J. Anat. (2007) 211, pp673-680 doi: 10.1111/j.1469-7580.2007.00804.x

METHODS

Fractal dimension as a quantitator of the microvasculature
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Abstract

It is well known that angiogenesis is a complex process that accompanies neoplastic growth, but pituitary tumours
are less vascularized than normal pituitary glands. Several analytical methods aimed at quantifying the vascular
system in two-dimensional histological sections have been proposed, with very discordant results. In this study we
investigated the non-Euclidean geometrical complexity of the two-dimensional microvasculature of normal pituitary
glands and pituitary adenomas by quantifying the surface fractal dimension that measures its space-filling property.
We found a statistical significant difference between the mean vascular surface fractal dimension estimated in normal
versus adenomatous tissues (P = 0.01), normal versus secreting adenomatous tissues (P = 0.0003), and normal versus
non-secreting adenomatous tissues (P = 0.047), whereas the difference between the secreting and non-secreting
adenomatous tissues was not statistically significant. This study provides the first demonstration that fractal dimen-
sion is an objective and valid quantitator of the two-dimensional geometrical complexity of the pituitary gland
microvascular network in physiological and pathological states. Further studies are needed to compare the vascular
surface fractal dimension estimates in different subtypes of pituitary tumours and correlate them with clinical
parameters in order to evaluate whether the distribution pattern of vascular growth is related to a particular state
of the pituitary gland.

Key words fractal geometry; microvasculature; pituitary adenoma; pituitary gland; surface fractal dimension.

Introduction

Human pituitary adenomas account for 10-15% of all
primary brain tumours, although the percentage increases
in autoptic samples (McComb et al. 1983; Kovacs & Horvath,
1986). They are usually benign, grow slowly and very rarely
metastasise, and are most frequently found in (mainly
pre-menopausal) females, with the highest incidence
occurring between the third and sixth decades of life
(Horvath & Kovacs, 1991). They are broadly categorised as
functioning (i.e. secreting) or non-functioning on the basis
of the characteristic endocrine syndromes associated with
the abnormal secretion of adenopituitary hormones, or as
micro- or macro-adenomas depending on whether they are
more or less than 10 mm in diameter (Hardy, 1969).
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The microvascular network of normal and tumoral
pituitary glands has been widely investigated. Although
the concept of ‘tumour angiogenesis’ associates the growth
of a neoplastic tissue with increased microvascularity
(Folkman, 1972; Folkman, 1990), some studies showed that
pituitary tumours are less vascularized than normal pitui-
tary tissues (Tiboldi et al. 1967; Schecter, 1972). Several
analytical methods aimed at quantifying pituitary micro-
vasculature under physiological and pathological condi-
tions have been proposed. However, the use of qualitative
or semi-quantitative methods has led to highly discordant
results (Erroi et al. 1986; Jugenburg et al. 1995; Pawlikowski
et al. 1997; Stefaneanu et al. 2000; Turner et al. 2000a,b,c;
Vidal et al. 2000, 2001, 2003; Viacava et al. 2003; Niveiro
et al. 2005; Pan et al. 2005).

One of the most widely used estimators of tumour
microvascularity in two-dimensional histological sections
is microvessel density (MVD) (Sharma et al. 2005). Although
it has been shown to have a number of substantial limita-
tions mainly due to the complex biology of tumour micro-
vasculature (Hlatky et al. 2002) and the irregular geometry
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Fig. 1 Examples of the histomorphological complexity of pituitary vascularity. Two-dimensional sections of normal (A) and adenomatous pituitary

gland tissue (B) stained with antibodies raised against CD34 that specifically react with vessels by a standardised immunohistochemical procedure. A
vessel catalogue is subsequently created for each digitised section: the immunopositive vessels are selected on the basis of the similarity of their colour
on the RGB scale using a computer-aided image analysis system, and ordered on the basis of their magnitude. The highly variable nature of the vessel

shapes and surfaces can be clearly seen.

