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Abstract

Purpose Folic acid (FA) is an essential vitamin for embryonic development. It plays particularly a critical role in RNA, DNA and
protein synthesis. On the other hand, the collagen IV and laminin-1 are important proteins during embryonic development. This
study was done to find if FA deficiency at a short and a long term in mothers could alter the tissue texture of retina and lens of the
progeny.

Methods Collagen IV and laminin-1 were localized by immunohistochemistry in the lens and retina of the FA-deficient embryos.
To carry out the image processing, texture segmentation was performed through canny edge detection and Fourier transform
(FT). We defined a parameter, the grain size, to describe the texture of the lens and retina. A bootstrap method to estimate the
distribution and confidence intervals of the mean, standard deviation, skewness and kurtosis of the grain size has been developed.
Results Analysis through image processing using Matlab showed changes in the grain size between control- and FA-deficient
groups in both studied molecules. Measures of texture based on FT exhibited changes in the directionality and arrangements of
type IV collagen and laminin-1.

Conclusions Changes introduced by FA deficiency were visible in the short term (2 weeks) and evident in the long term
(8 weeks) in both grain size and orientation of fibre structures in the tissues analysed (lens and retina). This is the first work
devoted to study the effect of FA deficit in the texture of eye tissues using image processing techniques.

Keywords Folic acid deficiency - Type IV collagen - Laminin-1 - Matlab texture analysis - Retina - Lens

Introduction

The optic vesicle, which is derived from the diencephalon, in-
duces the formation of the lens from the overlying surface ec-
toderm. Not only the formation of the lens is induced, but also
the direction of fibre growth, orientation of suture lines and its
size is governed by the optic cup with which it is associated.
The transparency of this structure is due to a highly ordered
state of its fibres and the extracellular matrix (ECM) [1, 2].
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Ontogenetically, the retina is a part of the brain. The optic
vesicle develops into the optic cup that differentiates into an
outer pigment epithelium and an inner retinal layer [3]. The
neural retina is a complex substructure. In fact, it is an outpost
of'the central nervous system [4]. Like the lens, the embryonic
neural retina depends on the presence of the ECM molecules
[3, 6].

The ECM, generally, is composed of two major classes of
macromolecules: proteoglycans and fibrous proteins [7]. Type
IV collagen and laminin-1 are the main fibrous proteins. Both
molecules are expressed at embryonic stage day 4.5 (E4.5) in
mice [8]. ECM is important for the organization of cells into
tissues; it is also considered a substrate for cell attachment and
adhesion, a pathway for cell movement and migration, neural
guidance and maintenance of differentiated functions [9, 10].
The ECM is very important in embryonic development.
Changes in its molecules and/or genes are causal of cardiovas-
cular, skin, renal and ocular diseases [11]. Deletion of laminin
subunits, for example, leads to early death [12].
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In the lens, the ECM is bound to its capsule, whilst the cells
form the syncytium with the interlocking cellular processes
[13]. Type IV collagen and laminin-1 of the capsule appear
to be produced in the superficial lens fibres, both anterior and
posterior, and in lens epithelial cells [14, 15].

On the other hand, in the retina, both molecules are pre-
dominantly found in the basement membrane as well as in the
non-basement membrane (interstitial matrix) that is in general
located between the retinal pigment epithelium and the inner
limiting membrane [16, 17].

Folic acid (FA) is a vitamin vital for tissues development of
the nervous system and specific craniofacial structures [18,
19] like the eye. Several studies have demonstrated the impor-
tance of FA in the nervous system specially to avoid severe
disorders [20, 21].

In a previous work [22], the authors have found varia-
tions in the expression of collagen IV and laminin-1 in the
lens of mouse embryos whose mothers were subjected to
FA-deficient diets, causing overexpression in some areas
of the lens and underexpression in others. In the present
work, it is studied if alterations also take place in the
texture of certain ocular tissues, especially, lens and reti-
na. The objective is to know if in addition to producing
variations in the concentration of collagen I'V and laminin-
1 changes occur in the organization of the fibres/cells of
the mentioned tissues.

