Clin Oral Invest (2016) 20:1271-1278
DOI 10.1007/500784-015-1606-1

@ CrossMark

ORIGINAL ARTICLE

Multifractal spectrum and lacunarity as measures

of complexity of osseointegration

Daniel de Souza Santos' - Leonardo Cavalcanti Bezerra dos Santos” «
Alessandra de Albuquerque Tavares Carvalho? « Jair Carneiro Lefio” -

Claudio Delrieux” - Tatijana Stosic* - Borko Stosic*

Received: 21 January 2015 / Accepted: 21 September 2015 /Published online: 6 October 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract

Objectives The goal of this study is to contribute to a better
quantitative description of the early stages of osseointegration,
by application of fractal, multifractal, and lacunarity analysis.
Materials and methods Fractal, multifractal, and lacunarity
analysis are performed on scanning electron microscopy
(SEM) images of titanium implants that were first subjected
to different treatment combinations of i) sand blasting, ii) acid
etching, and iii) exposition to calcium phosphate, and were
then submersed in a simulated body fluid (SBF) for 30 days.
All the three numerical techniques are applied to the implant
SEM images before and after SBF immersion, in order to
provide a comprehensive set of common quantitative
descriptors.

Results 1t is found that implants subjected to different physi-
cochemical treatments before submersion in SBF exhibit a
rather similar level of complexity, while the great variety of
crystal forms after SBF submersion reveals rather different
quantitative measures (reflecting complexity), for different
treatments. In particular, it is found that acid treatment, in most
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combinations with the other considered treatments, leads to a
higher fractal dimension (more uniform distribution of crys-
tals), lower lacunarity (lesser variation in gap sizes), and
narrowing of the multifractal spectrum (smaller fluctuations
on different scales).

Conclusion The current quantitative description has shown
the capacity to capture the main features of complex images
of implant surfaces, for several different treatments. Such
quantitative description should provide a fundamental tool
for future large scale systematic studies, considering the large
variety of possible implant treatments and their combinations.
Clinical relevance Quantitative description of early stages of
osseointegration on titanium implants with different treat-
ments should help develop a better understanding of this phe-
nomenon, in general, and provide basis for further systematic
experimental studies. Clinical practice should benefit from
such studies in the long term, by more ready access to im-
plants of higher quality.

Keywords Dental implants - Osseointegration - Fractal
dimension - Multifractal spectrum - Lacunarity

Introduction

Dental implant procedures have become increasingly com-
mon over the past decades, reaching the rate of a million
operations per year [1], and clinical efficacy of over 95 %.
The success rate of the treatment strongly depends on surface
properties of titanium implants, and diverse techniques for
implant preparation have been developed over the years [2],
being widely implemented in commercial products. Neverthe-
less, there is still no clear consensus as to which of these
treatments may lead to best long-term results, due to lack of
standardized large scale in vitro and in vivo studies, together
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with the current limited understanding of intricacies of the
osseointegration phenomenon. In particular, the precise role
of implant surface properties on the early stages of
osseintegration is still not well understood.

There are several novel techniques for quantification of
complexity, that have been introduced in the area of statistical
physics, and subsequently successfully applied in a wide spec-
trum of other areas of knowledge [3—6], that may contribute to
a better quantitative description of the early stages of
osseointegration. Fractal dimension is a novel concept that
has been increasingly employed in diverse areas of knowledge
for quantifying the complexity of natural phenomena. Fractals
are in fact commonly found in nature, being characterized by
scale invariance and self-similarity, and have been used over
the last decades for analysis of diverse phenomena in physi-
ology and medicine, such as pulmonary emphysema [7] and
heart rate [8]. The potential of fractal analysis was also ex-
plored in dentistry [9, 10]. In fact, only recently, fractal dimen-
sion has been used to quantify the surface roughness of dental
implants and shown to be promising to differentiate between
topological properties of dental implant surfaces obtained with
different treatments [11-14].