that the microvascular system assumes in real space (Grizzi
et al. 2001b), MVD is currently used to estimate microvascu-
larity in many tumours. MVD is expressed as the number of
microvessels per square millimetre in the subjectively-selected
most vascularized area of tumoral tissue (hot spots)
(Weidner et al. 1991). However, this estimate does not meet
the two-dimensional geometrical complexity of the micro-
vascular system, which mainly depends on: (1) the number
of vessels; (2) the variability in vessel shapes and magni-
tudes; and (3) the pattern of vessel distribution (Fig. 1)
(Grizzi et al. 2001a,b).

It is now well known that Euclidean geometry can only
interpret regular and smooth objects that are almost
impossible to find in nature (Goldberger & West, 1987;

Cross, 1988; Nonnemacher et al. 1994; Losa & Nonnenmacher,
1996, 1998, 2002, 2005; Coffey, 1998; Baish & Jain, 2000; Grizzi
et al. 2001a,b; Gaudio et al. 2005; Gorski & Skrzat, 2006;
Toumi et al. 2006), so it cannot be used to quantify the
microvascular network accurately. Modern fractal geometry
can overcome these limitations insofar as anatomical
systems can be geometrically classified as natural fractals
because of their irregular shape, statistically self-similar
structure (in limited ranges of scale), non-integer or fractal
dimension, and the fact that their measured properties
depend on the scale at which they are measured.

In this study we investigated the non-Euclidean geometry
of the two-dimensional microvasculature observed in
normal and adenomatous pituitary tissues by quantifying its
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surface fractal dimension, which indexes the space-filling
property of this irregularly shaped anatomical entity.

Materials and methods

Tissue samples

The study was conducted in accordance with the guide-
lines of the Ethics Committee of Istituto Clinico Humanitas
IRCCS, Rozzano (Milan, Italy); all patients were informed
of the possible discomforts and risks of the surgical pro-
cedure, and that their pathological specimens might be
further used for research purposes.

The study involved 52 pituitary macroadenoma speci-
mens (18 functioning and 34 non-functioning) taken from
the files of the Department of Pathology, and six normal
pituitary glands obtained from the Department of Anatomy,
University of Vienna Medical School, Vienna, Austria, which
had been taken from men who had died of reasons other
than endocrine disease. The specimens were formalin-fixed
and paraffin-embedded within 24 h from the sampling.

Histochemistry

Sections (2 um thick) were stained with a freshly made
hematoxylin & eosin solution, and analyzed under a light
microscope (Leica DMLA, Milan, Italy) by the same patho-
logist in order to establish the absence of pituitary tissue
abnormalities (due to technical manipulations or post-
mortem alterations) or confirm the adenomatous state.

Immunohistochemistry

Sections (2 um thick) were cut and processed for immuno-
histochemistry. After deparaffining and rehydration, the
sections were immersed in an antigen retrieval bath (Dako,
Milan, Italy) for 30 min at 98 °Cin a freshly made EDTA 1 mM
solution, incubated with 3% H,0, for 15 min to quench
endogenous peroxidase activity, and then incubated for
1 h at room temperature with primary antibodies raised
against CD34 (Novocastra Laboratories Ltd, Newcastle, UK),
or with 1 mg mL™" mouse IgG1 (Dako) as a negative control.
This was followed by 30 min incubation with the Envision
system (Dako). 3,3’-diaminobenzidine tetrahydrochloride
was used as a chromogen to yield brown reaction products.
The nuclei were lightly counterstained with hematoxylin
solution (Medite, Bergamo, Italy).