In order to assess changes in tissues related to deficiency of
FA, we carried out statistical texture analysis of the lens and
retina by means of image processing techniques using Matlab.
For this purpose, to assess the effect of the FA deficiency on
some eye tissues, grain size parameter is measured, and its
horizontal and vertical dimensions are evaluated. The grain
size is one important parameter, which generally is used in
speckle images to characterize the surface roughness and
smoothness. It is defined as the width of the autocorrelation
of tissue images [23]. In our work, we use it to determinate if
there are significant changes in retinal and lens tissues that
normally cannot be detected in microscopy images.

Materials and methods
Animals and diets

For the present work, histological samples were taken from
mouse embryos whose mothers have been subjected to
diets with FA deficiency during different durations. The
characteristics of the animals and diets are detailed below.

Animals Mice were 8-week-old C57/BL/6J (Harlan
Laboratories, Barcelona, Spain). All mice were main-
tained in a 12-h light/dark cycle at 22+2 °C and were
given food and water.
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Diet Female mice were divided into three groups according
to the diet: Nine female mice fed a control diet (SAFE A04/
AO03 Harlan) with 2 mg FA/kg diet [24] (control group).
For studying the effects of FA diet on the texture of the
retina and lens, females were fed a FA-free diet with
0 mg/kg diet (FAD) + 1% succinylsulfathiazole (to block
the synthesis of FA) for 2 weeks (D2 group) or 8 weeks
(D8 group), with nine females in each group. Both diets
were purchased from Harlan Laboratories, Inc.,
Indianapolis, IN, USA.

Immunohistochemistry Female mice were crossed with
males fed control diet. E14.5 days later, the embryos were
removed by caesarean section (equivalent to ~7 weeks of
human gestation) [25], washed in 1% phosphate-buffered
saline (PBS) and fixed in 4% paraformaldehyde for 48 h.
After fixation, the embryos were then dehydrated in alco-
hol over several stages of increasing concentrations, and
to end embedded in paraffin. Sectioning of paraffin-
embedded heads is performed with a microtome (Leica
Jung RN 2035) at a thickness of about 5 um and finally
placed on slides. For our study, an embryo was taken per
mother at random. From all its slides, those corresponding
to the central cut of the eye were selected for the immu-
nohistochemical staining.

Then, the selected slides were dried in an oven at 37 °C
for 12 h. Before beginning the immunohistochemical
techniques described below, paraffin sections have been
dewaxed and rehydrated. Sections were then incubated in
a solution of BSA (bovine serum albumin), 1% in Tris
buffer for 10 min in a dark and humid chamber. For im-
munohistochemistry, the polyclonal antibodies used in
this experiment, and their source, were outlined below:
Epitope was unmasked in 5-um-thick sections using a
0.2% solution of pepsin (Sigma-Aldrich) in HCI 0.1 N
(for anti-collagen IV) or 1 mM EDTA (Sigma-Aldrich)
(for anti-laminin-1). Sections were immunolabelled for
2 h at 37° with either 1:200 polyclonal rabbit IgG anti-
human type IV collagen (ICN Biomedical Inc., Aurora,
OH) or 1:200 polyclonal rabbit IgG anti-mouse laminin
(Sigma-Aldrich). Labelling was developed using the
Rabbit/Mouse EnVision™ Peroxidase System, a
peroxidase-conjugated dextran polymer (Dako Corp.,
Carpinteria, CA) and 3,30-diaminobenzidine (DAB kit)
as the chromogen (Dako Corp.) [26].

All images were detected using Leica DMRB micro-
scope and subsequently photographed using a Leica DFC
320 digital camera with x 10 magnification. The sample
(n) was subdivided according to the diet: control group
(n=9), D2 group (n=9) with FAD diet for 2 weeks and
finally D8 (n=9) with FAD diet for 8 weeks.