However, fractal dimension is not always sufficient for
describing an object, since rather different fractal objects
may have the same fractal dimension. Lacunarity A(r) [15]
is another quantity that provides information about the distri-
bution of voids and has been extensively used to complement
the information contained in the concept of fractal dimension
[3, 16, 17]. Finally, multifractals are objects that represent a
composition of fractals with different individual fractal dimen-
sions (monofractals), and therefore require description
through a set of hierarchically distributed exponents, called
multifractal spectrum. If this hierarchy of exponents is
neglected, and the object is treated as a monofractal, the cal-
culated dimension will assume some intermediate value [18].
Multifractals have been widely used in describing various
phenomena in physiology and medicine [19, 20], ecology
[21], and geophysics [22].

In the current work, we take a step beyond the fractal
dimension approach that has been recently proposed for
roughness quantification of dental surface images [12—14].
More precisely, we propose the use of yet more comprehen-
sive measures: multifractal spectrum and lacunarity. We
demonstrate the potential of these quantifiers to distinguish
between complexity of implant surface scanning electron
microscopy (SEM) images for different physiochemical
treatments, before and after submersion in simulated body
fluid (SBF). In particular, we study SEM images of ma-
chined titanium implant samples subjected to different com-
binations of sand blasting with aluminum oxide, etching
with hydrofluoric acid, and treatment with calcium phos-
phate, before and after submersion in a simulated body fluid
(SBF) for thirty days.

@ Springer

In the following section, we first describe the experiment
and the used analytical methods (fractal dimension,
multifractal spectrum, and lacunarity). In the subsequent sec-
tion, we present the results of our analysis, and in the final
section, we draw the conclusions.

Materials and Methods

Machined titanium implant samples were first subjected to
different combinations of i) sand blasting with aluminum
oxide, ii) etching with hydrofluoric acid, and iii) treatment
with calcium phosphate [23], after which they were sub-
mersed in a simulated body fluid (SBF) [24] for 30 days.
Magnified images of these samples were acquired through
scanning electron microscopy (SEM), before and after
SBF submersion, and binarized for posterior numerical
analysis.

Simulated body fluid (SBF) solution was prepared at the
Laboratory of Pharmacognosy of the Department of Pharma-
ceutical Sciences of the Universidade Federal de Pernambuco
(UFPE), following the recipe provided by Kokubo and
Takadama [24] (for the details on the preparation procedure,
see Appendix A of [24]). The SBF chemical composition is
given in Table 1.

The images at magnification of 200 were obtained by Scan-
ning Electron Microscope JEOL 5600, (Japan), Voltage
10 kV, at the Physics Department of Universidade Federal
de Pernambuco (UFPE). For each of the 16 available SEM
images shown in Fig. 1, a rectangular region of interest (ROI)
of 640 x 400 pixels is further analyzed numerically, using
Mathlab and Image]J software with FracLac package. The con-
cepts of fractal dimension, lacunarity, and multifractal spec-
trum, analyzed numerically in the rest of this paper, are briefly
described as follows.

Table 1 The chemical

composition of the SBF Reagent Quanity  Purity (%)

solution
NaCl 8035g  99.5
NaHCO, 0355g  99.5
KCl 0225 ¢ 99.5
K,HPO, 3H,0  0231g  99.0
MgCl 6H,O0  0311g  98.0
1.0 M-HCl 39 ml -
CaCl, 0292 g 95.0
Na,SO4 0.072 g 99.0
Tris® 6.118 g 99.0
1.0 M-HCI 0-5 ml -

*(HOCH,)3;CNH, hydroxymethyl
aminomethane
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Fig. 1 SEM images of titanium implants for different treatment combinations, before and after SBF immersion

Fractal dimension

Various methods have been proposed up to date for calculat-
ing fractal dimension calculation, among which the box-
counting method is the most widely used because of its sim-
plicity and robustness [25], proceeding as follows. The struc-
ture to be analyzed is covered with a grid of varying size r, and
for each grid size the number of nonempty grid boxes n(r) are
counted. For a self-similar fractal structure, the number of
nonempty boxes should behave as n(r)~r ~, where Dyis the
fractal dimension, and may be found from the expression

Before SBF After SBF

S

No sand blasting

Before SBF

. logn (r)
D; = lim 2"
s= log(1/r)’

by estimating the slope of the linear regression of logn(r)
versus log(1/r).

