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Abstract
OBJECTIVE—To investigate whether image analysis of routine hematoxylin-eosin (H-E) skin
sections usingfast Fourier transformation (FFT) could detect structural alterations in patients with
Sjögren-Larsson syndrome (SLS) diagnosed by molecular biology.

STUDY DESIGN—Skin punch biopsies of 9 patients with SLS and 17 healthy volunteers were
obtained. Digital images of routine histologic sections were taken, and their gray scale luminance
was analyzed by FFT. The inertia values were determined for different ranges of the spatial
frequencies in the vertical and horizontal direction. To get an estimation of anisotropy, we
calculated the resultant vector of the designated frequency ranges.

RESULTS—In the prickle cell layer, SLS patients showed more intense amplitudes in spatial
structures with periods between 1.2 and 3.6 µm in the vertical direction, which correlated in part
with accentuated nuclei and nucleoli and perinucleolar halos in the H-E sections. In a linear
discriminant analysis, the variables derived from the FFT images correctly discriminated 84.6% of
the patients. Texture features derived from the gray level co-occurrence matrix were not able to
separate the groups.

CONCLUSION—Exploratory texture analysis by FFT was able to detect discrete alterations in
the prickle cell layer in routine light microscopy slides of SLS patients. The structural changes
identified by FFT may be related to abnormal cellular components associated with aberrant lipid
metabolism.
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Sjögren-Larsson syndrome (SLS; OMIM#270200) is a rare autosomal recessively inherited
form of ichthyosis associated with mental retardation, spastic diplegia, speech defects and
ophthalmologic abnormalities.1 The ichthyosis usually has a congenital onset and precedes
the appearance of the neurologic symptoms. Patients typically exhibit generalized
hyperkeratosis, which is accentuated on the flexures, neck and the lower abdomen. SLS is an
inborn error of lipid metabolism caused by mutations in the ALDH3A2 gene that codes for
the microsomal enzyme fatty aldehyde dehydrogenase (FALDH).2,3 This enzyme catalyzes
the oxidation of medium- and long-chain aliphatic aldehydes to fatty acids.4 Patients with
SLS have FALDH deficiency in a variety of tissues, including cultured skin fibroblasts,
cultured keratinocytes, leukocytes, intestinal mucosa and skin biopsies.2,4–7 The
pathogenesis of the ichthyosis in SLS is not yet understood, but it is thought to be due to the
accumulation of fatty aldehydes and their precursor lipids, including fatty alcohol.1
Histologic examination of the epidermis in SLS shows hyperkeratosis, papillomatosis and
acanthosis. The stratum corneum may have a basket-weave appearance, and the granular
layer may be slightly thickened.8–10 On light microscopy examination, clearly visible
epidermal abnormalities are seen in the stratum corneum and to a much lesser extent in the
stratum granulosum. Cytologic abnormalities in the prickle cell layer have been seen only by
electron microscopy, but not by light microscopy.

Modern methods for texture analysis of tissues can reveal discrete alterations not visible to
the human eye.11–21 One of these texture analysis techniques uses the fast Fourier
transformation (FFT). The French scientist J. B. Fourier mathematically described the
harmonic nature of waves and demonstrated that any “irregular” continuous function could
be interpreted as a sum of sine and cosine waves.22 Fourier transformation has been widely
used for the analysis and treatment of communication signals, but can also be applied to the
description of images, because regularly organized relationships between picture elements
may be interpreted as cyclic, harmonic events. This method can calculate orientation,
periodicity and spacing based on architecture of collagen bundles and has been successfully
applied in dermatopathology as an objective and reproducible method.11,13–16,19,21

The aim of this study was to analyze whether FFT could be used in an exploratory way to
detect alterations in the prickle cell layer of routine light microscopic tissue sections.

Materials and Methods
Patients

For this prospective study, 5-mm skin punch biopsies were collected from 9 patients
diagnosed with SLS (6 biopsies from the abdomen and 3 from the forearm). As a control
group, biopsies were obtained from the same topographic sites from 17 volunteers of similar
age during routine surgery for skin tumors. Skin biopsies were also obtained for establishing
fibroblast cultures using standard methods. The study was approved by the institution’s
ethics committee, and all subjects or their legal representatives gave their written informed
consent.

