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Abstract
AIM: To assess the sampling variability of computer-
aided, fractal-corrected measures of fibrosis in liver 
biopsies.

METHODS: Samples were derived from six to eight 
different parts of livers removed from 12 patients with 
clinically and histologically proven cirrhosis undergoing 
orthotopic liver transplantation. Sirius red-stained 
sections with a thickness of 2 μm were digitized using a 
computer-aided image analysis system that automatically 
measures the surface of fibrosis, as well as its outline 
perimeter, fractal surface and outline dimensions, 
wrinkledness, and Hurst coefficient.

RESULTS: We found a high degree of inter-sample 
variability in the measurements of the surface [coefficient 
of variation (CV) = 43% ± 13%] and wrinkledness (CV 
= 28% ± 9%) of fibrosis, but the inter-sample variability 
of Hurst’s exponent was low (CV = 14% ± 2%). 

CONCLUSION: This study suggests that Hurst’s 
exponent might be used in clinical practice as the best 
histological estimate of fibrosis in the whole organ, 
and evidences the fact that biopsy sections, which are 
fundamental for the qualitative diagnosis of chronic 
hepatitis, play a key role in the quantitative estimate of 
architectural changes in liver tissue.

© 2006 The WJG Press. All rights reserved.
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INTRODUCTION
The discovery of  specific antiviral and antifibrotic 
treatments and the current debate concerning the 
possibility of  reversing liver fibrosis[1-5] emphasize the need 
for rigorous quantitative methods capable of  detecting 
small differences in the liver extra-cellular matrix (ECM). 
Such methods should provide, on the basis of  biopsy 
section analysis, a representative index of  the status of  the 
whole organ.

Although the use of  a panel of  biochemical markers or 
other non-invasive approaches has been proposed[5-13], liver 
biopsy remains the “reference standard” for confirming 
a clinical diagnosis of  chronic hepatitis, assessing disease 
severity, and monitoring the efficacy of  therapeutic 
interventions[14-17].

All of  the semi-quantitative systems for defining the 
histological stage of  chronic liver disease[18-21] have been 
extensively criticized because their scores generate ordinals 
to label subjective categories of  severity that are inevitably 
influenced by the skill and experience of  the observer[22-24]. 
In addition, these ordinals are not continuous variables 
because the absolute distances between the labeled 
categories are unknown, restricting their application to the 
most widely used methods of  mathematical and statistical 
analyses[25,26].

Available quantitative morphometric methods[27-29] 
have all the primary defects in their use of  the Euclidean 
geometry, which is inexact to describe irregular objects, 
and the international system (IS) meter which is unsuitable 
for measuring highly irregular objects.

To investigate the dynamics underlying chronic 
hepatitis we have recently developed a computer-aided 
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method based on the principles of  fractal geometry 
that automatically measures some of  the geometric 
characteristics of  the irregularly shaped collagen fragments 
making up liver fibrosis[30-33]. However, in applying this 
quantitative method, we ref lected upon the patchy 
(irregularly shaped or considered fractal) deposition of  
ECM components (Figure 1). Thus, we decided to revisit 
previous investigations that focused on evaluating whether 
a biopsy section reflects the fibrotic status of  the whole 
liver[34-41].

We have studied biopsy sections of  liver samples 
derived from patients undergoing orthotopic liver 
transplantation (OLT) with clinically and histologically 
proven cirrhosis. We used these samples to assess the 
degree of  sampling variability of  the quantitative fractal 
geometric parameters of  liver fibrosis.

We found a high degree of  inter-sample variability 
in the measurements of  the surface and wrinkledness 
of  fibrosis, but a low variability of  Hurst’s exponent, 
which gives a measure of  the heterogeneous distribution 
of  a set of  irregularly-shaped objects. With the support 
of  the Euclidean and fractal dimensions, it is capable 
of  evaluating the loss of  natural order occurring in the 
histological picture as a result of  the disruption of  the 
natural quantitative relationship between the metric 
spaces covered by fibrosis and the parenchyma[42]. This 
gives the alterations in the significance of  a physical 
variable and makes Hurst’s exponent the descriptor of  the 
configurational disorder of  hepatic tissue.

MATERIALS AND METHODS
Biopsy Specimens
The study was conducted in accordance with the guidelines 
of  the Ethics Committee of  the Ospedale Maggiore 
IRCCS (Milan, Italy), where patients were treated.

The study was carried out on livers removed from 12 
patients with clinically and histologically proven cirrhosis 
during OLT in order to define the variability of  measured 
parameters in multiple specimens sampled in different 
sites of  each liver’s mass. From each liver, 6 to 8 biopsy 
specimens (> 10 mm in length) were collected and 
analyzed. All patients were positive for hepatitis C virus 
(HCV) infection.

