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In the last few years, several brands of biomaterials, such as
natural and artificial polymers, ceramics, and metals, were
developed in the clinical application. In the maxillofacial
area, different types of materials have been applied for bone
regeneration and for replacing autologous bone graft [1–3].
Tissue engineering and stem cell carrier materials usually
develop tissue-biomaterial interactions that suitably recapitulate a tissue or organ and integrate well with surrounding
tissues, which can achieve the desired results in human
patients and greatly reduce postoperative discomfort. The
maxillofacial surgery application of growth factor carriers
and bone substitute has considerably broadened within the
last decades. The use of bioengineering materials needs to
move towards new dental treatment concepts based on being
safe and predictable for daily practice application. The shape
and microscopical structure of novel materials should be able
to give clinicians the possibility of safely obtaining the new
tissue in the place of the pathological, removed hard and soft
tissue [4, 5].
It was a pleasure to invite contributors and researchers
to submit original research articles as well as review articles
to state and extend the field of biomaterial and maxillofacial
reconstruction techniques.
The topic is pretty wide and this special issue may be
directed also to anatomy, histology, biology, and bioengineering researchers in order to have a current understanding of

the state of the art in all the possible applications. Topics
include new biomaterials and techniques of regenerative
and reconstructive surgery; new scaffold used for growth
factor carriers; new therapies for large hard and soft tissue
reconstruction in the maxillofacial area; new bone graft
strategies for reducing patient postoperative discomfort; new
tissue engineering devices for having safe, predictable, and
long-term results in their clinical application.
A number of fifteen papers were submitted for this special
issue. Our distinguished reviewers from respective research
fields underlined the field to eight papers, which were finally
accepted. The following is a short summary of the outcomes
of each of these manuscripts.
D. Baldi et al. evaluated the correlation between insertion
torque (IT) and implant stability quotient (ISQ) in tapered
implants with knife-edge threads. The authors concluded that
the strength of the association between IT and ISQ value was
significant for both the entire sample and the medium torque
group, while it was not significant in low and high torque
groups. For the investigated implant, ISQ and IT showed a
positive correlation up to values around 50 N/cm: higher
torques subject the bone-implant system to unnecessary
biological and mechanical stress without additional benefits
in terms of implant stability.
Y.-T. Wang et al. analyzed the structural optimization of
anatomical thin titanium mesh (ATTM) plate and optimal
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designed ATTM plate fabricated using additive manufacturing (AM) to verify its stabilization under fatigue testing.
This study concluded that the optimal designed ATTM plate
with enough strength to resist the bending effect can be
obtained by combining FE and Taguchi analyses. The optimal
designed ATTM plate with patient-matched facial contour
fabricated using AM provides superior stabilization for ZMC
comminuted fractured bone segments.
J. Li et al. investigated effect of aimed-control design on
mass transfer and tissue regeneration of porous implant with
regular unit cell. Two shapes of unit cells (Octet truss and
Rhombic 21 dodecahedron) were selected, which have similar
symmetrical structure and are commonly used in practice.
This study confirmed that porous implant with different unit
cell shows different performances of mass transfer and tissue
regeneration, and that unit cell shape and strut size play vital
roles in the control design. These findings could facilitate
the quantitative assessment and optimization of the porous
implant.
O. B. Agrali et al. evaluated the regenerative capacity of
HA matrix in rat calvarial bone defects compared with those
of different combinations of resorbable collagen membrane
(M) and bovine derived xenograft (G). The authors concluded
that HA matrix, used alone or in combination with G and M,
did not contribute significantly to bone regeneration in rat
calvarial bone defects.
R. L. Giudice et al. evaluated if a steam sterilization could
provide a medical grade sterilization of the blocks and if bone
microstructure and collagen structures change after different
steam sterilization protocols provided by mainstream autoclave. Data show that autoclave steam sterilization could be
reliable to obtain sterilization of equine bone blocks.
R. Rullo et al. assessed, with clinical, radiographic, and
histological evaluations, the efficacy of piezoelectric devices
compared to traditional rotating instruments in the bone
harvesting in patients with history of cleft. The authors
concluded that the application of the piezoelectric items in
bone harvesting allows a slight improvement in the final
volume. This supports a faster integration into the receiving
site. The use of piezoelectric device in patients with history
of orofacial cleft that needed bone graft represents a method
to be taken into consideration because it has interesting
advantages.
T. Lombardi et al. researched, with three-dimensional
analysis, the effectiveness of alveolar ridge preservation
(ARP) after maxillary molar extraction in reducing alveolar
bone resorption and maxillary sinus pneumatization when
compared to unassisted socket healing. The authors suggested
that ARP performed after maxillary molar extraction may
reduce the entity of sinus pneumatization and alveolar bone
resorption, compared to unassisted socket healing. This technique could decrease the necessity of advanced regenerative
procedures prior to dental implant placement in posterior
maxilla.
N. Mazzone et al. reported their experience using a
synthetic bone substitute in combination with Platelet Rich
Fibrin (PRF). This technique was applied in different zones of
the maxillomandibular district. The procedure showed satisfying bone regeneration without important complications
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Traumatic, neoplastic, inflammatory, or infective dental removal promotes a gradual resorption process of bone which leads to
a “nonuse” atrophy of the alveolar ridges. Many techniques allows restoring an appropriate bone thickness, but nowadays the
attention is focused on the use of natural or synthetic grafts. Numerous studies have been conducted to develop and test new
synthetic materials. In this article, the authors report their experience using a synthetic bone substitute in combination with Platelet
Rich Fibrin (PRF). This technique was applied in different zones of the maxillomandibular district. The procedure showed a very
satisfying bone regeneration without important complications.

