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ABSTRACT

The objective of this study was to evaluate the utility of
measuring microvessel fractal dimension (MFD) as a pa-
rameter of architectural microvascular complexity in local-
ized renal cell carcinoma (RCC). Forty-nine patients with
low-stage clear cell RCC were assessed in a 9-year follow-up
retrospective study. Tumor vessels were visualized with the
endothelial marker CD34. Tumor microvessel density
(MVD) was measured by computerized morphometry. Frac-
tal analysis of the RCC microvascular network was per-
formed and the MFD was computed in each case. Correla-
tion between tumor vascular parameters, histological grade,
extent of tumor necrosis and patient survival were tested by
uni- and multivariate analyses. A significant correlation was
found between tumor grade and decreased survivalR =
0.04). The extent of macroscopic tumor necrosis also signif-
icantly correlated with poor prognosis (P = 0.0001). Sur-
vival analysis revealed a significantly higher MVD in pa-
tients who survived longer than 5 years as compared with
those who died before the end of the 5-year follow-up period
(MVD = 10.8 * 4.7% versus6.4 = 3.7%; P = 0.03). MVD
was also inversely associated with the extent of tumor ne-
crosis (P = 0.03). Microvessel fractal dimension was signif-
icantly higher in low- as compared with high-grade tumors
(1.55+ 0.11versusl.45+ 0.15;P = 0.03). Survival analysis
revealed a significantly higher MFD in those who lived>5
years as compared with those who died earlier (1.5& 0.11
versus 1.46 = 0.15; P = 0.02). The MFD was inversely
associated with the extent of tumor necrosisR = 0.01).
Multivariate analysis revealed that the MFD was the only
significant factor to correlate with tumor necrosis, and that
tumor necrosis was the only independent predictor of pa-
tient survival. These results indicate that the analysis of
MFD as a marker of tumor microvascular complexity may
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provide important prognostic information as well as novel
insight into the biology of tumor angiogenesis.

INTRODUCTION

The measurement of intratumoral MVDas proven to be
an important prognostic indicator for many malignant neo-
plasms (1). The value of MVD as a predictor of patient prog-
nosis in RCC is controversial (2—6) because certain reports
revealed a direct correlation between MVD and survival (2, 3),
others revealed an inverse correlation (4, 5), and one report
showed no correlation (6). Kohlet al. (7) reported an inverse
correlation between MVD and RCC grade. Measurement of
tumor MVD does not take into account the microvessel archi-
tectural complexity, defined by the degree of vascular branch-
ing, irregularity, and tortuosity (8).

Fractal analysis is used in biology and medicine as a
method for quantifying structural complexity (9, 10). Thus,
irregularly tortuous contours and branching structures such as
those seen in the tumor microvasculature, are best characterized
by their fractal dimension. Recently, Baish and Jain (11) have
reviewed the utility of fractal analysis in determining vascular
complexity in malignant tumors. Planar imaging studies con-
ducted by these authors on murine tumors, have shown that the
vasculature of malignant tumors exhibits higher fractal dimen-
sions computed by the box-counting method, as compared with
blood vessels of the normal organs of origin (12). Fractal anal-
ysis of blood vessels in androgen-dependent mouse tumors
revealed a decrease in the vascular architectural complexity with
the removal of the androgen source (13). Different fractal meas-
uring methods based on power law behavior of the Fourier
spectrum of gray-scale images were applied by Heynedras.

(14) to characterize the microvasculature in cutaneous melano-
mas. These authors showed that fractal analysis helps to objec-
tively quantify differences in the tumoral microvessel profile of
malignant melanoma (14).

The prognostic role of microvessel architectural complex-
ity as assessed by microscopy has not yet been established for
any malignant neoplasm. This study is the first to determine
whether the degree of vascular complexity has predictive value
in the prognosis of RCC patients. The second aim of this study
is to objectively determine by computer morphometry whether
MVD has prognostic significance in RCC. The complex rela-
tionships between tumor vascular parameters, tumor grade, and
prognosis are also discussed.

