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Porous titanium granules in critical size defects of rabbit
tibia with or without membranes

Rafael Arcesio Delgado-Ruizl, Jose Luis Calvo-Guirado?, Marcus Abboud’, Maria Piedad Ramirez-Fernandez?,
Jose Eduardo Maté-Sanchez?, Bruno Negriz, Alex Won' and Georgios Romanos!

Recently, porous titanium granules (PTGs) have been indicated for the preservation of the dimensions of post-extraction sockets, as a
filler in sinus lift procedures and for the treatment of peri-implant and periodontal defects, based on the osteoconductivity and
dimensional stability of the titanium granules. However, there is a lack of information regarding the use of this material in larger defects
and in conjunction with membranes. The objective of this study is to test the behavior of PTGs used to fill critical size defects in rabbit
tibiae, with and without membranes. Critical defects were created in both tibiae of rabbits, divided randomly into three groups: Group A
(defect filled with PTG), Group B (defect filled with PTG+ collagen membrane) and a control group (empty defect). After six weeks,
histomorphometric analysis was performed. The results showed more defect closures at the cortical area (87.37%=2.2%) and more
bone formation at the marrow area (57.6%=1.3%) in Group B, in comparison with the other groups (P<<0.05); the use of membranes
improved the material stability expressed as more percentages of the original material when membranes were used (P<<0.05). Finally,
inflammatory reactions were observed when the granules were not protected by membranes. In spite of the limitations of this animal
study, it may be concluded that PTG particles are osteoconductive and allow bone growth. The PTG particles must be covered by a
membrane, especially when grafting larger defects, in order to control particle migration, promote clot stabilization and separate the

PTG graft from undesired soft tissue cells.
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INTRODUCTION

Although autologous grafts are considered the gold standard for graf-
ting materials due to their well-known osteoinductive and osteoge-
nous properties, some degree of resorption must be expected.'™ The
augmented zones can undergo a conversion process, which can lead to
a considerable decrease in bone over time after augmentation.””

Alternative allografts, xenografts and alloplastic graft materials have
been widely employed clinically as substitutes or supplements to auto-
logous bone to reduce the disadvantages of donor zone morbidity and
the resorption rate of the autologous bone.®™ Deproteinated bovine
bone grafts and some ceramic grafts are more stable than autologous
bone because of their slow resorption.'® In addition, these materials
represent the most commonly used grafting material for bone regene-
ration in the orofacial zone.'"™"

Recently, porous titanium granules (PTGs) have been indicated for
the preservation of the dimensions of the post-extraction socket,'*™*
as a filler in sinus lift procedures'®™'? and for the treatment of peri-
implant**~*? and periodontal defects.**~**

These granules have a diameter between 700 um and 1000 pm with
a pore size larger than 50 pm in diameter. The granules are approxi-
mately 80% porous, and the total titanium surface of the granules

is close to 2 cm.”® The use of titanium granules has been tested in
orthopedic surgery for the fixation of femoral stems, and the results
have been very promising given the granules’ osteoconductivity and
high dimensional stability. Histology results from clinical and
experimental studies have shown bone formation in and around
the granules.***

Given the metallic-gray color of the PTG particles, their use is mainly
recommended for the posterior zone, and their use in the esthetic zone
is precluded, especially in thin biotypes, to overcome this limitation.
New, oxidized white PTGs were tested in socket preservation; however,
the obtained bone volume was lower (50.3%) than that of empty con-
trols (57.1%) and conventional PTG (61.7%) particles.'*

According to the manufacturer’s recommendations, the material
must not overfill the defect, primary closure is recommended and,
in wide bony defects, the use of a membrane to ensure a sufficient
blood supply should be considered. PTG belongs to a class of material
that may be preferable for filling cavities because it serves as a non-
resorbable scaffold that promotes a tridimensional matrix, which can
stabilize and maintain the shape of the filled area.

However, there is a lack of information in the literature regarding
the use of this material in larger defects and in conjunction with the use
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of membranes. For that reason, the purpose of the present study was to
demonstrate the behavior of PTG in critical size defects in rabbit tibias
(with and without membranes) using histological and histomorpho-
metrical analysis.

MATERIALS AND METHODS

The study protocol was approved by the University of Murcia Animal
Experimentation Ethics Committee (October 2011) in compliance with
Royal Decree 1201, 10 October 2005, and Article 32 of November 7/
2007 for the protection of animals used for experimental procedures.

Experimental animals

Twenty-one New Zealand adult male rabbits weighing (3.510.2) kg
were used. The animals were kept in individual cages and were fed and
watered ad libitum.