Image processing and statistical analysis of the immuno-
histochemical data were performed using Matlab®.
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Fig. 1 a Frontal section of the eye of a control mouse labelled with anti- ¢ Local region of the lens of a control mouse with canny edge detector. d
type IV collagen (size 5 pm). The squared areas are the regions analysed. Image of vertical lines spaced 3 pixels and e its Fourier transform image
L lens, R retina. b Local region of the lens of a control mouse in greyscale.

Fig. 2 Correlation of grain size Control D2 D8
obtained from lens image
analysis. Figures A, B and C
represent control, D2 and D8
groups labelled with anti-type IV
collagen. Figures D, E and F rep-
resent control, D2 and D8 groups
labelled with anti-laminin (corre-
lations). Figures a, b and ¢ corre-
spond to control, D2 and D8 lens Type v
tissues labelled with anti-type IV col |agen
collagen. Figures d, e and f cor-

respond to control, D2 and D8

lens tissues labelled with anti-

laminin-1

Laminin
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Fig. 3 Tukey box plot for the mean, standard deviation, skewness and kurtosis of the grain size of the lens tissues labelled with anti-collagen IV. All
groups, for bootstrap samples of 100 data, show statistically significant difference for p < 0.05

Image processing analysis methods

As stated above, nine slides of each group labelled with anti-
type IV collagen and anti-laminin-1 proteins were used to
study changes in texture that occurred in the lens and retina
when there was a deficit of FA, i.e. analysing how FA defi-
ciency affects both proteins. For texture analysis, we used
three groups of samples for both collagen IV and laminin-1
images which are the control, D2 and D8 groups.

All images used were greyscale normalized (see Fig. 1b) to
have the same range of signal; this was done to investigate the
texture of the tissues. Figure 1a represents the local zone in the
lens and retina studied (ROI-Region of Interest). All anti-type
IV collagen group images were sized 293 x 308, whereas the
anti-laminin-1 group image size was 172 x 245. Figure 1b
represents one of these selected areas, and Fig. 1c represents
the results of applying canny edge detector to the selected
area. Canny edge detection is an image processing tool used
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to detect the structure of the edge of an image; segmentation
based on canny edge detection is fast and does not require
high computational power [27, 28]. This type of tool is nor-
mally used to study the structure of tissue texture given by
fibres, grains, etc. [29, 30]. All images were fully aligned
before applying image processing.

For each sample group (control, D2, and DS), autocorrela-
tion was performed on each image individually after removing
the mean image value. For this purpose, autocorrelation func-
tion of images was calculated with Matlab software applied to
the type of tissue images of Fig. 1b. It is possible to measure
the main grain size for each group and zone as the width of the
autocorrelation function. In our case, we took the half-height
width in the horizontal and vertical directions and the final
value of grain size was taken as the geometric mean value of
both directions. Finally, we considered the mean value of the
autocorrelation function width as a correlation representative
of the whole group. The correlation between image pixels
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Fig. 4 Tukey box plot for the mean, standard deviation, skewness and kurtosis of the grain size of the lens tissues labelled with anti-laminin-1. All
groups, for bootstrap samples of 100 data, show statistically significant difference for p < 0.05, except kurtosis (labelled with “black points” in figure)

provides information about the shape and average grain size in
the digital image. In summary, the correlation gave a picture of
both staining size: type IV collagen and laminin-1.