1. Introduction
Traumatic, inflammatory, or infective dental removal lead
to an atrophy of the alveolar ridges. This is in accordance
with the postulate that Julius Wolff made in the mid1800s: the pressure and the loading force of the teeth are
fundamental for the maintenance of the quality and quantity
of the alveolar bone [1]. After the tooth loss, the alveolar
process reduces in a centripetal way, before in width and
then in height. This process is completed within 3-4 months.
The resorption process can be faster and more severe in
patients affected by systemic disease or local inflammation
[2]. Also in the maxillofacial district, traumas, oncological
disease, and more frequently cysts of the jaws lead to
bone or teeth loss. Many techniques are used nowadays for
filling the defects caused by those affections. Obviously, a
dental rehabilitation is needed in most cases. An adequate
bone regeneration is the first step to a successful implant
rehabilitation [3], and a certain residual amount of bone is
required for that [4]. The developing of new technologies
and of the regenerative medicine has led to the improvement

of the success rates in bone grafting [5, 6]. Bone grafts
are classified into autogenous grafts, allografts, xenografts,
and synthetic grafts, depending on the donor tissue and
the material [7]. Autogenous bone is taken from an intraor extra-oral donor site. It can be splitted or left in blocks
and then inserted into a receiving site of the same patient.
Because of its osteogenic and osteoconductive properties,
it is considered the gold standard for bone augmentation.
Thus, it has higher costs, potential graft resorption, and
morbidity of the donor site and needs a second surgery time
[8]. Due to those inconveniences, to date, several studies were
conducted to develop and test new synthetic materials. Those
replacement materials consist of one or more components: an
osteoconductive matrix, which supports the growth of new
bone, and osteoinductive proteins, which sustain mitogenesis
of undifferentiated cells, and osteogenic cells (osteoblasts or
osteoblast precursors), which are capable of forming bone
in the proper environment [9]. Those methods are used for
the production of synthetic grafts that can be produced in
big quantities and applied without causing adverse reactions
[10]. However, they remain at risk for resorption and infection
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due to donor tissue [11]. Jo et al. have compared the bovine
mineral deproteinized bone (Bio Oss ) with the synthetic
hydroxyapatite (HA), used individually and after coverage
with fibronectin to evaluate the adhesion of bone marrow
stromal cells on both materials in vitro, demonstrating the
superiority of the synthetic hydroxyapatite in providing
a favorable environment for cell attachment [12]. Kim et
al. reported excellent advantages of synthetic substitute in
terms of availability and production. Effectively, there is no
risk of disease transmission and immune-relate affections,
obtaining satisfying physical properties and plastic resorption
degree [13]. This grafts can be inserted with an “onlay”
or with an “inlay” technique. In the onlay technique the
bone resorption can be not predicted and sometimes can
arrive till 50% of the graft. The inlay technique has shown
better results [3, 14]. In this retrospective study, we report
our experience of bone regeneration using synthetic bone
substitute.