Anesthesia and drug administration

The specimens received an intramuscular injection of 0.5-1 mg-kg ™~
acepromazine maleate. Fifteen minutes later, general anesthesia
included 5-8 mg-kg ™' ketamine plus chlorbutol administered intra-
venously, with 0.05 mg-kg™" atropine as a co-adjuvant.

Both tibiae were shaved and washed with 1.5% aqueous chlorhexi-
dine digluconate. The medial sections of both tibiae were exposed via
a skin incision and careful subperiosteal dissection. One or two cri-
tical-size defects 6 mm in diameter®® were randomly performed in the
proximal metaphyseal-diaphyseal area using trephine surgical drills at
a low speed and constant irrigation using a previously described
scheme.?® The randomization scheme was generated using the website
http://www.randomization.com.

1

Sixty-three defects were created and distributed into the following
groups: the test groups Group A (21 defects) and Group B (21 defects)
and the control group (21 defects). One group of defects (Test A) was
filled with 0.702 cm” of PTG (Tigran PTG; Tigran Technologies AB,
Malmo, Sweden) with a particle size between 0.7 and 1 mm. The
second group of defects (Test B) was filled with the same material
and volume and covered with an Alveoprotect collagen membrane
(Bredent Medical GmbH & Co. KG, Senden, Germany). The third
group of defects was left empty, and no membranes were used
(Control; Figure 1).

Amoxicillin (0.1 mg-kg ™' intramuscularly) was administered at the
end of the surgery. The rabbits were euthanized via an intracardiac
overdose of thiopental 6 weeks after the graft placement.

Sample processing and optical microscopy

Blocks containing the entire graft area were obtained using a precision
saw. The obtained samples were fixed by immersion in 4% formalin
solution, dehydrated in a graded ethanol series and embedded in plas-
tic resin (Technovit A 7210 VCL; Kulzer & Co., Hanau, Germany).
Posteriorly, the samples were sectioned to 100-pum thickness using a
diamond saw (Exakt Apparatebau; Norderstedt, Hamburg, Germany)
and ground and polished to a final thickness of 30—40 pim using an Exakt
400 CS grinding device (Exakt Apparatebau; Norderstedt, Hamburg,
Germany).

Two central sections were obtained and stained using the Levai Laczko
method and then examined with light microscopy (Leica microscope
Q500 Mc; Leica Microsystems, Barcelona, Spain). Histomorphometry
was performed in two regions of interest (ROIs): the cortical area (ROI;)
and the marrow area (ROI,; Figure 2).

The following histomorphometric measurements were recorded:

e cortical defect closure (CDC): the percentage of new bone present
between the original defect walls in ROI;;
new bone (NB): the percentage of new bone present inside the
marrow space and between the PTG particles in ROI;
connective tissue (CT): the connective tissue or the connective tissue
space present inside ROI; and ROL, expressed as a percentage;
residual material (RM): The percentage of particles present inside
ROI,; and ROI, in relation to the total area of each zone.

Histomorphometric measurement of the samples was conducted
using Image] software (ImageJ; US National Institutes of Health,
Bethesda, MD, USA). A square grid of 100X 100 test lines with square
micro-areas of 300 um at X5 and X10 magnifications was used to
determine and measure the previously mentioned variables. Three mea-
surements were recorded, and the mean values for each variable were
calculated.

Statistical analysis
Normality tests (Kolmogorov—Smirnov and Shapiro-Wilk) were
applied without any observed violation assumptions. Variance of

Control
No material

Group A
PTG

Group B
PTG+membrane

Figure 1 Critical size defect of 6 mm diameter. The images shown in the three groups used in the study: control at the left, Group A at the center and Group B at the

right. PTG, porous titanium granule.
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Figure 2 ROI areas. Processed image showing the regions of interest at the
cortex in red (ROIl;) and at the marrow in green (ROI,). The CDC, NB, CT and
RM were measured for each region. Toluidine blue staining, magnification x5.
CDC, cortical defect closure; CT, connective tissue or its space; NB, new bone;
RM, residual material; ROI, region of interest.

analyses were performed posteriorly. To identify significant differ-
ences between groups, Bonferroni’s post hoc analysis was used. Mean
values and standard deviations between samples were calculated for
each variable. The significance was set as P<<0.05.