SLS was confirmed by molecular biologic analysis. Total genomic DNA was extracted from
10 mL of peripheral blood using standard phenol-chloroform methods. ALDH3A2 exons
and their flanking DNA sequences were amplified by PCR using primers as described.3 The
DNA sequences were determined by automated sequencing and compared to that of the
reference DNA sequence of the ALDH3A2 gene (GenBank accession number NM_000382).
The mutation was described using cDNA nomenclature. FALDH enzyme activity was
measured in cultured skin fibroblasts.4
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Fragments of the skin biopsy samples were routinely formaldehyde-fixed and paraffin-
embedded, and 5-µm sections were stained with hematoxylineosin (H-E).

Image Acquisition
From each subject, 10 horizontally orientated bitmap images (size 48 × 48 µm, equivalent to
480 ×480 pixels) were randomly taken of the stratum spinosum using the Kontron Zeiss
KS300 system (Zeiss Kontron, Munich, Germany) (0.1 µm/pixel spatial resolution; 1.25
numerical aperture; 100×oil immersion objective). Only the prickle cell layer of
suprapapillary epidermis was captured with the best focus, that is, when the nuclear outlines
of the keratinocytes are clearly distinguishable. The analysis was done by one examiner
(MPA) blinded to the diagnosis. The images were converted to grayscale format with levels
of luminance ranging between 0 (absence of light) and 255 (very bright), using a human-
perceptually homogeneous scale of luminance.20 To compensate for variations of the
staining procedure, the histograms of all images were submitted to a normalization process,
reaching a mean luminance of 127 and SD of 30 gray values.

Fast Fourier Transformation
We created a pseudo-three-dimensional “land-scape-like” representation using the gray level
(luminance) of each pixel (picture element) as the height of a z-axis (Figure 1A and B),
which is now interpreted as the result of many different overlapping harmonic functions.
Applying the FFT algorithm, we transformed each “hidden” wave of the original picture into
a pair of picture elements in the transformed (FFT) image, point-symmetric to the center of
the FFT image. The direction of the harmonic function represented by the two picture
elements is the line between the points, their distance to the center of the transformed image
is the spatial frequency and their luminance is proportional to the amplitude of the harmonic
wave, that is, the difference between maximal and minimal gray values of the harmonic
function. Thus, each point-symmetric pair of pixels in the transformed image represents a
harmonic function in the original image. The set of all pixel pairs of the FFT image
represents the sum of the corresponding harmonic functions in the original picture. A mean
filter smoothing was applied to avoid artifacts (aliasing effects) in the FFT image caused by
the edge borders of the original image.23,24 This allowed deriving from the FFT image
precise information about these harmonic components (Figure 1C).

In order to obtain useful information we calculated the inertia values, which are equivalent
to the amplitudes of the harmonic waves building up the microscopic image. Higher
amplitudes are equivalent to a more contrasted, repetitive pattern in the microscopic image
of the epidermis.

Because the epidermal architecture contains predominantly horizontally and vertically
arranged cells, we analyzed the amplitude values in horizontal and vertical sectors in 30-
degree angles. Each sector was subdivided into 6 frequency ranges, from zero to 5 µm−1 (or
spatial periods between infinity and 0.2 µm, respectively), which were compared between
control patients and patients with SLS by the nonpaired Student's t test (α = 0.05).
Correlations were evaluated by the Pearson test.

To get an estimation of anisotropy, that is, an estimate of the variation of the amplitude of
waves along axes in different directions, we calculated the resultant vector of the designated
frequency ranges (Figure 2).

The length of resultant vector is given by:
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where i indicates the i-th vector, which represents a pixel in the right half of FFT image; the
angle αi is the direction of each vector defined by the line between the center of the FFT
image and the pixel (ui,υi)(Figure 2), equivalent to arctan (υi/ui); gi is the gray value of the
pixel in the FFT, defined by:

which indicates the amplitude (in gray values) of the harmonic function at (ui,υi)in the FFT
image; R(ui,υi) and I(ui,υ i) represent, respectively, the real and imaginary parts of the
complex value at pixel (ui,υi)in the Fourier-transformed representation; d is the distance
between the pixel (ui,υi) and the center of the FFT image.

