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Abstract The assessment of osteoporosis regarding bone mass and microarchitec-
ture “quality” contributes in determining fracture risk. Therefore, the crystalline
structure of hydroxyapatite may indicate the quality of trabecular bones through the
identification of crystallite sizes, microhardness and microdeformation values and
calcium and phosphorous proportions in the three types of bones: normal, osteopenic,
and osteoporotic. Nine L1 vertebrae-dried trabecular bones from human cadavers
were used. The characterization of the three types of bones was made through scan-
ning electron microscopy, EDS, microhardness, and X-ray diffractometry with the
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Rietveld refinement method. The results show that the microstructural characteriza-
tion possibilities the identification of the three types of bones: normal, osteopenic,
and osteoporotic, allowing the detection of osteoporosis based on bone quality.

1 Introduction

Osteoporosis is defined by the National Institutes of Health as a skeleton disorder
characterized by compromised bone resistance and high fracture risk [1].

Professionals have assumed that all patients with very low T-scores (bone mass
measurement) have osteoporosis. Values higher than —1.0 are considered normal,
between —1.0 and —2.5 osteopenic and below —2.5 osteoporotic. However, the T-
score derives from a specific population; therefore, in other populations, the T-score
has its problems. Since the bone mineral density (BMD) is a limited fracture risk
indicator, the clinical and scientific interest has increased in the complementary
analysis that could improve the fracture risk prediction [2-6].

A normal BMD does not guarantee that a fracture will not happen and, recipro-
cally, for a BMD in the osteoporotic level, fractures will be more probable, but not
impossible to prevent. Due to these paradoxes in treatment, the term became popu-
lar in the early nineties and, since then, the concept of bone resistance amplified to
more than just density, also aggregating characteristics related to bone quality. There
are many properties representing bone quality, among them there is the crystalline
structure of the inorganic part of the bone (hydroxyapatite crystals) [1, 7-17].

Analyzing the crystalline structure in the atomic scale (crystallite size, calcium and
phosphorous parts, microdeformation), visually (scanning electron microscopy), and
mechanically (microhardness), itis expected to identify relations, for dried trabecular
bones indicating their condition regarding bone quality.

Even though it is not satisfactory, the evaluation for osteoporosis considers only
bone quantity (BMD). It is important to evaluate bone quality with the analysis
of the inorganic part of the bone through the microstructural characterization of
hydroxyapatite crystals.

2 Hydroxyapatite

Biological hydroxyapatite (HA) is considered the structural model for the mineral
phase of the bone, and it presents imperfections, different from the HA found in
rocks. The ions on the crystal surface are hydrated, generating a layer of ions and
water called hydration cover, which facilitates the exchange of ions between the
crystal and the interstitial fluid. It may have multiple substitutions and deficiencies
in all ionic sites. Among the impurities of the apatite crystals, the most noticeable is
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the replacement of B type carbonates from the HA (CHA) in the phosphates groups,
also presenting replacements of potassium, magnesium, strontium and sodium for
calcium ions, chlorides and fluorides for the hydroxyl groups. These impurities may
alter the crystalline structure, reducing the crystallinity, affecting the elasticity and
the bone resistance of the apatite. The size of the crystal and the bone mineral
crystallinity may also be altered due to certain diseases and therapies [18-28].

Therefore, the HA may have a varied composition. Calcium-deficient hydroxya-
patite (CDHA), or non-stoichiometric, can be obtained in low temperatures, with a
composition expressed as Cajg.x(HPO4)x(POy4)sx(OH),.«, where x varies from 0 to
1: 0 for non-stoichiometric HA and 1 for complete CDHA [29]

Pure HA presents a molar reason of 1.67, as shown in Table 1.

