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Computerized microtomography is the gold standard examination for the evaluation
of the three-dimensional bone structure. This experiment was developed to evaluate the
structure and bone quality of Caiman yacare with metabolic bone disease using high resolution
computerized microtomography (LCT). The animals were distributed into four groups:
G1 - hyperphosphatemic diet with sun exposure deprivation (n=4), G2 - hyperphosphatemic
diet with sun exposure (n=4), G3 - balanced diet with sun exposure deprivation (n=4), and
G4 - balanced diet with exposure to sunlight (n=4). The parameters for the trabecular bone
(Trabecular Number, Trabecular Thickness, Trabecular Separation, Bone Pattern Factor,
Fractal Dimension, Euler Number, Structural Model Index, Degree of Anisotropy, Eigenvalues
1, 2 and 3, and Centroides X, Y and Z), and cortical bone (Number of Closed Pores, Volume
of Closed Pores, Surface of Closed Pores, Closed Porosity, Volume of Open Pores, Open
Porosity and Total Porosity). The overall results showed that the structure and bone quality
of group G3 and G4 were better than those of groups G1 and G2, and that the diet factor
influenced more than the sun exposure factor. The computerized microtomography allowed
to evaluate the quality of the cortical and trabecular bones of the Pantanal alligator tibia with
osteometabolic disease. The diet and sun exposure factors influenced individually the results
of the uCT parameters between the groups, demonstrating the functional and structural
complexity. Thus, these parameters can contribute to the interpretation of the mechanical
behavior of bones and correlate them with the risk of lesions and fractures associated with
osteometabolic diseases.

INDEX TERMS: uCT, alligators, Caiman yacare, bone quality, micro architecture, osteometabolic diseases,
clinics.
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RESUMO.- [Avaliacdao da qualidade 6ssea de doenca
osteometabolica experimental em jacarés do pantanal
(Caiman yacare) por Microtomografia Computadorizada
(1CT).] Microtomografia computadorizada é o exame
padrao-ouro para a avaliacdo da estrutura tridimensional
do osso. Este estudo experimental foi desenvolvido para
avaliar a estrutura e a qualidade dssea de jacarés-do-pantanal
(Caiman yacare) com doenga 6ssea metabdlica utilizando a
microtomografia computadorizada (1LCT) de Alta Resolugao.
Os animais foram distribuidos em quatro grupos, G1 - dieta
hiperfosfatémica com privacio de luz solar (n=4), G2 - dieta
hiperfosfatémica com exposicio a luz solar (n=4), G3 - dieta
balanceada com privacio de luz solar (n=4) e G4 - dieta
balanceada com exposicdo a luz solar (n=4). Avaliaram-se os
parametros para o osso trabecular (Nimero de Trabéculas,
Espessura Trabecular, Separagdo Trabecular, Fator do Padrao
Osseo, Dimensio Fractal, Nimero de Euler, indice do Modelo
Estrutural, Grau de Anisotropia, Autovalores 1,2 e 3 e
Centroides X, Y e Z) e osso cortical (Numero de Poros Fechados,
Volume dos Poros Fechados, Superficie de Poros Fechados,
Porosidade Fechada, Volume de Poros Abertos, Porosidade
Aberta e Porosidade Total). Os resultados gerais evidenciaram
que a estrutura e a qualidade 6ssea dos grupos G3 e G4
foram superiores aos dos grupos G1 e G2, sendo que o fator
dieta influenciou mais do que o fator exposicdo solar.
A Microtomografia Computadorizada permitiu avaliar a
qualidade dos ossos cortical e trabecular da tibia de jacarés
do pantanal com doenga osteometabdlica. Os fatores dieta e
exposicado solar influenciaram individualmente no resultado
dos parametros do pCT entre os grupos, demonstrando a
complexidade funcional e estrutural. Assim, esses parametros
podem contribuir na interpretacdo do comportamento
mecanico dos o0ssos e correlaciona-los com o risco de lesdes
e fraturas associadas as doencas osteometabdlicas.

TERMOS DE INDEXAGAO: uCT, jacarés do pantanal, Caiman yacare,
doencas osteometabdlicas, micro arquitetura dssea, qualidade
0ssea, clinica.

INTRODUCTION

Bone structure and strength are determined by an intrinsic
association of features, such as mass, geometry, and bone
quality (Ostrov etal. 2009). The main structural and functional
elements that influence these properties are bone remodeling,
composition of the organic and inorganic matrix, mineral
distribution, and microscopic injuries. These features are
interdependent and increase the complexity of skeleton
formation in animals (Compston 2006).

Laboratory diagnosis of bone diseases has evolved through
computer programs that use mathematic algorithms to
support comprehension of bone structure, which contributes
to understanding the process of bone formation, remodeling,
and injuries. These systems for image capturing and processing
replicate tridimensional configuration of organs through
quantitative parameters to express and assess the main
structural elements of bones (Compston 2006).

