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Age-dependence of power spectral density and fractal
dimension of bone mineralized matrix in atomic force
microscope topography images: potential correlates of
bone tissue age and bone fragility in female femoral
neck trabeculae
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Abstract

There is an increasing interest in bone nano-structure, the ultimate goal being to reveal the basis of age-
related bone fragility. In this study, power spectral density (PSD) data and fractal dimensions of the mineralized
bone matrix were extracted from atomic force microscope topography images of the femoral neck trabeculae.
The aim was to evaluate age-dependent differences in the mineralized matrix of human bone and to consider
whether these advanced nano-descriptors might be linked to decreased bone remodeling observed by some
authors and age-related decline in bone mechanical competence. The investigated bone specimens belonged to
a group of young adult women (n =5, age: 20-40 years) and a group of elderly women (n =5, age: 70—
95 years) without bone diseases. PSD graphs showed the roughness density distribution in relation to spatial
frequency. In all cases, there was a fairly linear decrease in magnitude of the power spectra with increasing
spatial frequencies. The PSD slope was steeper in elderly individuals (—2.374 vs. —2.066), suggesting the
dominance of larger surface morphological features. Fractal dimension of the mineralized bone matrix showed
a significant negative trend with advanced age, declining from 2.467 in young individuals to 2.313 in the
elderly (r = 0.65, P = 0.04). Higher fractal dimension in young women reflects domination of smaller mineral
grains, which is compatible with the more freshly remodeled structure. In contrast, the surface patterns in
elderly individuals were indicative of older tissue age. Lower roughness and reduced structural complexity
(decreased fractal dimension) of the interfibrillar bone matrix in the elderly suggest a decline in bone
toughness, which explains why aged bone is more brittle and prone to fractures.
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1997; Stone et al. 2003; Schuit et al. 2004). Therefore, apart

Introduction
from bone mineral density, additional bone features are

Hip fractures are a global health problem in aged popula-
tions, and current projections point to their increased prev-
alence in forthcoming years (Cooper et al. 1992; Burge
et al. 2007). Moreover, current standard methods for assess-
ment and understanding of the fracture risk in elderly indi-
viduals are still insufficient (Cummings, 1985; De Laet et al.
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increasingly appreciated as potential determinants of bone
fragility. Particular emphasis has been placed on bone
micro-architecture (Blain et al. 2008; Djuric et al. 2010;
Boutroy et al. 2011; Milovanovic et al. 2012a; Skedros et al.
2012), cellular characteristics (Vashishth et al. 2000; McCrea-
die et al. 2004; Qiu et al. 2005, 2006; Busse et al. 2010;
Halade et al. 2011) and compositional properties of the
bone material (McCreadie et al. 2006; Roschger et al. 2007;
Busse et al. 2009; Fratzl-Zelman et al. 2009, 2011; Thurner,
2009; Milovanovic et al. 2011, 2012b; Skedros et al. 2012).
With regard to bone at the material level, there are an
increasing number of studies dealing with bone nano-struc-
ture along with increasing interest in nano-level revelations
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of bone tissue (Hassenkam et al. 2007; Thurner, 2009).
Atomic force microscopy (AFM) has been recently applied
to bone specimens, allowing high-resolution imaging of
bone trabeculae (Fantner et al. 2004; Hassenkam et al.
2004, 2005; Kindt et al. 2005, 2007; Thurner et al. 2005,
2007; Milovanovic et al. 2011, 2012b). In materials science,
AFM images are frequently used to obtain power spectral
density (PSD) graphs and/or fractal dimension (FD), provid-
ing an advanced description of surface patterns (Pfeifer,
1984; Silk et al. 1998; Ulmeanu et al. 2000; Cui et al. 2001;
Dobrescu et al. 2004; Gavrila et al. 2007; Constantoudis &
Gogolides, 2008; Liu et al. 2010; Munz et al. 2011). PSD
correlates the vertical amplitude with the spatial frequency
of surface features, revealing characteristics of the surface
structure (Mitchell & Bonnell, 1990; Lita & Sanchez, 2000),
whereas FD measures structural complexity and surface
roughness (Dougherty & Henebry, 2001). These properties
of materials have been repeatedly investigated in terms of
their relation to material formation/modification processes
(Pfeifer, 1984; Silk et al. 1998; Ulmeanu et al. 2000; Cui
et al. 2001; Dobrescu et al. 2004; Gavrila et al. 2007; Con-
stantoudis & Gogolides, 2008; Liu et al. 2010; Munz et al.
2011). However, in contrast to their frequent use and rele-
vance in materials science, those analyses have not yet been
applied in AFM characterizations of bone material. Compar-
ing the bone tissue of different ages revealed several com-
positional features linked to younger bone tissue age, such
as lower matrix mineralization level (Grynpas, 1993; Huja
et al. 2006; Busse et al. 2010), absent/barely present lacunar
hypermineralization (Busse et al. 2010) and domination of
smaller mineral crystals (Su et al. 2003; Kuhn et al. 2008;
Milovanovic et al. 2011). All these features have been
attributed to freshly remodeled bone tissue; however, the
relationship between the AFM topographical patterns and
the process of bone remodeling has been obscure. Further-
more, as the nano-structural determinants of bone fragility
are still insufficiently understood, advanced nanoscopic
analyses of bone mineralized matrix are necessary.