Lacunarity

A simple procedure to calculate the lacunarity [26, 27] for a

binary image is as follows:

Table 2 Fractal dimension
(standard deviation) of binarized
images of dental implants with
different treatments before and

With sand blasting

No sand blasting

Before SBF

After SBF

Before SBF

After SBF

after SBF immersion
Treatment with acid

With calcium phosphate

No calcium phosphate
No acid treatment

With calcium phosphate

No calcium phosphate

1.919 (0.013)
1.920 (0.013)

1.917 (0.014)
1.927 (0.014)

1.859 (0.014)
1.930 (0.015)

1.693 (0.011)
1.903 (0.014)

1.924 (0.015)
1.925 (0.011)

1.925 (0.011)
1.900 (0.014)

1.920 (0.015)
1.845 (0.013)

1.881 (0.014)
1.687 (0.012)
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Fig. 2 Lacunarity of SEM images of titanium implants for different treatment combinations, before and after SBF immersion, on double logarithmic

Treatment with acid

No acid treatment

With sand blasting
10 : :
o 9
- g * Before SBF
= 6 > After SBF
2 s
o) =
= T 4
- 5
g ®
= 4
o p—
3)
R )
<
Q
=
=
10 : :
9
O 8
= 7
R 6
o > 5
[ e
= © 4
= 5
£ g °
o]
Q 2 -
o—
<
o = .
o ﬂ:gﬁl
Z 1 N e o {EE&:&%A
1 10 . 100
Box size
13 T T
o) 8
< 7
s 0
Z =z
'g =
o, g 4
£ 2
2 2
O <. 7T
—_— 2 T
S i
= \
—
o p—
B 1 " e -.-.-..A_.-_Lf
! " Boxsize '®
10 : :
9
o 8
- 7
= 6
< g !
[oB 3
= ©
|
2
3} 2
= %
Q
) T
Z 1 povs IS EEEEE:

1

10

Box size

100

Lacunarity

Lacunarity

Lacunarity

Lacunarity

-

No sand blasting

» 0 O NowOO

w

T T

N

. 100
Box size

-

=

1

2
~a "'**#;-f*

1

T

10

. 100
Box size

scale. Regression lines emphasize power law behavior before the homogeneity limit is reached (see text for more details)

i.

@ Springer

A box of side r is placed on the upper left corner of the
image, and the number s of black pixels within this box is
counted;

The box is moved one pixel position over the im-
age, and the number of occupied boxes is counted
again;
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Table 3 lacunarity exponent f3
and the largest observed With sand blasting No sand blasting
lacunarity value A(2) of binarized
images of dental implants with Before SBF After SBF Before SBF After SBF
different treatments, before and
after SBF immersion B AQ2) B A2) B AQ2) B A2)
Treatment with acid
With calcium phosphate 0.114 1.377 0.346 3.050 0.211 1.582 0.228 1.941
No calcium phosphate 0.204 1.985 0.200 1.598 0.267 2.182 0.139 1.875
No acid treatment
With calcium phosphate 0.162 1.562 0.230 3.232 0.100 1.303 0.433 3.941
No calcium phosphate 0217 1.803 0.178 1.718 0.325 2.500 0.496 8.519

iii. This process is repeated for all possible box positions, and
thus the box occupation frequency distribution n(s,r) of
the boxes is obtained, together with the corresponding
empirical probability distribution Q(s,r)=n(s,r)/N(r),
where N(r) is the total number of boxes of size r.

iv. Lacunarity for the given box of side  is defined by:

A(r) = 220

[Z1(r)]
where Z;(r) = Y5 O(s, r) and Zy(r) = Ys°Q(s, r) are
the first and second moment of the distribution O(s,r), respec-
tively. In terms of the more common statistics, mean w,=Z,(r)
and standard deviation o, = \/Z,(r) —[Z;(r)] 2, lacunarity is
given by

It should be noted that reducing  leads to reduction of the
mean occupation 4,, thus increasing lacunarity A(r), reflecting
a larger number of gaps (empty boxes) in the image that oc-
curs with scale reduction. In the other direction, increasing r
leads to reduction of the box occupation standard deviation,
until the "homogeneity limit" is reached (all boxes contain
roughly the same number of pixels, and (r)=1. In general,
the increasing frame size u, decreases lacunarity [28], and in
some cases, this decrease follows a power law A(r)~r 7,
where the lacunarity exponent (3 can be calculated by linear
regression of log(A(r)) versus log(r), quantifying the rate of
approach to the homogeneity limit (when further increase of »
does not bring about further lacunarity reduction).