Computerized microtomography (uCT) is one assessment
system widely used in bone evaluation (Ritman 2011,
Syahrom et al. 2011, Blok et al. 2013, Cesar et al. 2013,
Paolillo 2013, Fernandes 2014, Paolillo et al. 2014), and it is
considered the gold standard examination for this purpose
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(Bouxsein et al. 2010, Fuller et al. 2015). Results from this
exam are based on quantitative parameters for both cortical
and trabecular bone (Klinck et al. 2008).

The parameters of uCT are morphometric indexes obtained
from 3D images. Manufacturers develop software according to
their own algorithms which generate different results between
companies for the same parameters (Bouxsein et al. 2010).
They refer to morphometric units: trabeculae (trabecular
bone) with the definition of shape, number, volume, density,
separation, number of connections in between, the average
thickness, and the estimate force and resistance; related to
the osteon (cortical bone) by measuring porosity and the
definition of pore profile as open and closed (Bouxsein et al.
2010, Fuller et al. 2015).

Osteometabolic diseases (OMD) are highly frequent within
Pantanal alligators (Caiman yacare) husbandry farms particularly
within animals of 4 and 12 months of age (Paranzini et al.
2008, Aleixo 2000). This incidence is related to the variation of
mineral composition in their diets (Verdade 1997, Jacinto et al.
2008, Paranzini etal. 2008) intending to avoid mineralization
of the osteoderms in their skin (Brazaitis 1987, Marques &
Monteiro 1995, Sarkis-Gongalves et al. 2002). The aim of this
research was to perform an experimental study in Pantanal
alligators (Caiman yacare) with osteometabolic diseases
(OMD) using high-resolution computerized microtomography
(uCT) to assess bone structure and quality.

MATERIALS AND METHODS

The study was performed at the Veterinary Pathology Laboratory
(LPV-UFMT) in the Veterinary Hospital of the Federal University
of Mato Grosso between 2013 and 2017. The experiment used
16 Pantanal alligators (Caiman yacare) which were approximately
three years old and were donated by a husbandry farm from Caceres,
Mato Grosso, with environmental certification (CTF/AINDA)
No. 591747 and authorization from the Ethics Committee for Animal
Use (CEUA-UFMT) no. 23108.118844/15-06.

The research used a two-by-two experimental design, such as
dietary factor (balanced vs. hyperphosphatemic) and sun exposure
factor (yes vs. no). The hyperphosphatemic diet consists of bovine
spleen and lungs and has an average calcium:phosphorus ratio of
1.0:3.5, whereas the balanced diet also contains bovine organs with
supplementation of minerals and vitamins that balance the diet
with an average calcium:phosphorus ratio of 1.8:1.0 according to
Aleixo (2000). The composition of both diets was analyzed by the
Agroanalysis Laboratory in Cuiaba, Mato Grosso. Diets were provided
ad libitum during five days of the week for all groups. Sun exposure
was controlled in two housing environments, with or without sun
exposure according to the study group.

All alligators were individually identified with microchips
(FDX-B ISO-Compliant transponder®). They were housed in four plastic
tanks of 500 liters that were inclined in order to have half of the floor
area covered by water varying from 1 to 15cm of depth (Soares 2010).
The study groups were sorted according to Group 1 - hyperphosphatemic
dietassociated to sunlight deprivation; Group 2 - hyperphosphatemic
dietassociated to sunlight exposure; Group 3 - balanced diet associated
with sunlight deprivation; Group 4 - balanced diet associated to
sunlight exposure (Moraes et al. 2015).

After six months of procedures, the alligators were euthanized
in conformity with all criteria established by the Federal Council of
Veterinary Medicine (CFMV 2012), as well as, necropsied. Samples
of their left tibia were dissected and kept in 10% buffered formalin.
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Four samples of the tibia were analyzed by computerized
microtomography (uCT) for each study group with a cone
beam x-ray machine, pCT 1172 (SKYSCAN®, Kontich - Belgium)
(http://www.skyscan.be/home.htm) at the Royal Veterinary College
(RVC), London, UK.

The resolution of the voxel was 83pum? (50KV, 200mA) and
analysis of bone parameters was performed with the Skyscan
software (NRecon, DataViewer, CTAn). Two volume-of-interest
(VOIS) were used: middle regions of the proximal tibia diaphysis
and epiphysis aiming to quantitatively and qualitatively analyze the
microstructure of the trabecular and cortical bone respectively. Image
reconstruction used 1632x1556 pixels of resolution with pixels of
8.88um in size and a data volume corresponding to a tridimensional
matrix of 1632x1632x1556 pixels. Bone parameters were obtained
through a different method for the trabecular and cortical tibia bone,
according to Table 1 and 2.
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Statistical analyses were performed through R software 3.2.2 version.
We applied variance analysis (ANOVA) for each parameter of the
cortical and trabecular bone considering the following premises:
normality, homogeneity, and independence. For those that have
not followed the expected premises, non-parametric tests (Kruskal
Wallis Test) were applied with a level of significance of p<0.05 for
both (R Development Core Team 2015).

