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Abstract

Bone may be similar to geological formulations in many ways. Therefore, it may be logical to apply laser-based
geological techniques in bone research. The mineral and element oxide composition of bioapatite can be estimated by
mathematical models. Laser-induced plasma spectrometry (LIPS) has long been used in geology. This method may
provide a possibility to determine the composition and concentration of element oxides forming the inorganic part of
bones. In this study, we wished to standardize the LIPS technique and use mathematical calculations and models in order
to determine CaO distribution and bone homogeneity using bovine shin bone samples. We used polished slices of five
bovine shin bones. A portable LIPS instrument using high-power Nd++YAG laser pulses has been developed (OpLab,
Budapest). Analysis of CaO distribution was carried out in a 10 x 10 sampling matrix applying 300-um sampling
intervals. We assessed both cortical and trabecular bone areas. Regions of interest (ROI) were determined under micro-
scope. CaO peaks were identified in the 200-500 nm wavelength range. A mathematical formula was used to calculate
the element oxide composition (wt%) of inorganic bone. We also applied two accepted mathematical approaches, the
Bartlett’s test and frequency distribution curve-based analysis, to determine the homogeneity of CaO distribution in
bones. We were able to standardize the LIPS technique for bone research. CaO concentrations in the cortical and
trabecular regions of B1-5 bones were 33.11 +£3.99% (range 24.02-40.43%) and 27.60 £ 7.44% (range 3.58-39.51%),
respectively. CaO concentrations highly corresponded to those routinely determined by ICP-OES. We were able to
graphically demonstrate CaO distribution in both 2D and 3D. We also determined possible interrelations between
laser-induced craters and bone structure units, which may reflect the bone structure and may influence the heterogeneity
of CaO distributions. By using two different statistical methods, we could confirm if bone samples were homogeneous or
not with respect to CaO concentration distribution. LIPS, a technique previously used in geology, may be included in
bone research. Assessment of element oxide concentrations in the inorganic part of bone, as well as mathematical
calculations may be useful to determine the content of CaO and other element oxides in bone, further analyze bone
structure and homogeneity and possibly apply this research to normal, as well as diseased bones.
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constituents. The proportion and distribution of inorganic con-
stituents changes with growth, the aging process and in dis-
eases, such as osteoporosis [1]. The inorganic part of bone is
approx. 49% [2].

In the human and animal bone tissues, most of the nor-
mal and pathological constituents are calcium phosphate-
type minerals, which are members of the apatite series.
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The most acceptable formula to describe biopatites is as
follows:

(Ca,Mg,Na, []),,(PO4, HPO4, CO;),(OH, F, Cl, CO3, 03, []),

In addition to the normal composition, metals, trace ele-
ments and sometimes toxic ingredients may be deposited to
the bone. Aluminum (Al) may be accumulated in individuals
taking antacids, as well as in patients undergoing dialysis [3,
4]. Al may suppress bone mineralization leading to renal
osteodystrophy [5]. Al has been replaced by lanthanum (La)
as a phosphate-binding element. La may be deposited into the
bone and caused reversible mineralization defects in rats [4,
6]. Cadmium (Cd) may cause renal tubular dysfunction, oste-
omalacia and nephrocalcinosis and may increase bone fracture
risk as it antagonizes calcium and vitamin D absorption [4, 7].
Acute lead (Pb) toxicity can be detected from blood; however,
cumulative toxicity may be determined by bone biopsy [8]. Pb
inhibits bone development including osteoblast differentia-
tion, as well as fracture healing [4, 9]. Lithium (Li) salts, still
used to treat depression, causes hyperparathyroidism and bone
loss [10, 11]. Yet, long-term Li intake was not associated with
increased osteoporosis risk [12]. Excessive iron (Fe) intake
associated with thalassemia, hemochromatosis or sickle cell
disease often results in osteoporosis due to the suppression of
osteoblast functions [4, 13]. Trace elements, such as zinc (Zn)
[14, 15], copper (Cu) [15], magnesium (Mg) [16] and manga-
nese (Mn) [4] are natural ingredients of bone and are needed
for bone physiology. In this case, low levels in bone, rather
than toxicity may be relevant [4]. Finally, strontium (Sr)
ranelate is an available anti-osteoporotic agent that inhibits
osteoclasts and stimulates osteoblasts. The assessment of Sr
in bone by non-invasive methods may be useful to monitor
drug accumulation [4, 17, 18]. Thus, there may be a need in
medicine to assess these elements in the bone.

