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“All grown-ups were once children... but only few of them remember it.”
The Little Prince

Antoine de Saint-Exupéry
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Introduction

Replacement of missing teeth

Tooth loss is often the endpoint of several oral diseases, which 3.5 billion people are affected
by worldwide [1]. Most common are dental caries and periodontal diseases, but also traumas,
oral cancers, and congenital diseases may cause tooth loss [2]. Tooth loss is associated with
reduced masticatory function, phonetical challenges, social stigma, and subsequently reduced
quality of life [3, 4]. Nowadays, patients often expect a replacement for their missing teeth, and

with increasing life expectancy, the replacement of missing teeth is ever more relevant.

Several options exist for replacing a missing tooth, including dental prostheses that are either
removable or fixed. Removable dental prostheses have been widely used and may be used to
replace everything from a single tooth to a complete dentition. Although the treatment is
considered relatively low-cost, it is the solution for missing teeth in large parts of the world.
Removable prostheses are a less invasive alternative as compared to fixed dental prostheses,
but the treatment form may have disadvantages. As they are removable, achieving adequate
retention may be challenging [5]. A prosthesis requires retention from the teeth and/or mucosa,
and may be perceived as bulky and uncomfortable by the patients [6]. Studies demonstrate that
patients prefer fixed over removable dental prostheses, reporting better stability, chewing

function and pronunciation [7-9].

Fixed dental prostheses can be retained to either teeth, implants, or both. However,
combinations of tooth- and implant-supported restorations have shown inferior survival rates
[10, 11]. An implant is usually the preferred option when a patient presents pristine adjacent
teeth and adequate bone volume [12]. However, it is not unusual that neighbouring teeth are
pristine, but the dimension of the alveolar bone is limited. In such cases, bone augmentation
procedures may facilitate prosthetically-driven implant placement in an acceptable recipient

site.

Bone formation and bone augmentation

When a dental implant is to be placed, adequate bone volume and quality are desired to ensure
stability and aesthetic outcomes. However, in many cases, the clinical situation does not meet
these requirements. Following oral diseases like periodontitis, apical periodontitis or tumors,

bone destruction occurs around affected teeth. Likewise, traumas and tooth extraction can cause
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bone defects. In the case of tooth extraction, following the healing of the extraction socket,
resorption of the alveolar bone will follow [13]. Bone augmentation is, therefore, often required

to gain sufficient bone for implant placement.

Bone is a living tissue that constitutes approximately 50-70% hydroxyapatite mineral
[Cai10(PO4)s(OH)2], 5-10% water and only 20-40% organic matrix. Despite being
predominantly an inorganic mineral, bone is a highly dynamic tissue under constant remodeling
[14]. The total skeletal remodeling rates have been estimated to be approximately 10% per year
[15]. Bone formation starts before birth, and remodeling is a continuous process until the end
of life. The constant turnover allows the bone to maintain its mechanical strength and repairs

damages [14].

Bone can be formed through two mechanisms: intramembranous ossification and endochondral
ossification. During intramembranous ossification, bone develops directly from sheets of
connective tissue. In endochondral ossification, bone develops by replacing hyaline cartilage
[16]. Both processes take place during growth, but differ according to bone type. The
lengthwise growth of long bones is primarily a result of endochondral ossification, whereas the
appositional growth of flat bones, like the facial and most cranial bones, occurs by
intramembranous ossification. Appositional growth and remodeling occur throughout life. In
cases of traumas, repair may occur by either direct intramembranous healing when the fracture
fragments are fixed together by direct contact, or through indirect healing involving both

intramembranous and endochondral ossification [17].

Intramembranous bone formation is the pathway of intraoral bone augmentation and involves
hematoma formation followed by an inflammatory reaction and the recruitment of
mesenchymal stem cells [18, 19]. At the same time, blood is supplied by revascularization and

neoangiogenesis of the area [20].

Mesenchymal stem cells recruited from the surrounding periosteum, cortical bone, bone
marrow and peripheral blood can proliferate and differentiate into bone-forming osteoblasts
[17, 21]. The osteoblasts synthesize and deposit bone matrix on the bone surface. During bone
formation, some osteoblasts become trapped within the bone matrix in lacunae, which later
differentiate into osteocytes (Figure 1). Their main function is to sense and respond to
mechanical forces. These cells can express bone matrix proteins like osteocalcin (OC), galectin

3 and CD44 [14]. The osteocyte communicates with other osteocytes and cells on the bone
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surface from the lacuna. Undifferentiated mesenchymal stem cells also reside within the bone

marrow and endosteum and on the periosteum lining the surface.

MSc ( )

% /4
~—— \ Pre-osteoclast

Osteoprogenitor

Osteoblast OSleocIask

Figure I - Pathways of osteoblast and osteoclast proliferation. MSc: mesenchymal stem
cells, HSc: hematopoietic stem cells. Created With BioRender

On the other hand, osteoclasts are bone-resorbing cells of the hematopoietic lineage. Osteoclasts
are large multinucleated cells that resorb bone through chemical and enzymatic pathways. The
activities of osteoblasts, osteocytes and osteoclasts altogether control the process of bone
remodeling. Therefore, bone augmentation depends on the complex and finely coordinated

processes required to stimulate new bone formation in a desired area.

Bone formation and resorption is mediated by nuclear factor kB ligand (RANKL), its receptor
RANK, and the decoy receptor osteoprotegerin (OPG). RANKL is primarily expressed in bone
tissue by osteoblasts, osteocytes, stromal cells and T- and B-lymphocytes [22]. OPG is
expressed by osteoblasts and stromal cells [23]. RANK receptors are located on osteoclast
lineage cells, and binding to RANKL leads to the differentiation of the precursor cells into
osteoclastic cells. In contrast, OPG acts as a decoy receptor by blocking RANKL. Macrophage
colony-stimulating factor (M-CSF) binding to the pre-osteoclastic cells is also necessary for

osteoclast development by promoting the proliferation of the osteoclast precursors [24].

During osteogenesis, a series of coordinated gene expressions must occur for the osteoblast to
create mineralized bone tissue [25-27]. Four distinctive phases (Figure 2) have been described
for this process [26, 27]. First, a proliferation phase where the osteoblasts expand and an

increase in the expression of collagen type I takes place, and also fibronectin and transforming

13



growth factor-B (TGF-B) are expressed. The matrix maturation phase comes after the
downregulation of the genes in the proliferation phase. Alkaline phosphatase (ALP) enzymes,
proteins associated with the bone cell phenotype increase. This leads to osteoblast
differentiation, and the extracellular matrix composition and organization are prepared for
mineralization. Entering the mineralization phase, gene expression of sialoprotein, osteopontin
and osteocalcin reaches a peak expression. In the final phase, collagenase and collagen type I

expression increase, and apoptotic activity occurs. This serves a remodeling function in mature

cultures.
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Figure 2 - The temporal osteoblast development sequence. OC: osteocalcin, ALP:
alkaline phosphatase, Coll-1: collagen type 1. Figure modified from the original article
by Stein et al. (1996).

Timing of bone augmentation

Bone augmentation can be performed prior to implant placement, at the time of implant
placement, or after implant loading. The procedure is considered predictable and effective for
the reconstruction of alveolar ridge defects [28-30]. When performed simultaneously,
augmentation can be performed at either of the four time-points (type 1-4) of implant placement
(Figure 3)[31]. Each type represents a different stage of bone healing and possibly a different

bone condition, from the fresh extraction socket to an alveolar ridge under resorption and
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remodeling and finally a fully healed ridge. Despite the differences, the consensus report and
clinical recommendations of the European Workshop in Periodontology based on a systematic
review recommend that clinicians to consider bone augmentation with a biomaterial combined

with a barrier membrane [29, 31].

Implant placement after tooth extraction

At tooth extraction [ After tooth extraction }
Immediate implant =~ Alveolar ridge Early soft tissue Partial bone Full bone healing
placement preservation healing (4-8 w) healing (3-4 mo) (>4 mo)
type 1 type 2 type 3 type 4
[ With or without bone regeneration }

Figure 3 - Four time points for implant placement (Type 1-4). Additionaly alveolar ridge
preservation can ble performed at the time of tooth extraction, prior to type 3 or 4 placement.
For each time point, bone regeneration may also be considered.

In cases where augmentation is performed after loading, the situation is further complicated as
the bone defect has been caused by a peri-implant disease. Accordingly, an inflammatory
condition may be present [32]. However, comparing outcome measures is not straightforward
as this field has only recently adopted core outcome sets and measurements, resulting in large

heterogeneity in previously published papers [33, 34].

Methods of bone augmentation

All intra-oral bone augmentation procedures are based on intramembranous bone formation and
several surgical techniques have been described. A Cochrane review by Esposito et al. has

divided the techniques according to the following main principles [35]:

Onlay grafting is where graft material is placed on a recipient bone bed. The onlay graft can be
used to increase horizontal and/or vertical bone dimension. The graft needs to be immobilized

during healing, which is often accomplished by fixation screws or dental implants.

Inlay grafting, where a section of the jawbone is surgically separated, and an inlay graft material

is placed between the two bone sections to increase the vertical and horizontal dimensions [35-
37].
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Ridge expansion, where the alveolar ridge is surgically split and widened to create space for an
implant, a graft material, or both in the space created. Laterally splitting the alveolar ridge can

increase the horizontal bone dimension following healing.

Distraction osteogenesis is where a surgically prepared fracture segment is gradually moved to
increase the alveolar bone volume. The gap creates space for immature non-calcified bone,

gradually maturing into calcified bone.

These surgical techniques for augmentation can be used with different bone graft materials,
osteoinductive proteins, or barrier membranes as in guided bone regeneration (GBR), and they

can be used alone or in combination.

The concept of GBR using a barrier membrane was introduced in 1959 for spinal fusion [38§].
GBR has since been adapted for alveolar ridge augmentation with proven efficacy [39-42]. The
principle is to use a cell occlusive membrane to exclude non-osteogenic cell types migrating
from the soft tissue, promoting slower-growing bone-forming cells from the patient's bone and
creating space for new bone formation [40] (Figure 4). In addition to space maintenance and
promoting osteogenic cell migration, a membrane may protect and stabilize the blood clot
during healing [43]. Further investigations into the mechanism of GBR have demonstrated that
membranes can also have an active role in promoting osteogenesis [44], as demonstrated by
Héammerle ef al., who found vascularization and bony islands near the membrane surface [45].
Membranes have been found to increase the expression of genes for bone formation proteins

like osteocalcin, osteopontin and alkaline phosphatase [46, 47].

Figure 4 - Principle of GBR for augmentation of a resorbed alveolar ridge following tooth
loss. A cell-occlusive membrane is seen in the third figure. Created with BioRender.com

Membranes can either be resorbable or non-resorbable. Non-resorbable barrier membranes are
often made of expanded polytetrafluoroethylene (PTFE) reinforced with titanium, high-density
PTFE or titanium mesh. While non-resorbable membranes have succeeded in bone
augmentation, they require primary wound closure, as membrane exposure can lead to infection
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and complications. A benefit of non-resorbable membranes is that they maintain their integrity
throughout the healing period and may not collapse. As implied by their non-resorbable nature,
a second intervention is required to remove the membrane, with the added risk of complications
and bone loss following flap reflection [48]. However, most of the time, implant placement is

planned following the healing of an augmentation procedure.

Resorbable membranes, on the other hand, overcome some of these limitations. Firstly, a
second surgery is not required for removal. Secondly, if exposed to the oral cavity during
healing, the resorption rate will accelerate, which may limit the consequences of exposure as
compared to a non-resorbable membrane [49, 50]. These membranes can be of either synthetic
polymer or natural origin. Generally, they lack mechanical strength for space maintenance to

augment larger defect volumes and are often used in combination with a bone graft material.

Bone graft materials

Bone grafts are often classified according to origin and are commonly grouped into autogratfts,
allografts, xenografts and alloplasts [19, 51]. An ideal bone graft material should be osteogenic
(e.g., possess osteoprogenitor cells), osteoinductive (stimulate bone formation by e.g. growth
factors such as bone morphogenetic proteins (BMPs) or ion release) and osteoconductive (allow
bone growth directly on the material, e.g., surface properties and three-dimensional structures
that supports osteogenesis), and resorb at the time of new bone formation [52, 53]. Autogenous
bone grafts possess all these properties and are generally considered the gold standard.
However, since harvest requires an extended or another intervention, they involve increased
morbidity. The amount of bone available for harvesting may also be limited. Clinically,
autografts have proven efficacy for bone augmentation, but their resorption rates are
unpredictable [54, 55]. As alternatives, allografts and xenogeneic bone grafts are commonly
used. The bone must be processed before implantation to avoid the risk of disease transmission.
Although the risk is minimal, it can not be eliminated entirely [56, 57] and requires stringent
manufacturing process control [58]. During this process, organic components are removed,
yielding a less osteoinductive material with no osteogenic cells and no osteoinductive proteins
[59]. The final group of bone graft materials is the alloplastic. Like xenografts and allografts,
alloplastic materials are abundant. Since they are synthetic, there is no risk of disease

transmission.

17



Due to the drawbacks previously mentioned for autologous bone grafts, clinicians may favor
other sources. Traditionally, this demand has been covered by allografts and xenografts,
however, due to the risk mentioned above of disease transmission, ethical and religious
considerations, and a politically-driven shift introduced in the latest directive for medical
devices proposed by the European Union, a change towards more use of alloplastic materials is
anticipated [53]. Alloplastic materials are generally divided into three main groups: Ceramics,
polymers and metals. The most common may be ceramic calcium phosphate variants such as
hydroxyapatites and tricalcium phosphates, but silicates like bioglasses are also commonly used
[60, 61]. The major benefits of alloplasts are the eliminated risk of disease transmission,
unlimited resources and the possibility to customize the size and shape of the materials. These
materials can potentially be tailored to their specific use on a macroscopic scale, but also
concerning the surface structures, porosity, mechanical strength and degradation properties.
However, despite the ability to tweak synthetic materials, as of today, no one material exists
that can be used for all bone graft applications. Inherent material properties like some metals’
non-degradable nature and ceramics' brittleness limit their application areas. Compromises

must often be made between increasing porosity, mechanical strength and degradability.

Clinically used bone grafts exist in various shapes arranged into two main groups: particulates
and block materials. Particulate materials adapt readily to the recipient site and are inherently
porous. However, they lack mechanical stability, have limited capacity for space maintenance,
and depend on support and shielding from external forces. This makes granules technique-
sensitive and operator-dependent, as the handling of the materials may affect how well they are
stabilized and how much they are packed or compressed, which in turn affects the porosity. In
cases where the defect is not self-contained, particulated graft materials often need to be
supported by a membrane. It is shown that securing the membrane with tacks can improve the

graft material's stability during healing and stabilize the augmented area from flap tension [62].

Block grafts, on the other hand, can be adapted to the desired shape. For example, their handling
property may allow the clinician better control of the augmented area than granules. As with
granules, blocks also require good stability at the recipient site for a successful outcome [63,
64]. The fixation can be achieved by specific bone fixation screws or simultaneous implant

placement, such as onlay bone ring grafts [65, 66].

Today, autografts, allografts, xenografts and alloplasts are extensively used in the clinic, both
in particulate and block form. However, due to the aforementioned increasing societal focus on
animal welfare and ethical concerns of using human and animal products, as well as the political
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drive to avoid biomaterials of animal origin, one may speculate that the use of synthetic
materials will increase. A market report estimated the dental bone graft segment to be valued
at 465 million USD in 2018, with a forecasted increase to 837 million USD by 2026, thereby
increasing by 1.8 with the highest growth forecasted for synthetic bone graft materials [67].

Ceramic bone grafts and TiO>

Ceramics are inorganic materials where strong ionic or covalent bonds bind the atoms together.
They are typically known for high compressive strength but relatively weak in tensile. Certain
ceramics have also demonstrated bioactive and osteoconductive properties when implanted in
bone [68, 69]. This combination of mechanical strength and osteoconductivity makes ceramics

suitable as bone graft material.

Ceramic titanium dioxide (TiO7) is another bioactive ceramic with promising properties as a
bone graft material. The surface of a TiO» ceramic is bioactive and osteoconductive [70]. TiO»
can be made into a porous scaffold by the relatively simple process of foam replication (Figure

5).

12’77[77 '\()’

Figure 5- Scaffold production. a) Original foam template, b) Coating of foam template with a
TiO: slurry, ¢) Final scaffold. Note shrinkage of the ceramic following sintering.

In vitro testing of such TiOz scaffolds has demonstrated porosity, pore size and
interconnectivity suitable to support in-growth of bone [71, 72]. Mechanical testing has
demonstrated similar strength to trabecular bone [73]. TiO2 scaffolds have also been tested in
vivo. The porous TiO scaffold has been used in a rabbit peri-implant cortical defect model.
After eight weeks of healing, the sites treated with a TiO» scaffold demonstrated significantly

higher bone volume than a sham defect [74].
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In studies by Tiainen and co-workers, TiO2 scaffolds were placed in extraction sockets of
minipigs and demonstrated biocompatibility, as seen by bone growth into the porous scaffold
structures [75, 76]. However, alveolar sockets are expected to heal spontaneously without the
use of biomaterials. Resorption of the alveolar ridge following extraction is also expected [13,
77], but the TiO> scaffold did not limit this compared to sham sites. Although the model was
relevant evaluating alveolar ridge preservation, osteoconductivity, and biocompatibility, it
could not provide relevant evidence for use of the TiO» graft material in bone augmentation.
The scaffold has not been tested in chronic or circumferential peri-implant defects for this
application. Apart from one in vivo study on acute peri-implant defects [78], there is limited

evidence from in vivo studies where the material has been tested in clinically relevant models.

Pre-clinical testing of graft materials

The purpose of every new bone graft material is to aid rehabilitation in patients. In dental
applications, the final goal is usually to allow predictable implant placement to restore missing
teeth. However, pre-clinical testing is always required to evaluate the interactions and
mechanisms before a material is placed in humans. Although in vitro studies can evaluate cell
responses and indicate cytotoxicity, they are simplified models that may not translate to living
systems. In vitro testing may provide important answers before animal testing, but if the in vitro
tests are promising in vivo testing is always required to simulate a clinical response. With animal
testing follows an ethical responsibility. It is widely recognized that the "3Rs" and the ARRIVE
guidelines should be followed during animal research [79]. The guidelines state that scientists
should replace animals whenever possible, reduce the number of animals used and refine the
care of the animals to maintain their welfare and keep pain and suffering to a minimum. The
European Union monitor this matter and recently reported a decrease in animal use through
stricter regulations [80]. Animal studies should therefore be carefully designed and the data
collection optimized. This highlights the importance of choosing relevant experimental models

and maximizing the collected data.

Choosing relevant test models

A relevant experimental model should simulate the clinical situation and response to the
material's intended use. A wide range of species is used in animal testing, from small fish to

mice, rats and non-human primates. In 2017, fish, mice and rats accounted for 86% of the total
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number of animals used in research in the European Union [80]. Smaller species are attractive
to scientists due to easier handling, relatively simple husbandry and lower economical cost, but

also because they have been extensively studied with large data and protocols described.

Mice are one of the most studied species and share 99% of its genome with a homolog in the
human genome [81], and both display similar bone anatomy and physiology. Rodents are,
therefore suited to evaluate a material's biocompatibility and osteoconductivity. However,
rodent metabolism is significantly different from humans [82, 83], in addition to the apparent

physical limitation for the simulation of surgical models.