RESULTS

General bone analysis: cortical and trabecular

For trabecular bone, the average values of Tissue Volume
(TV, mm?*) were in G1=101.357, G2=35.669, G3=8.270, and
G4=9.375, whereas for cortical bone, they were G1 = 7.144,
G2=7.683,G3=8.534, and G4=9.375. All groups were statistically
different when compared.

Table 1. Experimental design and basic three-dimensional indexes which quantatively describe the estructures of trabecular
tibia bone of Pantanal alligators (Caiman yacare)

Hyperphosphatemic Balanced Interactions
Trabecular parameters Non-exposed Exposed Non-exposed Exposed HNExHE HNExBNE HExXBE BNEXBE
G1 G2 G3 G4 G1xG2 G1xG3 G2xG4 G3xG4

Trabecular thickness (Tb.Th, mm) 0.050** 0.059 0.079 0.182%** 0.94 0.35 0.0001*  0.0003*
Trabecular separation (Tb.Sp, mm) 1.273 0.757 0.437** 0.48* 0.37 0.035* 0.66 0.988
Trabecular number (Tb.N, mm(-1) 0.742 1.106 2.508* 1.107 0.93 0.05 1.00 0.145
Trabecular pattern factor (Tb.Pf, mm(-1) 29.488 8.575 -83.680 -49.944 0.97 0.06 0.22 0.999
Centroid (x) (Crd.X, mm) 2.225%* 1.641 1.817 2.062 0.44 0.71 0.68 1
Centroid (y) (Crd.Y, mm) 2.486%** 1.998 1.893 2.137 0.48 0.33 0.97 0.882
Centroid (z) (Crd.Z, mm) 18.303*** 21.588 16.672 13.859 0.87 0.98 0.32 0.913
Structure model index (SMI, none) 2.301 1.411 -4.658** -8.698*** 0.97 0.025* 0.002* 0.257
Degree of anisotropy (DA, none) 1.650%** 1.533 1.451* 1.541 0.59 0.18 1.00 0.758
Eigenvalue 1 (none, none) 70.160%** 21.101 3.328** 0.073%** 0.80 0.0216*  0.0007* 0.049*
Eigenvalue 2 (none, none) 96.866*** 28.198 4.090** 0.086*** 0.73 0.0145*  0.0005* 0.039*
Eigenvalue 3 (none, none) 107.784*** 31.684 4.602** 0.112%** 0.75 0.015*  0.0005* 0.049*
Fractal dimension (FD, none) 2.396* 2.377 2.520 2.357 1.00 0.74 1.00 0.559
Number of objects (N. Obj., none) 43,264.25%**  227.250 308* 5.5%#* 0.28 0.09 0.07 0.237
Euler number (EM, none) -28,372.5 -2,952.5 -2,392.75 -168.5
* Estatistically significant differences (ANOVA, Teste Kruskal-Wallis p<0.05), HNE = Hyperphosphatemic diet whith out sun exposure,

HE = Hyperphosphatemic diet with sun exposure, BNE = Balanced Diet without sun exposure, BE = Balanced diet with sun exposure.

Table 2. Experimental design and basic three-dimensional structural indexes which quantatively describe the structures of
cortical tibia bone of Pantanal alligators (Caiman yacare)

Hyperphosphatemic

Balanced Interactions

Cortical parameter Non-exposed Exposed Non-exposed Exposed HNExHE HNExXNNE HEXNE  NNExNE
G1 G2 G3 G4 G1xG2 G1xG3 G2xG4 G3xG4
Number of closed pores (Po.N(cl), none) 7.25 39.75 1,281.25 68.25 0.860 0.02* 0.810 0.610
Volume of closed pores (Po.V(cl), mm3) 0 0.001 0.008 0.001 0.860 0.02* 0.810 0.610
Surface of closed pores (Po.S(cl), mm2) 0.033 0.189 3.508 0.279 0.770 0.02* 0.850 0.680
Closed porosity (percent) (PO, %) 1.5 4.1 48.5 3.8 0.540 0.02* 1.000 0.280
Volume of open pore space (Po.V(op), mm3) 6.561%** 6.575%** 6.909*** 7.492%** 1.000 0.994 0.912 0.975
Open porosity (percent) (Po(op), %) 91.805%** 85.804*** 80.843*** 80.216%** 0.478 0.079 0.535 0.999
Total volume of pore space (Po.V(tot), mm3) 6.561%** 6.576%** 6.917*** 7.493%** 1.000 0.994 0.913 0.976
Total porosity (percent) (Po(tot), %) 91.807*** 85.8171*** 80.928*** 80.224%** 0.478 0.081 0.535 0.998