The assessment of bone structure and bone content may be
essential in various bone and calcium homeostasis disorders
[19]. Bone densitometry (DEXA) has been widely used to
determine bone density in osteoporosis and other conditions
[19]. Bone structure may be assessed by micro-CT or high-
resolution MRI techniques [19, 20]. Yet, the assessment of
bone mineral content and the concentration of various ele-
ments in the bone have not yet been elucidated. Bone biopsy
has been the standard method for studying bone structure and
composition. For example, D’Haese et al. [21] assessed nu-
merous metals and trace elements in 100 bone biopsy sam-
ples taken from patients with renal failure. The levels of Al
and Cd were highly increased in the bone of end-stage ure-
mic patients. Bone Al, Pb and Sr constant was especially
high in patients with osteomalacia. This is rather painful
and not all individuals may be biopsied [19]. Therefore, it
is evident that bone biopsy will never become a routinely
used diagnostic test [19].
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These issues lead to the idea to apply geological techniques
to bone research. Indeed, inorganic minerals are the most
abundant constituents of bones. Laser-based techniques, for
example inductively coupled plasma mass spectrometry (ICP-
MS) have been long used in geology for elemental determi-
nations. Few groups have applied ICP-MS for bone and dental
research. For example, Uryu et al. [22] applied laser ablation
ICP-MS for the determination of Pb in teeth. Hetter et al. [23]
standardized ICP-MS for the assessment of Pb in animal
bones. Liu et al. [24] took human rib homogenates and applied
plasma MS to determine elements of the La group. Raffalt
et al. [25] could detect Sr incorporation into canine bones
and tooth enamel following Sr treatment. Finally, in archaeol-
ogy, Shafer et al. [26] used ICP-MS to measure trace elements
in bones from the Iron Age. They found increased incorpora-
tion of Mn, Cd and Ni on the bony surface. As described
above, mostly ICP-MS, a rather complex and costly technique
has been used in most studies.

Laser-induced plasma spectrometry (LIPS) has long been
used in the Geological and Geophysical Institute of Hungary
(GGIH), Budapest. In LIPS, high-power density (109—
1012 W/em?) laser beam is focused on a small-sized target
surface (40—60 pm in diameter). The atoms in the generated
vapour are excited to produce spectral lines. By resolving the
emitted radiation, a spectrum is observed for the determination
of elemental composition. On the other hand, laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS)
enables identification and comparison of physical evidence,
discriminating elemental and isotopic differences at the part
per billion (ppb) level. In contrast to aqueous analysis, where
significant amounts of material need to be destroyed, in LA-
ICP-MS, the sample particles are transported to ICP-MS and
atomization, as well as excitation occur in ICP [27]. The con-
struction of portable LIPS systems is a hot research topic.
Primarily, space research and military applications have been
published; however, geological applications are also impor-
tant [27]. A LIPS instrument linked to the ImaGeo
Corescanner was developed at GGIH in the late 1990s [28]
and has been used in many geological studies for measuring
the spatial distribution of structures and geological phenome-
na in drill cores at various sites of Hungary as well as in
international collaborations [29—-31]. However, the LIPS tech-
nique has not yet been introduced to the field of bone research.
Therefore, we wished to apply LIPS to bone by using a math-
ematical model approaching the inorganic content of normal
mineralized animal bone tissue. Furthermore, before the ap-
plication of the LIPS technique to human bones, a baseline
study carried out in animal bones was necessary in order to
characterize chemical and mineralogical/organic composition
of bones and to develop a protocol for further human bone
assessments.

Thus, bone research and geology may complement each
other and this may open a new perspective for the
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development and application of new laser-based geological
techniques to study the chemical composition of bones.

Materials and methods
Bovine bone samples

A total of five male bovine tibial (B1-B5) bone samples were
used for the initial characterization. The organic matter (meat
and marrow) was removed from the bones first mechanically
and then by boiling in water with 1% hydrogen peroxide. The
bones were cut into slices using a diamond saw, and then thin
polished bone slices were prepared for LIPS. Polishing was
performed under dry conditions. First, one side of the slice
was polished and glue attached to microscope slides. Then,
the other side was carefully polished. This surface must be
smooth enough for LIPS measurements.