The size of the resultant vector of a certain frequency range (ring) in the FFT image is a
measure of the anisotropy. This value is low if harmonic waves of equal amplitude would be
represented in each direction of the original image, and high when there is predominance of
a certain direction, for example several vectors in parallel. Furthermore, we tested the
discriminative power of the different texture variables by a linear discriminant analysis,
where we determined the importance of each variable to “predict” the correct diagnosis. To
obtain a more realistic classification matrix, the leave-one-out method (also referred to as
the “jack-knife” procedure) was applied, whereby each subject is classified according to the
remaining (n-1) cases. This procedure was regarded as the method of choice considering our
relatively small sample sizes. When necessary, the logarithmic functions were performed on
the variables to obtain normal distributions for the discriminant analysis.25–27 SPSS 8.0
(SPSS, Inc., Chicago, Illinois, U.S.A.) and WINSTAT 3.1 (Kalmia Co., Inc., Cambridge,
Massachussetts, U.S.A.) software programs were used. Finally, in order to investigate
whether the elements of the image could influence the FFT-derived variables, the number of
nuclei per image was counted. Furthermore the texture features of the gray values were
analyzed. For this purpose the following variables derived from the gray value co-
occurrence matrix were calculated according to Haralick et al28: angular second moment,
inertia, local homogeneity, entropy, contrast, inverse difference moment, diagonal moment,
second diagonal moment, mean, standard deviation, coefficient of variation, sum average,
cluster shade, cluster prominence and product moment.

Results
The 9 patients with SLS (4 male and 5 female) were from 3 families. Their mean age was 14
years (range, 4–30). The control group comprised 17 healthy subjects (7 males and 10
females), with a mean age of 16 years (range, 9–40) (Table I).

Diagnosis of SLS was confirmed by enzymatic and genetic means. All patients with SLS
had < 10% of normal FALDH enzyme activity in cultured skin fibroblasts. Sequencing of
the ALDH3A2 gene revealed a homozygous c.1108-1G>C mutation in intron 7 of all of the
affected individuals.

All patients with SLS showed generalized ichthyosis with marked yellow-brown lichenified
hyperkeratosis around the neck and the joints. Histologic examination of the skin showed
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hyperkeratosis, papillomatosis and acanthosis of the epidermis. The prickle cell layer varied
from 1.5–4 cell layers. Only 3 patients exhibited a basket-wave pattern in the stratum
corneum; Nuclei and nucleoli appeared smaller in the spinous layer of normal skin
compared to SLS skin, which exhibited frequent perinucleolar halos (Figure 3). The nuclear
membranes in the SLS cells appeared thickened. Striking differences in the architecture of
the lower epidermal layers were not evident, but some smoothing of the rete ridges was
found in SLS skin.

In control patients the mean number of nuclei per image was 18.7 (range, 14.5–23) and in
patients with SLS it was 21.1 (range, 16.2–30.6), but the difference was not statistically
significant. There was no correlation between the number of nuclei per picture and the age
of the patients. Analyses based on the gray-level co-occurrence matrix did not discriminate
between groups, because none of the Haralick texture features revealed significant
differences. When examining the Fourier-derived variables the direction showed to be
important. Texture analysis did not reveal statistically significant differences between the
frequency regions in the horizontal direction (Figure 4). Yet significant differences were
found in the vertical direction, corresponding to rings 2 and 3, or, in other words, spatial
periods (wave lengths) of 1.2–3.6 µm (Figure 5). In the vertical direction there were also
significant differences between the resultant vectors in the regions 4–6, equivalent to spatial
periods between 0.6 and 1.2 µm (Figure 6). The best discriminating variable was the length
of the resultant vector of region 6, equivalent to spatial waves of 0.6–0.72 µm, predicting the
correct diagnosis in 84.6% of the patients with SLS. Since this result did not change after the
jackknife procedure, it represents a stable model (Table I).

Discussion
The wide phenotypic heterogeneity within the congenital ichthyoses and the lack of
diagnostically distinct features on light microscopy of the skin is a difficult problem for the
surgical pathologist. In SLS, the epidermis shows acanthosis, papillomatosis and
hyperkeratosis, sometimes with a basket-weave appearance to the stratum corneum and
slight thickening of the granular layer.8–10 Therefore, the histologic features of SLS are not
pathognomonic and other diagnostic approaches such as biochemical or molecular genetic
studies are usually necessary. In this context, quantitative assessment of routine histologic
slides may be useful. Since morphologic alterations reflect physiologic changes in cell
functions, quantitative histologic analysis could be helpful for the diagnosis and
understanding of the pathophysiologic mechanisms.