MATERIALS AND METHODS
Patients and Tumors. Our study group included tissue
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stages 1 and 2) according to the criteria outlined by the AmerwhereD,, is the box-counting fractal dimension of the vessel-
ican Joint Committee Tumor-Node-Metastasis classificationcontaining field,e is the side length of the box, and &(is the
(15) who were admitted consecutively to the Carmel Medicalsmallest number of boxes of side-lengthrequired to com-
Center between the years 1990-1993. Follow-up informatiorpletely cover the outlines of the vessels within the microscopic
for 5 years or more was available for all patients. Paraffin blocksfield. Because the limit 0 cannot be applied to natural objects or
from RCC tumors were sectioned aju thickness and stained physical representations of mathematical fractal objects, the
by H&E. Tumors were graded using the classification of Fuhr-dimension was calculated by:
manet al. (16). Tumors were considered necrotic if they exhib- D, = d, whered is the slope of the graph of log [k
ited >25% macroscopic necrosis. against log [1€]. As a measure of the goodness-of-fit of this
Immunohistochemical Staining. Tissue sections were relationship, the coefficient of determinatidR?f was computed
immunohistochemically stained using monoclonal antibodies forin each case, presenting valuesR5f>0.95.
the endothelial marker CD34 (QBENd/10,1:20; Signet Laborato-  The fractal dimension values range between 1 and 2. For
ries, Inc., MA, USA). Sections were microwave pretreated inclassical geometric shapes such as a line, a square and a cube,
citrate buffer (pH 6.0) for antigen retrieval. Endogenous peroxidaséhe fractal dimension is identical to the classic (Euclidean)
activity was blocked using 3% J@, in methanol. Sections were dimension, being 1 for the line, 2 for square, and 3 for a cube.
washed and blocked with goat serum for 10 min and incubated witiOWever, a geometrical structure with a complex (tortuous)
the primary antibody ol h atroom temperature. Immunohisto- contour is best represented by the fractal dlmenslon that is a
chemical detection was performed using the labeled streptavidiﬁ?t'ﬁnatl)lnu?ber' Tllwe_ mlgre bre;}nc?ed an_d tﬁl‘tL;OuS 'féhe con_tour
biotin complex method (Histostain Plus Bulk Kit; Zymed Labora- 'cl)'hEa ehigﬁgr :lt?:s\?eZslgl cc(:)fr{ptle?(it?/rg(girstS)I;y?ng;aginclr?;:gnsallcr)lr(;-
tories, Inc., San Francisco, CA). AEC (3-amino-9-ethylcarbazole

d h d slid terstained wi rtuous vessels), the closer to 2 is the fractal dimension value.
was used as a chromogen, and slides were counterstained Wiy o jean values of the fractal dimensions (MFDs) of all of the

hematoxylin. Negative controls were comprised of supplementing;o|is analyzed per case were used for statistical evaluation.
the primary antibody with an isotype control. Blood vessel contours 14 box-counting method for computing the MFD was
were highlighted by an intense reddish staining easily discernibl%pp”ed to the same hot-spot microscopic fields used for the
from other background elements. MVD determination.

MVD.  The MVD was computed using a computerized im- The MFD was computed in the RCC tumors as well as in
age analysis system composed of a trichip RGB video-camerge vascular network surrounding the proximal tubules of non-
(Sony, Japan) installed on a light microscope (Zeiss, Germany) angimorous kidney away from the primary tumor mass.
attached to an IBM-compatible personal computer (Pentium Ill,  Statistical Analysis. Univariate comparisons between
MMX, 450mhz, 125 MB RAM) equipped with a frame grabber. continuous parametric groups were performed using the paired
Histological images were captured, digitized, and displayed on &r unpaired test, as appropriate. The equality of variances was
high-resolution color 17-inch monitor. The five most VaSCU'ariZedtested using the Levene’s test. Mu|’[|p|e parametric groups were
microscopic fields (“hot spots”) of the RCC tumors were selectedcompared using ANOVA and then the Bonferroni post hoc test.
for analysis using a medium-sized magnifying lenslQ0) and  The multivariate logistic regression model was used to examine
loaded onto a 76& 570-pixels buffer with an area of 291.7 mm the relationship between vascular parameters, grade, and the
(2). The MVD parameter was measured using the Image Pro Plugresence of tumor necrosis. Kaplan-Meier curves were con-
4image analysis software (Media Cybernetics, Silver Spring, MD).structed, and the log-rank test was used for univariate survival
MVD is presented as the mean percentage of the vessel area pghalysis of the vascular parameters. Multivariate survival anal-
microscopically computerized field. ysis of vascular and other parameteesg(, age, gender, and

