bootstrap procedure is performed.

a) From the values V (k) = [DF (k), Div (k), Lac (k)] k = 1,... .N im-

ages, the average value, 7/, and the covariance matrix, S, were calcu-

lated for these variables within the same group of images.

The eigenvectors of the matrix S, e,(k), allow to calculate new vari-

ables, given by Y, (k) = X e, (k) (V (k) = ), with o = 1,2,3, which

are uncorrelated with each other.

c) The Y,(k) sample is expanded by bootstrap to produce a better esti-

mate of the average value of each of them Y2%% (k).

Bootstrap estimates of the means are correlated again, undoing the

previous base change, producing a bootstrap estimate of the means

of the original variables such as (VB"‘” (k) — I_/) = Zizlea (k) Y, (k).

e) Finally, the Matlab Geom3d toolbox [27] is used to represent the dis-
persion of these points by means of an ellipsoid that can have an arbi-

b
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d

()

trary orientation in the 3D-space ([D_p Div, IE]), an option that Mat-

lab's standard functions does not allow us. (The functions of Gem3d
toolbox used are InertialEllipsoid, drawPoint3d, drawElliposid).”

2.3. Mathematical procedure to compare multifractal spectra

The previous section describes the procedure to obtain the multifrac-
tal spectrum of a given structure. In this work, we want to character-
ize the differences in the multifractal spectrum of ocular structures from
three different sample groups: control group and two groups with ma-
ternal FAD diet (D2 and D8). Each of these groups has 18 eyes from dif-
ferent embryos; nine of them are labeled with anti-collagen IV and the
other nine with anti-laminin-1. Four different structures (cornea, lens,
retina and vitreous) of each eye were analysed. In total, 216 multifractal
spectra are analysed. To extract information from them we have consid-
ered two comparison metrics. We have used several metrics to check the
consistency of the results:

The first metric consists of the following: each multifractal spec-
trum  obtained can be  characterized by a  vector
Vyi = [0, Aa.f (ag) . A, ], which describes the parameters, defined in
the previous section, for the multifractal spectrum of the structures of
the eye "i" belonging to the group "g" (control - C -, D2, and D8). The con-
trol group can be characterized by a mean vector V¢ = (1/N) Efi Ve
where N is the number of eyes in the control group (C). A distance (dg ;)
between V¢ and the spectrum represented by Vj ; can be defined as:

i =\ (Vs = Ve) - (Vs = V)T ©

The analysed structures of the control group will be at a mean dis-
tance from their mean vector V given by (dc, ;);, where the subscript de-
notes that the average value should be taken by averaging over the stud-
ied structures of each eye. Finally, a distance between a certain group
"¢" and the control group C can be defined as:

<dg,i>i

10
{dea), (10

d(g’C) =




O. Sijilmassi et al. / Chaos, Solitons and Fractals xxx (xxxx) 109885 5

This distance measures the average difference of a group of struc-
tures of each eye with the average of the control, normalizing it by the
average distance of the structures of the control group to its average. In
this way, values greater than 1 show us how many times a certain struc-
ture of that eye differs from that of the control.

On the other hand, the second metric consists of the following: each
multifractal spectrum is characterized by a vector %, = (@ (9)./ (¢ (9))),
as described in the previous section. For each "q" the previous vector de-
fines a two-dimensional statistical variable with a covariance matrix Sy,
considering a group of spectra (control, D2 and D8).

We can define the vector A5 = (1/N) >¥ (2@ /i (@(g))as the
mean vector which characterizes the control group, being N the number
of eyes in the control group. At each point "q", the control group will
have a covariance matrix S,f .