2. Materials and Methods
Between April 2015 and September 2016, 15 patients were
evaluated (mean age 45 years), in the Maxillofacial Surgery
Department of Sant’Andrea Hospital, Rome. Four patients
were women and eleven were men. Of those patients, 11
were affected by jaws cysts, 2 had trauma outcomes, and
2 had jaw atrophy outcomes. Furthermore, 9 cases presented with mandibular involvement, 5 cases with maxillary
involvement, and 1 patient presented zygomatic involvement
(Table 1). Pregnant patients, heavy smokers, low mouth
hygiene, and oncologic patients were excluded from this
treatment. Preoperatively photographs were taken and all
patients underwent Orthopanoramic X-Ray and Dentalscan
CT (Figure 1). Patients were well informed about type of
material and surgery and a written informed consent was
obtained. The used graft, ReOss (Intra-Lock International,
Inc.), is a biphasic resorbable biomaterial composed by
50% of bioceramic synthetic hydroxyapatite and 50% of
biodegradable polymer of poly (lactic-co-glycolic). This, was
used in combination with Platelet Rich Fibrin (PRF). This
is a Platelet Rich Plasma (PRP) II generation derivate in
which, however, the platelet degranulation has generated
cytokines and growth factors storage within the fibrin clot.
They promote neoangiogenesis and facilitate the healing
and graft integration thank to their rich content of growth
factors like basic fibroblast growth factor (bFGF), vascular
endothelial growth factor (VEGF), platelet-derived growth
factor (PDGF), and platelet microparticles (PMPs) [15]. The
used graft was a synthetic bone substitute, a biomaterial
composed by 50% of resorbable biphasic bioceramics of
HA and 50% of biodegradable polymer of polylactic acidco-glycolic acid (PLGA). This biomaterial was combined
intraoperatively with platelet reach fibrin (PRF). The PRF was
used in pieces and in membranes following the Choukroun
technique [16]. Patients were treated surgically in general
or local anesthesia depending on the disease entity. The
material quantity to be grafted was previously established and
eventually corrected intraoperatively. The PRF preparation
was performed during surgery by patient’s venous blood
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Table 1: Diseases and bone involvement.
Mandibular
Maxillary
Zygomatic

Cysts
6
3
1

Trauma
2
1
/

Atrophy
1∗
1∗
/

Figure 1: Orthopanoramic view that shows a right mandibular
cystic lesion.

sample. The blood was collected in 10 milliliter vacuum tubes.
The tubes were inserted in a centrifuge and centrifugated in
3000 rotation/minute for 10 minutes. Then the upper part
of the formatted clot was taken and it was compressed in
order to create membranes. Bone defects were filled with
a combination of synthetic bone and PRF. Granular bone
was mixed with PRF to form a homogeneous compound
(Figure 2(a)). The defect was filled with this compound and
then covered with PRF membranes (Figure 2(b)). In the
postoperative time, antibiotic therapy and analgesic therapy
were administered for 6 and 3 days, respectively. The patients
were discharged medially 2 days after surgery. Soft diet
and accurate oral hygiene was indicated. Follow-up was
performed at 3, 6, and 12 days after surgery.

3. Results
In this study were evaluated 15 patients (age ranged between
12 and 71 years). After surgery, all patients underwent clinical
and radiological follow-up. Surgical site infection occurred
in 1 patient and in the 15th postoperative day the graft was
removed surgically and antibiotic therapy was administered.
In 4 cases (26,5%) surgical wound dehiscence occurred but
was resolved in 3-4 weeks, and in any case the bone regeneration process was not compromised. The mean follow-up
was 8.9 months (range: 25 days up to 17 months). Patients
underwent Orthopantomography X-Ray and Dentalscan CT
at 3 and 6 months after surgery (Figure 3). In addition, a
histopathological exam was performed after 6 months to
evaluate the status and quantity of bone replacement and
quality of the new formed one (Figures 4(a) and 4(b)).
In general, all patients showed a satisfactory engraftment,
with effective native bone regeneration at 3 months after
surgery.
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(a)

(b)

Figure 2: (a) The granular bone is mixed with PRF. (b) Intraoperative view of the filled bone defect covered with PRF membranes.

Figure 3: Orthopanoramic postoperative view that shows a satisfying healing of the bone defect.

4. Discussion
Malformation, traumatic, neoplastic, infectious, or inflammatory conditions can bring to bone loss or resorption.
That can lead to a deprivation of the alveolar bone of the
mechanical stimulus and load that each tooth exerts on the
corresponding ridge portion. An adequate bone regeneration
is required before a teeth rehabilitation. Hirsch et al. have
attested a fairly low success rate of implant positioning in
atrophic ridges without a preprosthetic surgery. It varies
between 27 and 37%, highlighting the concept of adequate
bone thickness [17, 18]. Bone grafts are classified into autogenous bone grafts, allografts, xenografts, and synthetic bone
grafts depending on donor tissues and materials. Among
different possibilities for bone regeneration, the autologous
bone ensures the best results for the immediate engraftment, the excellent consolidation, and continued rapid bone
formation, but its use is mainly limited by the material
scarcity, morbidity rates and costs [19, 20]. For solving those
problems, to date, several synthetic materials were developed. Those replacement materials consist of one or more
components: an osteoconductive matrix, which supports the
growth of new bone; osteoinductive proteins, which sustain
mitogenesis of undifferentiated cells; and osteogenic cells
(osteoblasts or osteoblast precursors), which are capable of
forming bone in the proper environment. The synthetic
bone showed ability to induce bone formation comparable