* Estatistically significant differences (ANOVA, Teste Kruskal-Wallis, p<0.05), HNE =

Hyperphosphatemic diet whith out sun exposure,

HE = hyperphosphatemic diet with sun exposure, BNE = Balanced diet without sun exposure, BE = Balanced diet with sun exposure.
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The average values of Bone Volume (BV, mm?) were
different for cortical bone: G1=0.584, G2=1.107, G3=1.617,
and G4=1.882; and for trabecular bone: G1=1.528, G2=1.22,
G3=1.336, and G4=1.882 (Fig.1). Rates for Percent Bone
Volume (BV/TV, %) of cortical bone were: G1=8.19, G2=14.19,
G3=19.78, and G4=19.07, while trabecular bone obtained
averages as: G1=1.637,G2=6.6,G3=16.78,and G4=19.78 (Fig.2).

Fig.1. Bone quality evaluation of Pantanal alligators (Caiman yacare)
tibia by computerized microtomography. (A) Group G3 tibia with
an adequate distribution of trabecular and cortical bone. (B) Group
G1 tibia with a decrease in trabecular (epiphysis) and cortical
bone (diaphysis). (C) Cross section of group G3 tibia presenting
adequate porosity in cortical bone. (D) Cross section of group
G1 tibia with a slight increase in cortical porosity.

Pesq. Vet. Bras. 38(5):981-990, maio 2018

Values for parameters of puCT for trabecular and cortical
bone as well as their interactions among experimental groups
are presented in Table 1 and 2.

Analysis of trabecular bone structure

The main properties evaluated pCT of trabecular bone
were: density (mass), geometry (spatial distribution and
ratio), and resistance.

Density: Trabecular Number (Tb.N.), Trabecular
Thickness (Tb.Th.), and Trabecular Separation (Tb.Sp.).
Trabecular Number (Tb.N., mm [-1]) for group G3 (2.508) was
greater and statistically different (p<0.05) compared with
group G4 (1.107),G1 (0.742),and G2 (1.106). No interactions
regarding diet and sun exposure were observed.

The averages for the parameter of Trabecular Thickness
(Tb.Th., mm) of Groups G4 (0.182) and G1 (0.050) were
statistically different (p<0.05) when compared to groups G3
(0.079) and G2 (0.059). Also was observed interaction between
group G2 and G4 for hyperphosphatemic diet and balanced
diet, both under sun exposure (p<0.0001), and between
group G3 and G4 for the balanced diet with sun exposure
and without sun exposure (P<0.0003).

The Trabecular separation (Tb.Sp., mm) of the group G3
(0.437) and G4 (0.48) was statistically different (p<0.05) when
compared to groups G1 (1.273) and G2 (0.757). It was also
observed interaction between Group G1 and G3 regarding
hyperphosphatemic diet and balanced diet (p<0.035) both
associated to sun exposure.

Geometry: Bone Pattern factor (Tb. Pf.), Fractal
Dimension (FD), and Euler number. All four groups did
not differ statistically between themselves (p>0.05) for the
Trabecular Pattern factor parameter (Tb.Pf, mm (-1); however
the averages for treatments of the group G1 (29.488) and
G2 (8.575) was superior compared with those of group G3
(-83.680) and G4 (-49.944). No interaction related to sun
exposure was observed.

In Fractal Dimension (FD, none), group G1 (2.396) was
statistically different (p<0.05) from group G3 (2.520),
G4 (2.357) and G2 (2.377), and no interaction associated
with sun exposure was observed.

20- |

Percent Bone Volume (%)

Groups

Fig.2. Percent Bone Volume (BV/TV, %) of trabecular bone of groups
G1, G2, G3, and G4 for Pantanal alligator (Caiman yacare) tibia.
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The parameter of Number of Objects (N.Obj., none) for
group G3 (308), G4 (5.5) and G1 (43,264.25) was statistically
different (p<0.05) compared to the average of group G2 (227.25).
No interaction related with sun exposure was observed.

Although Euler number could not be statistically estimated,
it was observed that the average for group G1 (-28,372.50)
was inferior to group G2 (-2,952.50), G3 (-2,392.75), and G4
(-168.50).

