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and Malignant Breast Epithelial Cell Nuclei
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Methods are presented for characterizing the self-affinity and lacunarity of arbitrarily shaped
images. Chromatin appearance in breast epithelial cell nuclei is shown to be statistically self-affine.
Spectral and Minkowski dimensions are lesser in nuclei of malignant cases than in nuclei of benign
cases, and lacunarity further quantifies morphologic differences such as chromatin clumping and
nucleoli. Fractal texture features are used as the basis for an accurate cytologic diagnosis of breast
cancer. [S0031-9007(97)04986-7]
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Contemporary standards in oncology typically require As is illustrated in Fig. 1, a nuclear image can be
a pathologic diagnosis prior to instituting therapy, and,yiewed as a surface for which tlxeandy coordinates rep-
thus, the definitive role in cancer diagnosis is borne by theesent position and thecoordinate represents grey level.
pathologist. Despite the introduction of promising mo-We evaluate the self-affinity of these surfaces, and chara-
lecular biomarkers, diagnosis is still made by the patholo¢terize them by fractal dimensions and lacunarity. If nu-
gist largely on the basis of a subjective morphologicclear images can be shown to be (statistically) self-affine,
assessment of physical properties of cells and nuclghen these fractal parameters are an appealing approach to
such as size, shape, adhesion, regularity, and chromatiexture characterization. Pentland [8] has shown a high
appearance. Factors considered in evaluating chromatorrelation between human visual roughness perception
include whether it takes a fine or coarse appearance, if and fractal dimension, and, thus, fractal dimension is a
is clumped, whether marginated chromatin and/or nucleagood candidate for quantitating the nuclear irregularity
voids are present, and the size and number of nucleolsubjectively observed by pathologists. Moreover, lacunar-
While, in most cases, diagnosis is straightforward for anty [9] measures the largeness of gaps or holes. Since nu-
experienced pathologist, in some cases, it is not. Theleoli and chromatin voids form large “holes” in cytologic
diagnosis of breast cancer poses a particular challenganages, and increases in nucleolar size and irregularity as
Fine-needle aspiration (FNA) cytology, which involves well as large voids tend to be indicative of malignancy
inserting a needle into the breast and aspirating individudlL0], lacunarity should also be of diagnostic utility.
cells from suspicious tissue, has become an increasingly We obtained cytology specimens from 41 patients. The
important diagnostic procedure in the management ofpecimens were stained using the ultrafast Papanico-
breast masses. An accurate diagnosis using FNA ikou protocol [11]. Twenty-two patients were diagnosed
highly dependent on how experienced the aspirator andith invasive ductal carcinoma and 19 as benign; each
cytopathologist are, and high false negative rates have
been reported [1].

Scale-invariant behavior is characteristic of many bio-
logical systems, ranging from microvascular network for-
mation to heart interbeat intervals [2]. Recent studies have
shown that aspects of morphology considered by patholo- [
gists, such as the shapes of cell membranes [3], nuclear §§#
membranes [4], and tissues [5], exhibit fractal properties. §*
Here, we investigate scale-invariant properties of chro-
matin appearance in microscopic images of breast epithe-
lial cell nuclei obtained by cytology, and show how they
can be used as the basis for a more objective diagnosis
between benign and malignant breast epithelial cell le-
sions. Chromatin appearance in nuclear images is maniG. 1. (a) Surface plot of a malignant breast epithelial cell
fested in terms of texture, the spatial distribution of greynucleus; note the nucleolar "pit,” marked by an arrow. Fractal

values. Several studies have attempted to quantify texturoI mg;ssltcz gghgﬁ;gp}ﬁ |(r)1ftr:;|a| tiZtS’ a\%ﬁe: éj.sgr(]gstS etjr? g;?d