Image acquisition and preprocessing

All the available normal (mean surface 47.32 + 28.79 mm?)
and adenomatous tissue (mean surface 6.53 £ 2.67 mm?)
was automatically digitized using a computer-aided image
analysis system consisting of a Leica DMLA microscope
(Leica) equipped with an x-y translator table, digital camera
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(Leica DC200), and an Intel dual Pentium IV 660 MHz com-
puter with incorporated ad hoc constructed image analysis
software (Bio-image Analyser, Laboratories of Quantita-
tive Medicine, Istituto Clinico Humanitas IRCCS, Rozzano,
Milan, Italy; patent pending) that automatically selects
immunopositive vessels on the basis of RGB colour seg-
mentation (Fig. 2). All of the measurements were made
at 20 x objective magnification. The images have been
acquired at a fixed resolution of 1.667 pixels micron™. The
same image intensity level was used throughout the study.

Estimate of the global fractal dimension of vascular
surface area

This was automatically estimated using the box-counting
algorithm that applies the equation:

m log N(g)

- e-0 |Og(1/8) (1)

where D is the box-counting fractal dimension of the
immunoreactive vascular surface area, ¢ the side length of
the box, and N(g) the smallest number of contiguous
and non-overlapping boxes of side € required to cover
the immunoreactive vascular surface completely (Fig. 2).
As the zero limit cannot be applied to biological images,
D was estimated by means of the equation:

D=d (2)

where d is the slope of the graph of log[N(g)] against
log(1/¢). As natural objects are ‘scale invariant’, they retain
their fractal dimension in a fixed range of side lengths
(Emin — €may) DY the constant fitting parameter D (Fig. 2)
(Emax Was 1000 pixels = 600 um; g,y was 10 pixels = 6 um). We
applied the box-counting method because makes it possible
to estimate the global complexity of a set of irregularly-
shaped objects, like two-dimensional vascularity (Abu-Eid
& Landini, 2003). In addition, this algorithm has been
widely stated as a helpful method for quantifying the space-
filling property of a biological structure (Paumgartner
et al. 1981; Cross et al. 1993, 1994, 1995; Cross 1994; Losa
& Castelli, 2005). The present study was aimed at quan-
tifying only the global, and not the local complexity of
the two-dimensional vascularity immunohistochemically
recognized in normal and adenomatous pituitary tissues. It
is know that other algorithms, like the mass radius relation
at various local scales, have been developed for quantifying
the local complexity derived by the irregular distribution
pattern (anisotropic irregularity) (Landini & Rippin, 1993,
1996; Abu-Eid & Landini, 2006).

Statistical analysis

All of the data are expressed as mean values + SD, and
were analysed using Statistica software (StatSoft Inc.,
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Fig. 2 Computer-aided estimate of the surface area fractal dimension (D) of a vascular network in two-dimensional biopsy sections. (A) Pituitary tissue
section stained with antibodies raised against CD34 that specifically react with vessels. (B) Image segmentation: the immunopositive vessels are selected
on the basis of the similarity of the colour of adjacent pixels. (C) Determination of D using the box-counting algorithm which, briefly, counts the number
of boxes of length € required to cover the object being measured, and indicated as N(g). (D) Prototypical curve obtainable using the box-counting
method that highlights the so-called fractal windows ranged by box size €, and ¢,, and represents the appropriate region in which to estimate the
dimension. Box sizes of more than €, approach the size of the image until one box covers it completely. Box sizes smaller than €, approach a single

pixel or the resolution of the image.

Tulsa, OK, USA). The parametric and categorical variables
underwent univariate analysis using the Student t or
chi-squared test as required. A P value of < 0.05 was con-
sidered statistically significant. The coefficient of variation
(CV) given by the formula CV = (SD/mean) = 100 was used
to evaluate the variability of the estimated two-dimensional
geometrical complexity of the series of normal and adeno-
matous pituitary tissues.

Results

Baseline patient and tissue characteristics

We investigated surgical tissue taken from 52 patients
(M:F = 22:30; mean age: 52.5 + 16.1 years; range: 21-77 years)
with pituitary adenomas: 34 (65%) classified on the basis
of the characteristic clinical syndromes accompanying
the production of the tumour hormone as clinically
non-functioning, and 18 (35%) with functioning pituitary
adenomas, including six growth hormone (GH) cell
adenomas; three thyroid-stimulating hormone (TSH) cell
adenoma; five adreno-cortico-trophic hormone (ACTH)

cell adenomas; two prolactin (PRL) cell adenomas; and
two adenomas with mixed secretin (one GH/PRL and one
GH/ACTH).