LIPS instrument and technique

A LIPS instrument (OpLab, Budapest, Hungary) has been
developed and used. The major characteristics of the instru-
ment (detection setup and spectroscopic system) are as
follows.

Regarding the detection setup, the W power, the @ flux and
the 7 power density of the laser impulse are calculated as
follows:

W =E/7,® = E/dyand I = W/d,

where

W Laser impulse power (19.5 x 102/4 x 10™° =4.875 x
10°7 /s);

Laser impulse flux (J/cm?);

Laser impulse power density (W/ecm?);

Laser impulse energy (19.5 x 107 J);

Laser impulse time period (4 ns=4x 107 s);

dy Laser bundle-derived spot diameter in focal plain.

4w~ e

In the focal plain, the d,, diameter of the spot is calculated as
follows:

dy =4\ f/mD

where

dy Laser bundle-derived spot diameter in focal plain;
D Laser bundle diameter on the lens (3 mm);

A Laser wavelength (1064 nm);

f focal length.

Thus, if focal length (f) is 25 mm, dy =0.011 mm, laser
beam-derived spot area in focal plain (A)=0.000099 mm?>,
I=4.9x 10 W/em? and @ = 1.947 J/em®.

With respect to the spectroscopic system, the medium res-
olution was 0.5 nm. We used a Hamamatsu NMOS linear
image sensor (1” 1024 pixels), product code: S3904-1024Q
(Hamamatsu Photonics Inc.), a Chemspec 100S
polychromator (American Holographic Inc.), and an MK367
1064 nm ND:YAG laser head (Kigre Inc.). In principle, a
high-power Nd++YAG laser pulse hits the sample under ex-
amination and produces plasma. The light, coming from the
plasma is focused onto the circular endface of a fibre optics
bundle by a quartz optical system. This bundle guides the light
to a holographic concave polychromator. The spectrum is de-
tected by a diode array. A 16-bit AD processes the resulted
analogue signal and, in turn, data will be transferred (through
an RS 232 interface) to an external PC where analysis of the
spectrum is performed. The installed software also provides
control functions to the system [28, 30, 32].

Thin polished bone slides prepared from male bovine tibia
as described above were examined under a LIPS instruments.
The LIPS protocol and sampling technique were established
in the present study, thus, they are described in the ‘Results’
section. As the polishing material may interfere with the de-
tection of elements, rough-grained carborundum (SiC) and
then fine-particle aluminium-oxide were used for rough and
fine polishing, respectively. CaO concentrations were detected
at 393.4-nm wavelength (M), which yields the most striking
spectrum line. This does not interfere with Al, C, and Si spec-
trum lines.

The LIPS software uses a standard element library com-
posed of data from typical matrix and trace elements as pre-
viously determined from reference samples in various wave-
length ranges. The standard element library contains those
elements, which may be of medical relevance and others that
may find application in various research fields. We used a
LIPS standard element library in wavelength ranges of 200—
500 and 500-800 nm, respectively.

Mathematical determination of elemental oxide
and elemental concentrations

In order to determine element/element oxide concentrations in
the inorganic part of the bone, a separate calibration function
was generated for each element. Calibration was enabled by
using commercially available element standards containing
variable element concentrations. Emission spectra were
analysed, the most striking interference-free spectrum-lines
were evaluated and the peak amplitudes were determined.
Integral normalized, mixed normalized (V1 and V5) and
mixed integral normalized peak amplitude values were taken
as input data for further regression analysis.
Five different regression functions were used:
Power function (Malpica) [ = P3 x ¢ *°

Exponential function 7 = P3 X exp.(P; X ¢)

@ Springer
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Logarithmic function 7 = Py X log(c) + Py
Linear function / = Py X ¢ + Py
Quadric polynomial function 7 = Py x ¢* + P, X ¢ + P,

where

1 Spectrum-line peak amplitude values;
Py, P, P, and  Parameter vectors determined during
Py calibration;

c Elemental oxide concentration.

Finally, elemental concentrations were calculated.
Considering the atomic weight (AW) of elements, molecular
weight (MW) values of the elemental oxides (molecules) were
determined. Then, the MW/AW ‘constant’ was calculated.
Elemental concentration can be calculated by taking the quo-
tient of elemental oxide concentration and the constant.

Statistical analysis

LIPS measurements values are presented as mean % + SD.
Comparison of bone homogeneity was performed by using
the Bartlett’s test [33] and x* test (described later in detail).
The mathematical modelling of inorganic element concentra-
tions in the bone is also described in detail later.