Since it is impossible to evaluate material interactions on a macro scale in smaller animals,
especially when it comes to dental implants and bone scaffolds, other models must be used.
Large-animal models allow clinically relevant dimensions. Despite large interspecies
variations, these are considered closer to humans. For bone graft materials, pigs, dogs, goats

and sheep are often used [78, 84-86].

Non-human primates are the most similar animal species to humans in terms of anatomy, bone
healing and genetics, but they are subject to ethical concerns and their use is highly limited by

regulations and high cost [87, 88].

Dogs have traditionally been the most used larger animal model for orthopedic and dental
implant research [89, 90]. They have bone composition that is similar to humans with respect
to ash weight, hydroxyproline concentration, extractable proteins, bone density, and fracture
stress [91]. Larger breeds can often support human-sized implants [90, 91]. However, canines
have plexiform bone, which is a combination of lamellar and woven bone, as opposed to
lamellar bone found in mature human bone [92, 93]. Dogs also have a significantly higher bone

turnover than humans, averaging 140% yearly turnover of trabecular bone [94]

Pigs and miniature pigs are good animal models due to similar bone mineral density, anatomy,
morphology and healing rate to humans [95-98]. Pigs, often used as commercial breeds, are
considered undesirable for bone research due to their large growth rate and body weight. This,

however, is overcome through the development of minipigs [90].

Sheep and goats are increasingly used for testing bone graft materials. Zeiter et al. reviewed
sheep as the most frequently used large animal model, followed by dogs and goats when
reviewing studies reporting on bone tissue engineering between 2008 and 2018 [99]. Compared

to dogs and pigs, sheep have more similar dimensions of long bones to humans and easier
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handling due to their calm nature and relatively lower economic cost [100]. They also have
bone healing and remodeling rates similar to humans [101]. Goats are similar to sheep but are
more challenging to house due to their curious and interactive nature [90]. Sheep have been
suggested as a promising large animal model for periodontal tissue engineering, but currently,

only limited studies are available [102].

In vivo research on bone augmentation in dentistry and for dental implants has until recently
been concentrated around the dog and minipig models when larger animals are needed (Figure
6). Bone graft materials are usually intended for regenerating "critical-sized defects". Defining
a critical-sized defect, which represents the smallest intraosseous wound in a particular bone
and animal species that will not heal spontaneously during the animal's lifetime [103], is a
challenging but essential part of bone regeneration studies. This challenge arises from the
healing potentials varying across different locations and is influenced by factors such as tissue
environment, age, and comorbidities [104, 105]. Local factors like the number of bone walls
supporting the defect and the configuration of bone regeneration are critical for determining the
healing potential [106-108]. The difference between acute and chronic defects also plays a

major role in the kinetics of osteogenesis in a graft procedure.

Figure 6 - Clinically relevant defect sizes with a) Minipig (paper I1) and
b) Beagle dog (paper 1I/111) models
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In research, bone regeneration studies often employ different models of defects. Caton et al.
have delineated four such models: naturally occurring defects, acute defects, chronic defects,
and acute/chronic defects [87]. While naturally occurring defects offer a real-world scenario,
their development is time-consuming and non-standardized. For example, naturally occurring
periodontitis models take time to develop and are often seen late in the animal's life, especially
if a defect of relevant size is desired. On the other hand, acute defects, created just prior to
regeneration, offer cost-effectiveness and reduced experimental time. However, spontaneous
healing sometimes undermines their utility, which can confound the results. The chronic and
acute/chronic defect models aim to bridge this gap by simulating naturally occurring defects
through induced inflammation or a surgically created defect, respectively. Advanced lesions
can be created relatively quickly and resemble naturally occurring defects. Spontaneous
regeneration is not observed, but the experimental time is still longer than for the acute defect
model. The acute/chronic periodontal defect model is created by surgically creating a
periodontal defect to the desired shape and location, and prior to flap closure, a foreign object
is placed to induce a chronically inflamed state [109]. While these models are intended to
evaluate regenerative treatments of periodontal and peri-implant defects, the principles can also
be adapted to evaluate alveolar ridges when no teeth or implants are present. A chronic model
evaluates the regeneration of the healed bone following extraction and defect creation, in

contrast to an acute model where regeneration is performed on freshly prepared defects.

The nature of the defect, be it acute with exposed trabecular bone or marrow space or chronic
with cortical bone, significantly impacts its interaction with graft materials. Furthermore, the
preparation methods of a chronic defect site, such as perforation or decortication of the cortical
bone, can influence the rate of bone formation and revascularization [63, 110]. Decortication is
often performed as part of a GBR procedure, however there are limited clinical trials regarding

the efficacy [111].

The animals’ physiological response to surgery and pain should also be taken into consideration
as the surgical stress response induces several changes in the animals, mainly activation of the
sympathetic nervous system, endocrine response and immunologic and hematologic changes.
In turn, this can result in impaired wound healing and immunosuppression. Furthermore, pain
can affect the food and water intake of the animal, in addition to disrupting sleep and changing
behaviour. For this reason, an optimized anesthetic protocol per- and postoperative is necessary

to achieve a quick recovery and bone healing [112].
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Therefore, choosing a relevant pre-clinical model is crucial to evaluate the clinical efficacy of
a bone graft material. A bone graft material should be tested in the most similar and appropriate
experimental model before clinical testing in humans. For bone augmentation in the clinic,
acute defects are extremely rare. Accordingly, the use of a chronic defect model is required to

test efficacy.

Following in vivo research, the samples also need appropriate methods of analysis. The chosen
methods should be appropriate for the harvested samples. Each method often has its pros and
cons, as well as the order of methods applied. Radiography is often used to non-destructively
analyze hard tissue samples, like teeth, bone and implants. Microcomputed tomography
(microCT) can also provide three dimensional images without sample destruction. However,
considerations have to be taken as different materials have different attenuation, and large
differences may not be captured within one scan, in addition metals can pose a challenge in
tissue samples. On the other hand, histology is a destructive method that requires cutting the
samples into thin sections. Traditionally, when a sample can be demineralized and embedded
in paraffin, sections a few micrometer thick can be obtained by microtome sectioning (Figure
7a). However, in samples containing metals or ceramics resulting in a discrepancy of
mechanical properties that may complicate the use of microtome, other techniques have to be
exploited. One possible solution is embedding the samples in a harder material, like methyl
methacrylate (MMA). MMA is sufficiently strong to support the cutting and grinding of metal

implants or microtome sectioning of bone and even ceramics (Figure 7b)[113].
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Figure 7 - Flowchart of histology processing for a) paraffin embedding and microtome
sectioning and b) MMA embedding and cutting and grinding
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Based on the aforementioned principles, it is also possible to identify specific proteins by using
a primary antibody for the antigen of interest followed by a secondary antibody conjugated to
a detectable marker, also known as immunohistochemistry (IHC). Traditionally, the tissue must
be demineralized prior to paraffin embedding and staining, which can be time-consuming
(Figure 8a). However, the MMA embedding method for histology also allows another
approach for IHC. By deplastination of MMA embedded sections and demineralization of the
section, demineralization is only needed for a section a few micrometres thick as opposed to a
bulk tissue block [114]. The method thereby saves time, in addition to render a wider range of
material properties possible as the microtome sectioning is performed on the MMA embedded

material (Figure 8b).

Immunohistochemistry
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Figure 8 - Flowchart of immunohistology processing for a) conventional demineralization and
paraffin embedding and b) MMA embedding, deplasticing and demineralization.
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Aim of the research

This work focuses on in vivo evaluation of a porous ceramic TiO> scaffold for bone
augmentation. The focus was to evaluate the scaffold in relevant experimental models. Previous
research has demonstrated promising in vitro and in vivo results for the TiO2 scaffold. The aim
was to evaluate the TiO> scaffold in critical-size and chronic defects, which often represent the
clinical challenges of bone augmentation procedures. Conventional immunohistochemical
analysis methods usually require long demineralisation time of bulk samples and yields a
limited number of labels, which then require manual scoring. The research also aimed to apply
modern methods of IHC processing to label more markers from the samples and to use semi-

automated quantification methods for analysis.

General hypothesis of the thesis

The general null hypothesis (Ho) of the thesis was:

Challenging bone defects will not show improved healing and restoration when treated with a

Ti02 scaffold.
The general alternate hypothesis (Ha) was:

Challenging bone defects will show improved healing and restoration when treated with a TiO2

scaffold.

General objective of the thesis

The general objective of the thesis was to evaluate the effect of using a TiO» scaffold for bone

augmentation in vivo.

Specific aims of the thesis

A) To evaluate bone augmentation by the use of a TiO> scaffold with simultaneous implant

placement (Paper I)

B) To evaluate bone augmentation by the use of a TiO> scaffold in chronic defects and
investigate whether novel embedding methods enable more slides with IHC labeling and

histology stains than conventional methods (Paper 1I and IIT).
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Methodological considerations

Research models

The thesis comprises two in vivo experimental studies (papers I, IT & II).

Considerations for in vivo models

Previous studies have shown promising results when a TiO» scaffold was used in in vitro and
in vivo models, being both biocompatible and allowing bone formation within its porous
structures and in contact with titanium implants. The logical next step was to further evaluate
the scaffold in clinically relevant models before clinical testing. As with every animal study, a
main pillar is to design suitable experiments that confine to the guiding principles for animal
research, the “three Rs”: replacement, reduction and refinement [115]. Since the goal of using
the TiO> scaffold is to facilitate bone formation in critical-size bone defects and load-bearing

areas, further in vivo testing on animal models was required.

A study by Verket et al. evaluated the TiO2 scaffold in a peri-implant buccal dehiscence model
in minipigs and found the percentage of bone-to-implant contact and distance from the implant
shoulder to first bone contact similar to that of an autologous bone block control [78]. Paper I
aimed to evaluate bone augmentation using the TiO: scaffold with simultaneous implant
placement in a circumferential defect, which requires both horizontal and vertical bone
formation for the implant to be fully embedded in bone. This is a clinically relevant challenge
for implant placement in compromised ridges and also more challenging than horizontal
regeneration alone. The minipig model was selected to test the scaffold in a critical size
circumferential peri-implant defect with a buccal dehiscence. Defect configurations with a
jumping distance from the bone to the implant of more than 2.25 mm with a buccal dehiscence
have been shown to heal incompletely for acute defects [116]. Therefore, a gap size of 2.5 mm
with removing the buccal wall was chosen to create a critical size defect (Figure 9). From
previous experience, the minipig model also met the requirement of sufficiently wide alveolar
ridges for implant placement and surgical defect creation. Another consideration was the ethical
aspects of different animal models. The guiding principles of the three Rs are ubiquitous to all
animal research, irrespective of species, but there are undoubtedly differences among public
opinions. The European Union reports on non-humane primates and companion animals, cats

and dogs, as species of particular public concern [80].
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Figure 9 - Critical size defect of paper [ with buccal dehiscence

Paper II and III evaluated the TiO> scaffold in chronic non-contained alveolar defects in dogs.
The ceramic TiO; scaffolds have been tested in both small and large animal models, but never
in dogs. Like minipigs, Beagle dogs also benefit from being of a clinically relevant size for the
present model. In addition, dogs also have similar bone structure, composition, metabolism and
mechanical properties [90, 91]. While both minipig and dog models could be considered for
this defect model, Beagle dogs have been used in similar models [84, 117], and a proven model
was considered a major benefit. Despite a study on Beagle dogs showing significant variations
in bone formation and resorption within and between dogs, this model has been relevant for
bone augmentation of defect dimensions seen clinically [94, 118]. Also, the mechanical
properties of dog bone being closer to humans than pigs were considered a benefit when the
augmentation of non-contained defects was analyzed. When placing a brittle block graft
material on the cortical bone wall, forces exerted on the scaffold will consequently be
transferred to the bone, and the interface between the recipient site and graft material should

reflect the clinical situation.

Experimental designs

Critical size defects were used for both experimental models (paper I and paper II/III).
Otherwise, the models differed considerably. In paper II/III, defects were created and left to

heal before the bone augmentation procedure, which was consequently performed in healed,
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chronic defects and, therefore a more clinically relevant model. In paper I, augmentation was
performed immediately following the preparation of the defect as an acute model. The chronic
defect model has the benefit resembling the clinical situation closer, as acute defects are rarely
present except for extraction sockets or following traumas. It is considered far more challenging
to undertake regenerative procedures when the cortical bone border is denser and less
vascularized than exposed trabecular bone and marrow spaces. To compensate for the
challenging conditions, the cortical wall was perforated to enhance the regenerative potential
[119, 120]. A major drawback of the chronic models was the defect shapes' heterogeneity. Even
though all defects were initially made to the exact specification, healing occurred at different
rates, both within and between individual animals. This made it challenging to define the
baseline for the augmentation procedures. Another consideration was whether the defects were
in a state of homeostasis or still undergoing healing or remodeling at the time of augmentation.
This is in contrast to paper I, where the defects created just before regeneration were all prepared
to identical dimensions. Although of critical size, the defect preparation in the alveolar bone
created by a trephine bur resulted in a highly vascularized recipient bed for augmentation. As
surgically created defects show great potential for regeneration [121, 122], this model has

limited translation to clinical situations.

Another difference between the two models was the implant placement. Both models mimic
regenerative bone formation procedures to allow implant placement. In paper I, augmentation
was performed simultaneously with implant placement, whereas in papers II and III a staged
approach was simulated, performing only bone augmentation. Since both approaches were
considered relevant [35], the experimental model was based on previously published designs.
In papers II and III a membrane was used to cover the TiO2 scaffold. A resorbable collagen
membrane was used, being the predominant choice of membrane for GBR procedures, and also
since a graft material was used [67, 123]. In addition to creating a cell occlusive layer, a
membrane provides mechanical support. Fixation of the membrane with metal tacks increased
the stability of the TiO: scaffold and the particulated deproteinized bovine bone mineral
(DBBM) [62, 124]. While GBR with a membrane is considered a predictable intervention [125,
126], there is a debate about whether membranes provide additional benefits [127-129]. For
immediate implant placement and simultaneous grafting of peri-implant defects, studies have
demonstrated similar or better bone formation results without using a membrane [130, 131].
Therefore, it was opted not to use a membrane in paper I. While it is questionable whether a

membrane offers any clinical advantages, collagen membranes are commonly placed when
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autogenous and allogeneic bone rings are used in clinical studies [132]. A membrane may
provide additional stability and protection of the TiO> scaffold, possibly limit the observed

scaffold fractures, and exclude soft tissue ingrowth into the grafted area.

In paper I, the mandibular premolars were extracted 4 weeks prior to implant placement. At the
time of implantation, both sides of the mandible were treated during the same surgery and left
to heal for 12 weeks before evaluation. Treatment allocation was assigned by a split-mouth
design, where TiO> and empty control sites alternated between anterior and posterior locations
for each side. By evaluating one time point only, limited information could be obtained about
the dynamics of the regeneration process. For example, it was impossible to evaluate if the limit
of bone formation was reached or whether regeneration was still ongoing. Paper II and I1I used
a different split-mouth model, which enabled two healing times of 4 weeks and 12 weeks
following regeneration (Figure 10). With this model, it was possible to evaluate bone formation
at two-time points and gain insight into regeneration dynamics. However, it may be argued that
an even longer observation time could be warranted for both studies as a healing period of six
to ten months can be applied in humans [41], but it must be taken into consideration that the
bone metabolism of animals is not directly translatable to humans. While the split-mouth model
removes the intra-individual variability [133], it also halves the number of samples in each test

group in paper II/I11, thus reducing the statistical power of the test model.
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Figure 10 - Flowchart of the split mouth experimental model of paper II/II1
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In vivo analytical methods
Microcomputed tomography

Microcomputed tomography provides three-dimensional images, which is helpful for the
evaluation of bone regeneration, both quantitatively and qualitatively (Figure 11). As a non-
destructive method, microCT can be used in addition to other irreversible and destructive
methods, like histology. In paper I, microCT was used to assess defect bone fill within a volume
of interest (VOI), whereas in paper II, two-dimensional microCT sections of each defect were
analyzed. In papers I and II, a scanning resolution of 7 um and 10 pm was used, respectively.
The chosen resolution resulted in high-resolution images where graft materials were readily
distinguishable from bone and soft tissues. A higher resolution would have limited the scan
volume, with the risk of not including the full VOI and yielding larger data files without
providing additional helpful information. The chronic defect model used in paper II resulted in
a different healing pattern for each defect. Since it was not possible to differentiate between old
and new bone from the microCT images and no landmarks could be used to define the border
of the original defect apart from the position of the graft materials, no accurate baseline
concerning the extent of lateral bone formation could be determined for the microCT analyses.
In contrast, the defects in paper I were standardized at the time of grafting and the implants
served as a reference point. Therefore, in paper Il the measurements were performed on several
two-dimensional cross-sections within the grafted area for each defect. While not utilizing the
microCT’s capability of volumetric analysis in paper II, the three-dimensional images could
still be used for precise alignment of the VOIs and measurements on images with a high

resolution in a large number of sections per defect site.

v

Figure 11 - 3D reconstruction of microCT scan.
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A challenge with using microCT to evaluate bone formation adjacent to metal implants is the
scattering. Since titanium absorbs X-rays much stronger than bone, the scattering during a
microCT scan often causes a halation artifact called “partial volume effects” around the implant
[134]. In paper I, a VOI slightly smaller than the TiO> scaffold and the circumferential defect
was chosen to avoid possible artefacts at the interfaces (Figure 12). Copper and an aluminium
filters were also used to reduce beam hardening. As the method aimed to evaluate the
percentage of defect fill within the grafted area, the small interfacial area towards bone and
implant was considered insignificant for the total values. This could instead be more accurately
assessed by histology. In paper II, an aluminum filter was used during scanning in combination
with beam hardening reduction in software reconstruction, which was set to 40%. Titanium
fixation screws were used to secure the TiO2 blocks to the bone and titanium tacks secured the
membranes at the buccal corners. The titanium screws were placed at the center of the block
and due to scattering from the screws, 0.5 mm on each side of the screws was excluded from
the microCT analysis. An assumption was made that bone formation would arise by
osteoconduction from the parent bone into the scaffold, so-called contact osteogenesis [135],
and therefore bone formation would progress in bucco-lingual direction, thus the mesio-distal
location of the measured sections would not be affected. To ensure only bone and scaffold
material was included in the VOI, the threshold of the binarized images in paper I was
individually adjusted for each sample. When the thresholding was performed manually and

each scan was adjusted individually, a subjective source of error was also introduced.

Figure 12 - Scattering seen at the interface between bone and implant in paper II. Cross
section of the VOI is marked in blue. Yellow arrow marking area with scattering.
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Histology and histomorphometry

Through staining, microscopic study of cells and tissues provides images of structures not
visible to the naked eye. Images obtained from histology reveal invaluable details for the
qualitative evaluation of bone augmentation. Details of soft tissue structures and cells can be
identified by histology, which may not readily be distinguished by microCT. In contrast to the
non-destructive microCT, histology requires thin sectioning of the samples for microscope
evaluation. In order to process and section tissue blocks, fixation and embedding are usually
needed to preserve the biological tissue from degradation and provide mechanical stability.
Paraffin is the most widely used embedding material. However, paraffin would not provide
sufficient support for cutting the samples when handling materials with widely different
mechanical properties like bone, soft tissues, metal implants and brittle ceramics. Therefore,

the samples in paper L, IT and III were embedded in MMA.