Estimates of the fractal dimension of vascular
surface area

The vascular surface area fractal dimension (indicated
by the symbol D) was automatically evaluated in two-
dimensional histological sections of normal pituitary glands
and adenomatous tissues.

The minimum and maximum values of D obtained by
measuring normal pituitary vascularity were 1.47 and 1.72,
with a mean value of 1.58 £ 0.10; the corresponding values
obtained by measuring adenomatous tissue vascularity
were 1.12 and 1.8, with a mean value of 1.42 + 0.14 (Fig. 3).
The CV values of D were respectively 6.3% and 10.1%.

When the pituitary adenomas were divided into secret-
ing (n = 18) and non-secreting forms (n = 34) on the basis
of the characteristic clinical syndromes accompanying the
production of the hormone, the mean D values were
respectively 1.38 £ 0.1 (range: 1.21-1.60) and 1.45+0.16
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Fig. 3 Comparison of the mean estimated vascular surface area fractal
dimension of normal and adenomatous pituitary tissues (*P = 0.01).
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Fig. 4 Comparison of the mean estimated vascular surface area fractal
dimension of functioning and non-functioning pituitary adenomas.

(range: 1.12-1.80) (Fig. 4). The CV values were respectively
7% and 11%.

There was a statistical significant difference between
the mean D estimated in normal versus adenomatous
tissues (P =0.01), normal versus secreting adenomatous
tissues (P =0.0003), and normal versus non-secreting
adenomatous tissues (P = 0.047), whereas the difference
between the secreting and non-secreting adenomatous
tissues was not statistically significant.

Fractal dimension of vascular surface area:
clinical information

To examine whether D provides additional clinical infor-
mation, we compared the values estimated in adenomatous
tissues (secreting and non-secreting) with the patient’s
clinical and epidemiological characteristics (including age,
sex, tumour invasiveness) but found no significant statistical
correlations.

Discussion

Angiogenesis refers to the non-linear dynamic process of
generating new vessels as a result of the sprouting and
branching of capillaries from pre-existing arteries and veins
(Holash et al. 1999; Hogan & Kolodziej, 2002; Jain, 2003;
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Lubarsky & Krasnow, 2003; Carmeliet, 2003; Grizzi et al.
2005). In adult human beings, it normally occurs in female
reproductive organs and during wound healing, but may
also occur as a result of a pathological condition such as
cancer (Jain, 2003).

Geometrically, human vascularity is a complex three-
dimensional system whose sizes, shapes and connecting
patterns represent highly variable parameters in two-
dimensional histological sections, and this geometrical
complexity is the main cause of discordant results when
assessing microvascularity in biopsy or surgical tissue
specimens. One primary difficulty is that, like any other
anatomical entity, the vascular system is irregularly shaped.
This not only makes it difficult for even expert morpho-
logists to provide an objective estimate, but also limits
the identification of numerals capable of providing direct
measures: i.e. capable of representing the close-to-reality
variables that describe the vascular architecture observed
through a light microscope.

One often-quantified index of tumoral vasculature is
MVD because the results of studies carried out over the
last ten years suggest that it has prognostic value in a wide
variety of cancers, and it has also recently been assumed
that it can reveal the degree of angiogenic activity taking
place in a tumour. A number of authors agree that normal
pituitary specimens have a higher MVD (i.e. are more
vascularized) than neoplastic tissues, but the values
obtained for different adenoma subtypes are highly
discordant (Erroi et al. 1986; Jugenburg et al. 1995;
Pawlikowski et al. 1997; Turner et al. 2000a,b,c; Vidal et al.
2000, 2001, 2003; Stefaneanu et al. 2000; Viacava et al.
2003; Niveiro et al. 2005; Pan et al. 2005).