For each spectrum of each eye "i" within a certain group "g" and for
each point "q" of the spectrum, we can define a distance such as:

) p T -1 y
Qi = \/(h§ =) -] (- n5) an

This distance is Mahalanobis' Distance [12, 33] between a point of
the spectrum and the average of the control group, for a given "q". It
measures the distance between these two points but normalizes it by the
standard deviation of the data in the direction of the point hﬁ’[consid-
ered. From the definition of Eq. (11) we can give the distance of a spec-
trum considered respect to the control spectrum as a mean value given

by Q8 = <Q§’i>q, where the subscript "q" means that the average should

non

be taken in "q". Finally, we can define the distance of a group "g" to the
control, Q(g, C) as:

Q(g.0) = (@), 12)

Analogously, we can also study the value of these distances for each

point "¢" by means of:
= (&l

0, (@) = ('), a3)

This last distance Q,(q) gives us information about which part of the
spectrum (¢ < 1 or q > 1) has greater variations with respect to the
control group. This provides us one more parameter to analyse if the dif-
ference between the structures occurs much more in the monofractal or
multifractal part.

2.4. Tests of statistical significance

As we mentioned above, we have also calculated the FD, lacunar-
ity “Lac” (mean value of 62/u? defined in Eq. (4), over the box size ¢
and grid orientations) [24], and divergence (Div) mean values, for all
groups and samples. For small sample sizes, as in our case, the boot-
strap method for estimating their distributions is given. Bootstrapping
is a resampling technique used to estimate statistics from the original
sample by sampling with replacement [15]. We can use it to estimate
summary statistics such as the mean, standard deviation, skewness and
kurtosis. For an overview, interested readers are referred to [6]. In this
work a total of 100 bootstrap replicas have been used. This number
of replicas should be enough to give us the confidence levels we need
[17]. Moreover, it seems to be appropriate for most of the applica-
tions in which the authors have worked. Afterward, a rank-based non-
parametric test termed the Kruskal-Wallis test is used to determine if
there are statistically significant differences between the control and the
other groups. The idea of the Kruskal-Wallis rank test is to compare
medians among k comparison groups (in our case k = 3). The hypoth-
esis tested must determine whether the medians of two groups (con-

trol and D2 or control and D8) are different. The null and alternative hy-
potheses for the Kruskal Wallis nonparametric test are stated as follows
for each structure studied:

e Null Hypothesis: all group medians are equal.
e Alternative Hypothesis: not all group medians are equal.

2.5. Digital image processing

For multifractal fractal analysis images were opened in the image
analysis program ImageJ [39]. Then, in each original colour image
it was selected four regions of interest (ROI): cornea, lens, retina and
vitreous. A total of 54 eyes were analysed. Thus, in order to all im-
ages have similar degree of detail sharpening was applied. On the other
hand, for the multifractal spectrum calculations to have the same de-
gree of stability and precision, a similar level of detail and contrast
is required for all images, which is achieved by enhancing the con-
trast by a minimum of 30%. Since this process can also enhance noise
and artefacts, for this reason the Despeckle was also performed. There-
fore, each ROI was pre-processed by applying the following protocol/
pathway: (ImageJ > Process > Sharpening), (ImageJ > Process > Enhance
Contrast (30%)), (ImageJ>Process>Noise>Despeckle), and (Im-
ageJ > Process > Binary >Make Binary). There are several methods for
calculating fractal and multifractal measures [18]. In our study, mul-
tifractal analysis was performed using FracLac a plugin of ImageJ soft-
ware of the National Institutes of Health [24]. Multifractal analysis was
applied to all ROI's by using the following setting: ImageJ > Plugins >
Fractal analysis > FracLac. Once the image is binarised, only the struc-
ture to be analysed is selected by means of ImageJ tools.

As an example, Fig. 3 shows the pre-fractal processing procedure ap-
plied to a mouse embryonic lens stained with anti-collagen IV.

The statistical processing of the results obtained with ImageJ was
done using Matlab (The MathWorks Inc [51]).

3. Results

The results for multifractal spectrum and lacunarity, depending of
the analysed eye structure (cornea, lens, retina and vitreous) are given
in Figs. 4, 5, 6 and 7, respectively.

Lacunarity values depends on the box-size and on the distribution of
the gaps: low lacunarity implies homogeneity, as all gap sizes are the
same, whereas a higher lacunarity implies more heterogeneity which
means the texture has variable holes. In all cases, figures show that
as the box size increases, the lacunarity value decreases. In the other
hand, in most cases, D2 and D8 are more lacunar (tissues have larger
gaps) than the control except for corneas and retinae stained with
anti-laminin-1.