In this study, PSD curves and fractal dimensions of the
bone mineralized matrix were extracted from AFM images
of the femoral neck trabeculae in a group of young vs.
elderly women. These advanced nano-morphological analy-
ses were used to evaluate age-dependent differences of the
human bone matrix, and to consider whether they might
be linked to altered bone remodeling and observed age-
related decline in bone mechanical competence.

Materials and methods

Selection and preparation of specimens

Trabecular bone samples from the superolateral portion of the fem-
oral neck were obtained from 10 women during autopsy at the
Institute of Forensic Medicine, School of Medicine, University of Bel-
grade. The specimens belonged to five women 20-40 years old and

five women 70-95 years old who did not display signs of diseases
affecting the skeleton or a history of using medications that alter
bone metabolism.

Bones were kept in 70% ethanol for 2 weeks, cleaned of adher-
ent soft tissue and cut using a low-speed diamond wheel saw 650
with water soluble coolant (South Bay Technology Inc,, San Cle-
mente, CA, USA). The trabecular bone specimens were then cleaned
ultrasonically in alcohol for 5 min and dried naturally at room tem-
perature. We handled all the specimens in the same manner in
order to ensure validity of inter-specimen comparisons.

AFM imaging: power spectral density and fractal
dimension

Trabecular bone samples were glued onto the sample disk, and
imaged by Multimode quadrex SPM with a Nanoscope llle control-
ler (Veeco Instruments, Inc.) under ambient conditions. The images
were acquired by standard AFM tapping mode using a commercial
Solid Nitride Cone AFM probe (NanoScience Instruments, Inc.: canti-
lever length of 125 um, force constant 40 N m~', resonant fre-
quency 275 kHz, tip radius < 10 nm). In each sample, at least 10
topography images were obtained to assure the consistency of
observed features. Simultaneously with the AFM topography imag-
ing, we performed AFM phase imaging which allowed differentia-
tion between the materials based on their different characteristics.