MVD has a number of substantial limitations, which are
mainly due to the complex biology of tumour vasculature
and the highly irregular geometry of the vascular system
in real space, which cannot be measured by means of
classical Euclidean geometry because this can only inter-
pret regular and smooth shapes that are almost impossible
to find in Nature (Hlatky et al. 2002; Grizzi et al. 2005).
However, the human vascular system can be geometrically
interpreted as a natural fractal network of irregularly
branching vessels whose lengths and diameters become
systematically smaller (Goldberger & West, 1987; Cross, 1988;
Zamir, 1999; Baish & Jain, 2000; Zamir, 2001; Grizzi et al. 2005).

The principles of fractal geometry were first described
by Benoit Mandelbrot, built on previous studies by Jules
Henri Poincaré, George Cantor and others (Mandelbrot,
1982).

There is no doubt that the human vascular system fulfils
four of the main properties of natural fractal objects: (a) it
is irregular, rough or fragmented in shape; (b) it has a
non-integer or fractal dimension (i.e. the space-filling
property of an irregularly shaped object); (c) it demon-
strates statistical self-similarity (self-affinity), which means
that its parts statistically resemble the whole; (d) it is
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subject to scaling, which means that its measured properties
depend on the scale (i.e. objective magnification) at which
they are measured.

One fundamental concept for evaluating geometric
spaces is that of ‘dimension’, which has mainly been defined
in two ways: as the ‘topological’ dimension introduced by
Karl Menger, which assigns an integer number to every
point in Euclidean space (indicated by the symbol E3),
attributing zero to a point, 7 to a straight line, 2 to a plane
surface, and 3 to a three-dimensional figure; and as defined
by the mathematicians Felix Hausdorff and Abram S.
Besicovitch, who attributed a real number to every natural
object in E3 lying between the topological dimension and
3. Mandelbrot used the symbol Dy to identify Menger’s
dimension and D to identify that of Hausdorff and Besico-
vitch: Dyand D coincide (Dy= D) in the case of all Euclidean
figures, but remain unequal in the case of all natural
fractals such as biological objects, in which D > Dybecause
no biological entity corresponds to a regular Euclidean
figure (Carmeliet, 2003).

The dimension of a two-dimensional section of the
vascular system falls between zero (corresponding to the
Euclidean dimension of a point) and 2 (the dimension of a
plane). The more D tends towards 2, the more the analysed
vascular configuration tends to fill a space and the greater
its geometrical complexity. The vascular network irregularly
fills the surrounding environment, and can thus be attri-
buted a non-integer or fractal dimension whose number
falls between 2 and 3, the Euclidean dimension of a three-
dimensional (3D) space.

It has been clear since the introduction of fractal geo-
metry that its principles could be applied to the apparently
chaotic patterns of blood vessels. In 2003, Vidal et al. sug-
gested using microvascular structural entropy (MSE) as a
new index for the simultaneous measurement of the size
of vessels and their arrangements in two-dimensional
sections of pituitary tumours (Vidal et al. 2003). They
found that MSE was significantly higher in pituitary
adenomas than in PRL-producing carcinomas, and showed
that microvessels are less chaotically distributed in the
environment surrounding malignant tumours than in
pituitary adenomas.

Different algorithms have been developed to estimate
the fractal complexity of an irregularly shaped object. The
box-counting method is one of the most used in biological
sciences. However, it could be said that it is able to quantify
only the global, but not the local complexity of an object.
It is also true that methods quantifying the global com-
plexity of a set of objects are ‘limited histopathological
indexes’, mainly because the global complexity represents
an average of the various local complexity values of the
examined structure (Abu-Eid & Landini, 2003).