Results

Mathematical modelling of the inorganic
compartment of the bone tissue

The structural similarities between the inorganic component
of bone tissue and geological formations suggest that mathe-
matical models may be used to determine weight percentage
composition of the different mineral element oxides constitut-
ing the inorganic component of bone tissue [31]. The deter-
mined weight percentage composition can be verified with the
determination of element oxide concentration values by LIPS
and ICP-OES/MS. It can be concluded from calculated weight
percentage composition of the inorganic component of bone
tissue and laboratory analyses that the properties of bone tis-
sue are determined primarily by hydroxyl apatite [2].

The below described formula should be used to calculate
the element oxide weight percentage (wt%) composition of
the mineral constituents in the inorganic component [31]:

[MP] x [MW] x [MN] = [CMW]
where

MP Mass percentage;

MW Molecular weight;
MN Molecular number;
CMW  Corrected molecular weight.

@ Springer

Element oxide concentration values can be presented as
weight percentage when the corrected molecular weight of
each mineral component are known:

[CO] = [CMW] X [pmmeral]/[MWmineral]/[pbone tissue]

where

C, Element oxide concentration (weight
percentage);

Pmineral Density of the mineral constituents in the

inorganic component;

Bone tissue density by laboratory assessment;
Molecular weight of the mineral constituents in
the inorganic component.

Pbone tissue

MWm ineral

An example of the mathematical modelling of the mineral
constituents in the inorganic component of bone tissues is
shown in Table 1. C, can be computed from CMW,
MWminerals Pmineral and Pbone tissue- Bone tissue density can
be determined in a laboratory or can be an estimated value.

The weight percentage composition of the mineral constit-
uents in the inorganic component of bone tissue was deter-
mined by mathematical modelling. We assessed the composi-
tion of the oxides as determined by the ICP-OES technique,
and the concentration values of the organic component, water
and CO, were determined by thermogravimetry (data not
shown). These methods are routinely available at the GGIH.

With the help of the mathematical modelling, the element
oxide (C,) concentration values and water content of
bioapatite are presented in Table 2. From this, the concentra-
tions of elements (C.) can be calculated and compared with
the published concentration values [2]. As presented in
Table 2, there is a high degree of agreement between the
calculated and published C, (%) values, except for CO,.

It may be concluded from the mathematical modelling of
the weight percentage of the mineral constituents in bone, as
well as from the laboratory measurements performed on the
bovine shin bones, that the properties of the bone tissue are
primarily determined by its hydroxylapatite content. Since
hydroxylapatite is constituted by CaO, P,0Os oxides and bound
water, the bone structure can be investigated by measurement
of CaO distribution by the LIPS technique.

Development of LIPS sampling strategy and protocol
for cortical and trabecular bone

LIPS analysis of the thin polished bone slides was executed in
a predetermined fashion with respect to the region of interest
(ROI) on the slides. ROIs representing cortical and trabecular
bone areas were determined under microscope and clearly
marked on the slides as segments (Fig. 1) or squares (Fig. 2)
for segmental and matrix approaches, respectively. The
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The mathematical modelling of mineral constituents in the inorganic component of bone tissue

Table 1

Molecular weight x Corrected Weight %

Molecular
number

(MN)

Molecular weight

Density % Chemical equation

Mineral density

Mass %

Minerals constituting
the inorganic part

molecular weight

(CMW)

molecular number

(MW) x (MN)

Coxide

MW)

(MP) x p

Pmineral

(MP)

0.30
0.24

0.25
0.19

56.1

56.1
44.0

CaO
CO,
CaO

0.012

2.70

0.0044

Calcite

44.0

33.81

239.74

560.8
425.8

10

56.1

1.325

3.10

0.4275

Hydroxyl apatite

25.67
1.08
0.74
0.81
2.52
0.02

182.06
7.70
0.40
0.44
2.71
0.04

142.0
18.0
40.3

P205
H,O

18.0

40.3

MgO

0.021

3.00

0.0071

Magnesite

44.0

44.0

CO,
NaCl
KCl1

102.9
119.0

102.9
119.0

0.055

2.10

0.0263
0.0003
0.3990
0.1354
1.0000

Rock salt

0.001

1.99
1.60

1.