Power spectral density analysis was performed on AFM topogra-
phy images using the software wsxm (WSxM v5.0, developed by Hor-
cas et al. 2007). Power spectral density represents an advanced
analysis of the surface roughness (Fig. 1) based on Fourier decom-
position of an image into waves of particular wavelengths, i.e. fre-
quencies (spatial frequencies) (Mitchell & Bonnell, 1990; Lita &
Sanchez, 2000; Nenadovi¢ et al. 2012). Briefly, in the case of AFM
topography data, PSD analysis deconvolutes the roughness as a
function of unit length of the surface (Nenadovi¢ et al. 2012).
Moreover, PSD analysis specifically correlates the vertical amplitude
with the spatial frequency of surface features, revealing characteris-
tics of the surface structure (Mitchell & Bonnell, 1990; Lita &
Sanchez, 2000; Nenadovi¢ et al. 2012) and describing the contribu-
tion of various elements (features) to the surface roughness (Nenad-
ovi¢ et al. 2012). A complete mathematical evaluation of the PSD
function can be found in other studies (Fang et al. 1997; Kitching
et al. 1999). Graphical presentation shows PSD (nm? on the loga-
rithmic scale on the y-axis, while the x-axis is represented by the
spatial frequency (1/nm) and is also shown on a logarithmic scale.
To account for the contribution of features of various sizes to the
bone surface, the power spectrum density data were extracted from
the images of various sizes (from a minimum of 0.5 x 0.5 pum2to a
maximum of 5 x 5 um?). The data points collected from all images
belonging to an individual were then represented on a single graph
showing log PSD vs. log spatial frequency of the individual. The
data points were fitted linearly as previously suggested (Ulmeanu
et al. 2000; Nenadovic et al. 2012) and the slope of the obtained
line was determined for each individual. The slope of PSD trendline
was determined in this study since it has been used successfully for
illustrating differences in spatial frequency distribution relatively
independently on the area (Jiang et al. 2005).

Fractal dimension is a dimensionless number that describes the
complexity of object’s structure (Dougherty & Henebry, 2001) and
strongly corresponds to visual perception of roughness (Zawada &
Brock, 2009). It depicts how an object occupies space (Ulmeanu
et al. 2000), so that more plane surfaces have FD closer to 2, while
FD of more complex or craggy surfaces approaches the value of 3

© 2012 The Authors
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Fig. 1 Roughness analysis. (A,B) Examples of ideally regular surface
profiles showing ‘peaks and valleys’ (2D profiles are shown for simplic-
ity). Measures of roughness only consider the vertical (z-axis) deviation
from the mean surface and therefore cannot distinguish between A
and B profiles that display the same roughness. However, the profiles
A and B actually differ considerably, since B has more peaks and those
peaks are narrower. (C) In contrast, PSD analysis considers not only
vertical deviation, but also the width (x-axis) of surface peaks (~wave-
length), i.e. their number per unit length (spatial frequency = inverse
wavelength). (D) A real example of a complex profile of bone surface.
PSD is based on Fourier transformations which decompose the compli-
cated wave to a number of ideal waves of particular wavelengths. For
characterization of any surface, it is useful to know the vertical devia-
tion of the peaks from the mean surface, but also the size of those
elements (peaks), as well as their relative contribution (power) to over-
all surface topography (see Fig. 3).

(Zawada & Brock, 2009). Moreover, fractal dimension measures the
relative importance of high frequency fluctuations in surface pat-
terns in comparison with low frequency fluctuations (Constantoudis
& Gogolides, 2008). Log PSD vs. log spatial frequency graphs pro-
vide the ability to calculate the fractal dimension of each sample
according to the following equation: FD = 0.5%(7 — f), where B rep-
resents the absolute value of the slope of PSD trendline (Pfeifer,
1984; Silk et al. 1998).

Results

Illustrative  AFM topography images of the trabeculae
(Fig. 2) revealed the nano-structural features of mineralized
bone matrix, showing densely packed extrafibrillar bone
minerals. The representative AFM images depict the fea-
tures observed consistently at various locations within
investigated human trabeculae. In this study, we extracted
PSD curves and fractal dimensions data from the AFM
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Fig. 2 Representative AFM 3D surface plot (topography images, scan
dimensions: 2 x 2 pm?) of a young female (A) and an elderly female
individual (B).

topography images of the mineralized bone matrix of the
femoral neck trabeculae in a group of young vs. elderly
women.

Power spectral density graphs showed the roughness den-
sity distribution in relation to spatial frequency. There was a
decrease in magnitude of the power spectra with increasing
spatial frequencies in all cases. In each individual, the PSD
data originating from AFM images of different sizes were
averaged. The observed relationship between the power
spectra and spatial frequency could be approximated with
a straight line in each individual. Figure 3(A,B) shows line-
arly fitted PSD graphs of a young and an elderly individual,
respectively. The slopes of the fitting lines were determined
in both young and old individuals. The slopes showed nega-
tive values, illustrating decreased magnitudes with increas-
ing spatial frequency. The absolute value of mean PSD
slope in the elderly was higher than in the young specimens
(2.374 compared with 2.066). Evaluation of the slopes of
PSD trendlines in relation to age of individuals (Fig. 4) sug-
gests a tendency towards steeper lines in the elderly. There
was statistically significant dependence of PSD slope on age
according to the following law: PSD = —0.007*age — 1.828
(P < 0.05).