The —B exponent gives us information about how the homogeneity
of the tissue changes with scale observation. A null value of § tells us
that the tissue appears uniform regardless of the scale. In this way, we
have seen that in both the lens and vitreous this heterogeneity with the
scale tends to increase. On the contrary, in the case of the retina and
cornea, it tends to decrease in both types of labeling: anti-collagen IV or
anti-laminin-1. Even though it seems that for the case of corneas marked
with anti-laminin-1, this value is almost the same as in the Control.

It is also seen from figures (4D, 5B, 5D, 7B and 7D) that D8 group
exhibits the most heterogeneous tissues amongst all samples, indicating
a more complex spatial arrangement. Figs.s (4 (A,C), 5 (A,C), 6 (A,Q),
and 7 (A,C)) show the multifractal spectra corresponding to the different
tissues stained with anti-collagen IV or anti-laminin-1.

In the previous section we have defined certain parameters to com-
pare the multifractal spectrums between control group and D2 and D8
groups. The results are given in Tables 1 and 2.
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Fig. 3. From left to right, an embryonic lens labeled with anti-collagen IV, and the processing after sharpening, enhance contrast, noise reduction and binarization. All the pre-processing

is done with ImageJ functions.
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Fig. 4. Multifractal spectrums and lacunarity curves of corneas stained with anti-collagen IV (A and B) or anti-laminin-1 (C and D), for all groups.

For D2 and D8, values of the parameter Aa shown that lenses, reti-
nae and vitreous stained with anti-laminin-1 as well as vitreous stained
with anti-collagen IV have a larger values of Aathan the control, which
indicates the presence of a strong degree of multifractality in these struc-
tures. However, the cornea of both groups exhibited lower multifractal-
ity degree than the control, for both collagen IV and laminin-1.

On the other hand, the asymmetry presents three shapes: asymmetry
to the right-skewed (A > 1), left-skewed (A < 1) or symmetric (

A =1). All samples for the three groups were observed to have values
of A < 1, hence the curve of multifractal spectrum was left-skewed. A
left-skewed spectrum denotes high fractal exponents and large fluctua-
tions in the data. Tables 1 and 2 also reveal that, for deficient groups,
corneas, lenses and vitreous stained with anti-collagen IV as well as
lenses and vitreous stained with anti-laminin-1 have higher values of
A than the control. In summary, in the most cases of our multifrac-
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Fig. 5. Multifractal spectrums and lacunarity curves of lenses stained with anti-collagen IV (A and B) or anti-laminin-1 (C and D), for all groups.

tal spectra, the spectrum showed distinctively different shape and sym-
metry between control and D2 or D8 groups.

Regarding the results of d(g C)(see Tables 1 and 2), considering
that this metric is normalized by the scale of the control group (see
Eq. (10)), values higher than 1 show relevant changes with respect to
the control group. The results show that the distance with respect to the
control is high in the case of the labeling with anti-laminin-1, especially
in the lens and vitreous. In addition, the variability of this distance is
very large in those cases (see standard deviation in the Tables 1 and
2). On the other hand, the structures marked with anti-collagen IV show
a distance only slightly higher (see case of retina and cornea) than the
control group. Finally, the distance with respect to the control is not sig-
nificant in some structures marked with anti-laminin-1 (cornea, retina,
and vitreous) and anti-collagen IV (lens and vitreous).

Regarding the second metric Q(g, C), the distance with respect to
the control group increases significantly in the structures labeled with
anti-laminin-1 (vitreous, lens, and retina) and with anti-collagen IV
(cornea, lens and retina). On the other hand, the distance is slightly
greater in the corneas marked with anti-laminin-1 and remains prac-
tically the same in the case of the vitreous marked with anti-collagen
IV. The greatest difference with the control group occurs in the case of

the lens and the retina, both marked with anti-laminin-1 or with
anti-collagen IV.
This second metric also allows us to make a comparison for each

non

value of the parameter "q¢" in the multifractal spectra (see Eq. (13)).
In Fig. 8 it is possible to see, the parameter €, (¢) = Q‘g’i . averaged

for eyes of the same group, some structures with the greatest distances
respect to control (Fig. 8 up) and others with minimal important dif-
ferences (Fig. 8 down). This figure allows us to compare in which
part of the multifractal spectrum the greatest difference occurs (g < 0
monofractal part, ¢ > 0 multifractal part). As can be seen, in the case of
larger values (Fig. 8 up), the difference with the control group is in the
multifractal part of the spectra mainly. In the case of the less important
differences (Fig. 8 down), the changes affect the monofractal and mul-
tifractal part equally.