Paper I and II used the cutting and grinding technique [113, 136], thus allowing sectioning of
titanium implants in paper I, and both TiO» scaffold and fixation screws in paper I1. By cutting
approximately 200 pm thick sections and gently polishing to a final thickness of 50-80 pum, it
was possible to preserve even the ceramic scaffold in soft tissue. Cutting and grinding technique
is great when handling materials of different properties, as gradually thinning the sections by
grinding and polishing preserves the structures. However, the different hardness of the tissue
and graft became evident when the sections were ground thinner than 50 um. As the tissue
abraded faster than the scaffold, grinding beyond 50 pm resulted in tissue chipped- or teared-
off the sample. Accordingly, most sections were ground to a final thickness of 80 pm. When
cutting a 200 um section of the sample and subsequently grinding, a large portion of the sample
was lost in addition to the width lost by the cutting blade for each histology slide prepared.
Therefore, this method limited the number of slides obtained per site. Also, an 80 um section
is relatively thick regarding histological interpretation. More structures will overlap and denser
material may limit light transmission by the microscope. This problem was pronounced in paper
II, where dense structures between the DBBM and TiO> graft materials blocked the light and
inhibited identifying structures in these areas (Figure 13). Methods such as Fourier Transform
infrared (FTIR) spectroscopy and Raman spectroscopy were considered to characterize the
bone’s compositions and the unknown substance seen in Figure 13. Vibrational spectroscopy
could have identified the chemistry and structure of the bone minerals. Energy-dispersive x-ray
spectroscopy (EDX) may also identify the substances in questions, however other processing

methods for histology was opted for further analysis.
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Figure 13 - Levai-Laczko stained section following cutting and grinding slide to 80 um. Note

the dark structures between the scaffold struts. Magnification of the white rectangle on the
right.

To circumvent the drawbacks of cutting and grinding techniques, the histological samples in
paper III were prepared by microtome sectioning the MMA-embedded samples. The
experimental model in paper II and III did not contain dental implants, so no metal-to-bone
interface was required to be analyzed, and the fixation screws used to stabilize the TiO>
scaffolds could readily be excluded from the samples. Therefore, 5 um thin sections of the
tissues were cut by the microtome, including the ceramic TiO> scaffold (Figure 14). This
method allowed for more sections of each defect, yielding more information from each animal.
In paper III, this method enabled several histological stainings and immunohistochemical

analyses of every defect.
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Figure 14 - Movat Pentachrome stained section following microtome cutting slide of 5 um

All sections were scanned with a slide scanner (AxioScan Z1, Carl Zeiss, Germany), which
provided the exact dimensions of the scanned images with the data files. This information could
then be used to calibrate the images for linear and area measurements in ImageJ (National

Institutes of Health, USA).

Immunohistochemistry

In paper III, the 5 um sections obtained by microtome cutting also allowed for
immunohistochemical staining of the samples (Figure 15a). By deplastifying the thin MMA
section and then decalcifying, it was possible to stain specific antigens in addition to
conventional histology staining. As compared to the traditional method of decalcifying bulk
tissue blocks prior to paraffin embedding, decalcifying 5 pm sections required a shorter time
(Figure 15b). In addition, paraffin embedding would not provide sufficient mechanical strength
when sectioning the ceramic TiO> scaffold which would not be affected by the decalcifying
process. Thus, paraffin embedding was not feasible for handling TiO> scaffolds. In paper III
the choice of markers for staining was based on the different proteins secreted during
osteogenesis to gain insight into the dynamics of bone formation. The pure histological methods
in paper II rendered no information on whether new bone formation was final at the 12 weeks
end point, or if further bone formation could be expected. The aim of evaluating biomarkers at

4 and 12 weeks of healing was to explore if further bone growth could be expected.
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Figure 15 — a) Flowchart of slice preparation for histology in paper I and Il and
immunohistochemistry in paper II1. b) Traditional processing for IHC labeling with paraffin
embedding instead of MMA and demineralization of the bulk sample requires a significantly
longer time. Created with BioRender.com

Bone remodeling has been studied with biomarkers of enzymes, proteins and by-products from
bone metabolism. Several biomarkers are specific for bone formation, like alkaline
phosphatase, osteocalcin, procollagen type 1 N-terminal propeptide and procollagen type 1 C-
terminal propeptide. In contrast, others are markers of bone resorption, like hydroxyproline,
hydroxylysine, bone sialoprotein, osteopontin (OP), tartrate-resistant acid phosphatase (TRAP),
carboxy-terminal crosslinked telopeptide of type 1 collagen, amino-terminal crosslinked
telopeptide of type 1 collagen and cathepsin K [137]. Biomarkers of angiogenesis are also
relevant for bone formation and can be identified by markers like vascular endothelial growth
factor, fibroblast growth factor, transglutaminase II and alpha-smooth muscle actin (a-SMA)
[138-140]. While all the markers mentioned earlier can be assessed, research on bone repair
and bone graft materials has traditionally focused on a smaller selection such as RANKL OPG,
TRAP, OC, OP and a-SMA [141-144]. Based on relevance and previously reported techniques
in the literature, the osteogenic markers osteocalcin, osteopontin, collagen type I, a-SMA and

TRAP were chosen as they represent different cues of bone formation and vascularization.
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Soft tissue measurements

We leveraged a range of methodologies to establish a baseline of the bone dimensions before
augmentation, discussed in papers II and III. One such approach involved the determination of

soft tissue dimensions via oral impressions taken before and after augmentation.

Custom-made impression trays were used for each test subject, with the resultant silicon
impressions poured, scanned, and transformed into a stereolithographic (STL) model. This
process was performed at three distinct stages: pre-extraction, pre-augmentation, and upon
conclusion of the study. The teeth were employed as reference points when superimposing the
images to facilitate comparison between images. This method for evaluating soft tissue changes
and aesthetic outcomes has been substantiated in both pre-clinical and clinical studies [145-

148].

Nevertheless, it is worth noting that the resultant dimensions represent an aggregate of soft
tissues, hard tissues, and graft materials. Given the independent variability of these elements,
the results may not provide an explicit indication of bone regeneration. Moreover, in one-
stage/simultaneous implant placement and bone augmentation, the increase of the alveolar ridge

width often remains the sole clinically measurable parameter.

During the linear measurements in the Beagle dog mandibles, we encountered a challenge: the
vestibule needed to be positioned more consistently at the three-time points for impression.
Paper Il sought to measure the alveolar profile up to 6 mm apically from the alveolar crest.
However, the positioning of the mucogingival border was a limiting factor, as it often appeared
more coronal than anticipated. As such, these considerations should be recognized for future

research.
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Summary of the results

Paper I

Evaluation of bone augmentation using a TiO> scaffold with simultaneous implant placement
was performed by microCT and histomorphometry. MicroCT demonstrated no differences in
defect fill between TiO> and the negative control. However, at buccal sites, histomorphometric
analysis demonstrated a higher bone fill, a higher fraction of bone-to-implant contact and a
shorter distance to the bone in contact with the implant measured from the top of the implant in
the negative control group as compared to the TiO2 group. Three of the twelve scaffolds were
partly fractured at the time of harvest. Five implants presented small mucosal perforation, four
in the TiO> group and one in the sham group. The perforations were seen directly above the
implant shoulders. Lingual bone resorption was seen at 7 of the sham sites and 8 of the TiO2

sites.

Paper 11

A TiO2 block was used for lateral bone augmentation of chronic, non-contained defects.
Histomorphometry showed a higher fraction of new bone within the grafted area for the DBBM
group than the TiO2 group, although the total grafted area was also smaller. The osteoinductive
properties were observed by histology. MicroCT demonstrated bone formation within the
porous TiO2 structures, which increased from 4 weeks to 12 weeks of healing. The greatest
bone width was seen for the empty control group. The TiO2 block group maintained the largest
augmented volume compared to empty controls and DBBM group. Exposure of the TiO»
scaffold was seen at three of the eight sites in the 4 week healing group. Fractures were also
observed at the edges of the block and around the fixation screw. Migration of both TiO:
particles and DBBM particles were frequently observed.

Paper II1

Immunohistochemical analysis was used to quantify markers for osteogenesis and
angiogenesis, thus evaluating the potential for bone formation past the observed 12 weeks seen
in paper II. In addition, histomorphometry was performed on Movat Pentachrome-stained and
von Kossa/van Gieson-stained section and the alveolar ridge profile was evaluated by
comparing stereolithographic models. The findings demonstrated an increase of a-SMA and
osteopontin from 4 weeks to 12 weeks of healing at the bone-scaffold interface, which may

indicate a potential for bone formation at 12 weeks. Histological and histomorphometric
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findings showed a collagen-rich extracellular matrix in the grafted area and soft tissue

measurements showed an increased alveolar ridge profile in the areas with bone graft materials.

Microtome sectioned slides were decalcified within a couple of days, substantially faster than
decalcifying bulk tissue samples. Microtome sectioning also resulted in substantially more
slides than cutting and grinding technique. Thus, the applied processing method of the MMA
embedded samples allowed for IHC labeling with a-SMA, collagen type I, osteocalcin,
osteopontin and TRAP, in addition to the two histology staining.

Discussion of the results

The peri-implant defect model applied in paper I aimed to replicate the clinical situation of
insufficient bone volume at implant placement. It could be argued whether a two-step bone
augmentation procedure would be preferred both clinically and in the experimental model. A
benefit would be that bone growth could be evaluated independently of any implant
interactions. Clinically, it would also allow implant placement at the bone level and not the
graft material level, which for the TiO2 scaffold was partly inferior following 12 weeks of
healing in minipigs. However, one-step bone augmentation simultaneously with implant
placement is commonly performed, both with the bone ring technique used in paper I and other

augmentation techniques [35, 132, 149].

Bone growth into the porous scaffold structures was demonstrated by microCT and histology.
However, a higher bone fraction, higher percentage of bone-to-implant contact and shorter
distance from implant top to bone 0.5 mm lateral to the implant surface was found by
histomorphometry for the empty controls as compared to the TiO> group. Both methods
demonstrated bone formation within the TiO> structures but yielded different values. This was
expected as different regions were evaluated. Histomorphometric analyses were performed on

two-dimensional sections in bucco-lingual directions.

On the other hand, microCT analyses were performed for a three-dimensional region slightly
smaller than the scaffold to avoid errors at the interfaces. Due to scattering from the titanium
implants, the volume of interest had to be placed at a distance from the implant surface, and the
interface between implant and graft/bone could not be evaluated. Therefore, histomorphometry

and microCT complemented each other in the analyses.

Although similar defect and implant dimensions have been used in Beagle dogs, they evaluated
autogenous bone ring grafts [150-153]. A new bone percentage of 31% at 3 months was
reported by histomorphometry [151], similar to the defect fill of 29.8% found in paper I by
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microCT. However, the group also reported no benefit of membrane application, but disruption
of the soft tissue was a frequent complication independent of implant placement. Three out of
twelve scaffolds fractured in paper I, so one might speculate whether a membrane would
prevent scaffold fracture in addition to excluding soft tissue from the grafted area for GBR.
Another plausible explanation for the fractures was during the placement of the scaffolds over
the implant. A tight fit was necessary for a fixated scaffold, which again is required for bone
formation. Especially given the brittle nature of the TiO> scaffold and the sharp edges of the
individual struts, additional shielding could have been beneficial. Although membranes are also
shown to provide healing stability [62], in the peri-implant model of paper I the graft was
secured in a press-fit manner, shielded by three bone walls and an implant in the centre. Adding
a membrane would also add a confounding factor to the bone regeneration processes, given the

influences of a membrane on bone formation [44, 154].

The presence of new bone formation within parts the defect area for both the TiO2 and the sham

groups was anticipated even though the defects simulated were of critical size.

The designed defect simulated critical size defects. Following 12 weeks of healing, no sites
were completely filled with new bone formation in either TiO2 nor the sham group. The
presence of bone in both groups was also expected as the defects were prepared at the same
time as grafting and, therefore acute. Compared to the healing of extraction sockets, the
radiographic bone fill can often be seen after three months in humans [13]. Compared to
previously reported histomorphometric data by Catros et al. for circumferential defects around
implants in minipigs who found a mean bone-to-implant contact of 60-71% and defect fill of
73-75%, the results in paper I demonstrated both a lower percentage of bone-to-implant contact
of 14-22% and defect fill of 32% [155]. The authors used DBBM granules in similar defect
dimensions and with the same healing time, but a major difference was the circumferential bone
wall and the use of a collagen membrane compared to the exposed buccal wall and no
membrane in paper . It might be speculated whether the missing buccal bone wall could in part
explain the lower defect fill at the buccal site of the TiO» group compared to the sham group as
vascularization would have to come from the base of the defect and overcome the graft
material's physical presence. On the other hand, the scaffold is supposed to stabilise the blood
coagulum, and therefore facilitate healing in such circumstances. Although the focus of the
design was to create a circumferential defect with a buccal dehiscence, no minimal lingual bone

thickness was required at the time of grafting. The thickness of the lingual wall could contribute
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to regenerative potential from the lingual side, but also resorption of the lingual side if it was

too thin.

A positive control group with a bone graft material could have provided clinically relevant
comparison, albeit outside the aim of the study, which was to evaluate bone healing using the
Ti10: block in the experimental model. An additional group would also require more animals,
or smaller numbers of each group. Although membranes are usually intended to protect the
graft material from the soft tissue, one might speculate if a membrane would also protect the
soft tissue from the sharp struts of the scaffold. In turn, this may affect the occurrence of

mucosal perforation.

On the other hand, a membrane would also lead to additional flap tension. Implant cover screws,
which normally cover the implant lumen during healing, were not used. The lack of cover
screws may have affected mucosal perforations. However, it may be hypothesized that the
exposed implant lumen may affect the negative control group more negatively as a graft
material does not support the area around the implant shoulder. Five of the 24 sites
demonstrated mucosal perforation clinically; four were found in the scaffold group. Soft tissue
thickness and the area above the implants were measured to investigate healing around the
scaffold. No significant differences were found between the groups, which may indicate that

the scaffolds were well tolerated even when suspended over the scaffold.

Figure 16 - Fixation of scaffold in paper Il/Ill. A small screw head concentrated the forces on
a relatively small area of the scaffold, easily leading to fractures of the individual struts.
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For evaluation of the TiO> scaffold in a chronic defect model, paper II/III used the scaffold as
an onlay graft in a GBR procedure with a resorbable collagen membrane. Also here, fractures
of the scaffold were observed. Again this could have been due to the fixation method. The
scaffold fracture observed in papers I and II/III might be due to the high force applied over a
small area (Figure 16). Future studies could explore distributing this force over a larger area or
using other fixation methods. A collagen membrane covered the grafted area, but despite this,
fractures were seen, which raises questions about any additional stability or mechanical

protection of a soft, resorbable membrane in the experimental model used.

While the weak individual ceramic struts presented a challenge for fixation of the scaffold, the
same properties also made them ideal to handle and shape. A bur or scissor could easily shape
the blocks to fit the defect and form a desired shape, and at the same time, be mechanically
robust when even pressure is applied on the surface by, for example, a membrane or soft tissue.
The handling properties may also be considered a convenience in case of future periodontitis
or peri-implantitis where bone resection or implant removal is required, as the scaffold will also
be removable by burs and debridement. A critical aspect not assessed by any studies is how
suited the TiO2 scaffold may be for a staged implant placement approach. Provided sufficient
and successful lateral bone augmentation with the use of the TiO» scaffold, whether the non-
resorbable ceramic material is suited for a subsequent osteotomy and implant placement
remains to be researched. A previous study using oxidized porous titanium granules, rendering
properties similar to the TiO»-scaffold demonstrated some potential challenges of such a

procedure [156]. This needs to be assessed prior to clinical use.

It was considered an advantage of the experimental design used in paper II/III that pre-existing
literature had used the same defect model [84], which allowed for historical comparison.
Compared to a study by Sanz et al. the amount of graft material within the regions of interest
was 16% after three months, similar to the 19.5% found in the DBBM group and 14.0% in the
TiO2 group of the present study [84]. The horizontal linear measurements for new mineralized
tissue of 0.79 + 0.39 mm, 0.35 + 0.24 mm and 0.46 + 0.6 mm also coincided with results from
paper 11, ranging from 0.22 mm to 0.49 mm and 0.12 mm to 0.34 mm for the DBBM group and
TiO2 group, respectively. However, the authors reported a mineralized tissue amount of 36%
after three months, considerably more than the 9.7% and 5.5% found in paper II for the DBBM
group and TiO2 group, respectively. The differences could be due to different processing and
thresholding of the analyses, differences in total grafted area, antibiotic therapy following

surgery, or differences in graft material, as Sanz et al. used DBBM blocks embedded in a
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collagen matrix instead of DBBM granules. When compared to biphasic calcium phosphate and
collagen membrane in a similar Beagle dog model, a study by Lee et al. found increased bone
width ranging from 0.00 mm to 1.13 mm at eight weeks healing and 0.29 mm to 3.24 mm after
16 weeks [117]. The authors hypothesized that this chronic defect model resulted in slow bone

formation.

In general, both experimental models in paper I and paper II yielded limited healing of the
critical size defects. In paper I, the defect fill measured by microCT was only 30% for the TiO2
group and 38% for sham group, whereas the histomorphometric defect fill was 25.2% and
44.1%, respectively when buccal and lingual sites were pooled. The histomorphometric defect
fill after 12 week healing in paper II was 19.5% for the TiO2 group and 29.2% for the DBBM
group. As the grafted region was chosen as the ROI, no measurements were made for the sham
group. Also, most of the material within the ROI did not constitute new bone, but the graft
material was 14.0% and 19.5% respectively. The differences between the groups can also be

attributed to the significantly larger grafted volume for the TiO> scaffold than DBBM granules.

Since no previous in vivo studies on TiO> scaffolds in relevant critical size defects have been
conducted, data for sample size calculations was cumbersome. If one used the previous minipig
extraction socket model [76] or implant dehiscence model [78], the sample size would be
unethically high and not in accordance the principles of the three Rs. Furthermore, the outcomes
assessed in these studies were not the same as evaluated in this thesis. For this reason, the
statistical power for comparisons between the groups are limited. The sample sizes were
therefore determined based on numbers in similar designs [117], and also takes into
consideration the three R’s regarding number of animals used, in addition to economical
feasibility. Also, the use of two time points were chosen in order to explore the dynamics of

bone formation over time.

Overall, this research demonstrates the potential of the TiO2 as a scaffold. In the present form,
the TiO> scaffold has not been shown to surpass DBBM xenografts or sham controls for new
bone formation in the evaluated experimental models. A possible explanation could be that the
non-resorbing scaffold needs a longer healing time for new bone formation. A meta-analysis
by Al-Moraissi et al. suggested that slowly resorbing bone grafts had a slower new bone
deposition than autologous bone grafts in sinus augmentation [157]. However, a longer

observation time must be weighed against animal welfare and economic feasibility.
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General conclusion
The general null hypothesis (Ho) was supported. Challenging bone defects did not show

improved healing and restoration when treated with a TiO> scaffold.

Conclusion related to specific aims

A) The TiO> scaffold demonstrated defect bone formation in vivo when placed
simultaneously with implant placement in a peri-implant defect model after 12 weeks of healing
time. However, the TiO2 scaffold demonstrated less bone formation as compared to empty

control sites at the buccal aspect.

B) When placed in non-contained chronic defects, the TiO2 scaffold demonstrated less new
bone formation as compared to particulate DBBM grafts and empty controls when evaluated
by histology and microCT. The TiO; scaffold maintained the largest augmented volume
demonstrated by histology, microCT and measurements from impressions. Osteoconductive
properties were demonstrated by bone formation outward from the parent bone.
Immunohistochemical analysis indicated a potential for bone formation beyond 12 weeks as
osteogenic markers increased from 4 to 12 weeks. The novel embedding and processing method
for histology and IHC yielded more slides and more histology stains and IHC labels than

conventional methods.