29.17

0.638

Organic part

Water
Total

6.18

2.44

0.02

18.0

H,0

0.135
2.188

00

435.71 100.00

1429.04

21

See text for abbreviations

sampling strategy involved the consideration of the sampling
system and sampling density. The ROI involved segmental
and matrix networks, and when both types of networks were
employed to execute the analysis, it was named as a combined
sampling system.

In the segmental approach, the sample was analysed seg-
mentally at 30 points indicated as blue lines in Fig. 1a. This
figure shows sample B5. The slide was 100-pum thick and the
two marked segments (S1 and S2) were 15 and 13 mm in
length, respectively. The sampling density of these two seg-
ments were 0.5 and 0.3 mm, respectively (Fig. 1a).

A representative example of CaO concentration assessment
using the segmental sampling approach (S1 and S2 in sample
B5) is seen in Fig. 1b, c. CaO concentration values were cal-
culated using the CaO calibration curve. Figure 1b, ¢ show
measurements along the S1 (mostly trabecular bone) and S2
(mostly cortical bone) segments, respectively. Osteoporotic
areas are reasonably well demarcated and are associated with
troughs in the corresponding CaO curves.

In the matrix sampling strategy, ROIs were marked as
squares of 4 x4 mm in size. LIPS measurements were per-
formed in a 2-dimensional matrix of 10 segments and 10 sam-
pling points in each segment. The sampling density was
300 um. Thus, the total number of measurement points within
this matrix was 100. Figure 2a illustrates the scanned picture
of a representative sample (B1) showing the square ROIs.

CaO concentrations were also determined within these
square regions representing the cortical and trabecular bone
by LIPS (Fig. 2a). After measuring CaO concentrations in 10
points in 10 segments, the mean (+SD) CaO concentrations in
the cortical and trabecular regions were 33.11 +3.99% (range
24.02-40.43%) and 27.60 £+ 7.44% (range 3.58-39.51%), re-
spectively. We also plotted the 100 CaO concentration values
obtained from the cortical (Fig. 2b) and trabecular bone
(Fig. 2¢) on two-dimensional (2D) concentration distribution
maps. Finally, we plotted CaO concentration distribution
curves based on the actual values (Fig. 2d, e). Certainly, the
cortical bone seems to be more homogeneous (Fig. 2)b, d. The
mostly green colour seen in Fig. 2b indicates CaO concentra-
tions between 25 and 40%. Only a very small area indicates
CaO concentration above 40%. On the other hand, there is
great heterogeneity in the trabecular bone (Fig. 2c, €) showing
rather low (red-orange) and high (dark green) values. The very
low values may correspond with Haversian canals.

As ICP-OES is a standard technique to assess element ox-
ide concentrations in minerals, we sent our B1-B5 bovine
bone samples to the laboratory of the GGIH. The homoge-
nized bone powder was assessed by ICP-OES, and the CaO
concentrations of the B1-B5 bone homogenates were 35.00,
33.26, 34.67, 34.52 and 35.03%, respectively (These values
are similar to the ones obtained by our LIPS assessment: the
CaO concentrations of the B1-B5 bones were 33.11, 30.68,
29.66, 24.55 and 28.89%, respectively (Table 3).

@ Springer
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Table 2 Comparison of element

oxide composition of bioapatite Mathematical modelling Published data
as determined by mathematical -
calculations versus published Element oxide C, (%) Elements Constant C. (%) Ca/P C. (%) Ca/P
values [2]

CaO 34.11 Ca 1.40 2438 2.175 22.50 2.18

P,0s 25.67 P 229 11.20 10.30

MgO 0.46 Mg 1.66 0.28 0.26

NaCl 2.52 Na 4.47 0.56 0.52

KCl1 0.03 K 3.04 0.01 0.009

CaF, 0.00 F 2.05 0.00 0.005

CO, 0.75 3.50

Water 7.28 6.00

See text for abbreviations

C, (%) element oxide concentration, C, (%) Element concentration

We also wished to model how the measurement points
would be located according to the structure of the bone.
Based on data from literature [2], the calculated diameters (D)
and areas (7) of the different structural units in bovine bone,
such as osteon and Haversian canal. The estimated value of the
approximately circular crater diameter (D) was 50 um. As the
shape of the crater is considered circular, the ablated area is:

T =25 x = 1962.5 um?