Table 1 Main calcium phosphates

Name Formula Ca/P Mineral Symbol
Monocalcium Ca(H,POy4), . HO 0.50 - MCPM
phosphate

monohydrate

Dicalcium CaHPO4 1.00 Monetite DCP
phosphate

Dicalcium CaHPO,4 .2H;0 1.00 Brushite DCPD
phosphate

dihydrate

Octacalcium CagHy(POy4)s . SH0 1.33 - OCP
phospate

Precipitated Cajo—x(HPO4)x(PO4)6—x(OH)2—x 1.50-1.67 | — PHA
hydroxyapatite

Tricalcium Cag(HPO4)(PO4)5(OH) 1.5 - TCP
phosphate

Amorphous Ca3(POy) .nH,O? 1.5 - ACP
calcium

phosphate

Monocalcium Ca(H,POy), 0.50 - MCP
phosphate

oa—Tricalcium | a-Ca3(POy4); 1.5 - o-TCP
phosphate

B—Tricalcium | B-Caz(PO4)2 1.50 - B-TCP
phosphate

Sintered Cas(PO4);OH 1.67 Hydroxyapatite | HA
hydroxyapatite

Oxyapatite Cajo(PO4)6O 1.67 - OXA
Tetracalcium Cay(POy4),0 2.00 Hilgenstockite TetCP
phosphate

Carbonated Cag g(HPO4)0.7(PO4)45(CO3)0.7(OH)1 3 Dahlite CAP
apatite
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The higher the molar reason Ca/P, the lower will be the solubility of the mate-
rial, but this rate is also influenced regarding its chemical composition, local pH,
temperature, particle sizes, and crystallinity [30-33].

3 Rietveld Refinement Method

The X-ray diffraction characterization methods are used for the indexation of
the crystalline phases, unit cell refinement, crystallite size determination, net
microdeformation, quantitative analysis of the phases, etc. [34, 35].

The structure of a typical diffraction standard in the powder can be described by
the positions, intensities, and forms of the multiple Bragg reflections. Each of these
components holds information about the crystalline structure of the material, sample
properties, and the instrumental standards, as seen in Table 2 [36].

The size of the crystallite and the residual tension (microdeformations) may then
be analyzed by the format of the peak, more specifically by its width, also taking
into consideration the instrumental nature and the specific conditions for each exper-
iment (diffractometer slot width, band wavelength generated by the source, angular
divergence of the beams, etc.) [36].

Once aroutine is established for the calculus of the profile, it is necessary to choose
the refinement method to be adopted. The most commonly accepted strategy is the
minimum squares technique, which aims to minimize the sum of the squares of the
differences between the theoretical model and the data obtained in the measurements,
adjusting values of the parameters present in the theory in order to find the ideal values
for these parameters.

In 1967-69, Rietveld presented a refinement method of crystalline structures.
The Rietveld method is a powerful tool for the structural analysis of most crystalline
materials in powder form, which is used nowadays to solve all problems mentioned
before (unit cell refinement, crystallite size determination, net microdeformation,
quantitative analysis of the phases) using the minimum squares technique. For its
application, the diffraction data is used as it lefts the diffractometer, without any sort

Table 2 Possible information to be analyzed by the X-ray generated diffractogram [36]

Standard component | Crystalline structure Specimen property Instrumental
parameter
Peak position Unitary cell Absorption; porosity | Radiation

parameters

(wavelength); sample
alignment

Peak intensity

Atomic parameters

Preferred orientation;
Absorption; porosity

Geometry and
configuration

Peak format

Crystallinity;
disarray; defects

Crystallite size;
tension

X-ray conditioning
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of alteration, which follows the scientific criteria that no modifications must be done
to the observations for them to be analyzed [37, 38].

At first, the method was only applied in materials analyzed by neutrons diffraction.
Later on, after some adaptations, its application was made possible for measures
obtained by X-ray diffraction as well. For the X-ray, there are no simple functions,
different from the neutrons, the radiation with which the method was originally
developed has peaks modeled by Gaussian. The peaks are closer to Gaussian for
small spreading angles and closer to Lorentzian for large angles. Therefore, the
pseudo-Voigt function is used, a normalized linear combination of a Gaussian with
a Lorentzian as shown in Eq. (1): [39-42].

pV(x) =nL(X)+ (1 -nGX) (D

where 7 is a refined parameter that determines the percentage of contribution of each
function; L is the Lorentzian; G the Gaussian function; pV (x) is the pseudo-Voigt
function; x and X are variables. Define also: pV (x), x and X.

The structure refinement by the Rietveld method consists of applying the minimum
squares method in order to find the structural parameter values to make the calculated
intensity and the measured intensity agree in the best possible way. The minimum
squares paradigm considers that the best adjustment between a group of N values
obtained experimentally y7 (x;) and a model function f (a, x), which depends on M
refinable parameters a;, is obtained when the residue x? is minimized, this residue
is defined by Eq. (2):

N
Z (a xz)| @)

where the vector a represents the parameters to be refined, which are its components.
This function has an important statistical significance. It is possible to show that
finding the minimum value for x? is equivalent to finding the refined values of the
parameters for which there is a higher probability of the model function f(a, x;) to
coincide with the experimental data ytE [43].