Concluding remarks

The core of this research is the comprehensive exploration of the potential of the titanium
dioxide scaffold as a bone graft substitute in challenging animal models. Despite the unique
characteristics of TiO» scaffolds, which provide specific advantages in terms of adaptability
and ease of shaping, the outcomes did not indicate a significant enhancement in bone formation
compared to other established bone grafts. In particular, when juxtaposed against demineralized
bovine bone mineral xenografts or sham controls, the TiO; scaffold did not exhibit superior
new bone formation capabilities in the given experimental setups. While factors such as fixation
methods and the intrinsic properties of the scaffold may have affected the results, it is
noteworthy that the TiO> scaffold’s non-resorbing nature might necessitate a more prolonged
healing duration. The porous TiO: scaffold maintained the largest augmented volume,

demonstrated by histology, microCT and soft tissue measurements. Still, it did not result in

44



increased new bone formation over DBBM particulate graft or empty controls in the tested
models. Bone growth into the porous structure was also observed when the scaffold was placed

simultaneously with an implant in an acute defect.

Whether supplementary techniques or materials to the TiO> scaffold could have affected bone
formation should be investigated. In paper I, the TiO» scaffold was placed around an implant
in an acute defect. On the other hand, in paper II/III, the scaffold was placed in a chronic defect,
which was then covered by a collagen membrane secured with metal tacks. Both defect models
in papers I and II/III did not fully heal with either regenerative materials or sham defects. The
results suggest that the defect models were of critical sizes, as intended, though this needs to be
confirmed by longer healing time. The IHC results indicate a further potential for bone growth
at the final study time point, underlining the challenge of selecting an appropriate observation
time. While a longer healing time could have resulted in more bone, it should be weighed
against animal welfare and consider the three R’s. This highlights the importance of relevant
experimental models and methods to evaluate the dynamics of bone growth and healing bone

growth and healing dynamics.

Comparative analyses, drawing parallels with prior studies, showcased variations that can be
attributed to differing methodologies, graft materials, and other ancillary factors. It is critical to
understand that while the TiO; scaffold exhibited osteoconductive properties and held potential
for longer-term bone formation, the immediate outcomes were not congruent with the set
expectations. This is further accentuated by the challenges faced in the chronic defect model,
including scaffold fractures, which cast a shadow on the mechanical stability of the scaffold in
certain situations. The research also showcased immunohistochemical technology
advancements, facilitating more refined analyses enriching the overall data spectrum. However,
the general hypothesis was upheld notwithstanding these advancements: the TiO, bone graft
substitute did not meet the aspirational benchmarks for bone augmentation in compromised

alveolar ridges.

In summation, while this research offers valuable insights into the potential and limitations of
the TiO> scaffold, the overarching conclusion underscores the need for more nuanced

explorations, alternative fixation methods, and longer observational periods.

45



Future perspective

In recent years, the realm of bone regeneration research has witnessed significant strides,
unearthing novel bone graft materials and methods to investigate their performance. This thesis
has highlighted the intricate interplay between graft materials and the types of bone defects,
showing a clearer path for further discovery in bone augmentation and regeneration. As we
pivot towards the future of dental research, there is an evident shift towards synthetic
alternatives to current xenografts. Notably, the revelations concerning the titanium dioxide

scaffold form a foundational platform, pointing to new research horizons.

Material advancements: Although the TiO» scaffold has made its mark, there is room for
refinement. The future may see composite materials or structural enhancements, bolstering
mechanical integrity while ensuring adaptability. Different strategies have been proposed to
introduce osteoinductive properties to the TiO2 scaffolds. Effects of coatings like simvastatin,
silica, calcium phosphate and peptide-containing hydrogels have been evaluated in vitro [70,
158, 159]. Doping of the TiO, with calcium, strontium, or magnesium has shown ion release,
which could influence bone formation, and has also been evaluated [160-162]. Doping of TiO2
may also increase mechanical strength, allowing the scaffold to be used in larger load-bearing,

and possibly overcoming the drawback of being non-degradable.

Refined defect models: While our current models are invaluable, technological advancements,
especially in imaging, might pave the way for other defect models, such as organoids. These
would mirror human conditions more accurately, capturing the nuances of clinical situations,

and replace the use of animals in research.

Scaffold fixation methods: Some scaffold fractures might stem from the existing fixation
techniques. Exploring methods that evenly distribute pressure might mitigate these

shortcomings.

Long-term studies: Given TiO2's non-resorbable nature, prolonged healing phases might yield
different outcomes. Hence, extensive longitudinal studies become vital in gauging the scaffold's
potential to foster bone formation. The endgame remains clinical deployment. Considering
diverse patient backgrounds and medical profiles, clinical studies will offer a holistic view of

the TiO» scaffold in varied contexts.

Comparative research with new technologies: As dental research unfolds new solutions,

contrasting them with the TiO» scaffold becomes crucial. Whether affirming the scaffold's
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merits or spotlighting alternative graft substitutes, digital tools, like Al, could be pivotal in

forecasting outcomes, refining graft properties, or simulating bone regeneration processes.

Exploring alternatives to xenografts may have begun, but the odyssey continues. The intricacies
uncovered, and the inquiries indicated a promising phase teeming with innovation. Adopting a
cross-disciplinary lens, tapping into parallel advancements, and consistently emphasizing
patient welfare will guide the next phase in dental research. As we stand on the cusp of an
exhilarating period, this thesis has underscored a truth: the future holds promise for more
refined, efficient, and patient-focused bone grafting solutions. The roadmap for our journey is
clear - innovate, inquire, and always prioritize the patient. The future of bone regeneration
research appears replete with opportunities and challenges. Building on the foundation laid by
rigorous studies like this thesis, we are poised to usher in a new era where bone grafting
procedures become more predictable, efficient, and patient-centric. Embracing innovation,
maintaining rigorous scientific inquiry, and keeping patient welfare at the forefront will be the

guiding principles of this field of research.
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Abstract

Background: Insufficient bone volume around an implant is a common obstacle when dental implant treatment is
considered. Limited vertical or horizontal bone dimensions may lead to exposed implant threads following
placement or a gap between the bone and implant. This is often addressed by bone augmentation procedures
prior to or at the time of implant placement. This study evaluated bone healing when a synthetic TiO, block
scaffold was placed in circumferential peri-implant defects with buccal fenestrations.

Methods: The mandibular premolars were extracted and the alveolar bone left to heal for 4 weeks prior to implant
placement in six minipigs. Two cylindrical defects were created in each hemi-mandible and were subsequent to
implant placement allocated to treatment with either TiO, scaffold or sham in a split mouth design. After 12 weeks
of healing time, the samples were harvested. Microcomputed tomography (MicroCT) was used to investigate defect
fill and integrity of the block scaffold. Distances from implant to bone in vertical and horizontal directions,
percentage of bone to implant contact and defect fill were analysed by histology.

Results: MicroCT analysis demonstrated no differences between the groups for defect fill. Three of twelve scaffolds
were partly fractured. At the buccal sites, histomorphometric analysis demonstrated higher bone fraction, higher
percentage bone to implant contact and shorter distance from implant top to bone 0.5 mm lateral to implant
surface in sham group as compared to the TiO, group.

Conclusions: This study demonstrated less bone formation with the use of TiO, scaffold block in combination with
implant placement in cylindrical defects with buccal bone fenestrations, as compared to sham sites.
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Background

Dental implants are commonly used to replace miss-
ing teeth. Implants were originally placed in healed
alveolar ridges following physiologic bone resorption
after tooth extraction [1]. With the change towards
prosthetically-driven implant placement, the ideal im-
plant position may present challenging bone architec-
ture which may render exposure of implant threads
or a gap between the alveolar bone and the implant.
A peri implant gap of less than 2-2.25 mm often leads
to spontaneous healing as demonstrated in several
studies [2, 3]. For gaps exceeding 2mm or exposed
implant threads, the use of a graft material has been
recommended, but there is a controversy as to which
material is superior [4].

Autologous bone grafts are considered the gold stand-
ard for bone augmentation, but are associated with
donor site morbidity and unpredictable graft resorption
[5-7]. Allografts and xenografts are widely used and well
documented [8], but run the risk of disease transmission
from graft to host [9]. Synthetic bone graft substitutes
circumvent many disadvantages with auto-, allo- and xe-
nografts, which may lead to its increased use also
reflected by recent regulatory changes by the European
Union [10].

Clinical procedures combining vertical bone augmen-
tation and implant placement are often performed in
two stages. Currently, only few studies have reported on
the use of block grafts in circumferential peri-implant
defects in conjunction with implant placement, such as
the bone ring technique [11, 12]. However the technique
is scarcely reported in the literature, lacking control
groups and only reporting short follow-up times [13].
Gaikwad et al. suggested that results from animal studies
on autogenous bone rings were not sufficiently robust to
support this technique in humans [14]. Previous studies
on the bone ring technique are also widely heteroge-
neous with regard to graft materials, surgical protocols
and peri-implant defect size and shape. As described by
Botticelli et al.,, circumferential defects with a gap dis-
tance to the implant of up to 2.25 mm heal spontan-
eously, but if a concomitant buccal dehiscence was
present, healing was incomplete [2].

This study evaluates a porous ceramic TiO, bone graft
substitute in a peri-implant defect model with a buccal
dehiscence. TiO, scaffolds have documented biocompat-
ible properties with compressive strength similar to tra-
becular bone [15, 16]. The average pore size close to
400 um, high porosity and interconnectivity gives a
favourable pore architecture for osteogenesis [17-19].
Studies in minipigs have demonstrated bone ingrowth
and angiogenesis within the structures of the TiO, scaf-
folds in extraction sockets and in peri-implant dehis-
cence defects [18, 19].
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In a buccal dehiscence model by Botticelli et al. par-
ticulate graft materials were assessed [20]. Using a syn-
thetic block material may be more advantageous in such
a model as targeted porosity and interconnectivity can
be designed, which is impossible with the use of particu-
late grafts. Therefore, in the present study a TiO, block
scaffold was used simultaneous to implant placement for
bone augmentation of 2.5mm circumferential defects
with buccal dehiscences in an experimental minipig
model.

The aim of this experimental study was to evaluate the
use of a TiO, block scaffold in the bone ring technique
for peri-implant bone defects with buccal fenestrations,
without the use of barrier membranes, to evaluate bone
healing.

Methods

Ceramic TiO, scaffolds were fabricated by polymer foam
replication as described by Tiainen et al. [16]. TiO,
slurry was prepared by gradually dispersing 65 g of TiO,
powder (Kronos 1171, Kronos Titan GmbH, Leverkusen,
Germany) cleaned with 1 M NaOH into 25 ml of steri-
lised H,O and stirred at 5000 rpm for 2.5 h. The slurry
was adjusted to pH 1.5 during the stirring with 1 M HCI.
Cylindrical polyurethane foam templates (60 ppi, Bulb-
ren S, Eurofoam GmbH, Wiesbaden, Germany) were
soaked in the slurry and squeezed to remove excess
slurry. The polymer sponge was burned out before sin-
tering at 1500 °C for 20 h. After sintering, the scaffolds
were immersed with a slurry containing 40 g of powder
dispersed in 25 ml of sterilised water. Excess slurry was
removed by centrifugation and the second coating was
sintered at 1500 °C for 20 h. The finished scaffolds were
7.0-7.5mm in diameter and 5mm in height. Prior to
use, the scaffolds were steam sterilised at 121 °C for 20
min.

Animals

Six female minipigs (Gottingen minipig, Sus scrofa, Elle-
gaard AS, Dalmose, Denmark) aged 27-32 months and
weighing 42-51 kg were used. The animals were kept in
a centre for large experimental animals at the Veterinary
Teaching Hospital Rof Codina in Lugo, Spain. The ani-
mals were kept on a soft diet and subjected to oral hy-
giene by mechanical cleaning once every 3 weeks during
the experimental study. The Regional Ethics Committee
for Animal Research of the University of Santiago de
Compostela approved the protocol (Ref. AE-LU-001/
002/14).

All surgical procedures were performed under general
anaesthesia and sterile conditions in an operating room
using propofol (2 mg/kg/iv., Propovet, Abbott Labora-
tories, Kent, UK) and 2.5-4% of isoflurane (Isoba-vet,
Schering-Plough, Madrid Spain) for the entire period of
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the surgery. Lidocaine 2% with epinephrine 1:100.000
(2% Xylocaine Dental, Dentsply, York, PA, USA) was in-
filtrated locally to reduce intra-operatory bleeding and
provide local analgesia. The animals were premedicated
with acepromazine (0.05 mg/kg/i.m., Calmo Neosan, Pfi-
zer, Madrid, Spain) and pain controlled with the admin-
istration of morphine (0.3 mg/kg/i.m., Morfina Braun
2%, B. Braun Medical, Barcelona, Spain). During anaes-
thesia, a veterinarian continuously monitored the
animals.

Experimental design

Mandibular premolars were extracted 4 weeks before
implant placement. Mucoperiosteal flaps were bilaterally
reflected and teeth carefully removed after tooth separ-
ation. Primary healing was accomplished by mattress su-
tures. Prophylactic administration of cefovecin sodium
(8 mg/kg body weight S.C. S.LD., Convenia®, Zoetis,
Spain) was given postoperatively.

Four weeks after extraction, full thickness flaps were
raised on the buccal and lingual side and the alveolar
crest was levelled to create a flat surface for osteotomies.
In each mandibular quadrant, two implant osteotomies
were prepared. Thereafter, peri-implant defects were
made with a trephine bur, 8 mm in diameter and 5 mm
in height (Meisinger Bone Management® Systems, Hager
& Meisinger GmbH, Neuss, Germany). The defects were
placed with a minimum of 10 mm between the osteot-
omy centres, and at least 6 mm from neighbouring teeth.
The defects were made so that the buccal portion of the
defect wall was missing. Dental implants (OsseoSpeed
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TX 3.0S 11 mm, Dentsply) were placed in the centre of
the defect with the coronal 5mm of the implants
exposed.

The treatment allocation was assigned by a split
mouth design where sham and TiO, alternated between
anterior and posterior location for every other animal.
For the sites allocated to treatment with the TiO, scaf-
fold, a cylindrical block scaffold was perforated in the
centre, creating a donut-shaped scaffold to fit around
the implant and shaped to fit the defect with burs or
scissors. The scaffold was secured in the defect by press-
fit installation before the flap was passively adapted and
primary wound closure was obtained (Fig. 1). After 12
weeks of healing, the animals were euthanized using a
lethal dose of sodium Pentothal (40-60 mg/kg/i.v.,
Dolethal, Vetoquinol, France) and the mandibles were
dissected and fixed in formalin.

Micro-computed tomography scanning

Microcomputed tomographic imaging (microCT) of the
samples was performed (SkyScan 1172, Bruker microCT,
Kontich, Belgium) with a resolution of 7 um, using 100
kV and 100 pA, with 3 average images every 0.4 degrees
for a 360-degree rotation with an aluminium and copper
filter. The data were reconstructed using NRecon soft-
ware (Bruker microCT, Kontich, Belgium) with ring
artefact correction of 10%.

The defect fill volume was analysed for a volume of
interest (VOI) slightly smaller than the scaffold, to avoid
possible errors at the interfaces of the scaffold’s outer
and inner border (Fig. 2). The VOI was a cylindrical

-

(TiO, group) and implant only (sham)
-

Fig. 1 Clinical photos depicting the experimental model. Circumferential defects were created before implant placement with a block scaffold

~




Le Thieu et al. Biomaterials Research (2021) 25:43

Page 4 of 10

sample in bucco-lingual direction (buccal left)

Fig. 2 3D reconstructions of the microCT scan (a) lllustration of circumferential area evaluated for defect fill in blue. (b) Cross section of the same

donut-shaped area with a height of approximately 2.3
mm (including the first ten upper threads of the im-
plant) and a diameter of 6.0 mm concentric with the im-
plant. Individual thresholds was set to measure the
defect fill of bone and scaffold. Percentage of defect fill
was analysed in CTan (Bruker microCT, Kontich,
Belgium).

Histological preparation

The tissue blocks were dehydrated in different graded
ethanol series (70-100%), and infiltrated with four differ-
ent graded mixtures of ethanol and infiltrating resin, gly-
cometacrylate (Technovit 7200° VLC, Heraus Kulzer
GMBH, Werheim, Germany). The samples were then
polymerised, first under low intensity UV light for 4h,
followed by high intensity UV light for 12 h. Finally, the

samples were placed in an oven at 37 °C for 24 h to as-
sure a complete polymerisation. Longitudinal sections in
bucco-lingual direction were obtained by cutting with a
band saw and mechanically micropolished (Exakt Appa-
ratebau, Norderstedt, Germany) with silicon carbide pa-
pers until a thickness for approximately 50 um was
obtained. The slides were stained with Levai Laczko for
both histological examination and histomorphometric
analysis.

All sections were observed using light microscopy and
a PC-based image capture system (BX51, DP71, Olym-
pus Corporation, Japan) and histometrically analysed.
Quantitative histology was performed by a masked
examiner using PC-based image analysis programs: Cell-
sens 1.13 (Olympus Corporation, Japan) and Image Pro-
Premier 9.0 (Media cybernetics, Bethesda, MD, USA).

Fig. 3 Histological samples (a) lllustration of defect analysis. Blue box depicting regions of interest in the buccal and lingual sides, yellow = bone,
grey =TiO, scaffold. b Vertical linear measurements from the implant top (green line) to the first bone contact at the implant surface (blue line)
and 0.5 mm lateral to the implant (yellow line). ¢ Horizontal linear measurements from implant surface to the first bone contact. Measured from
implant top and five consecutive millimetres apically. Lingual side left and buccal side right for all figures
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Histological analyses

The images were painted with a digital tablet (Cintiq,
Wacom, Japan) and Photoshop CS (Adobe, USA). The
region of interest was the buccal and lingual rectangles
defined from the top of the implant to the bottom of the
defect created and from the surface of the implant to the
lateral portion of the defect. The fraction of possible
bone fill within each rectangle was calculated, excluding
scaffold material in the TiO, group (Fig. 3a).

Vertical linear measurements were made for two dis-
tances: 1) Implant shoulder to the first bone contact
(first bone-to-implant contact, FBIC) and 2) Implant
shoulder to the first bone contact 500 um lateral to the
implant (FBIC500) (Fig. 3b). Percentage of bone-to-
implant contact (%BIC) was calculated for the first 5 mm
from the implant top.

Horizontal bone growth within the defect was mea-
sured from the implant surface to the first bone con-
tact in the buccal and lingual direction.
Measurements were done in millimetre increments
from the top of the implant to defect bottom 5mm
apically. The defect dimensions were set as reference
points, hence when no bone was seen the value was
set at a maximum 3 mm (Fig. 3c).

All measurements were done for both the buccal and
lingual side of the implants using Image].

(Image] 1.52a, National Institutes of Health, USA).

Linear measurements of soft tissue dimensions were
performed for the shortest distance from implant shoul-
der to the oral cavity using Image] (Fig. 4a). The area of
soft tissue above the implants was measured in
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Photoshop CS6 (Fig. 4b). One sample was excluded from
the analysis due to missing soft tissue following the
histological preparation.

Statistics

Comparison across the two groups was performed using
a paired t-test between contralaterals when normality
was assumed and Wilcoxon Signed Rank Test when nor-
mality test failed. All statistical analyses were performed
using SigmaPlot 14 (Systat Software, San Jose, CA,
USA). Statistical significance was set at the 0.05 level.

Results

Post-operative healing following surgery was uneventful.
Five implants presented small mucosal perforations to
the oral cavity at the time of harvest (Fig. 3c), four in the
TiO, scaffold sites and one in the sham sites.