Fractal Analysis of Microvessels. The box-counting grade) was performed using Cox’s proportional hazard regres-
method is widely used for calculating image fractal dimensions.sion model, operating in a forward stepwise mode. Two-tailed
This method allows for the determination of the fractal dimen- ps of <0.05 were considered to be statistically significant.
sion of both scale-invariant and self-similar structures. To esti-
mate the box-dimension, the Euclidean space containing the
image is divided into a grid of boxes of size “s.” Then, the size, RESULTS
s, is changed to progressively smaller sizes, and the correspond-  Clinicopathological Parameters. Tumors from 17 fe-
ing number of nonempty boxes are counted [N(s)]. The seimales and 32 males with low-stage RCC (2 with stage T1 and 47
guence of mesh sizes for grids is usually reduced by a factor oWith stage T2) with mean age of 65 9.0 years were studied.
one-half from one grid to the next. The logarithm of Nygysus  Patient follow-up for 5 years or more was available. Tumor size
the logarithm of 1/s gives a line whose gradient (slope) corretanged from 2.5 to 15 cm, with a mean size of 68:73.5 cm.
sponds to the box dimension. Accordingly, a computer algo-Twenty-one tumors (43%) displayed low Fuhrman nuclear
rithm was programmed implementing the box-counting methodgrade, whereas 28 tumors (57%) displayed high nuclear grade
(17) to compute the fractal dimensions of the microvesselg23 grade-Ill tumors and 4 grade-1V tumors).

visualized within the hot-spot microscopic fields. A significant correlation was found between tumor grade
The box-counting fractal dimension of each microscopicand poor prognosis?(= 0.04; log-rank test). Thus, by the end
field is given by of the follow-up period, lower survival rates were seen in
high-grade (74%) than in low-grade tumors (96%). A significant
D, — lim log N (€) correlation was found between the extent of tumor necrosis and

log (1f€) patient prognosis. Patients with tumors exhibiting nc<@5%
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Table 1 Relationship between tumor grade, necrosis, patient
survival, and vascular parameters

MVD? (mean+ SD) P MFDP (mean+ SD) P

Tumor gradé

Low 11.5+ 3.5% 0.12 1.55- 0.11 0.03
High 9.4+ 52% 1.45+ 0.15

Tumor necrosi$
No 10.9* 4.4% 0.03 1.52+ 0.12 0.01
Yes 7.1+ 4.6% 1.38+ 0.17

Survival
=5 yrs 10.8+ 4.7% 0.03 1.56- 0.11 0.02
<5yrs 6.4+ 3.7% 1.46+ 0.15

2 Expressed as the mean percentage of the vessel area per micro-
scopically computerized field.

P Expressed in absolute units.

¢Low grade tumors, Fuhrman grade | and Il; high grade tumors,
Fuhrman grade Il and IV.

9 Tumors were considered necrotic if they exhibite@5% mac-
roscopic necroses.
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Fig. 2 Kaplan-Meier survival curve for RCC patients using a MVD of
Fig. 1 Representative sections of RCC immunohistochemically stainedl0% as a cutoff pointR = 0.02).

for CD34. A, tumor with a high MVD (x100). B, tumor with a low

MVD (x100).

Tumor MFD. Fig. 3 shows two representative CD34-
stained microscopic fields of RCCs with low and high MFD values.
macroscopic necrosis showed higher survival rates (97%) thaA significantly higher vascular complexity was noted in low-grade
patients with tumors with>25% necrosis (31%® = 0.0001).  tumors, MFD = 1.55 *+ 0.11, in comparison with high-grade
Tumor Microvascular Density. Representative CD34- tumors, MFD= 1.45+ 0.15 P = 0.03; Table 1). Non-necrotic
stained sections of RCCs with low and high MVD values aretumors exhibited a more complex vascular architecture (MFD
seen in Fig. 1. Although MVD was higher in low-grade as opposedl.52 = 0.12) as compared with necrotic tumors (MFD1.38 =

to high-grade tumors (MVDB= 11.5 + 3.5%versus9.4 + 5.2%),

the difference was not statistically significant£P0.12; Table 1).

Non-necrotic tumors were more vascularized (M\#10.9 =
4.4%) as compared with necrotic tumors (M\#D7.15 = 4.6%;

0.17;P = 0.01; Table 1). The MFD was significantly higher in
patients who survived longer than 5 years (MELL.56+ 0.11) as
compared with those who did not (MFB 1.46+ 0.15;P = 0.02;
Table 1). As seen in Figl a best-cutoff point of MFD= 1.55%

P = 0.03; Table 1). Survival analysis revealed that MVD was was detected, according to which all patients with tumors having
higher in patients who survived longer than 5 years (M¥D  MFD >1.55% had survived by the end of the study period, as
10.8 = 4.7%) as compared with those who died before the end obpposed to 78% of the patients with tumors having an MFD
the 5-year follow-up period (MVBG= 6.4 £ 3.7%;P = 0.03; Table  =1.55% P = 0.03; log-rank test).