Resistance: Structural Model Index (SMI), Degree of
Anisotropy (DA), Eigenvalue (1, 2, and 3), and Centroid
(Crd. X., Crd. Y. and Crd. Z.). Values for the parameter of
Structural model index (SMI, none) in group G1 (2.301) and G2
(1.411) were higher and statistically different (p<0.05) from
those of group G3 (-4.658) and G4 (-8.698). The interaction
between group G1 and G3 was related to hyperphosphatemic
diet and balanced diet (p<0.025) both with sun exposure.
There was also interaction between group G2 and G4 on
hyperphosphatemic diet and balanced diet (p<0.002) both
with sun exposure.

For Degree of Anisotropy (DA, none), group G1 (1.650)
and G3 (1.451) was statistically different (p<0.05) compared
with group G4 (1.541) and G2 (1.533). No interaction related
to diet, and sun exposure was observed.

The averages for parameter of Eigenvalue 1 (none, none) in
group G3 (3.328), G4 (0.073),and G1 (70.160) was statistically
different (p<0.05) compared to the average of group G2
(21.101). The interaction was also observed between groups
G1 and G3 related to hyperphosphatemic diet and balanced
diet (p<0.0216) both with sun exposure. There was interaction
between group G2 and G4 associated with hyperphosphatemic
diet and balanced diet (p<0.0007) both with sun exposure,
and also interaction between group G3 and G4 for balanced
diet with or without sun exposure (p<0.049).

The Eigenvalue 2 parameter (none, none) of group G3
(4.090), G4 (0.086), and G1 (96.866) was statistically
different (p<0.05) when compared to the average of group G2
(28.198). Interaction was also observed between group G1
and G3 regarding hyperphosphatemic diet and balanced
diet (p<0.0145), both without sun exposure. There was also
interaction between group G2 and G4 on hyperphosphatemic
diet and balanced diet (p<0.0005) both with sun exposure,
and interaction between group G3 and G4 on balanced diet
with and without sun exposure (p<0.039).

The average values for Eigenvalue 3 (none, none) of group
G3 (4.602), G4 (0.112), and G1 (107.784) were statistically
different (p<0.05) when compared to the average of group
G2 (31.684). Interaction occurred between group G1 and G3
on hyperphosphatemic diet and balanced diet (p<0.15), both
without sun exposure. There was also interaction between
group G2 and G4 on hyperphosphatemic diet and balanced diet
(p<0.0005), both with sun exposure. It was demonstrated that
interaction occurred between group G3 and G4 for balanced
diet with or without sun exposure (p<0.049).

Analysis of cortical bone composition

The main property assessed with uCT in the cortical bone
was porosity.

Considering the parameter of Closed Porosity (PO, %),
we observed that the average for group G3 (48.5) was higher
compared with the averages of group G1 (1.5), G2 (4.1) and
G4 (3.8). Interaction has also been observed between group

G1 and G3 on hyperphosphatemic diet and balanced diet
(p<0.02), both without sun exposure.

The averages of the four groups for Open Porosity (Po.
(op) were statistically different from each other (p<0.005),
and the averages for treatments of group G1 (91.805) and G2
(85.804) were superior compared with group G3 (80.843)
and G4 (80.216). No interaction related to the diet and sun
exposure was observed.

For Total Porosity (Po. (tot), %), all the four groups were
statistically different from each other (p<0.005). The averages
for treatments of group G1 (91.807) and G2 (85.811) were
superior when compared with group Grupos G3 (80.928)
and G4 (80.224) (Fig.3). No interaction related to the diet
and sun exposure was observed.

Regarding the number of Closed Pores (Po.N. (cl), none),
we observed that the averages of the groups G3 (1,281.25) and
G4 (68.25) were higher when compared with those of group
G1(7.25)and G2 (39.75); however there was no significance.
Interaction was also observed between group G1 and G3 on
hyperphosphatemic diet and balanced diet (p<0.02), both
without sun exposure.

Regarding thesurface of Closed Pores (Po.S. (cl), mm?), we
observed that the average of group G3 (3.508) and G4 (0.279)
was higher when compared with those of group G1 (0.033)
and G2 (0.189). There was interaction between group G1 and
G3 on hyperphosphatemic diet and balanced diet (p<0.02),
both without sun exposure.

Regarding the Open Pores Volume (Po.V. (op), mm?3),
all four groups were statistically different from each other
(p<0.005), group G1 (6.561), G2 (6.575), G3 (6.909) and G4
(7.492). No interaction was observed.