Histochemistry
Two consecutive 2 μm-thick sections were cut from each 
formalin-fixed, paraffin-embedded specimen. One was 
subsequently stained with hematoxylin-eosin solution, and 
the other was stained with a freshly prepared Sirius red 
collagen staining solution[43].

Semi-quantitative analysis
The sections were independently staged by two expert 
hepatopathologists using Knodell’s histology activity index 
(HAI)[18], and the Sheuer[19], Ishak[20] and METAVIR[21] 
semi-quantitative scoring systems.

Image analysis and quantitative evaluations
For image analysis the Sirius red-stained sections were 

digitized at 20 × objective magnification by using a Leica 
DMLA microscope (Leica, Italy) equipped with an x-y 
translator table, a digital camera (Leica DC200, Leica, 
Italy), and an Intel Dual-Pentium Ⅲ, 660 MHz computer 
with incorporated ad hoc image analysis software. This 
software automatically selects fibrosis on the basis of  
RGB color segmentation[32-33]. The same image intensity 
level was used throughout the study. The surface area 
and perimeter of  the fibrosis, together with its fractal 
surface and outline dimensions, wrinkledness, and Hurst 
exponent, were automatically calculated for each digitized 
histological section as previously described[33]. The entire 
procedure (patent pending) was very speedy as it digitized 
and furnished 11 parameters concerning the physical state 
of  fibrosis in 10 s/mm2 of  tissue biopsy surface. In brief, 
we geometrically defined the following:

(a) Fibrosis as a set of  irregularly shaped objects 
(collagen fragments or islets) that could be distinguished 
from the remaining tissue by their chemical affinity to 
Sirius red dye (Figure 1A).

(b) Area of  fibrosis as the sum of  the areas of  the 
collagen islets (Figure 1B), expressed as a percentage of  
the true liver biopsy section surface area excluding any 
unfilled natural spaces (vascular and biliary cavities, and 
sinusoidal spaces) and tissue-free spaces resulting from 
specimen manipulation. As collagen islets are irregularly 
shaped, the measures of  their surface areas and outline 
perimeters were automatically corrected by using a fractal-
reference meter[32]. The fractal-rectified fibrosis surface 
area (AF) is given by the formula:

       AF ≌ AM ＋ λΑ (D - Dγ) (AB - AM)                              (1)

where AM is the morphometric area of  fibrosis, D the 
fractal surface dimension, Dγ the Euclidean dimension, 
AB the liver biopsy section surface area, (AB - AM) the area 
of  the remaining tissue, and [λΑ (∆ - ∆γ)] the probability  

Figure 1  Fractal morphometry of liver fibrosis in two-dimensional biopsy sections. 
The software automatically selects the fibrosis surface (A) on the basis of RGB 
colour segmentation, and its outline perimeter (B) whose calculated length was 
subsequently used to estimate the wrinkledness index. The fractal surface (C) 
and outline (D) dimensions of fibrosis were estimated using the box-counting 
algorithm. Covering an irregular surface requires the intersection of contiguous 
and non-overlapping two-dimensional boxes with a side length of ε : We counted 
the number of boxes that contain at least one point of the object N(ε)  for different 
box sizes ε  and then determined the fractal dimension (DB) by using Equation (1).
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RESULTS
Semi-quantitative evaluations
All histological sections were staged as cirrhosis and 
classified in the maximum category of  each of  the 4 
systems used in the study (HAI, and the Scheuer, Ishak 
and METAVIR scoring systems).

Fractal morphometric evaluations
Table 1 shows the fractal morphometric measures of  each 
investigated liver. The minimum and maximum values of  
AF obtained by measuring the 88 biopsy sections were 
4.95% and 55.67% of  the specimen area, with a mean 
value of  20.46% ± 10.55%.

The same 88 biopsy sections gave PF values ranging 
from 907.6 μm and 16341.1 μm, with a mean value of  
6073.6 ± 3299.6 μm.

The values of  the fractal surface dimension of  fibrosis 
ranged from 1.47 to 1.84 (mean 1.66 ± 0.07), and those 
of  the fractal outline dimension ranged from 1.41 to 1.77, 
with a mean of  1.58 ± 0.07.

The mean W value was 1041.6 ± 321.25 (range: 
460-1834.8). The H values ranged from 0.23 to 0.59, with 
a mean of  0.41 ± 0.07.