Mathematical fractals are known to be scale-invariant
objects, but natural, including biological, entities are
heterogeneous structures which maintain the fractal

properties only in a limited ranges of scales (or magnifica-
tions). For this reason the study of the global complexity of
a biological structure can underestimate the existence of
different values of fractal dimension at different spatial
scales, which means that it is possible to lose the local
complexity (the monofractality) of the set (Zamir, 2001).
Therefore the application of the box-counting method
might appear as an oversimplification of the quantification
of the microvascular architecture. We here first estimate
the global complexity of the two-dimensional microvascu-
lature of normal pituitary glands and pituitary adenomas
based on quantifying its box counting fractal dimension.

We found that the microvasculature of the normal
pituitary specimens was significantly more geometrically
complex than that of pituitary adenomas which, on the
basis of the principles of fractal geometry, indicates that
normal pituitary tissue is more vascularized than pituitary
adenomas, and that the microvasculature of normal
pituitary glands is more complex than that of pituitary
adenomas. It should be said that D is a quantitator that
intrinsically expresses information relating to (a) the
number of vessels, (b) their variability in shape and magni-
tude, and (c) their distribution pattern (Fig. 1) (Grizzi et al.
2001a,b). We also found that non-secreting adenomas
have a higher D than functioning tumours.

Analysis of variability showed that neoplastic vascularity
had a higher CV than non-tumoral vascularity. It is now
widely recognised that pathological anatomical systems
have greater structural variability than their normal counter-
parts, that tumours are highly heterogeneous in terms
of space and time, and that each neoplastic cell has differ-
ent angiogenic potential. Moreover, the vascular D of the
secreting adenomas had a lower CV than that of the non-
secreting adenomas. These results all extend previous find-
ings determining that pituitary PRL-producing carcinomas
have a less chaotic distribution of vessels than benign
adenomas (Vidal et al. 2003).

The present study makes it possible to draw the follow-
ing conclusions. (1) D is an objective and valid quantitator
of the two-dimensional geometrical complexity of both
physiological and pathological pituitary gland vascular
systems. (2) Unlike the currently used vascular estimators,
D is a quantitative computer-aided measure that can be
compared between laboratories. (3) The D of normal pitui-
tary glands tends more toward 2 than that of pituitary
adenomas, which means that the vascular configuration of
normal pituitary glands tends to fill a two-dimensional
space, and that its geometrical complexity is greater than
that of pituitary adenomas. Density of microvessels is only
one functional aspect of a tumour microvascular bed; other
aspects, such as morphology (tortuosity, branching pattern,
microvessel diameter), maturation, and endothelial wall
permeability represent equally important attributes.
(4) From these results we could speculate that pituitary
adenomas may progress via a non-angiogenic pathway, a
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finding that extends those of previous studies showing
that a subclass of primary non-small lung cancers and
glioblastomas progress without neo-vascularisation and
are clinically more aggressive than angiogenic tumours
(Wesseling et al. 1994; Pezzella etal. 1997; Passalidou
et al. 2002; Ribatti et al. 2003). In biological terms, these
findings indicate that, in certain situations, tumours can
obtain a sufficient blood supply from the pre-existing
vascular bed because of the lower oxygen consumption of
tumoral cells, which can also tolerate oxygen deprivation
(Holash et al. 1999). However these speculations need more
studies to be confirmed.

In conclusion, evaluating the global fractal dimension
(D) when investigating the microvascularity of normal and
adenomatous pituitary glands is a helpful means of assess-
ing its complex structural organisation in two dimensions,
and promises to improve the morphological assessment
of the vascularization of normal and neoplastic pituitary
specimens. The mono- or multi-fractal nature of the vascular
network of the pituitary gland, in physiological as well as
pathological conditions remains an open question to be
investigated. In addition, further studies are needed to
compare the estimates of the vascular surface fractal
dimension in different subtypes of pituitary tumours and
correlate them with clinical parameters in order to evalu-
ate whether vascular growth and its distribution pattern
may be related to a particular state of the pituitary gland.
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