DISCUSSION

Computerized microtomography is a modern laboratory
methodology considered the gold standard examination
for bone quality assessment (composition, resistance, and
geometry) that also allows understanding etiopathology of
diseases (Compston 2006, Vasili¢ et al. 2009, Bouxsein et al.
2010, Liu et al. 2011, Ritman 2011, Syahrom et al. 2011,
Gregor etal. 2012, Blok etal. 2013, Cesar etal. 2013, Paolillo
2013, Fernandes 2014, Paolillo et al. 2014, Fuller et al. 2015,

95 - |
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80 -
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&1 G2 e G4
Groups
Fig.3. Total porosity (Po (tot), %)of trabecular bone of groups G1,
G2, G3, and G4 for Pantanal alligator (Caiman yacare) tibia.
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Salmon etal. 2015, Longo et al. 2016,2017, Hsu et al. 2016).
This technique has been used to for bone quality assessment
in different experimental designs as 87 animal species being
69 mammals, 17 birds, and one alligator (Syahrom etal. 2011,
Salmon etal. 2015, Hsu et al. 2016, Longo et al. 2016, 2017).
For this study, uCT was applied for assessment of Pantanal
alligator tibia that had been fed with hyperphosphatemic
or balanced diets associated or not with sun exposure and
that had developed lesions of fibrous osteodystrophy (Fig.4).
For a general analysis of the cortical and trabecular bone, the
following parameters were considered: Tissue Volume, Bone
Volume, and Percent Bone Volume, especially when assessing
the relationship between the bone matrix and other tissues.

Tissue Volume was essentially based on bone structure since
tibia samples were dissected (Buie etal. 2007, Larriera et al.
2011, Hsu etal. 2016), which was different from other studies
performing in vivo analysis (Link et al. 1999, Wehrli et al.
2003, Buie etal. 2007). The result for Bone Tissue Volume was
similar to Bone Volume. This last one assesses the amount of
bone mass while Tissue Volume measures the non-mineral
tissues. One objective of the study was to comprehend the
structural differences between groups. Sample profile was
similar among all and therefore this condition did not affect
the comparative analysis of the results.

Although tibia samples were dissected and fixed in formalin
solution, they contained non-mineralized material including
fibrous tissue that replaced bone matrix and determined
fibrous osteodystrophy (McGavin & Zachar 2013). One of
the main mechanisms involved with the etiopathogeny is
the change in the calcium and phosphorus ratio in the diet,
one of the experimental components in this study. Another
aspect to be analyzed in this study is the difference observed
between group G1 and group G2. Even though it was not
statistically different, it could be associated with the effect
of sun exposure between these two groups.

The Percent Bone Volume parameter determines the ratio
of bone volume within the Volume-of-Interest Object that is
used to measure bone mass related to non-mineralized tissue
of the sample (Cesar et al. 2013, Hsu et al. 2016, Longo et al.
2017). In this study, the percentage in group G3 and G4 were
higher for both trabecular bone and cortical bone compared
to group G1 and G2. If the presence of muscular tissue were

considered, the relative difference between these groups
would probably be much higher. This decrease in bone mass
was similar to other studies performed in human vertebrae
(Cesar etal. 2013) with osteopenia and osteoporosis, and in
animals (Hsu et al. 2016, Longo et al. 2016).

Trabecular bone analysis

The bone density property was interpreted as the combination
of the following parameters: Trabecular Number, Trabecular
Thickness, and Trabecular Separation.

The Food and Drug Administration (FDA/USA)
recommends using ovariectomized mice as the clinical
model for osteoporosis/osteopenia studies (Thompson et al.
1995). Trabecular changes are primarily observed due to
the rapid bone metabolism rate related to the cortical bone
(Longo et al. 2016).

The parameters allow us to understand the filling process
of three-dimensional space by trabeculae. The observation of
bone density of the trabecular bone in our study demonstrated
the evident importance of the balanced diet for groups G3
(without exposure) and G4 (with sun exposure) compared to the
hyperphosphatemic dietin groups G1 (without exposure) and
G2 (with sun exposure) for the growth of Pantanal alligators.

For Trabecular Number, the biggest difference occurred
between group G3 (2.508mm) and G1 (0.742mm) of 1.766mm,
both without sun exposure, whereas between group G4
(1.107mm) and G2 (1.106mm) was 0.001mm, both with
sun exposure. On the other hand, the difference between G3
and G4 was 1.401mm. The factor of sun exposure did not
influence this parameter. This might be explained by a possible
misleading effect, the case of arandom error or even that the
exposure possibly does not influence this aspect.

For Trabecular Thickness, the biggest difference occurred
between groups G4 (0.182mm) and G1 (0.050mm) of 0.132mm,
whereas the difference of G3 (0.079mm) and G2 (0.059) was
0.02mm. Balanced diet effect on G4 and G3 demonstrated a
far superior average thickness on G1 and G2. Probably, for this
parameter, the effect of sun exposure had occurred between
(G3 and G4) and (G1 and G2), with differences of 0.103mm
and 0.009mm respectively.