MicroCT

The apical portion of the implants placed in sound bone
showed osseointegration at all sites, but the defect areas
showed large variation of bone fill. The largest variations
were seen in the TiO, scaffold sites. One site was miss-
ing most of the scaffold and was subsequently excluded
from further microCT analysis. Two sites demonstrated
a fracture of approximately one fourth of the scaffold,
one of which was missing while the other remained in
the defect. The remaining nine scaffolds maintained
their structural integrity. All but the excluded scaffold
demonstrated bone growth within the porous scaffold
structures in various degrees. As for the sham sites,

;5 A ; o 8,

.

Fig. 4 Soft tissue measurements in histological samples. Lingual side left and buccal side right for both figures. a Shortest distance from implant
shoulder to oral cavity marked in yellow. b Area of soft tissue above the implant measured within the dotted blue lines
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Fig. 5 Histological samples of best (a-b) and worst (c-d) samples from sham (a) and (c) and TiO, (b) and (d). New bone stained deep purple and
irregular in shape. Lingual side left and buccal side right for all figures. a Complete healing of the defect. b Extensive bone growth within the
porous scaffold. ¢ Resorption of the lingual bone wall and epithelium in contact with the implant. d Missing scaffold at the buccal side and no
bone contact between bone and scaffold lingually. Arrows: mucosal perforations also visible on both sides

a) Histomorphometry b) MicroCT
*k%k .
m Tio,

80+ T | 3 Sham 80+
g 60 g 60
= z
- . ‘6 .
§ 40 8 40
g a
Q24 T J_ 201 1

0 1 1 0 1 1

Lingual Buccal Sham TiO,
Fig. 6 Defect fill measured by (a) histomorphometry and (b) microCT. *** p < 0.001
A\
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three sites demonstrated almost complete bone coverage
of the implants.

Histology

All implants were osseointegrated. New bone formation
was clearly distinguishable from the original bone and
the defects were readily identified. Except for one sham
site (Fig. 5a), no buccal bone wall was completely re-
established to the level of the implant shoulder in the
defects. The TiO, scaffold which was in part missing on
MicroCT showed no contact between the TiO, scaffold
and the bone in histology (Fig. 5d). The remaining 11
scaffolds were in intimate contact with the bone and
demonstrated new bone formation in various degrees
within the porous scaffold structures.

Defect fill

Results are presented in Fig. 6. Histomorphometric re-
sults at the buccal sites demonstrated a statistically sig-
nificant higher fraction of bone fill between the sham
group (median: 55.1%, IQR: 30.8-66.6) compared to the
TiO, scaffolds (median: 16.9%, IQR: 6.1-21.3).
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Bone to implant contact

The results for %BIC at the uppermost 5mm of the
implants are shown in Fig. 7a. Statistically significant
difference was found in the buccal sites between
shams (median: 26.9%, IQR: 19.1-34.4) and TiO,
blocks (median: 14.3%, IQR: 0.0-27.7). No significant
difference was found at the lingual sites.

The results for vertical FBIC and FBIC500 are shown
in Fig. 7b. No significant difference in FBIC between
TiO, blocks and sham were found in buccal or lingual
sites. For FBIC500, the shams (median: 1.1 mm, IQR:
0.3-2.1) demonstrated a significantly lower value on the
buccal side than the TiO, blocks (median: 3.3 mm, IQR:
1.6-4.8). No significant difference was found for FBIC500
in lingual sites.

Horizontal width measurements are presented in Fig.
7c. Statistically significant difference was found in buccal
sites between sham and TiO, scaffold at millimetre 1
(median: 1.8 mm, IQR: 0.9-3.0 and median: 3.0 mm,
IQR: 3.0-3.0, respectively) and millimetre 4 (median: O
mm, IQR: 0.0-0.0 and median: 1.2 mm, IQR: 0.0-2.9,
respectively).

Bone to implant contact
a) b) Vertical distances
80 N * = TiO,
m To,
= Sham 6 mi =3 Sham
& 607 * £
g — E
S 40 g 4
= - [}
g 20 8 21 @
o_
— T 0 T T T T
Lingual Buccal @s Q,; o"} @Q
> <O R >
Qoo V\(‘ e o"‘o
\;& Qé
C) Horizontal distances
Lingual Buccal == TiO,
= Sham
| —_—
1 -0 1 —
e ¢ g1 ———1
HE g 2 HE—
———————— [2§ | B e e—
—m [3E£ £31 o —
£ £ I
T = F4E g4 2 3=
—_— -
4 IS 51w
1 I 1 1 I I 1 I
3 2 1 0 0 1 2 3
Distance (mm) Distance (mm)
Fig. 7 Bone to implant contact by histomorphometry. a Percentage of bone to implant contact. b First bone to implant contact by vertical
measurements at implant surface and 500 um laterally. ¢ First bone to implant contact by horizontal measurements at the upper most 6 mm
increments. * p < 0.05
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Fig. 8 Soft tissue measurements. a Shortest soft tissue distance to oral cavity from implant shoulder. b Area of soft tissue above the implant

Soft tissue measurements

Results are presented in Fig. 8. No statistically significant
differences were found between sham and TiO, for ei-
ther shortest soft tissue distance to oral cavity from im-
plant shoulder or area of soft tissue above the implant.

Discussion
This study demonstrated less bone formation on the
buccal side with the use of TiO, scaffold block along
with simultaneous implant placement in circumferential
defects with buccal bone fenestrations, as compared to
sham sites.

In microCT, no significant difference was seen in com-
paring %DF. However, the region of interest analysed for
%DF was different in histomorphometry and microCT.
The microCT analysis set out to evaluate a 3D volume
within the scaffolds at the upper part of the implants,
excluding the interface between the scaffold and adja-
cent structures. This volume of interest was chosen to
evaluate the space within the porous scaffold structures
at the upper part of the implant. As previously demon-
strated, bone growth occurs from the defect borders
[21]. The 3D microCT analysis did not differentiate be-
tween buccal and lingual sites.

The fact that differences in defect fill, bone to implant
contact and vertical FBIC500 were observed in the buc-
cal but not lingual sites points to the impact of the lack
of a buccal bone wall in this model. The TiO, scaffold
did not improve bone healing at this aspect. A similar
defect model in dogs by Botticelli et al. demonstrated an
incomplete healing when the buccal bone wall was re-
moved [2]. In comparison, they found a defect resolution
in four wall defects for both gap distances evaluated (1
and 2.25 mm). This demonstrated buccal bone fenestra-
tions as a challenging model. In contrast to the afore-
mentioned study by Botticelli et al, no collagen
membrane was used to cover the defects in the present
study. Guided bone regeneration (GBR) is defined as the

use of a barrier membrane to direct the growth of new
bone and has become a predictable therapeutic method
used routinely [22, 23]. Barrier membranes should main-
tain the space for bone formation and exclude soft tissue
invasion of the defect and are commonly used in aug-
mentation procedures. In parallel with its barrier func-
tion, the membrane plays an active role in hosting and
modulating the molecular activities during GBR [24].
However, their clinical efficacy is debated [25]. Several
studies have shown defects healed both with and without
membrane for immediate implant placement in four wall
defects [26—28]. When used in the bone ring technique,
studies have reported no benefits of a membrane [29,
30]. As such, it was opted not to use a membrane in the
present study to avoid confounding factors and to assess
the bone regeneration capacity of the TiO, scaffolds.

Barrier membranes are also used to ensure the stability
of bone graft materials and it can be argued that this as-
pect is not necessary in a block graft, which furthermore
is non-resorbable. Additionally, comparison with the use
of empty defects would be cumbersome with the use of
membranes as the inadequate mechanical properties of a
collagen membrane would likely render insufficient
space maintenance in the relatively large defects, com-
pared to the TiO, scaffolds. Closing the site without the
use of a membrane covering the scaffold material re-
sulted consequently in a direct contact between the gin-
gival flap and the TiO, scaffold. Soft tissue
measurements were performed on histological samples
to evaluate any effect of the TiO, scaffold on soft tissue
and no differences were found in neither buccal nor lin-
gual sites. The results may indicate that the scaffolds
were well tolerated by the soft tissue, even when sus-
pended over the scaffold ridge in the buccal sites. A
non-resorbable membrane with enhanced mechanical
strength could have been considered and may have had
a positive influence on the bone reconstruction and soft
tissue dimensions.
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In the present study, nine out of twelve TiO, scaffolds
were intact at the end of the study. The new bone for-
mation within the porous structures in eleven out of
twelve scaffolds may indicate sufficient mechanical sta-
bility of the scaffolds for bone healing. Fractured scaffold
edges were not found as previously reported [31]. This
can be explained by three-wall defects in the present
study, which provide stability and shelters the scaffold
from external forces in contrast to its use in lateral bone
augmentation models. The aforementioned study also
used a fixation screw to secure the block, which resulted
in partial scaffold fracture around the screw due to stress
concentration. The press-fit installation of the scaffold
may have provided more even stress distribution for the
brittle TiO, scaffolds, thereby maintained the augmented
volume throughout the evaluated period. In both studies,
the scaffold allowed easy chairside adaptation with den-
tal burs or scissors. This enabled efficient shaping of the
scaffold to fill the augmented space, which is advanta-
geous for bone graft substitute materials [10]. In com-
parison, particulate graft materials often require a
flexible membrane for mechanical stabilisation, which
also limits the expandable space. Alternatively, a stiff
barrier like titanium meshes needs to be manually bent
and shaped in a time consuming process and ill adapted
meshes increase the risk of mucosal rupture and expos-
ure of the mesh [32].

Mucosal perforations to the oral cavity were found
clinically at five sites, four of which in the TiO, scaffold
group. An implant cover screw, which is temporarily
used to close the implant lumen during osseointegration,
could have potentially resulted in less mucosal perfora-
tions. However, bone growth was confirmed within the
porous scaffold structures at all but one of the TiO,
scaffold sites. As it was a challenging defect model, a
longer healing time might show continued bone growth,
and the single time point evaluated is a limiting factor of
this study. In comparison, when GBR is performed in a
two staged approach, implant placement is carried out
from 6 to 12 months after GBR surgery [33].

The results suggest that the TiO, scaffolds hold the
basic requirements for a bone substitute; osteoconduc-
tive, biocompatible, space-making capability and volume
maintenance [34], also confirmed in previous in vivo
studies [18, 19, 31]. However, the TiO, scaffolds are
lacking osteoinductive properties as bone formation is
seen only from the lateral borders of the grafts, originat-
ing from the parent bone. Different strategies have been
proposed to improve new bone formation and in vitro
studies applying various coatings to the scaffold have
shown possibilities for increased osteogenic potential
[35-37]. More recently, cationic doping of TiO, scaf-
folds with Ca, Sr or Mg have shown ion release in
addition to the benefit of increased mechanical strength
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[38]. The released Mg resulted in significantly increased
osteogenic differentiation. As the ions Ca, Sr and Mg in-
fluence bone biology [39-41], doping could be a pro-
spect for further investigation.

Conclusions

Less bone formation was observed on the buccal side
with the use of TiO, scaffold block in combination with
simultaneous implant placement in circumferential de-
fects with buccal bone dehiscences, as compared to
sham sites.
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Abstract

Objectives: To evaluate new lateral bone formation and lateral volume augmentation
by guided bone regeneration (GBR) in chronic non-contained bone defects with the
use of a non-resorbable TiO,-block.

Materials and methods: Three buccal bone defects were created in each hemimandi-
ble of eight beagle dogs and allowed to heal for 8 weeks before treatment by GBR.
Each hemimandible was randomly allocated to 4- or 12-week healing time after GBR,
and three intervention groups were assigned by block randomization: TiO, block:
TiO,-scaffold and a collagen membrane, DBBM particles: Deproteinized bovine bone
mineral (DBBM) and a collagen membrane, Empty control: Collagen membrane only.
Microcomputed tomography (microCT) was used to measure the lateral bone for-
mation and width augmentation. Histological outcomes included descriptive analysis
and histomorphometric measurements.

Results: MicroCT analysis demonstrated increasing new bone formation from 4 to
12 weeks of healing. The greatest width of mineralized bone was seen in the empty
controls, and the largest lateral volume augmentation was observed in the TiO, block
sites. The DBBM particles demonstrated more mineralized bone in the grafted area
than the TiO, blocks, but small amounts and less than the empty control sites.
Conclusion: The TiO, blocks rendered the largest lateral volume augmentation but
also less new bone formation compared with the DBBM particles. The most new
lateral bone formation outward from the bone defect margins was observed in the
empty controls, indicating that the presence of either graft material leads to slow ap-

positional bone growth.

KEYWORDS
animal experimentation, bone regeneration, bone substitutes, guided tissue regeneration,
xenografts
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1 | INTRODUCTION

Missing teeth are commonly replaced with dental implants. However,
patients often present insufficient bone volume, which may jeopar-
dize predictable stability and aesthetic outcomes of the implant-sup-
ported restorative treatment (Tonetti et al., 2008). Following tooth
loss, bone resorption occurs in both vertical and horizontal dimen-
sions (Schropp et al., 2003). Other causes of bone loss include in-
fections as in periodontitis and periapical pathology, trauma, benign
and malignant tumours and congenital conditions. Different bone re-
generative interventions have demonstrated efficacy for augment-
ing the alveolar ridge bone and providing enough volume available
for successful implant placement (Sanz & Vignoletti, 2015; Sanz-
Sanchez et al., 2015).

Among these interventions, guided bone regeneration (GBR)
has been the most frequently used. Its principle is based on the
exclusion of non-osteogenic cells by a cell occlusive membrane,
which allows growth of bone-forming cells, ultimately leading to
new bone tissue (Nyman et al., 1982; Retzepi & Donos, 2010). The
predominant type of membranes used in GBR today is resorbable
collagen membranes, although these have limited mechanical
strength (Sanz et al., 2019). Therefore, the use of bone graft ma-
terials as scaffolds to maintain space for new bone formation is
often required (Elgali et al., 2017; McAllister & Haghighat, 2007).
Autologous bone grafts are considered the gold standard due to
their osteogenic, osteoconductive and osteoinductive proper-
ties (Moy & Aghaloo, 2019), however, their often limited avail-
ability, and the requirement of more invasive surgeries when
harvested extra-orally may limit its use. Drawbacks associated
with autografts include donor site morbidity and post-operative
pain (Clavero & Lundgren, 2003; Nkenke et al., 2001; Raghoebar
et al., 2001; Schaaf et al., 2010) and their unpredictable rate of re-
sorption, which could hamper their space-maintaining functionina
GBR procedure (Chiapasco et al., 2006; Nkenke & Neukam, 2014).
Alternative bone replacement grafts are allografts or xenografts,
which need to be processed and sterilized prior to their use, what
greatly reduces or eradicates their osteoinductive and osteogenic
potential. One major concern with allografts and xenografts is the
risk of disease transmission from graft to host (Sogal & Tofe, 1999).
In spite of these limitations, bovine-derived bone replacement
grafts have been extensively documented for bone augmenta-
tion, mainly with GBR procedures (Benic & Hammerle, 2014;
Ortiz-Vigon et al., 2018; Sanz & Vignoletti, 2015; Sanz-Sanchez
et al., 2015). In Europe, current changes in regulations of medical
devices by the European Union may increase the use of synthetic
materials (Haugen et al., 2019).

The use of synthetic bone replacement grafts may overcome
the aforementioned challenges due to their controlled production
environments and biocompatible properties. Synthetic materials
can also be tailored for appropriate macro- and microstructures,
interconnectivity and mechanical properties. Commercial synthetic

bone graft substitutes are widely available and several studies have

shown osteoconductive properties suitable for bone augmentation
(Carson & Bostrom, 2007; Hurzeler et al., 1996), but long-term clin-
ical efficacy is lacking (Sanz-Sanchez et al., 2015).

The TiO, block used in this study is a ceramic bone graft substi-
tute with porous architecture which allows formation of bone and
vascularization, compressive strength similar to trabecular bone and
biocompatible properties (Tiainen et al., 2013; Tiainen et al., 2012;
Verket et al., 2012). Previous preclinical studies have demonstrated
bone ingrowth and angiogenesis within the structures of the TiO,
block in extraction sockets and in peri-implant dehiscence defects
(Haugen et al., 2013; Tiainen et al., 2012). In these studies, acute
healing models were used. The use of acute defects to assess healing
for osseous regenerative therapy is useful from a materials perspec-
tive, but has its limits in terms of clinical relevance, since it is well-
known that such defects possess great potential for spontaneous
healing (Hanisch et al., 2003). It was, therefore, the aim of this in
vivo experimental investigation to evaluate the potential of the TiO,
block for use in lateral augmentation using a validated chronic bone
defect model. The objectives of this experimental study were to
evaluate lateral bone formation and lateral volume augmentation in
a chronic non-contained bone defect when using a non-resorbable
synthetic block made of titanium dioxide in a guided bone regener-
ation (GBR) procedure.

2 | MATERIALS AND METHODS
2.1 | Scaffold preparation

Ceramic TiO, scaffolds were produced as described by Tiainen et al.
(Tiainen et al., 2013). In short, polymer sponges were coated and
sintered three times. The slurries were prepared from TiO, powder
(Kronos 1171, Kronos Titan GmbH, Leverkusen, Germany) and steri-
lized water in following proportions: 65 g powder in 25 ml water,
40 g powder in 25 ml water and 20 g powder in 25 ml water. The
third coating was done under vacuum infiltration. After the final sin-
tering, the dimensions of the rectangular scaffold blocks were ap-
proximately 11 mm x 11 mm x 8 mm. Prior to use, the scaffolds were
steam sterilized at 121°C for 15 min.

2.2 | Study design

For each animal, the hemimandibles were randomly allocated for ei-
ther 4 or 12 weeks healing time. Three defect sites; anterior, middle
and posterior, were created in each hemimandible and allowed to
heal for 8 weeks prior to GBR procedures (Figure 1). The three de-
fect sites were randomly allocated to the following treatment group:

1. TiO, block: TiO, scaffold (Corticalis AS, Oslo, Norway) covered
by a collagen membrane (Bio-Gide®; Geistlich Pharma AG, 6110

Wolhusen, Switzerland)
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2. DBBM particles: A xenograft of deproteinized bovine bone
mineral (DBBM) (Bio-Oss® Granules 0.25-1mm, Geistlich
Pharma AG, 6110 Wolhusen, Switzerland) covered by a collagen
membrane (Bio—Gide®; Geistlich Pharma AG, 6110 Wolhusen,
Switzerland)

3. Empty control: A collagen membrane covered the defect (Bio-
Gide®; Geistlich Pharma AG, 6110 Wolhusen, Switzerland)

Randomization of the interventions was performed using a
random block computer-generated list (IBM SPSS Statistics® V20.
Macro 'RNDSEQ V2011.09.09 (c) JM.Domenech). Randomization
sequence was generated using a blocking, balanced restricted ran-
domization (block size: 3), stratified by side (healing time) and posi-
tion in the jaw (anterior, middle and posterior). Randomization was
performed to distribute equally all treatment groups within each
healing group. So in each hemimandible (healing time), all treat-
ment groups should be present, randomized for position (anterior,
middle and posterior) and considering hemimandible side as a fac-
tor as well. All groups were randomized for the defect position
and the side (right or left), resulting in presence of all groups in all
hemimandibles equally distributed by position and healing on both
sides (right and left).

2.3 | Animals and surgical procedures

The study was designed in accordance with the ARRIVE (Animal
Research: Reporting of In Vivo Experiments) guidelines for preclini-
cal research (Kilkenny et al., 2010). The protocol was approved by
the Ethical committee at the Jestis Usén Minimally Invasive Surgery
Centre (Caceres, Spain) and by the Director General of Agriculture
and Livestock (approval code: 2018209020003431).