Results of statistical analysis are summarized in Tables 3 and 4.
Both tables report the descriptive statistics of the variables (FD, Lac,
Div) for the different eye structures studied. After applying the signifi-
cance test described in the previous section, if the p-value is less than
0.05, there are significant differences between the groups. In this case,
we reject the null hypothesis and accept the alternative hypothesis. On
the other hand, if p-value is greater than 0.05 an asterisk marks the
parameters whose difference with respect to the control are not sta-
tistically significant. As can be seen, in almost all cases, all parame-
ters of the probability distributions have significant differences. Which
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Fig. 6. Multifractal spectrums and lacunarity curves of retinae stained with anti-collagen IV (A and B) or anti-laminin-1 (C and D), for all groups.

shows that changes in the fractal structure of the tissue are already pro-
duced from a very short-term of maternal FAD diet (D2 group). To make
these tables easier to understand, we use an ellipsoid function of Matlab
to fit the measurements (FD, Lac, and Div) to an ellipsoid surface. Figs.
9 and 10 show the value of the bootstrap estimate the FD, lacunarity
and divergence mean values along with their uncertainty intervals using
the shape of ellipsoids in space [27], for the different structures stud-
ied. The differences with the control group are evident in practically all
structures. The different orientation of the ellipsoids also informs us that
the correlation between these three variables (FD, Lac, Div) changes be-
tween the control, and D2/D8 groups.

As show in Figs. 9 and 10, corneas stained with anti-collagen IV or
with anti-laminin-1, for D2 and D8, have highest FD and lacunarity val-
ues than the control whereas both groups have lower divergence value.
On the other hand, for D2 and D8, lenses stained with anti-collagen IV
have smaller FD and divergence values than the control as well as high-
est lacunarity. Respect to retinae stained with anti-collagen IV or with
anti-laminin-1, D2 and D8 have the lowest values of FD and divergence
whereas the control experiencing the highest values. Retinas marked
with anti-collagen IV have highest lacunarity value for D2 and D8 than
the control, whereas retinas stained with anti-laminin-1 have lowest la-
cunarity value for D2 and D8 than the control. Finally, vitreous labeled
with anti-collagen IV or anti-laminin-1 exhibit higher values of FD

and divergence than the control; however, both cases present lower
value of lacunarity with respect to healthy controls.

4, Discussion

This research describes the application of multifractal analysis to de-
tect textural irregularities in embryonic eye structures due to maternal
FAD diet. In the present paper, we use lacunarity for its ability to distin-
guish spatial patterns as well as to measure tissue heterogeneity [48].
The results show that it tends to increase in deficient groups with re-
spect to the control. These findings show that highly lacunar tissues (D2
and D8) possess large gaps or low-density holes, while control group
appear homogeneous. In a previous study [45], we have shown evi-
dences that maternal FAD diet alters both ECM proteins, collagen IV and
laminin-1, during eye development producing changes in their rough-
ness and smoothness degree.

On the other hand, we have used two comparison metrics, d(g
C)and Q(g, C). The first one informs us about changes in the fractal
spectrum form, and the second tells us if the change occurs in the
monofractal or multifractal part. Our results indicate that laminin-1 is
more altered than collagen IV. Likewise, in some cases, changes oc-
cur both in the multifractal (¢ > 0)and monofractal(q < O)parts, de-
pending on tissue studied as well as on the type of labeling. It is
known [28, 32] that changes in the spatial distribution of ECM proteins
have serious consequences for cell behavior. The authors consider that
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Fig. 7. Multifractal spectrums and lacunarity curves of vitreous stained with anti-collagen IV (A and B) or anti-laminin-1 (C and D), for all groups.

Table 1

Parameters obtained from multifractal spectrum of the cornea and lens for all analysed cases. C: control group. D2 and D8: deficient groups.