The parameters refined by the minimum squares method are divided into two
categories: structural parameters are those that measure the characteristics in the
sample; the net parameters and the instrumental parameters are those which do not
depend on the characteristics of the sample but on the experimental conditions [44].

It is important to highlight that the refinement must follow a sequence, where the
first parameters to be refined using a standard sample are usually the instrumental
ones: GW, GV, etc. Right after the structural parameters are adjusted, which are
related to the sample: net parameters (a, b, ¢) and, when necessary, the angles of
the unit cell (a, f and y); atomic positions (x, ¥, z), thermal parameters (isotropic or
anisotropic) and last, GU and GP which together with GW and GV are parameters
for adjusting width to the half-height expressed by the Cagliotti formula shown in
Eq. (3): [45].
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Table 3 Terms used by the software GSAS

Acronym

Description

GU, GV, GW, GP

Coefficients in the Cagliotti formula (modified by Scherrer
enlargement) from the Gaussian component for the peak width.
Where GV and GW are related to the enlargement related to the
equipment and GP and GU are related to the enlargement of the
crystallite size itself

LX

Coefficient from the Lorentzian component for peak width by the
isotropic size of the crystallite

Sfec and ptec

Coefficients of the Lorentzian width, but are used only for
anisotropic enlargement. Stec is associated with the component Y
and ptec with the component X

Uisos

Atomic dislocations (Uisos)—thermal vibration parameters

S/L and H/L

Geometric terms that describe peak enlargement at low angles, in
general 26 < 15°, with CuKa radiation (and also for the
enlargement of peaks at high angles 20 > 165°). These terms may
be calculated by dividing the width of the diverging and receptive
slots by the diffractometer radius. These terms are generally the
same and must be fixed for a specific (known) group of slots and
diffractometer radius, that is, not for instrumental parameters

Trns

Correction for sample transparency in the Bragg-Brentano
geometry. It is the inverse of the absorption effect and for the
Bragg-Brentano geometry it is zero for high absorbing samples and
different from zero for the low or intermediate absorbing samples

Shft

Correction in the peak position for the vertical displacement of the
sample in the Bragg-Brentano geometry. It depends highly on the
coupling of the sample to the diffractometer, so special care must
be taken to prevent this sort of mistake

Eta

mixed factor Gaussian-Lorentzian

SXXX, SYYY, and SZZZ

Lorentzian anisotropic enlargement factors of microtension

H? = Utan®6; + Vtan 6, + W (3)

Define V and W, 6; and U. The definitions of the terms used by the GSAS software
used in the refinement according to its manual are described in Table 3.

3.1 Crystallite Size and Microdeformations: Scherrer
Equation and Williamson-Hall Graph

In the diffraction peaks enlargement analysis method, it is understood that the total
enlargement has three components: crystallites size, residual microdeformations,
and instrumental parameters, and each one can be identified separately, as shown by
Dehlinger and Kochendorfer [46]. The particle size for each sample was calculated
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after the parameters V and W, taken from a standard sample, were refined in order to
find the instrumental parameters, which would be used later to nullify the instrumental
influence for the peak width calculation. The enlargement of the resulting peak from
the residual microdeformation B, can be expressed by Eq. (4):

Bs =4¢ tan® “)

where ¢ is the microdeformation and 0 is the Bragg angle. The enlargement com-
ponent originated by the crystallites, S, can be expressed by Scherrer’s equation
(Eq. 5): [47].

. k'A
"~ D cosh

Be (&)

where k' is a constant, which depends on the reflection and form of the crystal (which
usually has value 1), X is the radiation wavelength, D is the crystallite size and 6 is
the Bragg angle. Width at total half-height 8 already corrected will be the sum of
the two equations, represented in Eq. (6):

!

B=0Bs+PB= +4¢ tan 0 (6)

D cos 6

where corrected g is represented by Eq. (7):

B = exp i%mt (N

And it will be the same as H; from the Cagliotti formula. Equation (6) can be
rewritten as Eq. (8):

Bcos® k' de .
. :B—i-TsmG (8)

which will be the equation used to create the Williamson—Hall graph of a first-degree
equation, as represented in Fig. 1, where ¥ = w and X = sin @ and Williamson
and Hall [48].