Eight female beagle dogs (weight, 11-14 kg) were used. The an-
imals were fed on soft pellet diet and maintained in individual ken-
nels. They were kept in a 12:12 light/dark cycle at 21-22°C and daily
monitored by a veterinarian. All animals were inspected to ensure
absence of oral disease or dental conditions that would preclude the
placement of the graft materials. The animals were monitored for
any signs or symptoms of illness 2 weeks prior to the start of the
study.

The animals were sedated with propofol (2 mg/kg/i.v., Propovet,
Abbott Laboratories, Kent, UK), general anaesthesia was main-
tained under mechanically induced respiration of 2.5%-4% of iso-
flurane (Isoba-vet, Schering-Plough, Madrid, Spain). The animals

Defect creation

Defect creation
[ |
| |

were pre-medicated with acepromazine (0.05 mg/kg/i.m., Calmo
Meosan, Pfizer, Madrid, Spain). As analgesics, morphine (0.3 mg/
kg/i.m., Morfina Braun 2%, B. Braun Medical, Barcelona, Spain) was
administered in addition to infiltration with Lidocaine 2% with epi-
nephrine 1:100,000 (2% Xylocaine Dental, Dentsply, York, PA, USA).
After surgeries, the animals were administered Morphine (0.3 mg/
kg/i.m.) for the first 24 hr and meloxicam (0.1 mg kg™t s.i.d./p.o.,
Metacam, Boehringer Ingelheim Espafia, Barcelona, Spain) for 3 days
after surgeries to control pain. Antibiotic therapy was set with amox-
icillin (22 mg kg’1 sLi.d./s.c., Amoxoil retard, Syva, Ledn, Spain) for
seven days after the surgeries.

Surgery 1 (week 0): Defect creation for 12-weeks healing time
(Figure 2a). Extraction and defect creation were performed accord-
ing to the protocol of Sanz et al. (2017).

Surgery 2 (week 8): Regeneration of 12 weeks healing sites
and defect creation for 4 weeks healing sites. Bone augmentation
was performed on the defects made in surgery 1. Full-thickness
flaps were raised on the buccal and lingual side. The cortical bone
plate was perforated using a small, round bur. The three groups
(TiO, blocks, DBBM particles and empty controls) were allocated
by block randomization to the edentulous areas. The distribution
between groups and sites is shown in Table 1. Allocation to the
treatment was concealed by means of sealed envelopes until the
moment of the surgical grafting procedure. The regenerative ther-
apy could not be blinded as treatment groups differed in shape
and form of fixation. The rectangular TiO, blocks were shaped
with a diamond bur to fit the alveolar ridge, and sharp edges were
smoothened before fixation by a bone block fixation screw 1.5 mm
diameter and 10.0 mm length (Straumann AG, CH-4002 Basel,
Switzerland) (Figure 2b). The fixation screw length was always
adapted to the width of the alveolar bone. For the DBBM particles,
between 0.1 g and 0.2 g of Bio-Oss® was used for each defect de-
pending on the size. All three sites were then covered with a Bio-
Gide® membrane, secured by two titanium pins (Botiss titan pins
3 mm, Straumann AG, CH-4002 Basel, Switzerland) at the apical
corners on the buccal side of the alveolar bone (Figure 2c). The flap
was passively adapted and primary wound closure was obtained.
In the contralateral hemimandible, defect creation was done as de-
scribed for surgery 1.

Surgery 3 (week 16): Regeneration of 4 weeks group, performing
the same GBR procedure as in surgery 2.

At week 20, the animals were euthanized with a lethal dose of so-
dium pentobarbital (40-60 mg/kg/i.v., Dolethal, Vetoquinol, France).
The mandibles were dissected and fixed in formalin.

8 weeks

FIGURE 1 Timeline of the study design

16 weeks 20 weeks
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FIGURE 2 Clinical photographs
depicting the experimental model. (a)
After hemisections and extractions

the defects were made, measuring
approximately 5 x 10 x 10 mm each. The
defects were labelled anterior, middle and
posterior site, according to the location

on the hemimandible (b) Fixation of the
TiO, scaffold with a screw in the posterior
site. Cortical perforations made in the
middle site. (c) After placement of graft
materials, membranes and pins to secure
the membrane prior to flap adaptation and
suturing

TABLE 1 Allocation of materials to

4 Week 12 Week sites by block randomization
Anterior Middle Posterior Anterior Middle Posterior

Empty control 2 2 4 3 3

DBBM particles 3 2 3 3 1

TiO, block 3 4 1 2 4

2.4 | Microcomputed tomography scanning

Microcomputed tomographic imaging (microCT) of the sam-
ples was performed (SkyScan 2211, Bruker microCT, Kontich,
Belgium) with a resolution of 10 um, using 70 kV and 65 pA, with
3 average images every 0.67 degrees for a 360-degree rota-
tion with 0.5 mm aluminium filter. The data were reconstructed
using NRecon software (Bruker microCT, Kontich, Belgium)
with ring artefact correction and beam hardening correction of
40%. The reconstructed images were analysed in CTan (Bruker
microCT, Kontich, Belgium). The alveolar ridge was measured in

bucco-lingual direction for bone width and overall width included
graft materials, as well as the distance of bone ingrowth within
the grafted area for the TiO, blocks and DBBM particles, defined
from the borders of the graft materials. The average of five meas-
urements was included for each site. For the DBBM particles and
empty control; one at the mesio-distal centre of the defect and
one and two millimetre to each side of the centre. In the measure-
ments of the TiO, blocks, 1 mm from each side of fixation screw
was excluded, to avoid the scattering from the fixation screw.
The measurements were done in millimetre increments from the

tip of the alveolar crest and 6 mm in apical direction (Figure 3a).
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FIGURE 3 (a) lllustration of the measurements performed on microCT scans at the six increments. (A) marking the lingual bone border,
(B) marking the assumed border of the parent bone, (C) marking the regenerated buccal bone border, (D) marking the external border of the
augmented area. Bone width = Distance AC. Bone width included graft = Distance AD. New bone = Distance BC. (b) Bar charts showing
alveolar bone width and total width included graft material from microCT measurements at the six millimetre increments. Statistically
significant difference between groups (p < .05) denoted by: # TiO, + graft versus TiO, TiO, + graft versus DBBM and TiO, + graft

versus empty, * TiO, + graft versus empty, TiO, + graft versus DBBM, TiO, + graft versus DBBM + graft and TiO, + graft versus TiO,, «
TiO, + graft versus TiO,, x TiO, + graft versus TiO, and TiO, + graft versus empty, =. TiO, + graft versus TiO, and TiO, + graft versus
DBBM, g TiO, + graft versus TiO,, TiO, + graft versus DBBM, TiO, + graft versus empty and TiO, versus empty

(@) - (6)
: A8 4 weeks healing 12 weeks healing
1 B Empty control 1
mm TiO, block
2 Bm DBBM particulate 2 %
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FIGURE 4 (a) lllustration of the histomorphometric width measurements. Yellow dotted line denotes polarized line from defect creation.
White dotted line denotes graft start. Blue lines denote the six increments measured. (b) Bar charts showing width from polarized line

to graft start and polarized line to lateral bone border at the six millimetre increments. Denoted by asterisk (*): Statistically significant
difference (p < .05) between empty control and DBBM particle group

Intra-examiner reliability was validated by repeated measure- blocks. The outline of the graft was manually traced throughout
ments of ten sites with a 1-week interval. Volumetric measure- the defect sites, and the volume constituted by graft materials

ments of the grafts were also done for DBBM particles and TiO, was calculated.
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2.5 | Histological preparation

The samples were dehydrated in an ascending series of alcohol
and xylene baths prior to embedding in methyl methacrylate and
polymerized at -20°C. The most central section of the defect site
was chosen for analysis. The sections were obtained by cutting the
embedded blocks with an Exakt 300 diamond band saw (Exakt,
Norderstedt, Germany) followed by grinding and polishing to a
thickness of approximately 80 um with an Exakt 400CS. The sec-
tions were stained with Levai-Laczko staining and scanned using an
AxioScan Z1 (Carl Zeiss, Germany). Histological analysis was per-
formed using Photoshop CSé (Adobe Systems, USA) and Image)
(ImageJ 1.52a, National Institutes of Health, USA).

2.6 | Histological analyses

For histomorphometric bone width measurements, polarized light
was used to demarcate a vertical line from which new bone was
formed after defect creation. The distance from the defects cre-
ated to the DBBM particles or TiO, blocks were measured and as-
sumed as a constant distance of spontaneous healing (Figure 4a).
This was used to assess the width of new bone formation in the
empty controls. The use of polarized light did not allow for discrimi-
nation between bone formation by spontaneous healing and bone
formation following augmentation. Intra-examiner reliability was
validated by repeated measurements of ten random sites with a
1-week interval.

For area measurements, the region of interest (ROI) was defined
from the borders of the scaffold materials in bucco-lingual direction.
The fixation screw was excluded from the analysis. The percentage of
new bone and graft material within the ROl was measured (Figure 5).
For the empty control sites, area measurements were not applicable
as the defect shape varied at the regeneration time point and no graft

material could be used as a reference point to define the ROI.

2.7 | Statistics

Comparison across groups were performed using parametric
one-way analysis of variance (ANOVA) for normalized datasets.
Pairwise multiple comparison procedures were done by Holm-
Sidak method. When normality test or equal variance test failed,
Kruskal-Wallis one-way ANOVA on ranks was performed and
pairwise multiple comparison procedures were done by Dunn's
method. All statistical analyses were performed using SigmaPlot
14 (Systat Software, San Jose, CA, USA). Statistical significance
was set at the 0.05 level. Intra-correlation reliability for repeated
measures of alveolar width in microCT and histology were calcu-
lated using intraclass correlation coefficient (ICC) two-way mixed
effect model, absolute agreement. ICC (95% Cl) for the repeated
measurements were as follows: 0.985 for the measurements on
microCT and 0.930 on histology.

1000 pm

FIGURE 5

Illustration of the histomorphometric measurements.
The coloured area defined as the region of interest, fixation

screw excluded in black. Green = DBBM, blue = TiO,

scaffold, yellow = new bone within graft material, red = non-
mineralized connective tissue

3 | RESULTS

Post-operative healing following surgery was uneventful. At the
time of euthanasia, the top lateral part of three TiO, blocks in the
4-week healing sites was partially exposed, but was included in sub-
sequent analyses. MicroCT analysis showed one posterior site in the
4-week DBBM particles group without DBBM materials, which was
excluded from following analysis. Accordingly, the number of units
analysed in this group was one less than presented in Table 1.

3.1 | MicroCT

The microCT analysis demonstrated similar total alveolar bone width
for all groups. The overall width including lateral volume augmen-
tation by the graft materials was larger for the TiO, block group
compared with the DBBM particulate and empty control groups
(Figure 3b, Table S1). At the 4-week healing time, only minute quan-
tities of lateral bone formation were observed within grafted sites.
At 12 weeks, the DBBM particulate group demonstrated no statisti-
cally significant differences in lateral bone formation versus the TiO,
block group (Table 2). The TiO, blocks constituted a significantly
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TABLE 2 Results of linear
measurements on microCT
reconstructions for width of new bone
formation (mm), measured at the six
millimetre increments

Mm Increments

o U1 A WN

4 W DBBM 4 WTiO, 12 W DBBM 12 WTiO,
group group group group
mm (SD) mm (SD) mm (SD) mm (SD)
0.06 (0.15) 0.02(0.06) 0.37 (0.44) 0.19 (0.19)
0.06 (0.13) 0.02 (0.05) 0.56 (0.61) 0.17 (0.15)
0.02 (0.04) 0.03(0.07) 0.41(0.64) 0.08 (0.09)
0(0) 0.02 (0.06) 0.30(0.28) 0.08(0.13)
0.02 (0.06) 0(0) 0.25(0.33) 0.07 (0.07)
0(0) 0(0) 0.16 (0.27) 0.10 (0.23)

Note: Presented as mean values with standard deviation. No statistically significant difference was
found between positive control and test group at 4 and 12 weeks healing time.
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FIGURE 6 Bar chart of graft volumes. Statistically significant
difference (p < .001) denoted by asterisk (*)

larger volume (mean: 145.8 mm® + 39.2 mm?®) compared with the
DBBM particles (mean: 92.9 mm?® + 42.3 mm?®, p < .001) (Figure 6).
The TiO, block sites maintained a convex profile, but eight
seemed over-contoured to varying degrees compared with a nor-
mal ridge. Twelve out of sixteen scaffolds had either bone ingrowth
within the porous structures or were in intimate contact with the
bone. One scaffold was only partly in contact and three were not
in contact with bone. Three out of these four scaffolds were those

exposed clinically. In large, the scaffolds maintained their shape, but
fractures were observed, usually at the edges and around the fix-
ation screw. Scaffold segments accumulated at the bottom of the
defect in sites of fracture (Figure 3a). In the DBBM particulate group,
the arrangement of granules varied from natural ridge shapes, to a
more scattered distribution. Eleven sites in this group demonstrated
migration of DBBM particles towards the lingual side or apically
below the defect base. Clusters of granules were in all but one site
in close contact with bone. Stray granules were frequently observed
in the sites of TiO, blocks and empty controls. This was also found
for fractured TiO, scaffold pieces, but to a less extent. In the empty
controls, five sites contained both DBBM granules and pieces of
scaffold, and six sites contained DBBM granules. Thus, only five
empty control sites were exempt of graft material migration from the
adjacent sites of TiO, blocks and DBBM particles. These migrated
particles were in general not confined or in contact with bone and
appeared free-floating on the microCT scans. The ridge profile was
in these sites concave. Ridge profiles were well-contoured when
graft materials were not observed.

3.2 | Histology

In general, there was more new bone formation after 12 than
4 weeks healing in all groups. The contour of the alveolar bone in
the empty controls after 12 weeks appeared to follow the natu-
ral contour of the alveolar bone in contrast to the DBBM parti-
cles and TiO, blocks (Figure 7). In the TiO, block group, 12 of the
scaffolds were clearly integrated or in close contact with the bone
(Figure 8), whereas four presented visible space between the scaf-
fold and bone confirming the microCT results. The scaffolds were
for the most part intact, although sections close to the fixation
screw demonstrated broken struts in the central part, as described
for microCT analysis. These TiO, particles could be found at the
apical portion of the defect but did not seem to affect the healing
process (Figure 7c).

Within the TiO, blocks and DBBM granules in close contact with
bone organized dense laminar features could be observed, which may
be compatible with early mineralization. This was more pronounced in
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FIGURE 7 Histological samples of 4-week healing time. (a) Negative control, (b) positive control and (c) test group. All sites demonstrated
well-contoured profiles of bone and grafted area. (d - e) Higher magnification images of the highlighted areas above. (d) DBBM granule
migrated from adjacent site. Note that the particle is not in contact with bone. (e - f) Grafted material in close contact with parent bone.
Note the dense, unidentified laminar structures between the graft materials, particularly pronounced in the test group (f)

the TiO, blocks than in the DBBM particles (Figure 7e,f) and could also
be seen in close contact with new bone (Figure 8d). These structures
were also observed in the empty controls, but to a much less extent and
only if graft particles had migrated from adjacent sites (Figure 7d). In
DBBM particulate and TiO, block sites where new bone was seen, this
was confined to the regions of the graft in contact with parent bone.
No new bone formation was found at the lateral regions of the grafts.

The shape of the grafted area varied greatly for the DBBM par-
ticles, some of which formed a natural shape of the alveolar ridge,
while other sites contained only scarce amounts of graft particles.
Both DBBM particles and broken scaffold struts were often found
outside of their confined sites, not in contact with bone. This was
more pronounced for the DBBM particles as DBBM particles could
be found in most of the adjacent sites.

3.3 | Histomorphometry
The bone width measurements are presented in Figure 4b. For the

coronal four millimetres, the empty control sites demonstrated more
lateral new bone formation than the sites with graft materials. A

statistically significant difference was observed at 12-week heal-
ing, millimetre increment 2, between DBBM particulate group and
empty control group.

The area analyses are presented in Table 3. At 4 weeks healing
time, the DBBM particulate sites demonstrated a statistically signif-
icant higher fraction of new bone of 1.87% + 2.55% compared with
0.17% + 0.33% in the TiO, blocks (p = .021). The TiO, blocks had a
higher porosity and thus constituted a significantly smaller fraction
of the ROI than the DBBM particles, 12.06% + 4.38% compared with
22.63% + 10.12% (p = .037). At 12 weeks healing time, no statisti-
cally significant difference was found between DBBM particulate
and TiO, block sites for new bone formation. Both groups demon-
strated an increase in the fraction of new bone from 4 to 12 weeks
healing time. The DBBM particles increased to 9.69% + 11.27%
while the TiO, blocks increased to 5.48% + 5.29%, which was a sta-
tistically significant difference compared with the new bone fraction
at 4 weeks healing time (p = .003).

In the TiO, blocks, migrated DBBM granules constituted
2.2% + 2.1% and 3.4% + 2.5% of the ROl at 4 weeks and 12 weeks
healing time, respectively. For the DBBM particles, the fraction of
migrated TiO, scaffold pieces was 0.1% + 0.3% and 0.4% + 0.7%.
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FIGURE 8 Histological samples of 12-week healing time. (a) Negative control, (b) positive control and (c) test group. (d) Higher
magnification images of the highlighted area in (b). DBBM granules clearly integrated in bone and novel bone formation at the interface.
Note the dense, unidentified laminar structures in contact with novel bone (e) Higher magnification images of the highlighted area in (c)

demonstrated bone growth within the porous structures of the scaffold

TABLE 3 Results of histomorphometric measurements for the
constituents within the region of interest (ROI)

4 Week 12 Week
Mean%  SD Mean%  SD
DBBM particles group
DBBM particles 22.6 10.1 19.5 6.6
TiO, 0.1 0.3 0.4 0.7
New bone 1.9 2.6 9.7 11.3
TiO, block group
DBBM particles 2.2 2.1 34 2.5
TiO, 12.1 4.4 14.0 3.7
New bone 0.2 0.3 5.5 5.3

4 | DISCUSSION

This study demonstrated that lateral augmentation by GBR in
chronic bone defects with the use of a synthetic bone TiO, block
and a collagen membrane withheld a greater width and volume
augmentation, but presented less new bone formation at 4 and
12 weeks, as compared to DBBM particles or empty controls.