RESULTS

Cortical defect closure

All of the groups showed an approximation of the borders and a sub-
sequent reduction of the original defect size. Group B, in which the PTG

Figure 3 Group A. PTG particles were missing in some areas, partial cortical
closure was present, bone formation was evident around the base of the particles
and between them, and inflammatory tissue was detected at the coronal aspect of
the particles. Toluidine blue staining, magnification X5. CT, connective tissue or
its space; IT, inflammatory tissue; MB, mature bone; NB, new bone; PTG, porous
titanium granule.
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material was inserted and covered by a membrane, showed almost
complete defect closure (87.37%=*2.2%), and a mixture of new bone
and PTG particles formed the new cortical. No membrane residues were
observed. Group A, in which the PTG material was inserted without a
membrane, showed partial loss and displacement of the particles out-
side the defect and partial closure (53.1%*7.4%); inflammatory tissue
around the particles on the outer area of the cortical bone was evident.
The control group showed a partial defect closure (57.6%+4%) and a
thinner cortical area (P<<0.05; Figures 3—5 and Table 1).

Figure 4 Group B. Almost a complete defect closure was observed. Bone forma-
tion was evident around particles, especially in particles that were in contact with
cortical areas. The connective tissue or their space was minimal compared with
Group A. A higher number of PTG particles were observed. Bone formation
bridging the cortical bone and the particles was appreciated. Toluidine blue
staining, magnification xX5. CT, connective tissue or its space; MB, mature bone;
NB, new bone; PTG, porous titanium granule.

Figure 5 Control group. After 6 weeks, partial defect closure and new thin cortical
bone were observed. The bone growth originated in the borders of the defect. The
ROIl, area was completely filled by CT, and no bone formation was appreciated
inside the marrow space. Toluidine blue staining, magnification x5. CT, connec-
tive tissue or its space; MB, mature bone; NB, new bone; ROI, region of interest.
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Table1 Histomorphometry of ROI, 1%
Histomorphometry data

Tissue Group A Group B Control

Cortical defect closure 53.1+7.4 87.4+2.2% 57.6%x4.0

Connective tissue 33.6x2.0 14.3+5.0 47.0=4.5%

Residual material 16.3+8.0 63.0+1.7* 0

ROI, region of interest.

Mean=standard deviation values expressed as percentages by group.

*P<0.05.

Group B showed the highest percentages of defect closure and higher amounts of
residual material. The control group showed the highest connective tissue
percentages.

New bone

NB grew between the PTG particles in Groups B and A; however, in the
control group, the new bone was only present in the cortical ROI, area
and was absent in the ROI, area. We commonly observed that the bone
formation started in the particles that contacted the cortical bone and
grew in a centripetal manner to the center of the ROI, and ROI,
(Figures 6 and 7).

The highest amount of bone was found in Group B, followed by
Group A and the control group in ROI,; however, the presence of NB
was higher in the periphery than in the central areas of the PTG particle
grafted area (Figure 8 and Tables 1 and 2).

Connective tissue

Among the three groups, the CT was the highest for the control group
at ROI; (47%*4.5%) and ROI, (95.8%*3.2%) and the lowest for
Group B in both ROI areas (P<<0.05; Tables 1 and 2).

Residual material
Group B showed a higher percentage of residual material in both
regions compared with Group A (P<<0.05; Tables 1 and 2).

Figure 6 Close view Group B. The PTG granules were osteoconductive, as they
supported bone formation; inside the granules, some bone was present. From the
left to the right side, MB displays the characteristic lamellar organization. On the
left, the NB formation started with a greater number of blood vessels; at the right,
in the darker color, the PTGs are observed with bone formation between the
particles and inside the pores, but almost none were detected in connective
tissue. Toluidine blue staining, magnification x5. MB, mature bone; NB, new
bone; PTG, porous titanium granule.
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Figure 7 Close view Group A. Connective tissue was present between particles,
with some bone formation around and inside some granules; however, other
particles were surrounded only by connective tissue. The particles were mainly
visible in the vicinity of the defect walls, not in the medullar area, most likely as
result of particle movement and primary connective tissue formation. Toluidine
blue staining, magnification X 15. CT, connective tissue or its space; MB, mature
bone; NB, new bone; PTG, porous titanium granule.

Figure 8 Close view of the central portion of the graft with membrane. Bone
formation in the center and the periphery of the graft was evident. Especially in
areas with greater porosity and areas with smaller pores, a bone matrix was
appreciated. The red arrow shows new bone formation. Toluidine blue staining,
magnification X20. MB, mature bone; NB, new bone; PTG, porous titanium
granule.

Table 2 Histomorphometry of ROI, /%
Histomorphometry data

Tissue Group A Group B Control

New bone formation 26.6+1.7 57.6+1.3* 6.8+0.7

Connective tissue 67.2+3.5 29.0+2.0 95.8+3.2*

Residual material 28.7+2.8 67.0+3* 0

ROI, region of interest.

Mean+standard deviation values expressed as percentages by group.

* P<0.05.

Group B showed the highest NB percentages and higher amounts of RM. The Control
group showed the highest connective tissue percentages.