The linear coefficient of the line will provide the value for the size of the crystallite,
Eq. (9):

D=; 9

And the angular coefficient will provide the microdeformations, Eq. (10):

&= — (10)
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bcosO/A

A 4

sen B

Fig. 1 Representation of Williamson—Hall graph

Properly define/recall parameters Fig. 1a, b. Tension in a material may have two
distinct effects over the diffractogram. Due to a uniform effort, compressive or dis-
tensive (macrotension), the distances between the atomic plans may become higher
or lower, causing the occasional displacement in the position of the peaks.

Uniform efforts are related to the distension and compression simultaneous forces,
which result in an enlargement of the diffracted peaks in its original position. This
phenomenon, called microtension in crystallites or microdeformation, may be related
to different causes: displacements, vacancies, defects, shear planes, thermal expan-
sions, and contractions. Microdeformation may be understood as a relative variation
of the net parameter or the interplanar distance caused by the effects mentioned
above.

4 Ultrasonometry of the Calcaneus

A great number of comparative studies evaluate the relation between the quantita-
tive ultrasonometry (QU) and the BMD measured by the gold standard dual-energy
X-ray absorption (DEXA). QU values may reflect bone density or its architecture
or even other bone properties besides density. Previous studies have shown a good
relationship between the QU measured in the calcaneus and the BMD also measured
in the calcaneus by DEXA, but a poorer correlation between the QU measured in
the calcaneus and the BMD from other parts. However, despite the low correlation
with other parts of the skeleton, QU proved to be a valid tool for predicting osteo-
porotic fractures, independent from associations with bone density. The calcaneus
is the most popular part for many reasons: It is formed by 90% trabecular bone,
having higher bone remodeling than the cortical bone due to the surface/volume
reason; it is accessible, the lateral surfaces are relatively plain and parallel, reducing
repositioning errors [49-57].
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The bone ultrasonometry is based in the determination of the parameters related
to two properties that are modified after passing through the material: the bone
ultrasound attenuation (BUA) and the apparent speed of wave propagation or speed
of sound (SOS), which may be evaluated in different regions such as the tibia,
metacarpus, calcaneus, and phalanges [58].

The BUA is based on the loss of energy to the environment, and it includes
many variables such as absorption, spreading, diffraction, refraction, and conversion
[59, 60].

In commercial apparatus, speed measurements are taken by transmission methods,
in which a transducer acts as a transmitter and a second one as a receptor, applied to
quantitative measures of bone density. In this method, the speed of the ultrasound in
the medium can be calculated by dividing the distance by the corresponding time.
In our case, quantitative measures were made in the calcaneus by the use of the
transmission method and, for calculating speed, the speed in time of flight (TOF)
method, with a fixed separation of the transducers (axial method).

Vi
speed TOF = — =% __ (11)
X = (Atvw)

In this equation, x is the thickness of the calcaneus including soft tissue, V,, is the
speed of the ultrasound in water, and At is the difference in time of transit with and
without the sample.

5 Materials and Methods

5.1 Ethical Aspects

Sample collection followed the procedures established and approved by the research
protocol number 4408/11 of the Research Ethics Committee of the Medicine School
in the University of Sdo Paulo, as well as the protocol number 336231 of the Research
Ethics Committee of the Federal University of Sdo Carlos.

5.2 Materials

Lumbar vertebrae (L 1) were surgically removed from human cadavers, three normal,
three osteopenic, and three osteoporotic, 12 h post-mortem, in the Clinical Hospital
Morgue, in the city of Sdo Paulo.
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5.3 Samples Pre-selection

Before the material was collected, the samples were pre-divided into three groups:
normal, osteopenic, and osteoporotic, through QU, using the equipment Achilles
InSight (GE Medical Systems Lunar). This pre-selection was conducted as the cadav-
ers arrived at the morgue, before the necropsy technicians started the autopsy. Both
feet of each cadaver were placed in the equipment, and triple measurements were
taken, calculating the average for each foot and the total average.

