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Objectives. Fractal geometry is a tool used to characterize irreg-
larly shaped and complex figures. It can be used not only to
enerate biological structures (e.g., the human renal artery tree),
ut also to derive parameters such as the fractal dimension in
rder to quantify the shapes of structures. As such, it allows
ser-independent evaluation and does not rely on the experience

evel of the examiner.
Methods. We applied a box-counting algorithm to determine the

ractal dimension of atypical nuclei in dysplastic cervical epithe-
ium. An automatic algorithm was used to determine the fractal
imension of nuclei in order to prevent errors from manual seg-
entation. Four groups of patients (CIN 1–3 and control) with 10

ubjects each were examined. In total, the fractal dimensions of
200 nuclei were calculated.
Results. We found that the fractal dimensions of the nuclei

ncreased as the degree of dysplasia increased. There were signif-
cant differences between control and atypical nuclei found by an
nalysis of variance. Atypical nuclei associated with CIN 1, CIN 2,
nd CIN 3 also differed significantly among these groups.

Conclusion. We conclude that the fractal dimension is a valu-
ble tool for detecting irregularities in atypical nuclei of the cervix
teri and thus allows objective nuclear grading. © 1999 Academic Press

Key Words: fractal analysis; dysplasia; cervical intraepithelial
eoplasia.

INTRODUCTION

Usually, the structure of an object can be described utili
ools of common geometry. A square, for example, can
escribed by the measure of its sides. However, “complica
bjects, particularly naturally occurring objects such as clo
ountains, and coastlines, do not apparently appear as a s

riangles and lines. Such objects are better described
ractal geometry. Fractal geometry has been known as a m
matical concept for many years and was introduced b
andelbrot [1]. Its tools were applied successfully to cha

erize irregularly shaped and complex figures by a mathe
cal value wherever Euclidean geometry fails. One of
dvantages of fractal analysis is the ability to quantify

1 Parts of this study were presented at the 82nd Meeting of the Ge
ociety of Pathology in Kassel, Germany, June 3–6, 1998.
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rregularity and complexity of objects with a measurable va
hich is called the fractal dimension. The fractal dimens
an be determined using the box-counting method [2]. Fr
nalysis techniques are common tools in physics and im
rocessing. In the past few years they have gained incre
ttention in medical sciences, particularly in cardiology,

hology, and radiology [3–8], and have been applied in hea
s well as in certain pathological conditions [9–19]. During
ast years fractal analysis has been applied also in t
athology to characterize irregular boundaries of tumors

heir nuclei [20–26]. Whereas dysplastic lesions of the
avity were investigated by Landini and Rippin [21], the
erent stages of dysplasia of the uterine cervix remained
nalyzed by fractal geometry. All these studies emphasiz
sefulness of fractal parameters in tumor pathology. S
arameters are especially important for improving the as
ent of tumor grading, which still remains largely a subjec

udgment. We, therefore, applied this technique to 1200 n
f regular and dysplastic epithelia of the uterine cervix in o

o investigate the practicality of this method.

MATERIALS AND METHODS

A total of 1200 nuclei (30 nuclei/patient) were selected f
0 cone biopsies of the uterine cervix from patients with m

o severe dysplasia (cervical intraepithelial neoplasia (C
rades 1–3) or without any dysplastic lesion, as a control. F
ach patient three epithelial areas (in total 0.12 mm2/patient) in

hree different sections of hematoxylin–eosin-stained s
ere used. The digitized image of the microscopic picture
aptured by a digital camera (CCD; ProgRes3012; Jeno
ermany) fixed on an Axioplan 2 microscope (Zeiss, Ger
y). The magnification and the resolution used were3600 and
312 3 1740 pixels (Fig. 1) in all cases, resulting in a fi
ixel size of 0.2mm.
An algorithm based on color (RGB) thresholding imp
ented in the KS300 software package (Zeiss Vision,
any) was applied to the digitized images to determine
utlines of the nuclei. In this way, user-introduced errors du
anual segmentation were minimized. The resulting bi

an
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black and white) images were cleared of nonnuclear struc
sing a scrap filter. Square images of 3003 300 pixels in

ength and containing a single nucleus were extracted
nderwent fractal analysis. Only complete and nonoverlap
uclei were taken into account.
The box-counting algorithm was used for fractal dimen

alculation: the binary images were covered with diffe
rids (box lengthe), and the number of boxesN(e) required to
over the structures of the nuclei was recorded. If an obje
n ideal fractal,N(e) increases according to the relation

N~e! 5 Ce DF, (1)

here DF is the fractal dimension andC is constant. For
traight line, N(e) doubles with every halving of the bo

ength, corresponding to a dimension of 1. From Eq. (1)
ractal dimensionDF can be derived as

DF 5 lim
~e30!

@2log~N~e!!/log~e!#. (2)

herefore, the fractal dimension can be determined as the
f a double-logarithmic plot ofN(e) over e.

FIG. 1. Digitized images of the cervical epithelium are shown (left top
n the right.
es
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n
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In our study 300 pixel-sized binary images of the nu
ere analyzed for their fractal dimension by covering th
ith 150 different grids (box length ranged from 0.2 to 30mm).
or each grid the number of nucleus-containing squaresN(e)
as determined, i.e., 150 values per nucleus (Fig. 2). For
ucleus,N(e) was plotted over the reciprocal ofe in a double

ogarithmic way. The slope of the graph was derived b
inear regression analysis and yielded the fractal dimen
he method was checked against structures with known
lidean dimension (line, circle5 1) and known fractal dimen
ion (Koch’s curve) with a mean error of 0.001 (Fig. 3). T
ata were expressed as means6 standard error.
Differences between the control and the groups CIN 1–
ell as between subject classes were examined by an an
f variance using the statistical package SAS. All probab
alues are two-tailed andP , 0.05 was considered statistica
ignificant.