Quantitative analysis of epithelia is usually performed by isolated analysis of their cellular
elements.29–36 Moreover the cellular elements must be isolated by segmentation, which is
not yet a standardized procedure37–42 and thus modifies the final results. In contrast, we
were interested in analyzing changes of the whole tissue architecture without previous
selection of elements. This is possible by extracting features of the gray-level co-occurrence
matrix, by fractal or Fourier analysis.13,43 Fourier analysis may be used for the
characterization of nuclear shape,44 and in dermatopathology it has shown to be a precise
and reliable method for the evaluation of the collagen texture.11,14

In our study we showed its usefulness for the detection of subtle architectural differences in
the prickle cell layer of patients with SLS compared with normal skin. None of the Haralick
texture features was able to separate the two entities, but with only one Fourier-derived
variable we could discriminate in 84.6% between patients and controls. A major question to
address is the morphologic equivalent of the differences detected by the FFT. The normal
epidermis has an anisotropic, highly organized structure of horizontal layers parallel to the
basal membrane, thus permitting an analysis by FFT. During epidermal differentiation, cell
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migration mainly occurs in the vertical direction in the epithelium. The cell architecture is
highly organized, predominantly in the vertical and horizontal layers, which was the main
reason for our FFT study in these two directions.

Electron microscopy studies of the skin in patients with SLS revealed the presence of
enlarged and misshapen lamellar bodies in the cytoplasm of keratinocytes in the granular
and prickle cell layers.7,9,45 In addition, abnormal lipid inclusions were observed, probably
derived from intracellular organelles. Our study revealed more accentuated rhythmic
structures in patients with SLS of a spatial wavelength of 1.2–3.6 µm in the vertical
direction but not in the horizontal direction. The amplitudes were larger in the SLS group,
corresponding to greater nuclear and nucleolar volumes, higher numbers of nucleoli with
perinucleolar halos and focal increase in nuclear membrane thickness of keratinocytes in
these patients. Additional structural changes in subcellular organelles seen only with
electron microscopy may also contribute to our FTT results.

Concomitantly, the structures were more anisotropic (spatial range, 0.6–1.2 µm). This may
be due to the observed flattening of the epidermis in patients with SLS, which increases the
parallelism of the cells and their nuclei. Furthermore, patients with SLS show thickened
nuclear membranes and prominent nucleoli, with perinucleolar halos, all structures that
enhance the spatial periods in the 1.2–3.6 µm range. This may be explained by the higher
rate of DNA synthesis occurring in SLS epidermis, which is associated with a faster
production of the horny layer and a 3.5-fold increase in the rate of cell turnover compared to
norma1.45 Thus, SLS and some other forms of ichthyosis, such as epidermolytic
hyperkeratosis and congenital nonbullous ichthyosiform erythroderma, are classified as
hyperproliferative forms of ichthyosis. The finding that the differences were detected only in
the vertical, but not in the horizontal direction, may be explained by the fact that many
nuclei reveal a flattened ellipsoid form and the nuclear alignment was more pronounced in
the horizontal than in the vertical direction. In other words, keratinocyte nuclei are
positioned more parallel to the basement membrane and do not grow as distinct columns in
the epidermis.

In summary, texture analysis by FFT of the whole epidermis is an objective explorative
method that detects discrete alterations in the prickle cell layer in routine light microscopy
slides of patients with SLS.
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Figure 1.
Original image of normal prickle cell layer (A), in the pseudo-3-dimensional representation
(B) and as spectral representation after FFT (C), which shows a huge number of pairs of
points, representing all of the harmonic waves composing the original image (A).
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Figure 2.
Resultant vector calculated in a certain frequency range (1, 2 and 3 represent gray values of
three pixels of the FFT image). The bold arrow is the resultant vector of these vectors.
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Figure 3.
Light microscopic examination of the prickle cell layer of a control person (A) and a patient
with SLS (B). Note the clear halos around the nucleoli (*), contrasting sharply with the dark
nucleoli in (B).
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Figure 4.
Harmonic waves in the horizontal direction. No significant differences between controls and
patients with SLS.
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Figure 5.
Harmonic waves in the vertical direction. Higher amplitudes in patients with SLS in
frequency ranges of 1.3–3.6 µm.*Significant differences, p < 0.05.
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Figure 6.
Resultant vectors of SLS vectors are larger at spatial periods between 0.6 and 1.2 µm.
*Significant differences, p < 0.05.
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