On the other hand, Fourier transform (FT) is an impor-
tant tool in image processing often used to obtain infor-
mation about the geometric structure of the image in the
frequency domain. In fact, FT has become indispensable

Table1 Medians of statistical estimators (bootstrap) of grain size prob-
ability distribution (mean, standard deviation, skewness and kurtosis) of
the lenses marked with anti-collagen IV or anti-laminin-1 from control-

in many scientific areas such as biomedicine [31]. For this
analysis, we used the same images of the previous corre-
lation analysis but now with a prior canny edge treatment
(see Fig. 1c) for finding contours present in images. For
each sample group, FT was performed on each image
individually. In Matlab, we applied functions, fft2 (to re-
turn the two-dimensional FT of the image) and fftshift

and FA-deficient groups D2 and D8. *Not significant difference in esti-
mator probability distribution

Mean =+ std Mean skewness Mean kurtosis

Control D2 Control D2 D8 Control D2 D8
Lenses stained with anti-collagen IV 53+28 6.0 £2.7 72 +4.0 1.0 0.6 0.5 2.6 1.9 1.5
Lenses stained with anti-laminin-1 50£24 33+£13 41+23 0.7 0.5 1.1 2.3 2.0* 2.4%*
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Fig. 5 Fourier Transform analysis of the lens. Figures A, B and C
represent control, D2 and D8 groups marked with anti-type IV collagen.
Figures D, E and F represent control, D2 and D8 groups labelled with
anti-laminin. Figures a, b and ¢ correspond to lens canny edge detection

(shifts zero-frequency component to centre of spectrum).
In order to increase the accuracy, the fft2 is calculated
with 1000 x 1000 points, so each original image is padded
with zeros. In this way, the (0,0) point in Fourier frequen-
cy plane is located in (500,500) point in the FT. As an
example, the image of vertical lines three pixels spaced is
shown in Fig. 1d. Its FT is shown in Fig. le. It consists of
two frequency points in the horizontal axis showing that
the image consists of vertical lines of high frequency (the
points are far from the (0,0)). Then, the spacing and ori-
entation of the lines of the image of the canny edges can
be studied by means of the image of its FT.

In our case, the set of nine FT images for each group was
averaged and the final image was taken as representative of
the whole group. Then, FT allowed us to analyse the distribu-
tion of protein staining for type IV collagen and laminin-1 and
its fibre/cell orientation.
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A ) e

from control, D2 and D8 labelled with anti-type IV collagen. Figures d, e
and f correspond to lens canny edge detection from control, D2 and D8
labelled with anti-laminin-1

Statistical analysis

The bootstrap is a resampling method for statistical inference,
generally, used for estimating the distributions of statistics
based on independent observations. This method draws re-
peated samples that have the same size from an estimate of
the population a number of times [32]. It is usually used when
the base distribution of the data is unknown. It provides an
estimate of the probability distribution of various parameters
such as the mean, median and standard deviation. In our case,
these methods have been used to estimate the distribution and
confidence intervals of the mean, standard deviation, skew-
ness and kurtosis of the grain size of the tissues. A total of 100
bootstrap replicates were used to compute samples of the pre-
vious parameters. This sample size is usually sufficient to give
adequate confidence intervals [33]. We then used the Kruskal—
Wallis test, a non-parametric ANOVA, to test when the
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Fig. 6 Correlation of grain size
obtained from retinal image
analysis. Figures A, B and C
represent control, D2 and D8
groups labelled with anti-type IV
collagen. Figures D, E and F rep-
resent control, D2 and D8 groups
labelled with anti-laminin (corre-
lations). Figures a, b and ¢ corre-
spond to control, D2 and D8 reti-
nal tissue labelled with anti-type
IV collagen. Figures d, e and {
correspond to control, D2 and D8
retinal tissue labelled with anti-
laminin-1

Type IV
collagen =

Laminin

distributions of the mean, standard deviation, skewness and
kurtosis are different between the control and the deficient
groups, D2 and DS, at a level of significance p <0.05. All
the analyses were performed in Matlab.

Results
Results for lens texture

Grain size In this section, the results of texture images
processing to the lens images are exposed. The first re-
sults are shown in Fig. 2. In the case of type IV collagen
(see Fig. 2(A, a), (B, b) and (C, ¢)), we found that grain
size became larger with increasing FA deficiency, espe-
cially in D8 where we clearly see that grain size was
larger in height and width.