RESULTS

The mean fractal dimension (mean6 standard error) o
ontrol nuclei wasDF 5 1.026 0.004 and of atypical nucl
IN 1, D 5 1.326 0.01; CIN 2,D 5 1.376 0.009; and CIN

th segmentation of nuclei (left bottom). The corresponding binary imagesn
) wi
F F
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80 SEDIVY ET AL.
, DF 5 1.406 0.008. The fractal dimension of atypical nuc
as significantly greater than that of nuclei of the control gr

control/CIN 1–3P 5 0; Figs. 4 and 5). In addition, the frac
imension of atypical nuclei increased as the degree of
lasia increased (CIN 1/CIN 2P 5 0.003, CIN1/CIN 3 P ,
.0002, CIN2/CIN 3 P 5 0.0024;Fig. 5).

DISCUSSION

In this study fractal analysis was applied in order to quan
tructural irregularities of atypical nuclei associated with d
lastic lesions of the uterine cervix (CIN 1–3). We found

he fractal dimension is a reliable measure of atypical nu
ince it is able to distinguish between control and atyp
uclei of dysplastic epithelia. In addition, we found a small
tatistically significant difference in atypical nuclei among
IN groups. The fractal dimension (a measure of irregula
f atypical nuclei was increased as the degree of dysp

ncreased. Thus, fractal analysis yields an objective measu
he irregularity in shape of cervical nuclei. At present,
ssessment of nuclear irregularities remains largely a su

ive judgment, with high observer dependence and varia
herefore, such mathematical discrimination which prov
dditional and more objective information in overall clas

FIG. 2. Edited image used for fractal analysis with varia
p

s-

y
-
t
i,
l
t

)
ia
of

c-
n.
s
-

ation of dysplastic lesions would be of great benefit and
elp to identify objectively the pathological status of the
ical epithelium. The fractal dimension of atypical nucle
IN lesions alone, however, is not enough for a histopa

FIG. 3. Fractal dimension of a line with Euclidean dimension 1.
evealed fractal dimension wasD 5 1.001.

ofN(e) of the box sizes (in total 150 different grids were used).
tion
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81FRACTAL DIMENSION OF DYSPLASTIC CERVIX EPITHELIUM
ogical diagnosis. In daily histological practice the assess
f the grade of CIN lesions involves several criteria such a
ize of the nuclei, the pleomorphism, the staining intensity
attern of the chromatin, the appearance of nucleoli an
acuoles, mitotic figures, and the extent of these chang
elation to the thickness of the mucosa. Two of these crit
he chromatin clumping and the structure of nucleoli, h
een assessed by measuring the lacunarity of chromatin te
nd by using the spectral dimension and the Minkowsk

FIG. 4. Fractal dimension of nuclei from the uterine cervix. Top: Indi
ontrol nuclei (DF 5 0.97; squares) and the atypical nuclei of severe dy
nt
e
e
or
in

a,
e
ure
i-

ension in fine-needle aspirations of breast tissue [27]. It
oted that, even if objects have the same fractal dimen

hey may differ in their texture as evaluated by a param
uch as lacunarity. Another valuable parameter is the det
ation of the fractal dimension of the epithelial–connec

issue border, as it was shown for dysplastic lesions of the
ucosa [20]. A combination of these measurable param
ould yield an objective index which supports the individ
ssessment of epithelial irregularities by the pathologist.

al fractal dimension of the control nuclei. Bottom: Mean fractal dimensio
astic epithelium (CIN 3;DF 5 1.47; triangles).
vidu
spl
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82 SEDIVY ET AL.
A further advantage of fractal analysis is its scale inde
ence. A previous study has shown that usual shape desc
e.g., form factor, shape factor) vary significantly with mag
cation in dysplastic lesions of the oral mucosa [23]. Th
ore, fractal dimension could be used at different level
agnification, which still provides a discriminant and com

able parameter. Recently, it was shown that a changed f
imension was associated with functional changes of b
ancer cells [28]. Thus, fractal analysis not only has pote
or providing a measure of irregularity in shape of nuclei
lso reflects the corresponding functional status of the
ractal analysis could, therefore, be used to investigate
onal influences that may change the structure of nuclei o

ervical epithelium.
In summary, this study has demonstrated a reliable me

or distinguishing between control nuclei and atypical nucle
ervical dysplasia. This finding presents the opportunity to
cutoff point of fractal dimension above which a nucleus

e identified safely and objectively as atypical. The applica
f such a cutoff point would contribute to automated scree

echniques in cervical smears. Fractal analysis provides a
bjective assessment important for the screening of cer
mears in which the computer can discriminate accur
ealthy from atypical samples. We also found that it ma
ossible to distinguish between dysplastic categories usin
bserver-independent method. In addition, we can see a fu
otential of the method by adding other parameters, suc

acunarity, which may also be helpful in the assessmen
ervical smears.

FIG. 5. Differences in categories. Significantly larger fractal dimens
ignificantly larger fractal dimension CIN 1/CIN 2(*/** P 5 0.003), CIN
-
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