5.4 Sample Preparation and Characterization

At the Institute of Orthopedics and Traumatology (IOT) in the Clinical Hospital
(CH) in the city of Sao Paulo, more specifically in the biomechanics laboratory, the
samples were extracted axially from vertebral frozen corpses using a trephine drill
after the surgical procedure of dissection, and they were standardized in cylindrical
format of (10 x 20) mm. Bone marrow was extracted by a washing process, and the
sample was kept humid with serum, frozen at —20 °C.

The samples analyzed by MEV (Zeiss Leo 40—Cambridge, England) at the Sao
Carlos Chemistry Institute had no bone marrow and were dried in a cylindrical shape
of (5§ x 10) mm, and covered with carbon and gold (approximately 20 nm).

5.5 DRX and Rietveld Method Parameters

Powder DRX has a potency of 40 kV and 40 mA, copper radiation k — o, and
wavelength X = 1.54056 A. The samples were analyzed at an angle of 6/26 of 20
at 70°, pace of 0.02° of 10 s each, followed by the use of the software EVA for the
search match.

The diffractograms obtained by the DRX were refined by the Rietveld method
through the software GSAS using the interface EXPGUI. The program ConvX was
used to convert the data into a format accepted by the GSAS and the ICSD in order
to obtain the file.cif (database standard diffractogram) of hydroxyapatite. A quartz
standard was used to calibrate the software to the equipment, refining unit cells,
atomic displacements (Uisos), scale factor, background radiation, shft, GW, GV,
GU, LX, S/L, and H/L. In order to refine the diffractograms, the shifted Chebyshev
function was used with ten terms to consider the anisotropy of the bone (Fig. 2)
and the unit cell (Fig. 3), the atomic displacements (Uisos) (Fig. 3), the scale factor
(Fig. 4), the background radiation (Fig. 2), the shft (Fig. 5), the GU (Fig. 5), the GP
(Fig. 5), the ptec (Fig. 5), the sfec (Fig. 5), and the LX (Fig. 5) were refined in cycles
of 10 (Fig. 6) with Marquardt damping (Fig. 6) equals to 1 and the effects caused by
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74 EXPGUI interface to GSAS: C:/GSAS/Trabalhos/Mestrado/Normal/2420/... — 5
File Options Powder Xtal Graphs Results Calc Macro Import/Export Help

expnam | expeclll genles | puwpref] powplot | Istview | liveplot |

| LS Controls | Phase Powder | Scaling | Profile | Constraints | Restraints | Rigid Body | MD Pref Orient | SH Pref (M

Select a histogram |
h# type bank ang/wave title B d
1 % 1 1.54060 24200FF0s - |

Function type 1 (10 terms) Edit Background
Refine background I Damping 0 —t |

Setting backg terms for histog 1 Fit Background
Function type 1 —i| numberatterms 10— | __Granhically

1 - Shifted Chebyschev

Al

1[01454076+02  2[0] 2-cCosine Fourier series 00
5{0.376884E+00 Gﬁ 4 - Power series in Q2n/n! E+01
9[0.013860E+00  10[0: & - Power series in nii@™2n

& - Power series in @**2n/n! and n/@**2n Help

7 - Linear interpolation function

8 - Reciprocal interp Edit Abs./Refl.

: Add New | Set Data Limits & | Set Histogram | Eait
7l . Histogram | Excluded Regions| Use Flags | Af and AT

Fig. 2 Use of the function shifted Chebyshev and refinement of background radiation

File Options Powder Xtal Graphs Results Calc Macro Import/Export
expnam | expeat | gentes | powprer | powplot | istview | ivepiot |
LS Controls Phase | Powder | Scaling | Profile | Constraints | Restraints | Rigid Body | MD Pref Orient | SH Pref (M

mu:| 1 Rephcel tﬂh:hmm CI/IGSASITI ydroxyapatite.cif
Add a [9.419813 | b [9.419813 | c (6.896379 | 4| Refine Cell "
Phase « [90.0000 | B [90.0000 |y [120.0000 | Cel| celldamping 0 —i
* name type ref/damp fractional Mult O Uiso
1 cal CA 005 0 0.333300 0.666700 0.000520 4 1.0000 =0.09000 _J
2 Ca2? Ch 005 0 0.245250 0.993330 0.250000 6 3.0000 0.09770
ap P 005 0 0.398110 0.369520 0.250000 6 3.0000 0.09175
4 01 o 005 0 0.327110 0.484740 0.250000 & 3.0000 0.15002
sm o oos o 0.586160 O0.465000 0.250000 &  3.0000 0.80000
6 03 o ouUs o 0.341520 0.255830 0.072610 12 3.0000 0.03696
T o 0uUs o 0.000000 0.000000 O0.1881%0 4  1.5001 0.55650
|
Set refinement options: atoms 1-7 Add New Atoms |
RefinementFlags: ™ X F U T F Damping:X 0 —i|U 5 —|F 0 —i| ModityAtoms
04 Jo.ooo000  [o.000000  |0.188190 |1.500050
|0.556503 | | |