Structure Cornea Lens

Stain Col-IV Lam-1 Col-IV Lam-1

Group C D2 D8 C D2 D8 C D2 D8 C D2 D8

g 1.59 1.68 1.70 1.62 1.64 1.69 1.83 1.82 1.91 1.86 1.93 1.92

Aa 1.22 1.01 1.22 1.14 1.06 1.26 0.62 0.63 0.98 0.83 0.91 1.02
Sflag) 1.52 1.62 1.61 1.44 1.56 1.60 1.83 1.76 1.78 1.82 1.85 1.80

Af 1.37 1.28 1.31 0.88 1.11 1.28 1.38 1.02 0.98 1.22 1.53 1.16

A 0.33 0.41 0.45 0.83 0.35 0.47 0.22 0.28 0.59 0.31 0.41 0.40

d(g ©) 1.3 £ 0.4 1.5 + 0.5 1.2 + 0.4 1.0 = 0.4 1.0 = 0.6 1.1 = 0.4 22 *1.1 22 *14
Qg O 1.2 £ 0.5 1.7 £ 0.4 1.8 £ 0.3 1.2 +03 1.6 + 0.4 1.4 = 0.5 1.2 +03 1.5 + 0.6 1.9 = 0.6 1.3 +£0.2 31 +12 27 1.3

changes in both metrics imply altered organization of collagen IV and
laminin-1 into tissues which could induce tissue damage. The authors
have also shown changes in the spatial expression patterns of both mol-
ecules (i.e. an overexpression of collagen IV or laminin-1 due to mater-
nal FAD) [46]. It is possible that overexpression of these proteins is im-
plicated in the multifractal spectrum differences observed between the
control and deficient groups.

The present study confirms the findings about changes in the or-
ganization of laminin-1 and collagen IV within the different eye struc-
tures. All of those techniques used in our study can be applicable to
biological and medical image analysis. We strongly recommend using
these tools fundamentally to determine if a given protein has an al-
tered spatial organization. It is of great scientific and clinical interest
to have determined that these parameters can be evaluated as markers
of anomalies and might be applicable to other tissues. In our knowl-
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Table 2

Parameters obtained from multifractal spectrum of the retina and vitreous for all analysed cases. D2 and D8: deficient groups.

Structure Retina Vitreous
Stain Col-1IV Lam-1 Col- 1V Lam-1
Group C D2 D8 C D2 D8 C D2 D8 C D2 D8
ap 1.65 1.73 1.73 1.71 1.69 1.72 1.57 1.56 1.38 1.51 1.61 1.34
Aa 0.72 0.73 0.86 0.81 0.99 0.78 0.67 0.78 1.33 0.92 1.06 1.38
flag) 1.63 1.71 1.72 1.69 1.69 1.72 1.58 1.51 1.25 1.44 1.50 1.17
Af 1.14 0.92 1.26 1.09 1.23 1.32 0.77 1.0 1.25 0.84 1.03 1.20
A 0.21 0.22 0.21 0.20 0.05 0.16 0.09 0.30 0.61 0.22 0.47 0.72
d(g O) 15+ 04 1.5 0.3 1.0 £ 0.5 1.0 £ 0.3 0.8 = 0.6 1.2 £ 09 1.1 £ 0.6 1.8 £ 1.1
Qg O 1.2+ 04 1.7 £ 0.6 1.8 £ 0.2 1.2+ 04 1.7 £ 0.7 2.1+ 0.5 1.2 +04 0.9 = 0.5 1.5 £ 0.9 1.2 £ 0.3 1.4 = 0.7 3+x2
12 Lans lam-1 5.5 Retina Col-IV Vitreous lam-1
— Caniral [ —cenirel —Caontrol
10 Dz 3 oz 1+
e D — Pl e -]
] 2.5 3
- - -
s = 2
= B e 2 T
2

] 0.5
30 @m0 0 0 0 30 -3 20 -0

q

- Lens Cal-IV s
' — Contral —cena
3 - 25| —nps

e

30 20 <0 0 0 20 30 a0 20 10

Retina lam-1

Cornea Col-IV

Fig. 8. Values of the metric defined by Eq. (13), for the most relevant cases (upper row) and for the distances slightly higher than the control group (lower row). In the case of greater
distances, the greatest difference between the spectra of the different groups occurs in the multifractal part ¢ > 0.

edge, no studies so far have linked multifractal changes in tissues to mol-
ecular expression patterns. The results presented in the present research
have demonstrated that this method would be advantageous objective
tool for tissue characterization and diagnosis, specially to quantify dam-
age in the texture of biological tissues.