Sampling variability 
Table 2 shows the inter-sample variability determined 
in the 6 to 8 biopsy samples that were taken from each 
of  the 12 livers. High CV values were obtained for both 
the surface (CV = 43% ± 12%, range, 19.79-57.28) and 
the wrinkledness of  fibrosis (CV = 28% ± 9%, range, 
14.13-40.22), whereas the variability of  Hurst’s exponent 
was low (CV = 14% ± 2%, range, 10.71-17.74). Statistical 
comparisons of  the mean surface, wrinkledness, and 
Hurst’s exponent CVs showed that Hurst exponent was 
characterized by a smaller range and that Hurst exponent 
mean CV was statistically different from that of  the 
fibrosis surface (P < 0.00005) and wrinkledness (P < 
0.00005) (Figure 4).

DISCUSSION
During the course of  chronic hepatitis, the net result of  
the balance between ECM synthesis (fibrogenesis) and 
degradation (fibrolysis) is the irregular shape and patchy 
distribution of  collagen fragments. Currently, the lack of  
robust and representative markers of  fibrosis is the single 
greatest factor limiting both the validation of  progression 
or regression of  fibrosis, and the testing of  antifibrotic 
therapies in clinical trials. This observation prompted us to 
investigate whether fractal-rectified measures of  fibrosis 
recognized in two-dimensional liver biopsy sections 
provide concrete scalars that can represent the state of  the 
whole organ. This aim was reinforced by recent proposals 
to use methods of  analyzing blood stream molecules as a 
means of  scoring liver fibrosis. However, none of  these 
methods has inspired sufficient confidence to displace our 
reliance on hepatic histology[33,50-57].

To obtain rigorous measures of  irregularly shaped 
collagen islets, a computer-aided method was developed 
that uses a fractal-corrected meter to provide close-to-reality 

factor. λΑ was found to be ≌ 0.01[32,33]. Equation (1) also 
makes it possible to consider the smallest “probably 
present” collagen islets (which were invisible at the 
magnification used in the study)[32,33] in the measurement 
process.

(c) Fractal-rectified length of  the perimeter of  fibrosis 
(PF) as the sum of  the lengths of  the perimeters of  each 
collagen islet (Figure 1B) given by the formula:

       PF ≌ PM [1 ＋ λP (D − Dγ) ]                                   (2)

where PM is the morphometric perimeter of  fibrosis, λP 
is the dilation constant for the perimeter of  the collagen 
islets depending only on the scale of  observation[32,33], and 
was found to be ≌ 4.5[32,33]. The obtained PF values were 
subsequently used to determine the wrinkledness of  the 
fibrosis.

(d) Fractal surface and outline dimensions of  fibrosis 
as measures of  its space-filling properties (Figure 1C), 
which were automatically estimated by means of  the box-
counting method using the formula (Figure 2):

where DB is the box-counting fractal dimension, ε the side 
length of  the box, and N(ε) the smallest number of  boxes 
of  side ε required to cover the complete surface or the 
outline of  the object (Figure 1D). As the zero limit cannot 
be applied to biological objects, the dimensions were 
calculated as D = d, where d is the slope of  the graph of  
log [N(ε)] against log 1/ε. The log-log graphs were plotted, 
the linear segments were identified using least squares 
regression, and their gradients were calculated using an 
iterative resistant line method[30-33,44-46].

(e) Wrinkledness (W) of  fibrosis as a form-factor, given 
by the formula (Figure 3):

where R is the roundness coefficient[32,33].
(f) Hurst exponent of  fibrosis as a measure of  the 

heterogeneous distribution of  a set of  irregularly-shaped 
objects (in this case, collagen islets), obtained using the 
relationship:

              H = Dγ + 1 – D                                       (5)

where D is the fractal dimension of  the outline of  all of  
the collagen islets making up the fibrosis[33,47-49].

Statistical analyses
All data are expressed as mean ± SD and were analyzed 
using Statistica software (StatSoft Inc., Tulsa, OK, USA).

The sampling variability of  the fibrosis surface, 
wrinkledness, and Hurst exponent was evaluated in each 
liver by using the coefficient of  variation (CV) given by the 
formula: 

The obtained data were analyzed using the Student t-test. P 
values of  less than 0.05 were considered statistically significant.

DB = lim                                                        (3)              LogN(ε) 
Log(1/ε) ε→0

W =               – R                                     (4)PF

2  πAF

CV = (          ) × 100%                           (6)SD
mean
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measurements[30-33]. Such measurements cannot be obtained 
using the Euclidean meter, which is able to quantify only 
smooth objects (e.g. geometrical figures) that are practically 
unknown in Nature[30-33,44-46].