For Trabecular Separation, the biggest difference occurred
between group G1 (1.273mm) and G3 (0.437mm) 0.836mm,

Fig.4. Osteometabolic disease in Pantanal alligators (Caiman yacare). (A) Offspring fed with balanced diet and sun exposure. (B) Alligator
fed with a hyperphosphatemic diet without sun exposure presenting arching back as a result of osteometabolic diseases (OMD).
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both without sun exposure. In other words, this proves
again that hyperphosphatemic diet negatively impacted the
structure of the trabeculae, creating larger distances between
them compared to groups with balanced diets. However, the
difference between groups with a balanced diet, G3 (without
sun exposure) and G4 (0.480mm, with sun exposure), was
0.043mm, showing a similar pattern with Trabecular Number
related to sun exposure factor.

Several studies have demonstrated that osteopenic and
osteoporotic bone present higher values for Trabecular
Separation and lower values for Trabecular Numberand
Trabecular Thickness when compared to normal bone
(Cesaretal. 2013, Hsu etal. 2016, Longo et al. 2016). Recent
studies have demonstrated that the results in ovariectomized
groups were inferior (Tb.Th and Tb.N) and superior (Tb.Sp),
both statistically different from the control groups (Longo et al.
2016, Hsu et al. 2016).

Even though the results for microtomography are individual,
the analysis of factors, such as diet and sun exposure, in
experimental groups must be performed based on the structural
and/or functional characteristics through the interpretation
of more than one parameter (Parfitt et al. 1987, Hahn et al.
1992). In this study, bone density of trabecular bone was clearly
distinct among groups. However, for Trabecular Thickness, the
results of two factors were evident, but on the other hand, for
parameters of Trabecular Separation and Trabecular Number,
only the diet factor influenced the interpretation of results.

Another characteristic of trabecular bone is the Geometry
of bone mass. The parameters considered for the assessment
of this characteristic were: Bone Pattern Factor, Euler Number,
and Fractal Dimension.

Stability of trabecular bone depends not only on the
quantity of bone tissue but also on the three-dimensional
orientation and trabecular connectivity (Hahn et al. 1992).
Bone Pattern Factor assesses the plate and rod trabecular
shapes through the ratio of concave surface (values below
zero) and convex (values above zero). Convex structures
indicate a pattern of poorly connected trabeculae, while
concave structures result from a well-connected bone pattern
(Hahn etal. 1992). We identified in our study that the groups
G3 and G4 presented negative values, whereas G1 and G2
presented positive values. The G3 (without sun exposure)
presented the highest concavity index compared to G4 (with
sun exposure), both on the balanced diet. Thus, we concluded
that diet interferes on trabecular stability and that we did not
find any influence of the exposure factor. The smaller the bone
volume is, the bigger would the Trabecular Pattern Factor
be, and this parameter may provide information on initial
stages of bone loss in osteometabolic diseases (Pompesius-
Kempa etal. 1989, Vogel et al. 1989). According to Hahn et al.
(1992), similar results were observed for men and women
with bone loss due to osteoporosis and subsequent increase
Trabecular Pattern Factor. The difference in this parameter
between men and women cannot be demonstrated at any
age because there is an increase of Trabecular Pattern Factor
in women after menopause and this increase intensifies as
women ages (Hahn et al. 1992).

Connectivity is a geometric property that provides
information about the structure of the inter-trabecular space.
Euler Number is a geometric measurement that may provide an
estimation of connectivity degree (Arcaro 2009). If no change

occurs (addition or removal of trabeculae), it will remain
constant and this is known as topological property (Odgaard
& Gundersen 1993, Odgaard 1997). For the present study,
groups G1 (-28,372.5) and G2 (-2,952.5) exhibited a pattern,
named solid torus, superior to groups G3 (-2,392.75) and G4
(-168.5). In other words, they have lower connectivity and
larger inter-trabecular space, demonstrating a less organized
microarchitecture. This result indicates that changes occurred
among groups probably due to the balanced diet effect on
groups G3 and G4 compared to the hyperphosphatemic diet
that reduced the changes on the topological pattern.

The British mathematician, Lewis Richardson, described a
constant that measures irregular figures in all forms. Mandelbrot
named this constant as Fractal Dimension (Fazzalari &
Parkinson 1996). According to Fazzalari & Parkinson (1996),
the fractal analysis is a good method to describe the complex
metabolic changes in the structure of trabecular bone, which
increases in normal bones compared to osteoporotic bones.
In our study, despite the difference, there was no significant
difference between groups and therefore it was not possible
to use this parameter to comprehend connectivity, possibly
due to the number of samples.

The Structural Model Index demonstrates the degree
of trabecular structure in plate or rod shape (Salmon et al.
2015). The plate has a value close to zero prone to flattening,
while the rod shape has values above three with a tendency to
become cylindrical. In our study, groups G3 and G4 presented
negative values, whereas groups G1 and G2 had values close to
3. According to Salmon et al. (2015), the mechanical competence
of the bone depends on the shape of the trabeculae, being plates
mechanically superior to rods. This pattern was evidenced
in our study and thus sun exposure (G4) was superior and
statistically different from G3 (without sun exposure), both
with high rates of plate formation.