However, the situation with laminin-1 images was
completely different (see Fig. 2(D, d), (E, e) and (F, f)). We
found that grain size grew smaller with increasing deficit.
Grain size started to shrink in D2, and it was much smaller
in D8 compared to control group.

Figures 3 and 4 show the results of the statistical analysis
performed for the lens grain size data. To do that, samples of
100 data have been simulated with the bootstrap method. We
have tested with bootstrap samples of different sizes and the
number 100 gave stable results without increasing the number
of samples too much respect to the original [33]. With this

method, 100 samples of the mean values, standard deviation,
skewness and kurtosis have been obtained from the nine grain
size values for the control, D2 and D8 groups. After this, a
non-parametric Kruskal-Wallis contrast is applied to compare
the equality of the distribution of the previous parameters
between the control group and the FA-deficient groups. The
results are shown in the form of Tukey box plot, described by
Tukey in 1977, that uses five values from the set of data: the
extremes represent the minimum and maximum observations,
the upper and lower hinges (quartiles) and the median (line
through the box) [34]. In our study, we utilize this box plot for
summarizing graphically the frequency distribution of our var-
iables of interest. Figure 3 shows the results for lenses labelled
with anti-collagen IV and Fig. 4 for lenses labelled with anti-
lamininl. Each figure contains three box plots of the spatial
distribution of control, D2 and D8 groups. In case of anti-
collagen IV, the differences are statistical significant
(p <0.05) between control-D2 and control-DS in all parame-
ters (mean, standard deviation, skewness and kurtosis). This
shows that the probability distribution of grain size is different
between control group and D2 and D8 groups. In case of
laminin-1, all the parameters are again different except kurto-
sis. These results suggest that there are changes in the size of
the lens grain with only 2 weeks of FA deficit. On average, the
size of the grain increases in tissues labelled with anti-collagen
IV and decreases in the case of anti-laminin-1 when the FA
deficiency time increases. The median of the probability dis-
tribution of each statistical estimator (mean, standard
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Fig. 7 Tukey box plot for the mean, standard deviation, skewness and kurtosis of the grain size of the retinas labelled with anti-collagen IV. All groups,
for bootstrap samples of 100 data, show statistically significant difference for p < 0.05, except kurtosis

deviation, skewness and kurtosis) is summarized in Table 1.
These median values are those marked in the graphs with the
central horizontal line of the boxes of the Tukey box graphics.

Fibre orientation Figure 5 shows the results for the fibre
orientation analysis using FT. In each of the images, it can
be observed that the spectrum has its principal values in a
circular shape showing that the edge fibres detected by the
canny edge method mainly change their orientations and
not the distance between them. The anti-collagen IV im-
ages (see Fig. 5(A, a), (B, b) and (C, c)) show that dis-
persion was less in D2 and DS; this was also accompanied
by a small change in the orientation of D2 and D8 groups.
However, images labelled with anti-laminin-1 (see Fig.
5(D, d), (E, e) and (F, f)) show exactly the opposite: the
dispersion of the orientation increases slightly in D2 and
D8; in this case, the orientation of the fibres does not
change either.
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Results for retinal texture

Grain size Retina texture analysis followed the same procedure
as was performed for the lens. Images labelled with type IV
collagen and laminin-1 showed that severe FA deficiency pro-
duced an increase in grain size, see Fig. 6.