If LIPS assessment of the cortical bone is performed ac-
cording to the matrix sampling strategy (Fig. 1, segment S2),
some measurement points may co-localize with either an
osteon or a Haversian canal, depending on the sampling den-
sity. With decreasing sampling density, the probability of

a

1 BS

Fig. T CaO concentration assessment by segmental sampling approach.
Two representative segments (S1 and S2) in sample B5 marked for
segmented network LIPS analysis (a). CaO concentrations at various

@ Springer

targeting canals will increase. Thus, the inhomogeneity of
the bones is well demonstrated by the CaO surface distribution
diagram acquired by serial LIPS measurements performed
along a 10 x 10 matrix as demonstrated above (Fig. 2). In this
situation, the sampling density (distance of two adjacent mea-
surement points) was 0.3 mm and the examined area was

(9 x 0.3 mm)* = 7.29 mm’.

Again, based on data from literature [2], the Haversian
canal density per square millimetre is 3.65 in bovine bones.
Thus, theoretically, there are 7.29 x 3.65 =26.6 Haversian ca-
nals in the 7.29 mm? area covered by us. In Figs. 1 and 2, there
are several areas with low CaO concentrations that may indi-
cate Haversian canals.
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sampling points along the S1 (b) and S2 (¢) segments. Both trabecular
(Tr) and cortical (Co) bone could be assessed
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<« Fig. 2 The matrix sampling approach. Region of interest (ROI) marking
as squares on bovine bone slices. In sample B1, ROIs in the cortical (Co)
and trabecular (Tr) bone regions were marked for LIPS analysis (a). CaO
measurement value distribution in 10 segments and 10 measurement
points in each segment in the cortical (b) and trabecular (c) area. The
distance between any two measurement points (sampling density) is
300 um. CaO concentration distribution curves in the cortical (d) end
trabecular (e) bone

This situation may even be more complicated when the
LIPS measurements are carried out in the trabecular bone.
In living bone tissue, the trabecular part is interweaved
with bone marrow and vessels. During the preparation of
the sample for LIPS, the organic parts are removed by
heating. Naturally, when LIPS measurements are conduct-
ed in the trabecular bone, more inhomogeneity of CaO
distribution will be observed due to the thin bone lamellae
and the large spaces in between (Fig. 1, segment S1) in
comparison to cortical bone (segment S2).

Comparison of bovine bone density as determined
by quantitative computed tomography
and ‘geological density’ as measured by LIPS

Bovine bone samples were analysed by quantitative com-
puted tomography (QCT) before slicing for LIPS. Results
of QCT assessment of the BI-B5 bone samples are indi-
cated in Table 4. The attenuation coefficient as determined
by QCT may be one of the best determinants of altered
bone tissue structure. First, we compared the QCT mea-
sured attenuation coefficient and total density and there
was significant correlation between these two parameters
(Fig. 3a).

We used a representative bovine bone sample (B2) for
comparing bone density as determined by LIPS versus QCT.
According to LIPS, the mean density of the B2 bone was
2.150 g/em’. Significant correlation between QCT and LIPS
density was found (Fig. 3b).

Table 3 CaO concentrations in B1-B5 bone samples determined by
LIPS and ICP-OES

Bone homogenate samples LIPS CaO (%) ICP-OES CaO (%)
B1 33.11 35.00

B2 30.68 33.26

B3 29.66 34.67

B4 24.55 34.52

B5 28.89 35.03

Mean (1) 29.38 34.50

Variance (o) 3.13 0.72
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Mathematical application of Bartlett’s test to assess
statistical homogeneity of bovine bones based
on Ca0 content distribution

We can mathematically test bone homogeneity by
matching the standard deviation (SD) values determined
for element oxide content in bovine shin bones. First, we
needed to determine whether the element oxide concentra-
tions measured at individual locations exerted normal dis-
tribution or not. This hypothesis only works if element
oxide levels exert a normal distribution.

We matched the SD values of concentration values deter-
mined in each section using the accepted 95% probability
level. In statistics, Bartlett’s test [33] is used to test if differ-
ent samples are from populations with equal variances. In
other words, Bartlett’s test is used to test the null hypothesis
that, in a given population, all variances are equal against
the alternative that at least two are different [33]. We have
previously used Bartlett’s test in geological studies [34].