The degree of anisotropy among groups revealed different
and statistically different values. However, all of them
demonstrated structures with an anisotropic pattern typically
known for trabecular bone (Harrigan & Mann 1984, Odgaard
1997), indicating the distribution of collagen fibers arranged
towards any direction according to Wolff’s Law. In other words,
this is an adaptive process and mechanical response of the
bone (Frost 1994, Diniz et al. 2006). Despite the differences
perceived through other parameters, this indicated that the
adaptive process was similar in all groups.

Eigenvalue 1, 2, and 3 defines the three-dimensional rays
of the main resistance structure of the bone. According to
Cesar et al. (2013), the Eigenvalue 3 was greater than the
Eigenvalues 1 and 2, indicating a tendency of symmetry
transversely isotropic that is usually associated with the
direction preferably oriented by gravity. In our study, the
Eigenvalues 1, 2, and 3 for the hyperphosphatemic diet in
groups G1 and G2 were superior to those from the balanced
diet (G3 and G4), indicating that the diet factor determined a
change in the orientation of the trabecular structure and thus
making G1 and G2 more isotropic than G3 and G4. Probably,
the explanation for this orientation change is due to the
replacement of bone tissue for a fibrous matter, which is part
of the mechanism for fibrous osteodystrophy (Moraes et al.
2015). Several studies have also demonstrated that osteopenic
and osteoporotic bones presented greater values for Degree of
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Anisotropy, Eigenvalue 1, 2, and 3 when compared to normal
bones (Cesar et al. 2013, Hsu et al. 2016, Longo et al. 2016).

Results for Centroid (X, Y, and Z) were considered atypical
and did not allow adequate analysis.

Cortical bone analysis

The microstructure of the cortical bone is constituted of
a net of pores, which cannot be determined by 2D analytical
methods (Peyrin et al. 2011). Normal cortical porosity is
classified in three main cavities: canaliculi (below 1um in
diameter), osteocytic gaps (from 10 to 30um in diameter),
and Volkmann/Havers channels (from 40 to 100 um in
diameter). The classification of an osteoporotic bone is based
on measurements that are greater than those previously
mentioned (Wang & Ni 2003, Rajapakse et al. 2015).

Cortical porosity contributes to all mechanical properties
and bone strength (Larriera et al. 2011, Wehrli et al. 2003).
On the other hand, increase in porosity is the main aspect
of fracture risk (Bala et al. 2016). For this experiment, the
cortical bone analysis was performed within the assessment
of bone porosity property.

Total Porosity (%) was superior in groups with
hyperphosphatemic diet, G1 (91.8) and G2 (85.8) 88.8% on
average, while balanced diet groups, G3 (80.9) and G4 (80.2),
obtained 80.55% average. This indicates that the diet factor
truly influenced the increase in cortical cavitation. Differently,
the sun exposure factor, on groups G1 and G2, revealed a
difference of 6% and a difference of 0.7% on groups G3 and
G4.We can conclude that in this parameter the sun exposure
factor might have contributed more for hyperphosphatemic
diet than for balanced diet.

An open pore is the one that does not have bone tissue
around itself. On the other hand, a closed pore corresponds to
the filling of bone tissue around a cortical pore. The open and
the closed pores support the comprehension of total porosity
(Bala etal. 2016). In this study, groups G1 and G2, fed with a
hyperphosphatemic diet, obtained average values on open
and closed porosity that were superior to groups G3 and G4
with a balanced diet.

Structural parameters of the Closed Pores (Number,
Surface, and Volume) demonstrated that G3 and G4, compared
to G1 and G2, had higher number and inferior surface of
closed pores. Probably, this is due to the intense osteolytic
activity and the transformation of small pores into large
pores (Larriera et al. 2011, Palacio-Mancheno et al. 2014).
The parameter of Volume for closed pores was not analyzed.

Regarding the structure of open pores, we analyzed the
parameter of Open Pore Volume and, in this analysis; we perceived
statistical difference among groups. Groups G3 and G4 obtained
higher volume compared to G1 and G2, representing a more
organized three-dimensional structure in animals that were
fed with a balanced diet. However, there are limited studies
that support the analysis of this parameter for cortical bone.

CONCLUSIONS

Computerized microtomography allowed the assessment
of the quality of the cortical and trabecular tibia of Pantanal
alligators with osteometabolic disease.

Dietary factors and sun exposure individually influenced
the results of the parameters for pCT among groups, showing
the functional and structural complexity.

Pesq. Vet. Bras. 38(5):981-990, maio 2018

These parameters may contribute to the interpretation of
the mechanical bone behavior and to the correlation with injury
and fracture risk associated with osteometabolic diseases.
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