PSD trendlines in each individual allowed subsequent cal-
culation of the fractal dimension of their mineralized bone
matrix. Younger specimens had higher average values of
fractal dimensions (2.467) than the elderly (2.313). Individ-
ual fractal dimensions are shown in Fig. 5. It was observed
that the distribution of FD in young individuals was more
homogeneous, and only FD in the oldest individual
(38 years old) deviated towards the lower values. Elderly
individuals presented with more disperse values of FD. To
assess how the FD depends on the age of an individual, we
have applied linear regression analysis. Evident negative
correlation was found in regression analysis between FD
and age, which can be expressed with the following law:
FD = —0.003*age + 2.586 (r = 0.65, P < 0.05).

Discussion

The shape of PSD curves in materials science has been con-
sidered to reflect particular physical and chemical processes
that participated in building the surface (Lita & Sanchez,
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Fig. 3 Power spectral density graph with linear fitting in a young female (A) and an elderly female individual (B). Note that both axes are with a
logarithmic scale. Y-values (PSD, power spectral density) correspond to the contribution of particular spatial frequency X-value to overall image.
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Fig. 4 Age-dependence of PSD slopes.

1999, 2000; Jiang et al. 2005; Castro et al. 2007). Such con-
nection has not yet been evaluated in a biological context,
so it remains unknown whether the surface patterns of the
mineralized bone matrix may reflect the process of bone
remodeling. In that context, given that the remodeling pro-
cess affects bone structure by substituting old bone tissue
with fresh bone tissue, AFM analyses might elucidate differ-
ential nano-structural features that are potentially attribut-
able to different tissue age. Based on characteristics of
fractal dimension reported for other systems (Dimri, 2005),
our finding of higher fractal dimension of the interfibrillar
surfaces in the trabecular bone of young women suggests a
greater degree of roughness and more structural complex-
ity. Moreover, it was reported that a large fractal dimension
indicates the significant contribution of high-frequency (i.e.
small-wavelength) fluctuations in the surface patterns (Con-
stantoudis & Gogolides, 2008). Such frequent spatial fluctu-
ations may correspond to previously shown smaller mineral
grains that dominate trabecular bone structure in younger
individuals (Milovanovic et al. 2011). Since smaller mineral
grains indicate the presence of younger bone (Su et al.
2003; Milovanovic et al. 2011), a higher fractal dimension
of the bone matrix may correlate with a more recently
remodeled structure.

26
254 ® ®
2.4

2.3 4 [ ]

Fractal dimension

2.2 4

21 T T T T T T T 1
20 40 60 80 100
Age [years]

Fig. 5 Age-distribution of fractal dimension of the bone mineralized
matrix in the femoral neck trabeculae.

Steeper PSD slope with decreased fractal dimension in
the elderly denote the dominance of large-dimension (low
spatial frequency) surface patterns. These large morphologi-
cal features of the mineralized bone matrix surface may
reflect the larger dimensions of the interfibrillar mineral
grains observed in the previous AFM study (Milovanovic
et al. 2011). In contrast to small mineral grains, the larger
crystals denote older unremodeled areas of bone. Bone
remodeling is a key process in bone tissue, consisting of
coupled and balanced bone resorption and bone formation
phases (Parfitt, 1987, 2004; Martin, 2000; Burr, 2002; Busse
et al. 2010). Several studies pointed out that the bone
remodeling process might be hampered in aged human
bone, causing accumulation of microcracks and hyperminer-
alized lacunae, as well an increase in tissue age (Schaffler
et al. 1995; Noble, 2003; Norman et al. 2008; Busse et al.
2010). Without remodeling, senescing bone mineral would
remain ‘in place’ long enough to undergo energy-driven
physiochemical processes leading to increased size and per-
fection of the mineral crystals, which was observed in the
trabeculae of the elderly (Paschalis et al. 1997; Milovanovic
et al. 2011). As these crystals grow, they reprecipitate
in a dynamic equilibrium during which the mineral

© 2012 The Authors
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structure becomes more ordered and the interfibrillar sur-
face less complex, decreasing the fractal dimension in the
elderly.