The TiO, blocks have in previous studies demonstrated potential
for angiogenesis and bone ingrowth in acute defect models (H. J.
Haugen et al., 2013; Tiainen et al., 2012; Verket et al., 2016). In the
present study, new bone formation within the grafted region was
also observed in a chronic bone defect model. The extent of new
bone formation is in part similar to other studies in chronic bone
defects. Sanz et al. utilized the same surgical protocol in the beagle
dog, but different healing times and a DBBM in a collagen matrix
(Sanz et al., 2017). The reported amount of graft material within
the region of interest when using DBBM in collagen and a col-
lagen membrane was 17%, 22% and 16% after 2 weeks, 6 weeks
and 3 months, respectively. These findings are comparable with
the present study, but the authors reported a considerably higher
amount of new mineralized tissue formation: 7%, 26% and 36%
after the three healing times, respectively. However, the horizon-
tal linear measurements of new mineralized tissue after 3 months
were 0.79 + 0.39 mm, 0.35 + 0.24 mm and 0.46 + 0.6 mm, which
coincided more with the results of the present study. The differ-
ences may partly be due to different histological processing and
thresholding, or differences in the defined total grafted area. Even
though the DBBM material was embedded in collagen blocks in
the study by Sanz and co-workers, particles were still found to
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migrate to adjacent membrane-covered sites and constituted
6%-7% of the ROI at all three-time points. Lee et al. employed a
similar defect model, also in the beagle dog, to evaluate two differ-
ent biphasic calcium phosphate (BCP) block bone grafts and two
different collagen membranes (Lee et al., 2020). Their horizontal
linear histomorphometric analysis showed increased bone width
at four weeks, ranging from 0.05 mm to 1.01 mm for the differ-
ent materials tested. However, the measurements after 8 weeks
healing were comparable with the results found in the present
study after 12 weeks, with a range from 0.00 mm to 1.13 mm.
After 16 weeks, one of the BCP materials rendered increased bone
width varying from 0.29 mm to 3.24 mm at the five incremental
measuring points, while the other material ranged from 0.08 mm
to 0.37 mm. The authors hypothesized a slow bone formation
process in this defect model. Slow bone formation was also found
by Araujo et al. when autologous bone and DBBM blocks were
compared in a chronic bone healing defect model in dogs (Araujo
et al., 2002). They reported an amount of new mineralized bone
of 23% + 3% for DBBM and 47% + 5% for autologous bone after
6 months. The authors found that DBBM blocks maintained its
volume and resorbed slowly. They reported that the new bone
within the graft extended from the parent bone. Only limited bone
formation was observed in peripheral areas.

The present study found a similar osteoconductive growth pat-
tern for both graft materials. For all groups, the average total width
of the alveolar bone increased from the 4-week healing time to 12-
week healing time. The gain was largest for the empty controls, fol-
lowed by the DBBM particles and TiO, blocks. This suggests slow
bone regeneration in this model and particularly for the grafted sites.
These findings coincide with a network meta-analysis by Al-Moraissi
et al. suggesting that materials with a slow resorption rate results in
slower bone formation compared to autogenous grafts (Al-Moraissi
et al., 2020). However, studies have also reported higher regenera-
tion of bone at the early stages of healing in chronic bone defects
(Schmid et al., 1997; Stavropoulos et al., 2001). A longer observation
period in the present study would provide further information about
the scaffold's osteoconductive potential.

The TiO, blocks’ ability to withhold the augmented volume over
the observed healing times in the present study was confirmed both
by two-dimensional width measurements and volumetric measure-
ments of the grafts. This suggests a potential for this material to be
combined with growth factors or osteoinductive factors to enhance
new bone formation. Bone morphogenetic proteins (BMP) and fibro-
blast growth factor (FGF) are potent osteoinductive factors which
may be used for bone regeneration (Dimitriou et al., 2011; Hallman
& Thor, 2008). The porous structure of the TiO, block may provide
a suitable carrier system for such factors (McKay et al., 2007), which
may yield an osteoinductive biomaterial with sufficient mechanical
strength.

The histomorphometric analysis showed a higher density of the
TiO, scaffold in this study compared with a study by Verket et al.
in the minipig (Anders Verket et al., 2016). The difference could be
due to the different animal and study designs, evaluating an acute

dehiscence defect versus a lateral augmentation in a chronic bone
defect model. As the defects in the present study were non-con-
tained, the loading exerted on the scaffold was probably higher.
Dogs may grind their cheeks against the cage upon surgery assorting
additional mechanical stresses to the bone graft, which differs from
a clinical situation.

Three TiO2 blocks were partly exposed at the final healing
time, whereas no exposure of the DBBM particulate graft was ob-
served. A recent systematic review on allogeneic and autogenous
block grafts reported considerable graft exposure incidences with
the use of block grafts for horizontal ridge augmentation (Starch-
Jensen et al., 2020). It is not unreasonable that a rigid block graft
is more prone to exposure as compared to the more adaptable na-
ture of particulate grafts. Hence, a limitation of the study is the
comparison not only of two materials with different surface to-
pography and chemical composition but also with widely differ-
ent architectural design. A previous in vitro study demonstrated a
higher porosity for TiO, particles as compared to DBBM particles
and a higher interconnectivity at pore sizes required for vascular
growth (Sabetrasekh et al., 2010). This corroborates the histo-
morphometric findings from the present study. Despite this dif-
ference, the more bone ingrowth in DBBM particle sites could be
due to the particulate nature of this material as compared a rigid
block. A previous clinical study compared corticocancellous al-
lograft blocks to a particulate graft mix of DBBM and autogenous
bone for mandibular augmentation (Amorfini et al., 2014). The au-
thors reported similar volumes of regenerated bone as assessed
by CBCT after 1 year.

Even though fractures of the TiO, blocks were observed, the ar-
chitecture was maintained suggesting adequate mechanical strength
in this model. Combined with its non-resorbable property, this may
be considered an advantage in cases where the space-maintaining
function is needed for a longer time period. The differences between
acute and chronic models may explain the noticeably lower amount
of new bone formation within the TiO, blocks in the present study.
Verket et al. reported a mean new bone fraction of 37% + 14.6%
by histomorphometric measurements, while Haugen et al. reported
a median fraction of 31.7% (26.5%-38.3%) by volumetric microCT
measurements (H. J. Haugen et al., 2013; Anders Verket et al., 2016).
GBR in chronic defects is clinically more relevant and challenging,
as freshly created and contained defects do not represent a clinical
situation.

Complications with exposure of fixation screws or grafts, bio-
film formation and inflammation are frequently reported in GBR
(Olsen et al., 2004; Schwarz et al., 2010; Simion et al., 2006; Yeo
et al., 2012). Four of the scaffolds were not in intimate contact with
bone, despite the use of both fixation screw, membrane and pins
(Mir-Mari et al., 2016). Three of these were found clinically exposed
at the end of the study. One may speculate whether the scaffolds
were erroneously fixated or disengaged during healing. The fixation
screw had a relatively small head, which concentrated the tightening
forces on a small area of the brittle scaffolds. A better force distribu-

tion could potentially improve stability for this particular material. In
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the present study, DBBM granules and broken TiO, block particles
were found to migrate to adjacent defect sites. This may have af-
fected the results for the empty control sites, as only five were truly
empty at the time of harvest.

The analysis of chronic bone defects is challenging since each de-
fect heals uniquely. Borders and baselines are difficult to define and
subjective thresholds reduce the validity of the analysis. This com-
plicates comparison of different sites and materials. In the present
study, the contour of the graft materials was assumed the baseline
border for GBR. The TiO, blocks were fixed and thus defining the
baseline border for GBR by the contour of the graft materials seems
rational. Some dislocation of the DBBM particles cannot be ruled
out, which may have lead to discrepancies of the defined baseline
border for this group. In the study by Sanz et al., polarized light was
used to distinguish the line of demarcation between parent bone
and newly formed bone (Sanz et al., 2017). Attempts to replicate
this method failed to discriminate between bone formed after de-
fect creation and following augmentation. A longer healing time of
3 months prior to GBR compared with 2 months in the present study
could explain why this was not achievable. More samples and control
groups may provide further and more precise comparisons between
the groups. The histological analysis in this study could not precisely
identify all structures within the grafted materials and further stud-
ies, histological and immunohistochemical analyses are warranted.

5 | CONCLUSION

In conclusion, within the limitations of the study, the largest lateral
volume augmentation was obtained with the non-resorbable TiO,
blocks. The TiO2 blocks demonstrated less new bone formation
than the DBBM particles. However, the largest width of mineralized
bone was observed with the use of a collagen membrane only.
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Abstract

Objectives: To evaluate osteogenic markers and alveolar ridge profile changes in
guided bone regeneration (GBR) of chronic noncontained bone defects using a non-
resorbable TiO, block.

Materials and Methods: Three buccal bone defects were created in each hemimand-
ible of eight beagle dogs and allowed to heal for 8 weeks before GBR. Treatment
was assigned by block randomization: TiO, block: TiO,-scaffold and a collagen mem-
brane, DBBM particulates: Deproteinized bovine bone mineral (DBBM) and a colla-
gen membrane, Empty control: Only collagen membrane. Bone regeneration was
assessed on two different healing timepoints: early (4 weeks) and late healing
(12 weeks) using several immunohistochemistry markers including alpha-smooth
muscle actin (a-SMA), osteopontin, osteocalcin, tartrate-resistant acid phosphatase,
and collagen type |. Histomorphometry was performed on Movat Pentachrome-
stained and Von Kossa/Van Gieson-stained sections. Stereolithographic (STL) models
were used to compare alveolar profile changes.

Results: The percentage of a-SMA and osteopontin increased in TiO, group after
12 weeks of healing at the bone-scaffold interface, while collagen type | increased in the
empty control group. In the defect area, a-SMA decreased in the empty control group,
while collagen type | increased in the DBBM group. All groups maintained alveolar profile
from 4 to 12 weeks, but TiO, group demonstrated the widest soft tissue contour profile.
Conclusions: The present findings suggested contact osteogenesis when GBR is per-
formed with a TiO, block or DBBM particulates. The increase in osteopontin indi-
cated a potential for bone formation beyond 12 weeks. The alveolar profile data
indicated a sustained lateral increase in lateral bone augmentation using a TiO, block
and a collagen membrane, as compared with DBBM and a collagen membrane or a

collagen membrane alone.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2022 The Authors. Clinical Implant Dentistry and Related Research published by Wiley Periodicals LLC.
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What is known

1 | INTRODUCTION

Guided bone regeneration (GBR) employs a membrane as a mechanical
barrier to avoid soft tissue involvement in the healing process. Thereby,
the osteogenic potential that achieves bone augmentation arises from
the bony defect's walls. The standard protocol commonly combines
graft material with a membrane to create space for new bone formation
and avoid soft tissue infiltration. Although some clinical studies
have shown predictable bone gain,? others have reported less bone
formation when using a graft material compared with when using the
membrane alone.>~¢

In a previous in vivo experimental study,” GBR with a collagen
membrane alone was compared with deproteinized bovine bone min-
eral (DBBM) and a ceramic TiO, scaffold. Less bone formation was
observed in the TiO, and DBBM groups when compared with mem-
brane alone group at the final follow-up time point after 12 weeks of
healing. However, the groups using bone replacement grafts demon-
strated increased volumetric lateral bone augmentation. In this study,
however, these findings were assessed by microcomputed tomogra-
phy and histomorphometry, where information could not be obtained
on the osteogenic dynamics during this observation period.

Osteogenesis during GBR undergoes a complex process of fine-
tuned coordinated phases. Initially, an inflammatory phase occurs
where leukocytes, including macrophages, are recruited. Subse-
quently, new blood vessels form and osteoblasts deposit an extracel-
lular matrix. A matrix maturation phase then follows before the final
mineralization phase, where osteoblasts remodel woven bone into
mature lamellar bone.®? The different stages of osteoblast growth
and differentiation can be identified either by specific gene expression
or by quantifying protein secretion using histochemical methods. In
the proliferation phase, there is a characteristic peak in collagen type
1 during the formation of bone extracellular matrix. Subsequently,
during the matrix maturation phase, collagen type | decreases and
osteopontin and osteocalcin increase, reaching their maximal expres-
sion during the mineralization phase.’® Other histochemical markers
like tartrate-resistant acid phosphatase (TRAP) and alpha-smooth
muscle actin (x-SMA) represent biological cues for osteoclast activity

and blood vessel formation, respectively. Hence, the quantification of

What this study adds
Immunohistological data obtained by microtome sectioning MMA embedded samples indicates

animal experimentation, bone regeneration, bone substitutes, guided tissue regeneration,
immunohistochemistry, xenografts

Lateral bone augmentation in chronic alveolar defects using a bone graft material usually leads
to contact osteogenesis. Histological analysis may be used to describe the morphological situa-
tion, but gives limited information of the potential for bone formation.

potential for further bone formation beyond 12 weeks healing.

these markers by histochemical analysis can study the stages of bone
development, including the required neoangiogenesis and bone remo-
deling processes.

Therefore, the primary aim of this study was to assess the osteo-
genic potential by evaluation and quantification of osteogenic markers
by immunohistochemistry (IHC), when using a bioabsorbable mem-
brane alone compared with the use of either an additional TiO, block
or DBBM particulates as bone replacement grafts. The secondary aim
was to assess the changes in the alveolar ridge soft tissue profile from

baseline to 4 weeks and 12 weeks by histomorphometry.

2 | MATERIALS AND METHODS

2.1 | Materials

A timeline of the study design is shown in Figure 1A. Porous ceramic
TiO, scaffold blocks were produced by foam replication. Teeth extrac-
tion and defect creation were performed according to the protocol of
Sanz and colleagues'! Three standardized defects were created in
each hemi mandible to a standardized box shape measuring 10 mm
mesiodistally, 10 mm apicocoronally, and 5 mm buccolingually using
bone burs under copious saline irrigation, and left to heal for 8 weeks
prior to GBR procedures. After 8 weeks healing, GBR surgery was
performed on the cortical bone of the one-wall defects. All recipient
sites were perforated with round burs, treated with GBR materials
(Figure 1B) and primary healing was obtained. The hemimandibles
were allocated to either 4 or 12 weeks of healing time. The three
defect sites were randomly allocated to the following treatment
groups:

1. TiO, block: TiO, scaffold (Corticalis AS, Oslo, Norway) covered by
a collagen membrane (BioGide®; Geistlich Pharma AG, 6110 Wol-
husen, Switzerland)

2. DBBM particulates: A xenograft of DBBM (Bio-Oss® Granules
0.25-1 mm, Geistlich Pharma AG, 6110 Wolhusen, Switzerland)
covered by a collagen membrane (BioGide®; Geistlich Pharma AG,
6110 Wolhusen, Switzerland)
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FIGURE 1

3. Empty control: A collagen membrane covered the defect
(BioGide®; Geistlich Pharma AG, 6110 Wolhusen, Switzerland)

The collagen membranes were fixated at the apical edges by tita-
nium pins (Botiss titan pins 3 mm, Straumann AG, CH-4002 Basel,
Switzerland) and the TiO, blocks were fixated with a bone block fixa-
tion screw 1.5 mm in diameter and 10.0 mm in length (Straumann AG,
CH-4002 Basel, Switzerland), adapted to fit the alveolar width. Fur-
ther details regarding the study design and material preparation have
been described previously.”

2.2 | Animal handling

This experimental in vivo investigation was designed in accordance
with the ARRIVE (Animal Research: Reporting of In Vivo Experiments)
guidelines for preclinical research.'? Its protocol was approved by the
Ethical committee at the Jesis Usén Minimally Invasive Surgery Cen-
tre (Caceres, Spain) and by the Director General of Agriculture and
Livestock (approval code: 2018209020003431).

A total of eight female beagle dogs (weight, 11-14 kg) were used.
The animals were kept in a 12:12-light/dark cycle at 21-22°C in indi-
vidual kennels and fed on soft pellet diet, being daily monitored by a
veterinarian. Prior to the study, all animals were inspected to ensure
the absence of oral disease or any dental conditions that would pre-
clude bone regenerative intervention. Two weeks prior and throughout

(A) Timeline of the study design. (B) Guided bone regeneration (GBR) procedure on noncontained defects. Showing the anterior
defect with deproteinized bovine bone mineral particulates, middle defect with a TiO, block secured with a fixation screw and the empty posterior
defect. Cortical perforations were performed at all recipient sites. All sites were covered with a collagen membrane stabilized by pin fixation.

the study, the animals were monitored for any signs or symptoms of
systemic disease.

During the surgical interventions, the animals were premedicated
with acepromazine (0.05 mg/kg/im., Calmo Meosan, Pfizer, Madrid,
Spain) and morphine (0.3 mg/kg/i.m., Morfina Braun 2%, B. Braun Medical,
Barcelona, Spain). Then they were first sedated with propofol (2 mg/kg/i.
v., Propovet, Abbott Laboratories, Kent, UK) and then general anesthesia
was applied using 2.5%-4% of isoflurane (Isoba-vet, Schering-Plow,
Madrid, Spain) under mechanically induced respiration. The animals were
then infiltrated locally with Lidocaine 2% with epinephrine 1:100 000 (2%
Xylocaine Dental, Dentsply, York, Pennsylvania) as local anesthetic. After
surgeries, the animals were administered Morphine (0.3 mg/kg/i.m.) for
the first 24 h and meloxicam (0.1 mg/kg/s.i.d./p.o., Metacam, Boehringer
Ingelheim Espana, Barcelona, Spain) for 3 days after surgeries to control
pain. Antibiotic therapy with amoxicillin (22 mg/kg/s.i.d./s.c., Amoxoil
retard, Syva, Ledn, Spain) was used for 7 days after the surgeries.

At the allocated healing times the animals were euthanized with a
lethal dose of sodium pentobarbital (40-60 mg/kg/i.v., Dolethal, Veto-
quinol, France) and their mandibles were dissected and fixed in formalin.

2.3 | Histological preparation and
histomorphometric analysis

Samples were dehydrated in an ascending series of alcohol and xylene
baths before embedding in methyl methacrylate and polymerizing at
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—20°C. The resulting embedded defect sites were divided into two
halves. One was allocated for microcomputed tomography and unde-
calcified histomorphometry, and was utilized for the recently pub-
lished results.” The other half was allocated to microtome sectioning
and staining with Movat Pentachrome and Von Kossa/Van Gieson. At
least four representative sites per treatment group per time point
were included for IHC staining. These samples were sectioned in the
middle of the defect in buccolingual direction in 5-um thickness onto
Kawamoto's film (SECTION-LAB Co. Ltd., Hiroshima, Japan) using a
motorized rotary microtome (Thermo/Microm HM 355 S, Thermo Sci-
entific GmbH, Karlsruhe, Germany).

Movat Pentachrome stain was used to quantify collagen.*® Von
Kossa/Van Gieson staining was used to quantify the extracellular
matrix mineralization.*

Histomorphometry was performed on slides scanned using an
AxioScan Z1 (Carl Zeiss, Germany) and analyzed using Image)
(ImageJ 1.53f51, National Institutes of Health, USA). The Trainable
Weka Segmentation plugin for Image) was used to quantify the
stained areas, as described by Malhan and colleagues®® In these
slides, three regions of interest (ROI) were chosen. (1) The buccal
half of the alveolar bone, including the grafted area, measured from
the tip of the alveolar crest and extending 10 mm apically (ROltot).
(2) An area representing the interface between bone and the graft
expanded 200 pm in both buccal and lingual directions (ROI400 pm).
In the empty control group, the area between bone and soft tissue
was measured, and graft materials were excluded if present. (3) An
area was determined from the same interface as for the ROI400 pm
but only expanded 20 pm in both buccal and lingual directions
(ROI' 40 pm).

24 | Enzyme histochemical and
immunohistochemical preparation and analysis

Sections were deplastified prior to staining. To show TRAP activity,
sections were incubated in Sodium Acetate buffer, Naphthol-AS-TR
phosphate (N6125-1G, Sigma, Germany) and Sodium Tartrate (Merck,
Germany) at 37°C for 60 min.

IHC was done using the following primary antibodies (Abcam
Company, Cambridge, UK): rabbit monoclonal (EPR53) to a-SMA,
rabbit polyclonal (OAA100188) to osteopontin, mouse monoclonal
(LS-C83497-100) to osteocalcin and rabbit monoclonal (EPR7785) to
collagen type I.

To study the blood vessel formation, a-SMA, osteopontin,
osteocalcin, and collagen type-lI were diluted in DAKO-Diluent
(S 0809), 1:400, 1:400, 1:1200, and 1:1200, respectively. Collagen
type-l, a-SMA, osteocalcin, and osteopontin staining were quanti-
fied as described for histomorphometry, using the same ROls. The
number of osteoblasts was counted manually in TRAP-stained
sections at the bone interface of ROIltot. Blood vessels were classi-
fied and quantified as circular, intermediate, or irregular by a-SMA
in ROI400 pm.