According to Bartlett’s test:

K* =2.3026/b k fo (1goX P21 /kglgox ™2

where

b Constant (b =1+ (k+ 1)/3kfo)

k Number of segments

pP; Sequence number of segments, where
i=1,2,3 ..k

n; Number of measurement points in one
segment, where j=1,2,3 ... n

fo Degree of freedom; fo=n;—1

X Chosen element oxide (e.g. CaO)

oXP Standard deviation (SD) of the mean
concentration values determined for
element oxide X, segment P;

oXx P2 variance of the mean concentration
values determined for element oxide X,

' segment P;

lgoxP2 The base-10 logarithm of the squared
SDs determined for element oxide X,
segment P;

1/k X1goX®?*2 Mean of the base-10 logarithm of the SDs

This approach is proper if the samples contain at least
four elements (n;>4). In our case, when using the matrix
sampling strategy, the number of CaO concentration
values, measured in individual segments, is ;=10 in each
segment (Fig. 2).

If we determine a 95% probability level, before apply-
ing the Bartlett’s test, first we need to define the K? values
for all 10 segments and for all the 10 measurement points
per segment. The mean and SD values will be used during
the calculations. The summarized Bartlett’s test results
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Table 4 Results of QCT
assessment of B1-B5 bone Male bovine tibia samples Bl B2 B3 B4 B5
samples
QCT results Total density (mg/cm?) 270.1 617.3 684.4 552.7 796.9
Trabecular density (mg/cm?) 26.9 178.3 273.5 299.6 454.7
Cortical density (mg/cm®) 469.0 976.3 1020.4 759.6 1076.8
Attenuation coefficient 0.237 0.329 0.338 0.181 0.376

based on our systematic LIPS network assessment of CaO
carried out through trabecular and cortical areas of two
representative bovine bone (B1 and B2) sample sections
are shown in Table 5.

After obtaining the K? values as described above, we
performed x” test in order to complete homogeneity stud-
ies. We plotted the regression curve needed for the defini-
tion of the critical values x> (0.95) corresponding to /= k —
1 degree of freedom and 95% critical level in the x? test
(not shown in figure). In Table 5, P [K* < x* (0.95)] is the
probability value of a calculated K* value being lower or
higher than the critical value corresponding to 95% prob-
ability and f = k — 1 degree of freedom. In bone samples
where the calculated K values are lower than the y (0.95)
critical values corresponding to the f'=k— 1 degree of free-
dom and 95% critical level (Table 5), we accept the hy-
pothesis that the o X*” (=SD) values are similar and we
consider the bone structure homogeneous. Bartlett’s test
results shown in Table 5 (k values, degree of freedom and
probability [P] values) correspond to the crude measure-
ment values. If there are outlier oX*" values, the sample
cannot be considered homogeneous. As an example, very
low CaO concentration (%) values are seen in the third

o

0.40 -
0.36
0.32 1
0.28 -
0.24 -
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T T
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(=2
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y = 0,0003x + 1,9649
RZ=1

LIPS density (g/cm?)

Fig. 3 QCT assessment of a representative bovine bone sample.
Correlations between QCT total density and attenuation coefficient (a).
Correlations between LIPS and QCT density values (b)

(5.71%) and sixth segment (3.58%) probably due to tech-
nical reasons. Originally, the number of segments (k) was
10. By deleting these two outlier segments, the corrected
number of segments became 8. This enabled us to perform
a corrected K* value calculations for eight segments. By
filtering out the outliers, according to the repeated
Bartlett’s test, now even the trabecular bone could be con-
sidered homogeneous.

Homogeneity tests of bovine shin bones based
on the CaO frequency curves

In addition to the Bartlett’s test described above, we also
used another statistical approach [35] in order to deter-
mined bone homogeneity based on the previous CaO fre-
quency distribution curves. As an example, the crude
values of CaO assessments in the cortical region of Bl
and B2 bone samples, as well as the calculation are includ-
ed in Table 6.

For the calculations, we assume that the probability vari-
ables in our samples follow normal distribution. Then, the
CaO concentration range () was divided into 25 sections by
taking 2% steps (1 to 46%) (Table 6). The calculated CaO
concentration frequency values in the B1 and B2 samples
are v; and yi;, while the relative frequencies are v/N and p,;/
M, respectively, where

r

and M = Y 1,

i=1

N = Z’Vi
i=1

1

If N— o0 and M — oo, then
¥ =Nx Mx ; (vi/N=w;/M)* | (vi + ;).