Multifractals

A direct method for calculating the multifractal spectrum, in-
troduced by Chhabra and Jensen [29], for a binary image

containing M black pixels on white background, proceeds as
follows:

The image is covered with N(7) boxes of linear size r, and
the number of black pixels M,(r) within each box i=1,...,N(r)
is counted, in order to calculate the probability P,(r)=M,(r)/M
that a randomly chosen black pixel belongs to the i-th box.

An independent continuous parameter ¢ is now introduced
to define probability measure

()9
o =120

Z_/’:l [Pj(r)}q |

A set of g values is selected (typically in the range —10, 10),
and for each value the Hausdorff dimension f{g) is calculated
as the slope of regression line of ¥ ;1,(¢, r) logp; (g, r) versus
logr

The singularity spectrum a(q) is calculated as the slope of
regression line of Y ;1;(g, ) logP;(r) versus logr .

Pairs of points f{g) and a(g) are used to construct the graph
Aa).

Parameter ¢ in the above described procedure serves as a
"magnifying glass", where for ¢>1 high probability regions
are enhanced, and for ¢g<1 the low probability regions be-
come dominant, while z,(1,7) coincides with the original
probability Py(r). The resulting f{«) spectrum reveals wealth
of information about the structure, and has the following
properties:

If the analyzed structure is monofractal, f{cv) collapses to a
single point, otherwise, it represents a function with a single
maximum (or "hump").

Point g where f{a) is maximum corresponds to dominant
singularity (value that would have been obtained for fractal
dimension if multifractality was ignored and the structure
treated as a monofractal).

* The left hand side of the spectrum corresponds to large
fluctuations, and the right hand side to small fluctua-
tions — asymmetry indicates prevalence of one, or the
other.
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Fig. 3 Multifractal spectra of SEM images of titanium implants for different treatment combinations, before and after SBF immersion. The full lines

represent regression to fourth order polynomials (see text for details)

¢ The width of the spectrum indicates degree of
multifractality (weak or pronounced).

The collection of quantifiers described in this section

is used in the rest of this work to perform an explor-
atory analysis of the early stages of osseointegration on

@ Springer

the available experimental data, while in fact in the
future, when systematic experimental data on the quality
of implants with different treatments becomes more
abundant, they may be used as a feature set for classi-
fication as "good" or "bad" implants through a neural
network approach.
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Table 4 Width w of multifractal ] - ]
spectra of dental implants with With sand blasting No sand blasting
different treatments, before and
after SBF immersion Before SBF After SBF Before SBF After SBF
Treatment with acid
With calcium phosphate 0.594 0.867 0.597 0.657
No calcium phosphate 0.665 0.570 0.674 0.689
No acid treatment
With calcium phosphate 0.580 0.946 0.585 0.696
No calcium phosphate 0.979 0.621 0.659 1.222

Results and discussion

The large diversity of images on Fig. 1 both before and after
SBF submersion demonstrates the complexity of the problem
at hand. While the ultimate goal of implant treatment studies
in general is to establish which treatments are the best (leading
to long term stability of implants), this goal remains far from
reach at the current level of understanding of the intricacies of
osseointegration on titanium implants. The following quanti-
tative exploratory analysis may help in paving the way for a
deeper future understanding of this phenomenon.

Surfaces of implants subjected to different treatment com-
binations before SBF submersion show rather different rough-
ness patterns (local distributions of protrusions and cavities).
Nevertheless, the fractal dimension values presented in Table 2
indicate that in terms of overall complexity, they are all rather
similar.