in cytologic specimens, for both diagnostic [6] and prog-(b) The associated plot of W (s) versus Ire. r2 = 0.97,
nostic [7] purposes. indicating that chromatin texture is self-affine.
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diagnosis was made by a cytologist and independentlpf variance (ANOVA), which here yields a significance
confirmed on the basis of surgical biopsy findings. Speclevel p of 0.067, corresponding to borderline significance.
imens were viewed on an image analysis system unddbyg estimated from a smaller range of resolutions
oil-immersion light microscopy, and an average of 64 ran{21 values ofe between 0.134 and 0.940m) exhibited
domly selected nuclear images were segmented for eaeh statistically significant difference between benign and
patient by an individual blinded as to the cytologic andmalignant caseép = 0.044).
histopathologic diagnoses. Since, in cytologic specimens, Despite the high coefficients of correlation between
cells lie compressed between the slide and the cover slifn e and V,(¢), a slight concavity can be observed in the
these images provide planar representations of compleftn ¢, In V,(¢)] plots for most nuclei. This concavity may
nuclei. Images were normalized [12] to compensate fobe due to edge effects, or to a slight intrinsic deviation of
possible differences in staining and lighting conditions. chromatin texture from mathematical fractality. Consis-
Several fractal dimensions can be used to characterizent with this, we observed that the slopes of the plots, and
self-affine surfaces, each one contributing to an overall deconsequently their associatér, g, depend on the range
scription [13]. We characterized the nuclear images in thef ¢ included in the regression, notwithstanding the high
spatial domain with a Minkowski-Bouligand dimension correlation coefficients common to various rangeé3vis
Dy, and in the frequency domain with a spectral expo-were lesser over the smaller range of resolutionsg(21
nentB. Minkowski dimensions were determined using awith mean dimensions per patient of 2.333 for the benign
modification of the variation method of Dubet al. [14].  cases and 2.319 for the malignancies, than over the longer

For a surface; = f(x,y) at a given(x’,y’), thee oscil-  range (145). Rigaut claims that this concavity is present
lation is defined as the difference between the extrema almost all naturally occurring fractals, and cites several
values off in a neighborhood ofx’, y'), i.e., empirical models which have been proposed to incorpo-

Ve(x',y") = maxf(x,y) — minf(x,y). rate the concavity [16]. Alternatively, some (e.g., Man-

We determine the extrema over &ll,y) on the surface delbrot, cited in [17]) prefer to account for concavity with
such that(x — x)> + (y — y/)> = ¢%. Thee variation  successive values of fractal dimension. Recent studies [18]
Vi(e) of f is the sum of V.(x’,y’) over the entire showing that random processes can generate fractal struc-
surface. The variation method estimateg;z by three tureswhose log-log plots exhibit curvature provide a mech-
minus the slope of the least-squares line fitting the ploainism to account for concave log-log plots; however, it is
[Ine,InV,(e)] over a suitable range @f. For the nuclear unclear what role, if any, such random processes play in
images, we determinet,(¢e) at 145 values ot, ranging determining chromatin morphology, and how these pro-
between 0.134.m (1 pixel) and 2.69um (20 pixels). cesses differ between benign and malignant nuclei.

The plotgIn €, In V((e)], an example of which is shown  Fractal images are typified by a power spectrum in
in Fig. 1, can be used for two purposes: to assess the vavhich there is al/f# dependence on frequency. Voss
lidity of the self-affine model, and to estimafgg. Val- [19] has shown that for statistically self-affine fractal
ues ofr?, a standard measure of goodness of fit, range@rownian motion, the spectral exponeftis related to
from 0.836 to 0.996 for the 2621 nuclei, with a mediana fractal similarity dimensio®g by
of 0.962. The good linear fit implies that chromatin ap- Ds = (7 — B)/2 (1)
pearance is indeed self-affine over the range of resolu- § ‘
tions considered. That nuclear appearance is fractal iSince power spectra are determined from an image’s two-
highly suggestive that the three dimensional organizationlimensional Fourier transform, this approach is limited
of nuclear chromatin is also fractal. Supportive of this,to rectangular images. Because nuclei have irregular
Pentland [8] has shown that under certain assumptions, shapes, we developed a new method to determine the
three-dimensional surface is fractal if and only if its im- fractal dimension of images of arbitrary shape [20]. A
age intensity surface is fractal. Thus, these results extemliclear imageR,, is embedded in a rectangular arrRy
the scope over which genetic material may have fractalhe region ofR surrounding the actual nuclear image is
organization, from single chromosomes [15] to nucleareferred to ask,; the goal of the iterative procedure is
organization. to fill in this background region in such a way that it