Fig. 3 Refinement of unit cells of the atomic displacements (Uisos)

55
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File Options Powder Xtal Graphs Results Calc Macro Import/Export Help

expnam | expedt | genies | powprer | powpiot | istview | ivepiot |

LS Controls | Phase | Powder Scaling | Profile | Constraints | Restraints | Rigid Body | MD Pref Orient | SH Pref ¢
Selecta - Scale Factor

b8 Gpe back mgheve.totlo scale [0.49610 Refine ¥ Damping 0 —i |

1 Xc 1 1.54060 24200FFDAT1N2420. -

—Phase F

[Pnauil'l.woo Refine ™ Damping 0 _|||—']

Fig. 4 Scale factor refinement

File Options Powder Xtal Graphs Results Calc Macro Import/Export Help
expnam | expedt | genies | powpret | powpiot | istview | ivepiot |
LS Controls | Phase | Powder | Scaling Profile | Constraints | Restraints | Rigid Body | MD Pref Orient | SH Pref ¢
select a histog |- Hist 1 - Phase 1 (type 4) -
il -typs bk ‘dng/waes. Damping 0 i | Peak cutofff001000  Change Type|
TR 390 | o o [oomesEros GV I [09100226:07 OW I [0-118600E+02°
GP W [0.685280E+00 LX W [0.285668E+02 ptec W [0.858740E+00
trns [ [0.159930E+00 shft @ |-0.157938E+01sfec ¥ [0.000000E+00
SIL I [0.189600E-01 HIL I [0.151700E-01 eta I [0.750000E+00
5400 ¥ [0.164227€+01 S004 ¥ [0.000000E+00 $202 ¥ [0.000000E+00

Fig. 5 GU, GP, LX, ptec, shft, sfec, SXXX, SYYY, and SZZZ refinement
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File Options Powder Xtal Graphs Results Calc Macro Import/Export
expnam | expedt | genies | powprer | powpiot | istview | wepiot |
LS Controls | phase | Powder | Scaling | Profile | Constraints | Restraints | Rigid Body | MD Pref Orient | SH Pref ¢

: .
Selectahistogram | oy History: | EXPGUI 1226 1227 (2 changes) — 06/30/14 22:41:12
h# type bank ang/wave

1 X 1 1.54060 24 |

Title: |2420

Criterion

[Number of cycles[10 | 0.01 [LJ
Print Options (0) | m&mﬂg

LS matrix hal'ld'MﬂﬂlEO

Reflection Intensity

Extraction
Method

LeBail damping 0 —i || |Emm=ob: 4 |
1 (Phase #)
Rietveld & (e g iz ol Hok {2
Flcalc) Weighted © € € ¢ € € € € € (Modelbiased)
EquallyWeighted ¢ ¢ ¢ € € € € € C (LeBailmethod)

Fig. 6 Marquardt damping use equals 1 in cycles of 10

the preferred orientation were corrected by the use of the March—Dollase model for
the planeshk1(21 1), (12 1), and (1 12) (Fig. 7).

6 Results and Discussion

6.1 Ultrasonometry Analysis

Information from the cadaver was collected from the city morgue regarding the age,
height, and weight and with the equipment Achilles InSight (GE Medical Systems
Lunar), quantitative data in measures of three was obtained, where the average T-score
is represented according to Table 4.