DISCUSSION

The purpose of the present work was to study the behavior of PTG in
critical-sized defects in rabbit tibias with and without membranes to
better evaluate the behavior of the material.

Regarding the CDC obtained in the present study, PTG granules
used with membranes (Group B) showed the best cortical closure
(close to 90%). The material stabilized by the membrane provided
support for the new bone formation and demonstrated excellent
osteoconductivity.

This finding could be explained by the protective effects of the
membrane, as described previously by Dahlin et al®>' and Buser
et al.>? These protective effects consist of stabilization of the material,
providing a barrier for the surrounding soft tissues and limiting
resorption.

In the specific case of the PTG particles that did not undergo a
resorptive process, they need the protection of the surrounding soft
tissues to avoid fibrous encapsulation of the particles and avoid bac-
terial contamination if they are exposed to the oral media.*>"**

Without the use of a membrane (Group A), many particles were
mobilized outside the grafted site. In that way, the inflammatory res-
ponse was initiated, and the complete closure of the defect was limited.
However, even though the PTG particles are osteoconductive,'”"*% it
seems that immobilization is necessary to avoid the displacement of
the material caused by the animal’s movements, which can facilitate
additional inflammatory reactions in the surrounding tissues.'

These results are in agreement with an exhaustive review of various
augmentation procedures,” which concluded that the use of membranes
was essential for successful outcomes with bone grafting procedures.

In a previous model performed by Wohlfahrt et al.,*® two different
particles of PTG were inserted and covered by titanium coins with
Teflon caps in 3-mm-diameter defects in rabbit tibia. Other defects
were left as controls. After 4 weeks of healing, the researchers found
that both PTG groups were osteoconductive; they concluded that PTG
may be used safely adjacent to titanium.

There are differences between the defect size used by Wohlfahrt et al.
which is not a critical defect, and the critical defect size used in the
present investigation which have been described previously.”*~>°

Those findings are in agreement with the results of the present work,
in which the PTG particles were osteoconductive. However, all of the
defects received a protective cover, and the effect of the presence or
absence of a membrane was not tested in this investigation. In addi-
tion, the size of the bone defect created by Wohlfahrt et al. was only
3 mm, which does not represent a critical-sized defect in rabbits.

Furthermore, PTG granules were used in a pilot report with sinus
grafting procedures in 11 patients, presenting another indication of
the use of PTG in implant dentistry.'® However, it is not clear whether
the material can be used successfully for two-stage sinus lift procedures
because of the possible risk of displacement of the granules and insuf-
ficient stability of the implant during site preparation. Further studies
should evaluate this application in animal models.

NB formation was allowed by the presence of graft particles inside
both ROI areas. The NB was present surrounding the particles and
between them and the cortical zone; however, the central area of the
grafted zone did not feature NB.

An explanation could be the distance between the cortical areas and
the central area, as was explained by Sivolella et al.,>® who created
defects of different sizes in dog jaws using a special device where dental
implants were inserted and stabilized. The researchers found that the
size of the defect affected the NB formation; the bigger the defect, the
less NB formation was expected.

Titanium granules in critical defects with membranes
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The osteoconductive properties of the PTG used in the present work
were evident; however, their indications are still limited to posterior
zones (molar or premolar areas). Recently, Thor? reported clinical
cases in which PTGs were used in the canine and premolar areas
around peri-implant defects. Their observations recommend the use
of PTG in combination with membranes to improve the outcomes and
reduce the loss of granules. This recommendation is in agreement with
our results and recommendations regarding the use of membranes in
conjunction with PTG granules.

A further disadvantage of PTG might be the behavior of a metallic
material upon exposure to the oral environment, especially if it is used
for lateral augmentations or in combination with implants. In cases of
infections, nonmetal bone grafts (such as Bio-Oss) might be treated as
described by Urban et al.*” with the use of a surgical and pharmaco-
logical regimen that salvages the graft and does not necessitate com-
plete removal of the graft. This regimen was confirmed by the success
of the treatment in all of the treated patients; however, its effectiveness
for treating infected PTG grafts is unknown.

The sample size and the model used in the present work have limi-
tations, given that the model did not resemble all of the clinical
indications of this material. However, it was clear that the results were
related to the particles loosening and the absence of a membrane. As a
consequence of the results obtained at the present work and conside-
ring that more than 65% of the material was lost without the use of a
membrane, we strongly recommend the use of membranes in con-
junction with PTG particles for large defects.

CONCLUSIONS

Despite the limitations of this animal study, we can conclude that PTG
particles are osteoconductive and may allow bone growth. The PTG
particles must be covered by a membrane, especially when grafting
larger defects, to control particle dislocation, promote clot stabiliza-
tion and separate the PTG graft from undesired soft tissue cells.
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