The present findings have particular mechanical implica-
tions. Detection of only mineralized fibrils on the fracture
surfaces led to the assumption that the mineral-mineral
interface is the weakest link in bone (Fantner et al. 2006)
and that bone cracks within interfibrillar space (Fantner
et al. 2005, 2006; Ebacher et al. 2012). Many failure modes
and energy dissipation mechanisms are based on the sepa-
ration of mineralized fibrils (Fantner et al. 2005; Gupta
et al. 2005). Increased roughness and greater topographical
complexity of interfibrillar matrix that we observed in
young trabeculae would increase the interface available for
cracking between the mineralized fibrils. In that way,
increasing amounts of energy can be dissipated at the
nano-level during the loading. Moreover, the presence of
many grain boundaries in such a material might interact
with crack propagation, interrupting it and/or increasing
the tortuosity of the crack path. Overall, both mechanisms
lead to increased bone toughness, where local nano-level
failures can be regarded as a means of energy dissipation,
with the ultimate goal being to prevent a macroscopic bone
failure (Ritchie, 2011). In addition, since it has been sug-
gested that nanogranular friction between mineral particles
increases yield resistance (Tai et al. 2006), higher surface
roughness of the mineralized fibrils would have further
positive effects on bone strength. In sharp contrast to the
young individuals, lower surface roughness and reduced
topographical complexity (decreased FD) in the elderly sig-
nify a decline in bone toughness, which renders their bone
brittle and more susceptible to fracture. Reduced toughness
is also the result of changes in collagen cross-linking in aged
cohorts (Viguet-Carrin et al. 2006; Barth et al. 2010). Given
that bone resistance to fracture originates from various fea-
tures at all levels of bone hierarchical organization (Busse
et al. 2010; Launey et al. 2010; Ritchie, 2011; Milovanovic
et al. 2012a), it is important to try to extract the individual
contributions of each feature to overall bone strength. In
that context, our AFM study showed the particular contri-
butions of the mineralized bone matrix from the morpho-
logical point of view. However, further experimental
studies are necessary to provide direct demonstration of
mechanical behavior at the interfibrillar level.

Additional studies are warranted to determine how the
age-related changes in PSD and FD shown in the present
study might interact with larger scale characteristics of tis-
sue organization. For example, it would be important to
determine how these nano-scale parameters might corre-
late with trabecular bone packets (Parfitt, 1979), which are
an important toughening mechanism in trabecular bone
because they create interfaces and potentially increase min-
eral heterogeneity as a consequence of differences in their
mean tissue age (Roschger et al. 2008; Busse et al. 2009;
Ciarelli et al. 2009; Smith et al. 2010).
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In addition, the PSD curve presented as a straight line
with a constant slope in both age groups of individuals
indeed resembles the shape of PSD curve of a randomly
rough surface with self-affine characteristics, which implies
that vertical and lateral surface elements vary in a constant
manner (Buchko, 1997; Cui et al. 2001). The constant slope
appearance is a property of fractal objects (Cui et al. 2001;
Dobrescu et al. 2004). Therefore, our data suggest fractality
of mineralized bone matrix, albeit limited to the investi-
gated range of spatial frequencies at nano-scale due to the
complex hierarchical organization of bone (Currey, 2012).

Concluding remarks

Our findings add new evidence for age-related differences
at the level of mineralized bone matrix. Analyses of AFM-
derived power spectral density and fractal dimension at the
nanometer scale may be useful for explaining differential
bone fragility across age, and how their specific patterns
may potentially correlate with bone tissue age. Lower struc-
tural complexity and surface roughness of the interfibrillar
area in elderly individuals, which was reflected in decreased
fractal dimension, may suggest a decline in the bone tough-
ening mechanism, which may in turn lead to increased
bone fragility in aged cohorts.
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