As in the case of the lens, for each individual, the geo-
metric mean between horizontal and vertical grain sizes
and its statistical values in each group are analysed. To
do this, bootstrap samples of size 100 samples are taken
to generate distributions of the mean value, standard devi-
ation, skewness and kurtosis of grain size data for each
group (control, D2, D8). The level of statistical signifi-
cance of the differences between the bootstrap distribu-
tions of these parameters between the control group and
D2 and D8 groups, respectively, is analysed again with
the non-parametric Kruskal-Wallis test. The results, in
the form of Tukey box plot, are shown in Figs. 7 and 8.
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Fig. 8 Tukey box plot for the mean, standard deviation, skewness and kurtosis of the grain size of the retinas labelled with anti-laminin-1. All groups, for
bootstrap samples of 100 data, show statistically significant difference for p < 0.05

The differences are all significant (p < 0.05) except in the
case of the kurtosis of the grain size of the retinas marked
with anti-collagen IV. In this case, the grain size increases
in mean value respect to control for retinas labelled with
both proteins (collagen IV and laminin-1). The median of
the probability distribution of each statistical estimator
(mean, standard deviation, skewness and kurtosis) is sum-
marized in Table 2. These median values are those marked

Table2 Medians of statistical estimators (bootstrap) of grain size prob-
ability distribution (mean, standard deviation, skewness and kurtosis) of
the retinas marked with anti-collagen IV or anti-laminin-1 from control-

in the graphs with the central horizontal line of the boxes of
the Tukey box graphics.

Fibre orientation Like the lens, FA deficiency produced great-
er dispersion in the orientation of fibres for the two analysed
molecules (collagen IV and laminin-1), but not relevant
change in the mean value of orientation was observed among
the three groups (see Fig. 9).

and FA-deficient groups D2 and D8. *Not significant difference in esti-
mator probability distribution

Mean =+ std Mean skewness Mean kurtosis

Control D2 Control D2 D8 Control D2 D8
Retinas stained with anti-collagen IV 33+1.1 40+ 1.7 47+£2.6 0.5 0.6 0.8 2.5 2.6% 2.4%
Retinas stained with anti-laminin-1 25+13 35+14 30+1.1 1.4 0.8 0.8 34 2.5 2.6
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Fig. 9 Fourier transform analysis of retinal images. Figures A, B and C
represent control, D2 and D8 groups marked with anti-type IV collagen.
Figures D, E and F represent control, D2 and D8 groups labelled with
anti-laminin. a, b and ¢ correspond to retinal canny edge detection from

Discussion

Few organs of the body have as extensive an ECM as the
eye [17]. Several interstitial ECM components such as type
IV collagen and laminin-1 have been identified in the lens
and retina of mice in E14.5 [5, 6, 35-37]. Type IV collagen
forms an integrated network within the laminin-1 scaffold
providing strength and stability [15]. These proteins are
important as structural components of the native basement
membranes and subsequently as matrices supporting cellu-
lar adhesion [38]. It is not surprising that any disruption in
type IV collagen or laminin-1 would result in changes or
alterations in tissue morphology.

The image processing morphological analysis showed
that FA deficiency directly altered type IV collagen and
laminin-1 in the lens and retina. In this study, we success-
fully observed for the first time that FA deficiency pro-
duced a remarkable change in the retinal and lens tissues.
Therefore, the collagen and laminin-1 structure as revealed
by our technique change with FA deficiency.
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control, D2 and D8 labelled with anti-type IV collagen. Figures d, e and f
correspond to retinal canny edge detection from control, D2 and D8
labelled with anti-laminin-1

In the case of type IV collagen (Fig. 2(A,a), (B,b) and
(C,c)), the tissue morphology in the control lenses ob-
served in this study had a smooth and homogeneous tex-
ture. In comparison, FA-deficient lens tissue was coarser,
granulated and more irregular. In the case of laminin-1
(Fig. 2(D,d), (E,e) and (F,f)), the tissue behaves contrary
to the collagen case, i.e. tissue was rough and granulated in
the control group but it became uniform, homogeneous and
smooth in both deficient groups. Our previous study [22]
also found that FA alters spatial pattern of expression of
collagen IV and laminin-1 inside the lens. In that research,
we have seen that due to the FA deficiency, there is an
overexpression of collagen IV inside the lens; however,
in laminin-1 FA deficiency has opposite effect, an under-
expression. These results agree with the current results
where we observed an increase in grain size in the case
of collagen IV and its decrease in the case of laminin-1.