For an individual patient, we can compute the mears similar to the nucleus in the Fourier domaiR, is
value of Dyg over all of the nuclei segmented from initialized such that the statistical properties of the image
that patient, which we refer to as the patient mean ofn R, are extended t®,. Following this initialization,
Dyg. The average of the individual patient means forthe two-dimensional Fourier transform Rfis taken, from
a whole group of patients represents an average fractathich its power spectrum is determinegB is estimated
chromatin texture property of that group, and is referredby fitting this computed power spectrum to the assumed
to as the overall mean for the group. The overall meamodel in which power spectrum equalg ~#, whereC is
Dyp was 2.527 for the benign cases and 2.510 for the proportionality constant. The fitted power spectrum is
malignancies. The statistical significance of this observedombined with the actual phase of the Fourier transform
difference between the overall me@ng of the benign of R to yield a new frequency domain signal. The
and malignant cases is analyzed using two-way analysisverse Fourier transform of this signal is taken to produce
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another spatial domain imag®’. The background area (a)
R, in R’ has been determined both froR), and from
spectral properties of the nucleus, and in this sense shoul
be an improvement oveR,. Thus, the image used in

the next iteration contains the original nuclear imadge
padded with the improved background sigil. This
process is iterated until the change in the coefficients
of the 1/f# model is sufficiently small, and the final ®
B is used to determine the fractal dimension from (1).

In this study, iteration was stopped when the change
in B was less than 0.01, or after 200 iterations. We
have tested this method with synthetic “nuclei” of known — —
fractal dimension generated using Voss’s inverse Fourie (c) 1.0

filtering method [19], and have found thatis estimated 0.8 :Lc';ﬁwr
very accurately, e.g., within 0.2% for a nucleus with gl NN\ — Right
Ds = 2.75. Soa TN
The overall mean spectral dimension was 2.853 for the = 02 ‘\
benign cases and 2.796 for the malignancies, a differenc 'G M TN oo

which was determined to be very highly significant 005
(ANOVA significance level p = 0.000011). These

means exclude 239 of the 2621 nuclei for which the iteraFIG. 2. (a) Two stages of Sierpinksi carpets (inverse images)
tive method was considered to have converged incorrectlyith Hausdorf dimensions of B6/In11 ~ 1.90 and (c) their
(Ds < 2, i.e., spectral density approaching white noisejacunarity curves. The carpets are denoted in (c) by their

. oo : positions in (a) as left, right, and center. (b) Two breast
or C > 2000). Spectral and Minkowski dimensions for epithelial cell nuclei withDys — 2.49 and D = 2.81, shown

individual nuclei were weakly _correlate(jﬂ = 0.027  poth as gray scale images and thresholded at the first quartile
for the 2382 nonexcluded nuclei), as were patient meansf the intensity histogram, and (d) the lacunarity curves for the

of Dg and Dy (2 = 0.018), indicating that these two two nuclei. The nucleus on the left has a prominent nucleolus,

dimensions reflect different facets of the self-affine naturt{)"m‘e‘rﬁifI %h?” ggsor‘)’;’t’eagd nﬂg{g;‘:af/%‘? dCthagn}noTrge u”n‘;%?rtr‘ls
of chrom_atln in breast Qp!thellgl cell r_luclel. Th_e Iowerdistribution of chromatin and is less lacunar. Scale bars are
fractal dimensions exhibited in malignancy—in botho ,m.

the frequency and spatial domains—are consistent with

the hypothesis advanced by Goldberger and colleagues

[21] that disease is associated with a loss of biologi

complexity.