5. Conclusions

Biological tissue can be considered to be organized self-similarly at
different scales but can also vary within itself, as measurable by fractal
and multifractal features. In the present work, we analysed ocular tissue
texture in embryos from mothers subjected to a FAD diet for two and
eight weeks respectively. We applied several fractal metrics to cornea,
lens, retina, and vitreous, finding the multifractal spectrum and lacu-
narity most promising to distinguish tissue changes associated with ma-
ternal FAD diets. Indeed, the results indicated that only two-weeks of a
maternal FAD diet induced significant increases in tissue multifractality
and heterogeneity.
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Statistical Values for mean g, standard deviation o, skewness and Kurtosis of all samples
for D2 group compared with the control.

Parameters
U c
Structure Stain Skewness ~ Kurtosis
FD Lac Div
Cornea Collagen 1.55, 0.23%, 50.96,
v 0.06 0.04* 19.32
0.03, 0.30%, 0.35%,
1.62 1.86 1.78
Laminin-1 1.49, 0.29, 36.55,
0.06 0.09 20.71*
0.15, 0.77%, 0.15,
2.40 1.85 1.56
Lens Collagen 1.78, 0.33, 23.08,
v 0.02 0.10 15.95
—-0.03, 0.83%, 1.11,
1.69 2.58 2.68
Laminin-1 1.77, 0.37, 79.79,
0.07* 0.07 57.86
—0.34, 0.43%, 0.70,
1.89 1.97* 2.25%
Retina Collagen 1.64, 0.363, 34.11,
I\ 0.02 0.04 14.87
-0.12, 1.08, 0.36,
2.13 2.55 2.28
Laminin-1 1.63, 0.39, 20.63%,
0.02 0.06 13.55
0.15%, 1.06, 0.64,
1.85* 2.54 2.18*
Vitreous Collagen 1.48%, 0.52, 35.61,
A% 0.04 0.06 18.62
-0.51, —-0.28, 1.01%
1.74* 2.12* 2.48*
Laminin-1 1.47, 0.54, 46.25,
0.06 0.14 24.11*
—-0.56, 0.21%, 0.71,
2.31% 1.67* 2.19%
Table 4

Statistical Values for mean g, standard deviation o, skewness and Kurtosis of all samples
for D8 group compared with the control.

o
Structure Stain Parameters Skev‘:ness Kurtosis
FD Lac Div
Cornea Collagen IV 1.59, 0.06 0.25, 0.03 40.18, 21.61
—0.49%, 2.18* 0.09, 2.30 0.75, 2.05
Laminin-1 1.49, 0.06 0.30, 0.06* 34.88,11.28
—-0.64, 2.56 0.32, 2.35* 0.32,2.11
Lens Collagen IV 1.76, 0.03 0.41, 0.17 23.31,12.7
0.29, 1.57 0.38,1.58 0.29, 2.01
Laminin-1 1.68, 0.09 0.50, 0.11* 54.27, 56.89
—0.13,1.52 1.23, 2.64 0.90, 2.61
Retina Collagen IV 1.66, 0.02 0.38, 0.04 17.94,7.88
0.20, 2.12 0.41%,2.00* 0.67, 2.28
Laminin-1 1.65,0.02 0.37, 0.03 13.52, 7.44
-0.23, 1.70* 1.00, 2.67 0.63, 2.55*
Vitreous Collagen IV 1.44,0.11 0.53, 0.12 38.10, 27.85
—-1.06, 2.46 -0.23,1.73 0.77, 2.10
Laminin-1 1.36, 0.12 0.53,0.21 61.21, 42.60
—-0.48,1.81 0.89, 2.15 0.55, 1.87

11
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