These values of T-score represent an indication of the clinical condition of the
individuals between 64 and 86 years of age, serving as a reference to separate and
correlate the groups, since the T-score relates only to the BMD. However, with further
analysis the ultrasonometry prediction was confirmed.
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File Options Powder Xtal Graphs Results Calc Macro Import/Export Help
expnam | expedt | genles | powpref | powplot | Istview i liveplot [
LS Controls | Phase | Powder | Scaling | Profile | Constraints | Restraints | Rigid Body MD Pref Orient | SH Pref (b

Select a gram —March-Dollase F C

hi type bank ang/vave  titl | phase1 h k| Ratio Fraction
1% 1 1.54060 242008 -| piane 1[200 [100 [100 [1.000000 I [0333333 I

Plane 2[1.00 [2.00 [1.00 [1.000000 I [0.333333 ¥
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Fig. 7 Correction of the effects caused by preferred orientation using the March—Dollase method
in the planes (hkl) equalsto (21 1), (12 1),and (1 12)

Table 4 Group classification by the analysis of ultrasonometry of the calcaneus [70]

Group Age Height (M) Weight (Kg) T-score
Normal 1 67 1.69 46 —0.067
Normal 2 64 1.73 722 0.383
Normal 3 81 1.54 45 —0.183
Osteopenic 1 68 1.63 42 —1.383
Osteopenic 2 85 1.75 56 —1.517
Osteopenic 3 82 1.78 70 —1.333
Osteoporotic 1 86 1.61 42 —2.767
Osteoporotic 2 79 1.39 254 —2.883
Osteoporotic 3 68 1.7 84 —2.750

This table is reproduced with permissions from Elsevier

6.2 Scanning Electron Microscopy (SEM)

A relation between cracks, fractures, trabecular density with or without plaque for-
mation, connectivity, and the sizes of the pores in the three groups was observed.
One normal, one osteopenic, and one osteoporotic were selected. For normal bones
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(a)

Fig. 8 Scanning electron microscopy of the trabecular bone in human vertebral fixed by epoxy
resin and polished: a Normal (700 times); b Osteopenic (3000 times); ¢ Osteoporotic (3000 times)

Fig. 9 Scanning electron microscopy of human vertebrae trabecular bone (300 times): a Normal;
b Osteopenic; ¢ Osteoporotic

(Figs. 8a and 9a), the microarchitecture was formed by rounded regular pores, with
higher connectivity, trabecular number, and the presence of thick and well-organized
plaques.

In osteopenic bones (Figs. 8b and 9b), the existence of fragile fractures caused
by axial or shear loads, the thinning of the trabeculae and the inexistence of plaque
connections were observed. Finally, in bones considered osteoporotic (Figs. 8c and
9c¢), cracks and fractures with higher irregularity, low connectivity, thinning of the
trabeculae and microarchitecture deterioration were observed.

6.3 Dispersive Energy Spectroscopy (DES)

The values found for the phosphorous and calcium proportions are represented in
Table 5 and also in Fig. 10.

The Ca/P proportion is higher for normal bones, and the higher the Ca/P propor-
tion, until a certain critical point, the lower the tendency for rupture to take place
as seen by Fountos et al. [61] and Kourkoumelis et al. [62] due to probable calcium
ions replacements [63], lowering its quantity and increasing the disorganization of
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Table 5 Calcium anFi . Normal | Osteopenic | Osteoporotic
phosphorous proportions in
the 3 stages of the bone Sample 1 1.91 1.80 1.68
Sample 2 2.13 1.80 1.73
Sample 3 2.03 1.82 1.78
Average 2.02 1.81 1.73
Standard deviation | 0.11 0.01 0.05

Fig. 10 Calcium and
phosphorous proportions in

201 p
each group

N
[$)]
1

Proporcion of Ca/P
o

0,0 -

Normal Osteopenic Osteoporotic
Groups

the unit cells in osteopenic and osteoporotic bones. This loss makes the boneless rigid
[64, 65], which was confirmed by our microhardness tests, and the disorganization
probably caused an increase in microdeformations [61-65].

6.4 Microhardness (HK)

The values analyzed for Knoop microhardness (HK) are presented in Tables 6, 7,
and 8 and also in Fig. 11.

Normal bone samples had an average result of 30.27 and standard deviation of
0.36, resulting in 30.27 £ 0.36 HK.