To determine the extent to which a histological section 
represents the whole liver we compared the scalar number 
generated by our quantitative method representing the 
magnitude of  the area, wrinkledness and Hurst’s exponent 
of  the fibrosis recognized in two-dimensional sections 
taken from different parts of  12 explanted livers. The 
present study was restricted to explanted cirrhotic livers as 
they could make it possible to sample multiple specimens 

from the same liver, but impossible to obtain from the 
liver of  living patients.

In a previous study, we found a high degree of  intra-
sample variability in the surface area of  fibrosis that 
revealed the three-dimensional spatial irregularity of  
fibrosis detectable in the sample that reveals the non-
representativity of  the sample respect in the whole liver 
tissue[33]. In line with this finding, our analysis of  the 
surface area (CV = 43% ± 12%) and wrinkledness (CV = 
28% ± 9%) of  the fibrosis detected in two-dimensional 
sections (Table 2) taken from multiple biopsies excised in 
different sites of  each liver mass, revealed a high degree of  
variability and thus a low possibility to predict the state of  
a sample and that of  the whole organ (i.e. liver).

Chronic hepatitis is an irregular dynamical process 

Table 1  Fractal parameters of liver fibrosis measured in biopsies taken at different sites (mean ± SD)

Liver Sections (n)    AF (%)       PF (μm)                               D           W             H
              DA           DP

  1       6 19.17 ± 10.98
 (9.1-38.4)

6964.74 ± 3128.95
(4646.2-12328.6)

    1.64 ± 0.06 (1.6-1.8) 1.56 ± 0.06 (1.5-1.7) 1178.82 ± 198.79   
(897.9-1453.3)

    0.35 ± 0.06 (0.3-0.5)

  2       8 22.00 ± 7.99
 (8.5-35.1)

3570.14 ± 1170.41 
(1365.9-5240.7)

    1.66 ± 0 06 (1.5-1.7) 1.57 ± 0.06 (1.4-1.7)   748.94 ± 129.68  
(1365.9-5240.7)

    0.34 ± 0.06 (0.4-0.6)

  3       8 15.62 ± 8.73
 (5.5-33.8)

4673.66 ± 4405.36 
(907.6-15037.6)

    1.62 ± 0.07 (1.5-1.8) 1.55 ± 0.07 (1.4-1.7)   881.40 ± 354.46     
(460-1641)

    0.37 ± 0.07 (0.3-0.6)

  4       8 32.83 ± 6.35
 (25-44.2)

7727.38 ± 4215.44 
(2949.9-16341.1)

    1.74 ± 0.04 (1.6-1.8) 1.64 ± 0.04 (1.6-1.7)  1103.06 ± 307.68 
(701.7-1649.3)

    0.26 ± 0.04 (0.3-0.4)

  5       6 19.53 ± 11.06
 (4.95-32.9)

6833.67 ± 3057.82 
(3057.8-11213.4)

    1.64 ± 0.07 (1.5-1.7) 1.56 ± 0.06 (1.5-1.6)  1172.91 ± 342.08 
(666.1-1690.3)

    0.35 ± 0.07 (0.4-0.5)

  6       8 31.42 ± 15.22
 (13.1-55.67)

7035.59 ± 3871.56 
(2290.7-14153.6)

    1.74 ± 0.07 (1.6-1.8) 1.66 ± 0.06 (1.6-1.8)  1155.17 ± 367.12 
(793.7-1713.5)

    0.25 ± 0.04 (0.2-0.4)

  7       6 12.81 ± 5.26
 (6.5-20.8)

6576.58 ± 4024.44 
(2626.9-12294.2)

    1.61 ± 0.05 (1.5-1.7) 1.55 ± 0.05 (1.5-1.6)  1121.75 ± 429.47 
(717.8-1796)

    0.38 ± 0.07 (0.4-0.5)

  8       6 13.52 ± 6.09
 (5.5-21.7)

5224.22 ± 3583.102 
(1599.6-11107.4)

    1.57 ± 0.07 (1.5-1.7) 1.49 ± 0.07 (1.4-1.6)   908.53 ± 363.51 
(547.1-1363.4)

    0.42 ± 0.07 (0.4-0.6)

  9       8 12.34 ± 6.87
 (6.7-23.9)

5087.80 ± 1619.29 
(3081.7-6801.2)

    1.62 ± 0.05 (1.6-1.7) 1.55 ± 0.05 (1.5-1.6) 1076.95 ± 15.20 
(902.5-1328.3)

    0.37 ± 0.05 (0.4-0.5)

  10       8 18.87 ± 5.54
 (9.8-25)