2.5 | Alveolar profile measurements

Individualized impression trays were fabricated for each animal. Silicon
impressions of the mandible were taken using a light/heavy putty (Elite
HD+, Zhermack spa, RO, Italy) prior to GBR procedure and at the end of
study. Cast models were poured with stone (Fujirock type 4, GC. Corp,
Tokyo, Japan), then optically scanned using a desktop 3D scanner (Zfx
Evolution Scanner, Zimmer Dental, Bolzano, Italy) to obtain STL files.
MeshLab 2022.02 was used to align the images.'® Buccolingual cross-
sections were made at the middle of the defect and exported to Image)
for analysis. ROl was defined as the buccal half of the mandible, from the
crest and 6 mm apically or until the mucogingival border. The impression
taken prior to GBR procedure was set as a baseline and changes in area
were measured in 2 mm increments in a coronoapical direction.'”

2.6 | Data analysis

Comparisons across groups were performed using parametric one-
way analysis of variance (ANOVA) for normalized datasets. Pairwise
multiple comparison procedures were done by Holm-Sidak method.
When the normality test or equal variance test failed, Kruskal-Wallis
one-way ANOVA on ranks was performed, and Dunn's method
performed pairwise multiple comparison procedures. All statistical
analyses were performed using SigmaPlot 14 (Systat Software, San
Jose, California). Statistical significance was set at the 0.05 level.

3 | RESULTS

3.1 | Histology and histomorphometry

3.1.1 | Movat pentachrome

Mineralized bone was characterized by a dark yellow staining of the
collagen. In intimate contact with this mineralized bone was a brighter
yellow-stained collagen network between the porous graft materials
for both DBBM and TiO, groups. This collagen network appeared
homogenous but presented fibers in random orientation. Cell nuclei
were evenly infiltrated within this collagen network. In addition, a col-
lagen membrane covered the pristine bone in the negative control
group and graft materials in DBBM and TiO, groups.

The fraction of collagen in the different ROIs is presented in
(Figure 2). For ROI400 pm at 12 weeks healing time, a significant dif-
ference was found between empty control group (median: 87.56%,
The interquartile range [IQR]: 81.21-90.46) and DBBM group
(median: 68.68%, IQR: 64.72-76.51; p < 0.05). The collagen fraction
decreased significantly from 4 weeks (median: 83.94%, IQR: 79.14-
87.99) to 12 weeks for the DBBM group (p < 0.05). The same signifi-
cant decrease was seen for DBBM group in ROI40 pm as well, from
4 weeks (median: 75.48%, IQR: 71.66-76.48) to 12 weeks (median:
67.97%, IQR: 42.34-70.90; p < 0.05).
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FIGURE 2 lllustrations of the different regions of interest (ROls) analyzed. ROltot showing a TiO, sample with osteocalcin stain, ROI400 pm
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osteopontin stain. Area with graft material was excluded. Box plots with statistical significance denoted by asterisks: *p < 0.05, **p < 0.01,

***p < 0.001. a-SMA, alpha-smooth muscle actin
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3.1.2 | Von Kossa/Van Gieson

A loosely connected extracellular matrix was seen in contact with
both DBBM and TiO, graft materials and filled the space between the
graft materials. The matrix was homogenous and similar for both
DBBM and TiO, groups.

The fractions of the extra cellular matrix (ECM) are presented in
Figure 3B-D. The empty control group exhibited a significantly lower
fraction of ECM compared with DBBM group and TiO, group at both
4 and 12 weeks. At 4 weeks: DBBM: median: 17.46%, IQR: 14.30-
31.12, empty control: median: 6.50%, IQR: 4.03-8.30, TiO,: median:
16.97%, IQR: 16.06-25.74. At 12 weeks: DBBM: median: 14.68%,
IQR: 9.51-18.44, empty control: median: 4.81%, IQR: 3.65-5.68,
TiO,: median: 22.00%, IQR: 17.02-27.64.

3.2 | Histochemical analyses

3.21 | Alpha-smooth muscle actin

Blood vessels were evenly distributed in the mineralized bone with no
apparent differences between the new and original bone of the alveo-
lar ridge for both 4 and 12 weeks healing time points. The empty
defects showed vascularization in the connective tissue buccal to the
bone, but only small amounts were observed in the close vicinity of
the cortical border (ROI400 pm and ROI40 pm). Both TiO, group and
DBBM group had ingrowth of blood vessels from the bone into
the grafted area, but primarily at the border. Quantification of blood
vessels by type at ROI400 pm; regular, moderately irregular, and irreg-
ular, demonstrated no differences between the group and timepoints
(Table S1).

For the ROltot, the percentage of stained a-SMA showed a signif-
icant decrease from 4 weeks (median: 3.83%, IQR: 3.16-5.47) to
12 weeks (median: 1.29%, IQR: 0.52-1.72) for empty control group
(p < 0.01). For ROI400 pum at 4 weeks, empty control (median: 4.68%,
IQR: 3.21-5.95) was significantly higher than TiO, group (median:

0.93%, IQR: 0.78-1.15; p < 0.05). The TiO, group also showed a sig-
nificant increase from 4 to 12 weeks (median: 2.41%, IQR: 1.70-4.33;
p < 0.01). For ROI40 pm at 4 weeks, empty control (median: 10.26%,
IQR: 4.07-11.10) was significantly higher than both DBBM group
(median: 3.43%, IQR: 1.49-7.30) and TiO, group (median: 1.47%, IQR:
1.03-1.81; p < 0.05). TiO, group showed a significant increase from
4 to 12 weeks (median: 4.94%, IQR: 2.30-9.84; p < 0.01).

3.2.2 | Collagen
Collagen type | was detected by IHC in all samples. The mineralized
bone was easily distinguishable with increased intensity along the
bone border (Figure 4). For TiO, and DBBM groups the intensity of
collagen staining was weaker between the graft materials compared
with mineralized bone, but similar to the surrounding extracellular
matrix.

For ROltot a significant increase was seen for DBBM group from
4 weeks (median: 26.19%, IQR: 14.27-47.94) to 12 weeks (median:
57.76%, IQR: 47.54-65.35; p <0.05). At ROI40 um a significant
increase was seen for empty control group from 4 weeks (median:
47.13%, IQR: 37.54-63.14) to 12 weeks (median: 64.20%, IQR:
57.58-72.60; p < 0.05).

3.23 | Osteocalcin
Osteocalcin intensity was similar across all groups and time points.
For example, a homogenous staining of the prestine alveolar bone
was observed, and no osteocalcin stain was seen in the grafted area.
For ROltot, at 4 weeks the negative controls (median: 50.83%,
IQR: 45.34-67.03) were significantly higher than both DBBM group
(median: 32.86%, IQR: 31.23-40.15) and TiO, group (median: 33.17%,
IQR: 26.30-33.98; p < 0.01). At 12 weeks, a significant difference was
found between negative control (median: 62.01%, IQR: 56.35-66.98)
and TiO, group (median: 33.68%, IQR: 27.76-43.00; p < 0.01). No
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significant differences were found between the groups or from 4 to
12 weeks for ROI400 or ROI40 pm.

3.24 | Osteopontin

Osteopontin staining was found along the osteons' borders, result-
ing in a heterogeneous staining of the mineralized bone. Increased
intensity was seen at the cortical borders of the defect site for all
groups. Within the grafted areas, the intensity of osteopontin was
weaker and observed on the surface of both DBBM and TiO,. Osteo-
pontin was not seen in the space between the graft materials. For
ROIltot at 4 weeks, empty control (median: 10.09%, IQR: 4.28-7.64)
was significantly higher than TiO, group (median: 5.77, IQR: 3.71-
7.71; p < 0.05). For ROI400 pm, TiO, group demonstrated a signifi-
cant increase from 4 weeks (median: 5.22%, IQR: 3.08-7.30) to
12 weeks (median: 14.66%, IQR: 11.31-17.45; p < 0.001). This was
also seen at ROI40 pm for TiO, group from 4 weeks (median:
15.08%, IQR: 7.41-19.49) to 12 weeks (median: 31.24%, IQR:
27.44-34.58;p < 0.01).

ol l-} ﬁ_

T
4W 12w

T T
4W 12w 4w 12w

(A) Osteoclast in a Howship lacuna, (B) Double asterisks denote statistical significance (p < 0.01). DBBM, deproteinized bovine

3.2.5 | Tartrate-resistant acid phosphatase
Osteoclasts were identified in 35 out of 46 samples within the ROI.
Qutside the ROI, osteoclasts were also found on the surface of the
DBBM particulates close to the bone (Figure 5A). The TiO, group
demonstrated a significantly decrease in the number of osteoclasts
from 4 weeks (median: 4.0, IQR: 1.5-5) to 12 weeks (median: 0.5,
IQR: 0-1.75; p < 0.01; Figure 5B).

3.3 | Alveolarridge profile

At 4 weeks of healing, a significant difference was seen between neg-
ative control and TiO, group at the mid portion, median: 1.38 mm?,
IQR: —0.30 to 1.88 and median: 3.62 mm?, IQR: 2.41-5.22, respec-
tively (Figure 6B; p < 0.05). A significant difference between negative
control and TiO, group were also seen at the low portion, median:
1.24 mm?, IQR: 0.89-2.72 and median: 4.65 mm?, IQR: 3.38-4.96,
respectively (p < 0.05). At 12 weeks healing, a significant difference
was seen between negative control and TiO, group at the mid
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portion, median: 0.47 mm?, IQR: 0.10-1.53 and median: 3.27 mm?,
IQR: 1.92-4.92, respectively (p < 0.01). At the low portion, a signifi-
cant difference between negative control (median: 0.61 mm?, IQR:
—0.03 to 1.48) and TiO, group (median: 4.66 mm?, IQR: 2.84-4.90;
p < 0.001) and DBBM group (median: 1.93 mm?, IQR: 0.96-2.95;
p < 0.01). No significant difference was observed from 4 to 12 weeks

of healing in any group.

4 | DISCUSSION

This study demonstrated that GBR in chronic defects using a TiO, block
led to an increase of a-SMA and osteopontin from 4 to 12 weeks at the
bone-scaffold interface. In the DBBM group, an increase in collagen type
| was observed for ROltot, while the negative control group showed
decreased a-SMA in ROItot and increased collagen type | at ROI40 pm.
The findings suggest contact osteogenesis when GBR is performed with
a TiO, block or DBBM particulates. The increase in osteogenic markers
indicates potential for bone formation beyond 12 weeks. In addition, the
alveolar profile data showed a sustained lateral increase using a graft
material against negative control.

These findings were in accordance with previous studies demon-
strating osteoconductivity of TiO, blocks in preclinical models.”*8 In
addition, osteoblasts' enhanced osteopontin and vascular endothelial
growth factor secretion by osteoblasts on TiO, have also been dem-
onstrated in cell cultures compared with a SiO, surface.? The
increased osteopontin at the bone border and around graft materials
coincides with previous reports.2°~22 Osteopontin is required for bone
formation and facilitates osteoblast and osteoclast adhesion.?>"2> As
both osteopontin and blood vessels are essential for osteogenesis, an

increase in osteopontin and a-SMA from 4 to 12 weeks may indicate

a potential for further bone growth. No uniform distribution of osteo-
genic markers could be found in any site, as can be done by in vitro
assessment of osteogenic expression.’® However, this may be
expected as a large site in vivo demonstrates different niches with
varying osteogenic development in the augmented compartment. For
a more homogeneous comparison, a ROl at the interface between
bone and graft was considered to describe the osteogenesis across
groups.

For the empty control group, a-SMA-stained blood vessels signifi-
cantly decreased from 4 to 12 weeks in ROltot, but not in ROI40 and
ROI400 pm. This change was not observed for DBBM or TiO, groups.
The different defect areas could explain this result. The regions evalu-
ated for TiO, blocks and DBBM particulates included the area with
graft materials and the interface of bone and graft material, whereas
empty control sites consisted of bone and adjacent soft tissue. This
difference was evident by evaluating the extracellular matrix fraction
with Von Kossa/Van Gieson stain, where ROItot constituted primarily
mineralized bone in negative controls and no unmineralized grafted
area. However, the results could also indicate a lower osteogenic
activity at 12 than 4 weeks at negative control sites. Bone graft mate-
rials have been shown to delay initial bone regeneration as compared
with empty control sites.?% Faster initial healing at empty control
sites covered by a collagen membrane was expected compared with
DBBM-grafted and TiO,-grafted sites.

One advantage of using graft materials in GBR is space mainte-
nance under the cell occlusive membrane.?”?® It has been shown by
microCT measurements that both DBBM particulates and TiO, blocks
preserved the space 12 weeks after GBR procedure. This study cor-
roborated the results in alveolar contour change, which implied the
soft tissue profile adapted to the graft materials. The STL images also
made it possible to compare baseline alveolar shape prior to surgery
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with the shape after 4 and 12 weeks. A minor resorption was found at
the top increment in the negative control group, as expected when a
flap was raised and the bone crest exposed to perform GBR.2? A tis-
sue loss at the coronal part was also found for the DBBM group but
not for the TiO, group. This may be attributed to the different han-
dling and properties of materials used in the chronic, noncontained
defects. For example, in the middle and lower part of the ridge, the
TiO, group was significantly wider than the empty control group. The
DBBM group was not statistically significantly wider than the empty
control group. This was expected, as a block graft material is more sta-
ble than a particulate. Graft dislocation following wound closure may
also contribute to the reduced alveolar width at the coronal portion,
especially for the particulates. As shown in an in vitro study by Mir-

Mari and colleagues,*®

compressive forces on the augmented sites
could not be totally avoided, even though a clinically tension-free flap
closure was achieved. The authors reported enhanced stability of the
particulates by application of fixation pins or by the use of a block
graft as compared with particulated bone substitutes. The effect of
graft dislocation was found to be substantiated in one-wall bone
defects as compared with self-contained defects.®* The authors found
GBR with additional membrane fixation resulted in higher volume sta-
bility than without fixation and even better stability when a titanium-
reinforced membrane or a bone block was used. In this study, the col-
lagen membrane was secured with metal pins. A reinforced membrane
may have been beneficial for the particulate group; however, that
would add another variable in the healing process. Additionally,
DBBM with a resorbable collagen membrane is a commonly used and
well-documented procedure for augmentation and therefore chosen
as a positive control.3?

The results from the alveolar ridge profile measurements in this
study were partly in agreement with reported findings from Di Rai-
mondo and colleagues,’” who found a larger increase of the alveolar
profile in the apical as compared with the coronal portions and a more
significant increase for sites that included graft materials as compared
with negative controls. However, the authors also demonstrated that
a membrane alone significantly increased the alveolar contour, in con-
trast to this study. This may be explained by the difference in the
defect model, as Di Raimondo and colleagues assessed peri-implant
dehiscence defects.

To the best of the authors' knowledge, few studies have reported
the IHC characterization of lateral bone augmentation in chronic
defects. Schwarz and colleagues®® reported on GBR with a biphasic
hydroxyapatite and beta-tricalcium phosphate compared with a
collagen-coated DBBM, whereas Cha and colleagues®* studied GBR
using a biphasic calcium phosphate ceramic compared with DBBM
and also empty defects without a membrane. Both authors reported
on peri-implant dehiscence defects in dogs, respectively, on acute and
chronic defect models.

Cha and colleagues reported a significantly higher osteocalcin
intensity at 8 weeks for sites treated with DBBM than sites treated
with a biphasic calcium phosphate and empty sites with no mem-
brane. At 16 weeks the osteocalcin intensity was similar across all

groups. The authors observed osteocalcin around the mature bone.

WILEY_L_?®

Schwarz and colleagues reported osteocalcin antigen reactivity in the
connective tissue adjacent to DBBM and beta-tricalcium phosphate
granules. This was not seen in this study, where a stable intensity
from 4 to 12 weeks was observed in mineralized bone only. The
empty control group had the highest intensity in ROItot, but no differ-
ences were found otherwise. The lower intensity seen in the DBBM
and TiO, groups compared with this study's empty control group may
indicate early osteogenesis as osteocalcin is a marker of the later
stages.%”

The comparable intensity of osteopontin was found across
the groups at 8 and 16 weeks by Cha and colleagues. Osteopontin
was situated around bone borders and graft particulates, according to
this study. However, in this study, a higher intensity was found in the
empty control group than the TiO, group at 4 weeks for ROIltot, and
the TiO, group demonstrated increased intensity from 4 to 12 weeks
in both ROI40 and ROI400 pm.

Cha and colleagues reported no different TRAP counts for the
DBBM group as compared with the empty control group, in agree-
ment with this study. The biphasic calcium phosphate bone substitute
demonstrated a significant increase in TRAP count from 8 to
16 weeks, which was hypothesized to be due to the resorption and
following calcium and phosphate release from the biomaterial. As this
study used a nonresorbable scaffold, no change in TRAP count was
anticipated for the TiO, group. In addition to the different models
used by Schwarz and colleagues and Cha and colleagues, these studies
also applied different methods for immunohistochemical analysis.
Schwarz et al. used the cutting and grinding technique for MMA
embedded samples,®® whereas Cha and colleagues embedded the
samples in paraffin. The different techniques may further explain the
different results found compared with this study.

When compared with a previous study,” where methyl methacry-
late sections were prepared by cutting and grinding, the use of micro-
tome sectioned samples in this study presented several benefits.
Above all, the 5 pm thin sections could be deplastified and decalcified
after microtome sectioning. Decalcifying is usually performed on the
bulk sample prior to paraffin embedding and sectioning. However,
decalcification would not affect the ceramic TiO, scaffold and would
be impossible to cut when placed in soft decalcified tissue. The pre-
sent method described by Malhan and colleagues®® allowed for histo-
chemical staining of TiO, containing samples without the need for
specialized equipment like laser microtomes.®” By decalcifying 5 um
sections, the process was also quicker than bulk decalcifying. In addi-
tion, this technique yielded a higher number of sections as no material
was lost by cutting and grinding. Ultimately, this may reduce the
required number of animals, according to the principles of humane
experimental technique.®® In this study, the thinner sections also
resulted in better image quality. As previously reported, a dense struc-
ture was observed as a dark substance between the graft materials.”
With the thinner sections, a collagen network in the extracellular
matrix was clearly identified from Movat Pentachrom and Von Kossa/
Van Gieson stain. However, there were challenges with the methacry-
late infiltration. Some samples were not adequately fixated. As a

result, some sections had to be excluded in the analyses.
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This study results should be interpreted with care due to the
experimental nature of the study as well as the limited number of ani-
mals. In addition, the heterogeneity in study designs for GBR makes a
comparison between studies challenging. The low number of treatment
groups was also a limitation, and a DBBM material in block configura-
tion could have served as a more relevant control in this study design.
Further studies should also evaluate if the regenerated tissue obtained
with TiO, blocks will be stable over time and allow a reliable osseointe-
gration of implants. Finally, despite the indications of osteogenic differ-
entiation, a longer observation time is required to confirm future bone
formation.

5 | CONCLUSION

In conclusion, within the study's limitations, the findings suggest con-
tact osteogenesis when GBR is performed with a TiO, block or DBBM
particulates. The increase in osteopontin markers indicates potential for
osteogenesis beyond 12 weeks in this model. However, the alveolar
profile data indicated a sustained lateral increase in lateral bone aug-
mentation using a TiO, block and a collagen membrane, as compared
with DBBM and a collagen membrane or a collagen membrane alone.
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