Table 6 Normal sample measurements

Sample Measure 1 Measure 2 Measure 3 Average
1 30.7 30.7 30.6 30.67
2 28.2 28.8 32.9 29.97
3 30.1 339 26.5 30.17
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Table 7 Osteopenic samples measurements
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Sample Measure 1 Measure 2 Measure 3 Average
1 26.8 27.9 24 26.23
2 27.3 26.9 233 25.83
3 28.9 26.6 244 26.63
Table 8 Osteoporotic samples measurements
Samples Measure 1 Measure 2 Measure 3 Average
1 22 232 20.4 21.87
2 234 22 194 21.6
3 20.3 20.9 19.4 20.2
Fig. 11 Microhardness in 351
the Knoop scale for each N
group g— 30 E2
e}
<
© 254
I}
8] T
@ 20 *
[2]
© 15+
c
B2
2 104
o
8
0+ -

Normal

Osteopenic
Groups

Osteoporotic

The osteopenic samples in number of three resulted in an average of 26.23 with
a standard deviation of 0.440, resulting in 26.23 + 0.40 HK.
The osteoporotic samples resulted in an average of 21.22 with a standard deviation

of 0.89 =21.22 + 0.89 HK.

The averages and their respective standard deviations are presented in Fig. 11.

It was observed that osteoporotic bones correspond to lower values of microhard-
ness when compared to the normal ones, corroborating the studies of Li et al. [66],
Moran et al. [67], and Boivin et al. [68]. The higher the microhardness value, the
bigger the resistance to deformation, according to Ferrante [69], which agrees with
the reality for osteoporotic bones, that suffer fractures more easily [1, 66—69].
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6.5 X-Ray Diffractometry (XRD) and the Rietveld Method

The X-ray diffractometry spectrum of normal, osteopenic, and osteoporotic bones
is represented in Fig. 12. It is possible to observe the hydroxyapatite peaks, with no
other phase present and hexagonal group P63/m, typical of hydroxyapatite crystals.

Even though the visual identification is not possible, it is known that normal peaks
are larger than osteopenic and osteoporotic ones, once the crystallite sizes are bigger,
as a result of Egs. (3) and (8) [48, 45].

The Bravais solid was produced from the hexagonal three-dimensional structure
of the hydroxyapatite through the software Crystal Maker, as shown in Fig. 13.
Apparently, the O-H groups are located in the corners of the crystal unit cell, while

Fig. 12 X-ray 2000
diffractometry for each type
of bone, from top to bottom; = 1500
normal, osteopenic, and +
osteoporotic 8 | Normal
Y 1000
&=
|
500 P ‘ * l M
0 14 —
20
2000
— 1500
3 , Osteopenic
Y 1000
=
4 ) . .
500 :
26
2000
o 1500 ’
3 ' Osteoporotic
Y 1000 !
£
3
500
20
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Fig. 13 Crystalline structure of the bone, where O = red, Ca = blue, and P = gray

the Ca, O, and P atoms are located inside the volume, where a = b # ¢, with angles
a=p8=90°and y = 120°.

Through the Rietveld method, it was possible to find the sizes of the crystallites,
as shown in Table 9 and in Fig. 14.

Microdeformations were also analyzed, as shown in Table 10 and Fig. 15.

Normal bones were found with crystallite sizes bigger than the osteopenic and
osteoporotic ones, and the relative variation of the net parameter or interplanar dis-
tance caused by the defects (microdeformation), different from the crystallite size,
has a lower average for normal bones, when compared to osteopenic and osteo-
porotic ones. A possible explanation is the increase in microdeformation (disorder)
takes place because for the osteoporotic bones there will be a lower exchange of
random ions; for the same way, the unbalancing of bone remodeling takes place due
to fractures inherent to the aging process, and there is also the addition of different
ions to the unit cell. Due to the increase of the disorder in the crystallite and knowing
from the literature that a preference for ions with a smaller atomic ratio, it is under-
stood that there will be a decrease in crystallite size. Once it decreases, there is the

Table® Crystallite size for Group Crystallite size (A) Standard deviation
each group
Normal 669.34 27.70
Osteopenic 467.38 65.99
Osteoporotic 213.01 86.00
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7

Conclusion

The bone microarchitecture of dried trabecular bones vertebrae could be evaluated by
the methods: scanning electron microscopy, EDS, microhardness and X-ray diffrac-
tometry with the Rietveld refinement method. The microstructural characterization
of hydroxyapatite crystals in dried trabecular bones allowed for the identification of
the three types of bones (normal, osteopenic, and osteoporotic) and to complement
the evaluation and detection of osteoporosis with emphasis on bone quality.
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