However, in the present study, the morphological changes
were accompanied in the case of type IV collagen with a
decrease in the dispersion and deviation in orientation of
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fibres; in control and D2 individuals, the collagen was orient-
ed vertically, but in DS, the orientation had an oblique incli-
nation and collagen was irregularly arranged (Fig. 5(A,a),
(B,b) and (C,¢)). In contrast, sections labelled with laminin-1
presented an insignificant change in the orientation (Fig.
5(D,d), (E,e) and (F,D)).

Epithelial cells attach preferentially to type IV collagen,
and this attachment is slow [39]. Laminin-1 is considered
the attachment factor for these cells [40]. In the presence of
laminin-1, epithelial cells attach rapidly to type IV collagen.
After that, the cells bind to the laminin-type IV collagen com-
plex [41]. Perhaps FA in some way alters this attachment
between type IV collagen and laminin-1 and consequently
lens texture changes, which can result in lens abnormalities,
including lenticonus, abnormal lens fibre growth and cataract.
Some of these abnormalities have been found in diseases such
as Alport syndrome because of changes in type IV collagen
expression [42, 43].

Nevertheless, in control retinas labelled with anti-type IV
collagen, the tissue was rough and granulated; it changed to
uniform and homogenous in D2 and D8 respectively
(Fig. 6(A,a), (B,b) and (C,c)). The orientation was the same
in all groups, but dispersion changed slightly in deficient
groups (Fig. 9(A,a), (B,b) and (C,c)). Similarly, we analysed
all retinal tissues labelled with anti-laminin-1. In this case, and
as expected, the results were different. In this case, retinal
tissue morphology in control individuals was very homoge-
nous and uniform. However, the morphology changed in de-
ficient groups and turned granulated (Fig. 6(D,d), (E,e) and
(F,0)). Regarding the orientation, the change was minimal but
more dispersion was found in the mice with deficit (Fig.
9(D,d), (E,e) and (F,f)). In summary, the changes were ob-
served in tissues immunolabelled with anti-type IV collagen
and anti-laminin-1; this means that at the retinal level, the FA
deficit changed both molecules. Type IV collagen and laminin
play important role in neural retina growth; both are expressed
in its interstitial matrix during development [6, 44]. It has been
shown that alterations in these proteins produce disruption to
retinal morphology and physiology [45, 46]. Loss of laminin-
mediated signalling in the retina results in retinal dysplasia
and may lead to visual impairment [47, 48].

Conclusions

Texture and image processing techniques such as canny edge
detection, Fourier transform, and autocorrelation were used to
analyse and characterize changes in biological tissues. Using
these approaches, it was possible to distinguish between nor-
mal and abnormal tissues by choosing a region of interest
(ROI) and comparing it to control regions. In conclusion,
these methods have potential applicability in microscopic sec-
tions for evaluating morphological changes in tissues. Using

these digital image processing tools may become another in-
strument for assessing and characterizing biomedical tissues.
There is no doubt that these tools are easier and faster methods
for obtaining a preliminary analysis of biological tissues.

In summary, the severe ocular alterations observed in our
FA-deficient mice embryos in texture analysis revealed the
important role of ECM molecules during embryonic develop-
ment. It is evident that FA plays a significant role in ECM
protein synthesis and FA deficiency contributes to many kinds
of ocular disorders. Changes introduced by FA deficiency
were visible in the short term (2 weeks) and clearly evident
in the long term (eight weeks) in both grain size and orienta-
tion of fibre structures in the tissues analysed (lens and retina).
In our knowledge, this is the first work devoted to study the
effect of FA deficit in the texture of eye tissues.
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