On the other hand, the same implants after SBF submersion
and crystal formation, as reported previously [11], exhibit
rather different fractal dimension values. For acid treatment,
fractal dimension is (moderately) reduced if either both sand
blasting and calcium phosphate treatment are also applied, or
if neither of them is applied. For samples with no acid treat-
ment, even stronger reduction of fractal dimension for these
two cases (absence or presence of both sand blasting and
calcium phosphate treatment) is observed.

Lacunarity analysis of all the available images is represent-
ed graphically in Fig. 2 where it is seen that lacunarity is
increased after SBF treatment in all cases except for acid treat-
ment with sand blasting before SBF immersion.

It is also seen from Fig. 2 that lacunarity follows the power
law A(r)~r " before the homogeneity limit is reached (when
lacunarity drops to unity), while the rate of decay is increased
(larger lacunarity exponent 3) in four cases (acid+sand
blasting+calcium phosphate; sand blasting+calcium phos-
phate; calcium phosphate; no treatment), it remains roughly
the same in two cases (acid+calcium phosphate; acid+sand
blasting), and is decreased when only acid treatment is ap-
plied. Numerical values for the lacunarity exponent 3 and
the largest observed lacunarity value (for the smallest used
box size r=2) are given in Table 3, for inspection.

Multifractal spectra of all the available images are repre-
sented graphically in Fig. 3 where it is seen that all the studied
implants do indeed represent multifractals, rather than
monofractals. In accordance with the previous observations
about fractal dimension, multifractal spectra of implants for
different treatments before submersion in SBF display rather
similar spectra, where small fluctuations are more pronounced
than large (more pronounced right hand side of the spectra).
After submersion in SBF, the spectra in most cases become
wider, where typically the large fluctuations (left hand side of
the spectra) are enhanced. This effect is the most pronounced
for i) acid treatment+sandblasting+calcium phosphate, ii)
sand blasting+calcium phosphate, and iii) no treatment, where
large crystal formations are observed in Fig. 1. The only ex-
ceptions are acid etching with sand blasting, and sand blasting
without other treatments, where in fact fluctuations diminish
after SBF immersion, which is reflected in shrinkage of the
multifractal spectrum.

Finally, in Table 4 we present the numerical data for the
width W=~ min of multifractal spectra of all the im-
plants, obtained by fitting the data on Fig. 3 to a fourth order
polynomial form [30, 31] to estimate the values for ay,;, and
Qumax for each of the graphs. As mentioned before, these values
reflect the degree of multifractality, and are provided here for
quantitative comparison of different treatment combinations,
before and after SBF immersion.

Conclusion

In this work we apply fractal, multifractal, and lacunarity anal-
ysis on binarized scanning electron microscopy images of
titanium implants that were first subjected to different treat-
ment combinations of i) sand blasting, ii) acid etching, and iii)
exposition to calcium phosphate and were then submersed in a
simulated corporal fluid for 30 days. All the three techniques
are applied to the implants before and after SBF immersion, in
order to provide a comprehensive set of common quantitative
descriptors for both the complex cavity/protrusion spatial dis-
tributions observed after different treatment combinations,
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and for the complexity of crystal patterns after SBF immer-
sion, which emulates early stages of osseointegration.

Although the surfaces of implants subjected to different
treatment combinations display visually rather different pat-
terns, all three techniques yield rather similar results for dif-
ferent treatment combinations before SBF immersion. On the
other hand, the three techniques yield rather different quanti-
tative results after SBF immersion for different treatment com-
binations, reflecting the complexity and space filling property
of the observed crystal structures (characterized by presence
of large and small crystals, uniformly or locally deposited, of
simple or dendritic shape).

While our analysis is not conclusive from a practical view-
point (e.g., which treatment combination yields best im-
plants), considering the large variety of possible treatments
and a great number of their possible combinations (especially
if they are also combined in different order, possibly produc-
ing different effects), future large-scale systematic in vivo
studies should substantially benefit from the current quantita-
tive description. More precisely, if the current analysis was
performed in parallel with an in vivo study for a given (suffi-
ciently large) number of treatment combinations, it may be
expected that firm criteria could be established as to which
surface roughness and SBF crystal complexity parameters
are associated with the best in vivo results, thus diminishing
the necessity of further in vivo studies.
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