According to the values in Table 4, and using the regression
curve described above,

x> = 100 x 80 x 4.18E—03 = 33.4.

This calculated x* value is lower than the critical
X24(0.95) = 36.6 corresponding to degree of freedom f=r—
1 =25-1=24 and to the 95% critical level. Thus, the cortical
area of both B1 and B2 bone samples can be considered ho-
mogeneous with respect to CaO distribution.

@ Springer
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Table5 Barlett’s test results carried out on the standard deviation values of CaO assessment by LIPS in cortical and trabecular regions of the B1 bovine
bone sample

Bone samples  Bartlett’s test results Bartlett’s test corrected results

kK f=k-1 fo=n—-1 K PIK*<x*095)] k  f=k—1 fo=n—1 K (comected) P [K><x*(0.95)]
B1 cortical 10 9 9 6.625 16.90 10 9 9 6.625 16.90
BI trabecular 10 9 9 25233 16.90 8 7 9 13.996 14.10

k number of segment; n; number of measurement points in one segment, where j = 1,2, 3 ... n; f degree of freedom in the literature; f, degree of freedom
in Bartlett’s test; P /K> < x” (0.95)] probability of K> < critical value (see text for further explanation)

Table 6 Homogeneity assessment of the cortical region of the representative B1 and B2 bone samples using CaO distribution curves

r Concentration range Frequency and relative frequency of sampling values %

B1 cortical mesh B2 cortical mesh

CaO[%] Vi v,/N LW /M

1 0 0 0 0 0
2 2 0 0 0 0
3 4 0 0 0 0
4 6 0 0 1 0.0125 1.56E-04
5 8 0 0 0 0
6 10 0 0 0 0
7 12 0 0 0 0
8 14 0 0 2 0.0250 3.13E-04
9 16 0 0 0 0
10 18 0 0 0 0
11 20 0 0 0 0
12 22 0 0 3 0.0375 4.69E-04
13 24 0 0 1 0.0125 1.56E-04
14 26 5 0.0500 7 0.0875 1.17E-04
15 28 8 0.0800 17 0.2125 7.02E-04
16 30 9 0.0900 9 0.1125 2.81E-05
17 32 16 0.1600 16 0.2000 5.00E-05
18 34 17 0.1700 11 0.1375 3.77E-05
19 36 22 0.2200 6 0.0750 7.51E-04
20 38 9 0.0900 7 0.0875 3.91E-07
21 40 13 0.1300 0 0 1.30E-03
22 42 1 0.0100 0 0 1.00E-04
23 44 0 0 0
24 46 0 0 0
25 48 0 0 0 0

100 1.0000 80 1.0000 4.18E-03

r range division; v; and p; frequency of sampling values; v/N and /N relative frequency values
r r
N=%Yv;, and M =3}y,
=1 =1

See text for further explanations
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Conclusions

The possible similarities between the inorganic part of miner-
alized bone tissue and geological formations allowed us to use
mathematical models when examining the mineral composi-
tion of bioapatite, the inorganic part of the bone tissue. The
wt% of the element oxide composition in the inorganic part
can be defined using these mathematical models.

The LIPS measurements conducted on bovine shin bone
samples in a regular network, with sampling frequency of
300 wm, allowed us to define the concentration values of the
element oxides, constituting bioapatite.

The interrelations between the sizes of the laser-induced
craters during the LIPS measurements and the bone struc-
ture units, defined the distribution of individual elements,
manifested by frequency distribution curves.

For the homogeneity testing of normal mineralized bone
structure, we used two different statistical methods. During
the Barlett’s test, we used the equality of the SDs calculated
for mean CaO content values. If the calculated K* values are
lower than the critical x> value corresponding to the degree of
freedom f=k— 1 and to the 95% critical level, and if we accept
the hypothesis related to the equality of SDs, the sample can
be considered as homogeneous. The other method uses fre-
quency distribution curves defined by statistical calculations.
As an example, we compared the frequency distribution curve
of two bovine bone samples. During these calculations, we
found that the two cortical bone structures could be considered
homogeneous with respect to CaO distribution. Otherwise, the
deviations suggest changes in the bone structure and due to
these changes, further tests are required in the future.

The described LIPS analysis and the mathematical calcula-
tions may enable us to assess CaO, as well as many other
element oxides in bones, determine bone homogeneity and
correspond bone structure changes with certain bone disorders.
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