1). As seen in Fig. 2, a best-cutoff point of MVB 10% was The MFD was also measured in 10 sections of normal
detected according to which patients with tumors exhibiting akidney, in the cortical region of the proximal tubules, away from
MVD of >10% had better survival rates (96%), as compared withthe primary tumor. The MFD of the normal renal microvascu-
tumors with MVD =10% who present lower survival rates (72%; lature was lower than in the adjacent tumors (MED1.38 =

P = 0.02; log-rank test). 0.06versusl.53 = 0.06;P = 0.0002; paired Studerttest).
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Fig. 4 Kaplan-Meier survival curve for RCC patients using a MFD of
1.55 as a cutoff pointR = 0.03).

for computing the fractal dimension of a structure exist; each define
several variants of the fractal dimension concept. Examples include
the Hausdorff dimension (18, 19), correlation dimension (19), the

information dimension (19) and the box dimension (19). We used

the latter to compute the MFD in RCCs because this method has
the most applications in science (19).

Tumor angiogenesis is a dynamic process mediated by
vascular growth factors and their receptors (20, 21). Complex
modulating interactions between tumor cells, endothelial cells,
and matrix metalloproteinases establish the final density and
complexity of the tumor microvasculature (20). Quantitation of
the MVD in various solid malignant tumors provides an indi-
cation for the risk of developing metastases (22) as well as for
patient survival (1). In numerous malignant tumors, it has been
demonstrated that abundant tumor vascularity is associated with
greater risk of tumor progression (23). It is generally accepted
that tumors which lack the ability to induce adequate neovas-
Fig. 3 Represe-ntat'.  octions of RCG TmumomTetochemioal 'sta_ned;ularization are associated with limited growth and invasive

9. lve sec Immunonisto Ically staineqyptential. The prognostic significance of tumor MVD in RCC
f(gl(f)%;‘l'p"tumor with & high MFD 100). B, tumor with & low MFD patients is controversial. In contrast to other neoplasms, certain
studies describe an inverse correlation between MVD and the

histological grade (7) and a positive correlation with patient

survival (2, 3). Others (4, 5) reported a negative correlation

Multivariate logistic regression analysis revealed that thebetween MVD and survival, and one study did not find any
MFD was the only significant independent factor associated withstatistical correlation between MVD and prognosis (6).
the extent of tumor necrosis. The Cox proportional hazard model  Our findings that increased tumor MVD is associated with
was applied to all of the variables included in the study. The extentower tumor grade and improved patient survival support the
of tumor necrosis was the only independent significant predictor ofindings of Delahuntet al. (2), and Herbset al. (3) and are

patient survival = 0.002;3 = 0.88; relative risk= 2.42). somewhat paradoxical. It is not clear why poorly vascularized
RCC tumors exhibit a worse prognosis. In this respect, RCC

DISCUSSION differs from other solid malignancies. Certain hypotheses ad-
; . . .. dressing this paradox have been attempted. Koéleal. (7)

o This study is an attempt to e'!JC'date fl_thher the c_IlnlcaI suggested that the decreased MVD in high-grade RCCs reflects
utility of tumor MVD as a prognostic factor in RCC patients. yhe inapility of tumor neovascularization to keep pace with the
We also felt that the analysis of the architectural complexity of ;. jiteration of the high-grade tumor cells, and increased tu-
the vascular network would lead to a more complete understandy,gral vessel permeability may compensate for their reduced
ing of the role of MVD in RCC pathology. This is the first report amount. An additional mechanism explaining this paradox may
to reveal that measurement of tumor microvascular complexity hage related to architectural remodeling of the tumor vascularity
prognostic utility in any tumor. For this purpose, the mean value ofinfluenced by tumor progression (2). Thus, in high grade tu-
the tumor MFD was computed. The fractal dimension is a geometmors, the development of large vascular channels within a tumor
ric description of an image. It has an integer value for topologicalwould have the effect of decreasing the measured MVD values
sets and a non-integer value for fractal sets (18). Different methodwithout necessarily altering the total vascular area and blood
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