8133.72 ± 3459.80 
(2699.6-12552.2)

    1.68 ± 0.05 (1.6-1.8) 1.61 ± 0.06 (1.5-1.7) 1276.35 ± 421.98 
(635.9-1834.8)

    0.31 ± 0.05 (0.3-0.5)

  11       8 18.74 ± 4.93
 (9.7-25.2)

5760.81 ± 1698.43 
(2602.6-7805.2)

    1.63 ± 0.05 (1.6-1.7) 1.56 ± 0.05 (1.5-1.6)  958.96 ± 173.98 
(632.4-1147.6)

    0.34 ± 0.05 (0.4-0.5)

  12       8 25.26 ± 11.35
 (9.7-44.4)

5621.00 ± 2603.91 
(1637.6-9839.8)

    1.71 ± 0.06 (1.6-1.8) 1.62 ± 0.05 (1.5-1.7)  970.14 ± 255.81 
(609.3-1455.8)

    0.28 ± 0.06 (0.3-0.5)

N: Number of biopsy sections; AF: Fractal rectified area; PF: Fractal rectified perimeter; DA: Ssurface fractal dimension; DP: Ooutline fractal dimension; W: 
Wrinkledness; H: Hurst's exponent.

Table 2  Coefficent of variability of fibrosis surface, wrinkledness 
and Hurst's exponent calculated in biopsy specimens taken at 
different liver sites

CV (%)
Patient Sections (n )   AF     W   H

    1       6 57.28   16.86 13.90
    2       8 36.31   17.31 15.27
    3       8 55.9   40.22 16.86
    4       8 19.79   27.89 10.71
    5       6 56.64   29.17 14.87
    6       8 48.44   31.78 17.74
    7       6 41.05   38.29 11.67
    8       6 45.05   40.01 15.41
    9       8 55.67   14.13 11.45
    10       8 29.38   33.06 16.13
    11       8 26.31   18.14 12.68
    12       8 44.94   26.37 15.13

N: number of biopsy sections; AF: fractal rectified area; W: wrinkledness; H: 
Hurst's exponent; CV: coefficient of variability.
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Figure 4  Comparative analyses of the mean coefficients of variability of the 
surface, wrinkledness and Hurst’s exponent of liver fibrosis.
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complex both in time and in space, and its end stage 
known as cirrhosis is characterized by a wide distortion 
of  the normal parenchyma configuration and secondary 
vascular events that might contribute to the heterogeneous 
distribution of  ECM components[58].

The lowest variability (CV = 14% ± 2%) was detected 
for Hurst exponent in our study. We have introduced 
this parameter to measure the loss of  natural liver tissue 
harmony[33]. This concept results from the ratio of  two 
quantitative canons normally found in disease-free livers: 
2% of  ECM belonging to the bearing system of  the liver 
tissue, and 98% of  parenchymal tissue.

Hurst’s exponent which gives a measure of  the 
heterogeneous distribution of  a set of  irregularly-shaped 
objects, is capable of  evaluating the loss of  natural 
order that occurs in the histological picture as a result 
of  the disruption of  the natural quantitative relationship 
between the metric spaces covered by fibrosis and the 
parenchyma[42]. This is because Hurst exponent derives 
from the interaction between the Euclidean and fractal 
dimensions, becoming a measure unit. Both Euclidean and 
fractal dimensions separately express only the position of  
an object in the Euclidean space. 

The present results suggest that this quantitative parameter 
might be more useful in clinical practice as a means of  
estimating fibrosis and its progression or reversibility after 
therapy, than the surface and wrinkledness of  fibrosis.

Our results also underscore the key role of  biopsy 
analyses both in diagnosing the histology of  chronic 
hepatitis and in quantifying changes in the geometry of  
ECM islets. The clinical relevance of  any of  the parameters 
issued from morphometry is however not known yet. This 
incompleteness may be due to the low rigor in the actual 
detection of  the data based on the Euclidean geometry 
and the use of  linear IS meter to measure very irregular 
objects[30-33].

In summary, our method offers the following theoretical 
and experimental contributions. Hurst’s exponent can 
be used to provide a good estimate of  tissue alterations. 
Objective and rigorous metric measures of  the fibrosis 
of  a section of  biopsied tissue do not fully represent the 
status of  the organ as a whole. Hurst’s exponent of  liver 
tissue in a histological section is a good descriptor of  the 
architectural condition of  the whole liver.

Hurst’s exponent therefore gives scientific value to the 
liver tissue status indicated by the term of  architectural 
change, originally used by Ishak et al[20] in their definition 
of  the staging of  chronic viral hepatitis.
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