1 2 3
In r (pixels)

1 2 3 4
In r (pixels)

Cperiphery of an image—many of the pixels in the gliding
Two objects can exhibit different texture but still box will not be part of the image, but "background

h th fractal di : As is illustrated i instead. The values of; at these positions will be low
ave the same Iraclal dimension. As IS Mustrated g, .o ere are few pixels of the image within the gliding

Fig. 2, this d'ﬁefence can often be _characterlzed hox at these locations. The net result can be to skew the
terms of lacunarity. We measure weighted Iacunarltydistribution 0,(M,s). To correct for this problem, we

on thresholded nuclear images using an extension of thiﬁcor orate a weiahting factor: equal to the number
gliding box met_hqd [22] to binary ‘mag‘?s Of grpitrary of pifels in the gl?dinggbox thallt, arqe part of the image.
shape. ‘In the gliding box method, anx s pixel "gliding Define x;, the weighted number of light pixels in the

box” is initially placed at the upper left corner of the . ; ; "
image, and the number of light pixels in the imageImage contained in the gliding box, by

contained in the gliding box is denoted,. The box xi = ni(s*/w;). 2

glldes_ over the entire image, moving to al positions Weighted lacunarity is defined in terms of weighted mo-
at which it covers at least one pixel of the image, at

each location recording the number of light pixels ments of the distributio, (M, s) of {x;}. The rationale
in the image. The sequence of valugs} for i € for weighting the moments as well as the number of pix-
{1.2,....N} defines a probability distribution, (M., s) els is that we do not wish a position for which the gliding

which represents the probability that a gliding box of 20X contains only a few pixels in the image to contribute
. i . . LT 4 .~ as much to the lacunarity as a position for which it con-
sider containsM light pixels. Lacunarity is defined in

@ 2 tains many pixels. Instead of summing over the number
terms of the moments,, (s) = 23— M?Q,(M.s) of  of jight pixels, moments 0B, (M, 5) can be calculated by
the distribution@, (M, s), by summing over theN positions taken by the gliding box,

Als) = Z5(9)/[25) (). ie.,

s N N N
When working with irregularly shaped images such ,@ .y _ MIOM.5\=S x?/N = xq/ 1
as nuclei, at many positions—in particular, near the 0.(s) MZ:1 Q:(¥.5) ,:ZI i/ ; ' ,:ZI '
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Weighted momentzg‘f)(s) are given by diagnosis for a patient on the basis of méy) mean nor-
N N malized A’/(35), mean area, standard deviation@fand
257(s) = > wix! / > wi, (3) standard deviation of normalized M(2). This yielded
i=1 i=1 a correct diagnosis for all 19 benign cases and 20 of the
and weighted lacunarity is defined as 22 malignant cases, an accuracy of 95.1%. These find-
A(s) = Zg%)(s)/[Zg})(s)]z. (4) in_g; suggest that measures of self—_affir.lity can be used as
) o . ) clinical parameters to assist cytologists in rendering an ac-
Equivalently, substituting (2) and (3) into (4)2y|elds curate diagnosis in FNA of the breast, and potentially in
. <, il il automated instruments for quality assurance in pathology.
A(s) = i_zl("i/wi) Z_ZI Wi Z_ZI i |- We thank C. Benham, S. Wallenstein, C. Bodian,

nd W. Lou for helpful discussion, M. Sanchez and
. Yang for materials, and D. Burstein and |. Bleiweiss
for diagnoses. A.J.E.was supported by NIH MSTP
rant No. GM07280.

Weighted lacunarity curves for the Sierpinski carpets an

nuclei in Fig. 2 are shown below the images. While

these fractals have the same dimensions, they can

distinguished on the basis of the lacunarity curves.
Weighted lacunarity functions were determined for

each nucleus thresholded at the third quartile of its

intensity histogram, with box side Ie_ngths ranging from *Corresponding author.

s = 2 pixels (0-269“”.‘) o 5 =35 pl_xels (4.70um). . Electronic address: einstein@msvax.mssm.edu
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