to the heterologous grafts, without presenting the related
risks [21]. Among several alternatives, the alloplastic materials most widely used are derived from the bioceramics
of calcium phosphate, namely tricalcium phosphate and
hydroxyapatite (HA). In the last 20 years the alloplastic
materials find application in dental and maxillofacial surgery,
plastic surgery, and orthopedic surgery This has several
forms such as nonabsorbable (in turn porous or dense)
and resorbable forms. The nonabsorbable material expresses
good bone conductivity. Absorbable materials should be used
when graft replacement by natural bone is needed. The slow
resorption of the resorbable material allows operating as
a mineral reservoir and as a scaffold for substitution with
native bone [22, 23]. Recently, PRF is used in combination
with alloplastic materials. It has angiogenic, proliferative,
and differentiation effects due to the transforming growth
factor-beta (TGF-beta) and the Platelet-derived growth factor
(PDGF) that are present in high concentrations. In addition,
it promotes wound healing, growth and bone maturation. The
combination with PRF stabilizes bone grafting and promotes
hemostasis and better handling of the graft material [24]. The
PRF is a revolutionary step in the use of platelet gel derived.
Indeed, platelets and leukocytes play an important role in
the activity of this biomaterial, but the fibrin matrix that
supports them is responsible for the therapeutic properties.
Cytokines are immediately consumed and degraded during
the healing process. Harmony between the cytokines and the
fibrin matrix is by far the most important factor for this effect
[25]. A recent study has shown that the PRF membranes
are characterized by a slow and gradual release of growth
factors for at least one week and up to 28 days after the
application. It means that such membranes stimulate the
microenvironment in which they are grafted for a significant
period of time during the healing of the surgical wound [26].
Although various materials are available for graft regenerative
surgery, the ideal material for such procedures has not
been clearly identified yet. Pappalardo et al. have attributed
most osteoconductive properties to demineralized freezedried bone (DFDBA) and Lyophilized bovine bone (Bio-Oss)
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(a)
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Figure 4: (a) Microscopic view X 25 shows lamellar bone, osteoid tissue mixed to fibrous tissue, and liquid. O (bone); L (liquid). (b)
Microscopic view with polarized light X 100, normal mature bone tissue with lamellar collagenous tissue in the osteon.

compared to PLGA/HA combination [27]. Kim et al. have
come to opposite conclusions by studying the regeneration
with Bio Oss  and PLGA/HA of bone defects in animal
models [13]. There are numerous studies on animal models,
with sometimes conflicting results, but a few studies validated
on human models on the PLGA/HA combination. There is
only one recent study in the literature that has compared
the bovine lyophilized bone with PLGA/HA thus allowing
a more accurate assessment of the actual osteoconductive
capacity [28]. The thickness and bone radiodensity were
slightly higher in the group treated with the bovine bone,
probably to a greater rate of resorption and less persistence
of PLGA/HA. The authors consider that these characteristics
reduce healing time and therefore reduced time between
bone graft and implant placement.

5. Conclusions
In this study, we assessed bone regeneration using a new
biomaterial (PLGA/HA). There is only one previous known
study in the literature. The regenerated bone was evaluated
by radiological examinations and histological examination.
Within the limits of this study, these results support the ability
of this material to regenerate bone in sufficient quantity and
quality for subsequent implants rehabilitation. Further studies needed to evaluate complications and their management,
in order to further reduce their incidence.
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Aim. To evaluate, with three-dimensional analysis, the effectiveness of alveolar ridge preservation (ARP) after maxillary molar
extraction in reducing alveolar bone resorption and maxillary sinus pneumatization when compared to unassisted socket healing.
Methods. Patients were included in the study following inclusion criteria and underwent minimally traumatic maxillary molar
extraction followed by ARP using synthetic nanohydroxyapatite (Fisiograft Bone, Ghimas, Italy) (test group) or unassisted socket
healing (control group). Cone-beam computerized tomographies (CBCT) were performed immediately after tooth extraction (T0)
and 6 months postoperatively (T1). CBCTs were superimposed by using a specific software (Amira, Thermo Fisher Scientific, USA)
and the following items were analyzed in both groups: (i) postextractive maxillary sinus floor expansion in coronal direction and
(ii) postextractive alveolar bone dimensional changes (both vertical and horizontal). All data were tested for normality and equality
of variance and subsequently analyzed by independent samples T-test and Mann–Whitney test. Results. Thirty patients were treated
by three centers and twenty-six (test n=13; control n=13) were included in the final analysis. Mean sinus pneumatization at T1 was
0.69±0.48 mm in the test group and 1.04±0.67 mm in the control group (p=0.15). Mean vertical reduction of the alveolar bone at
T1 was 1.62±0.49 mm in the test group and 2.01±0.84 mm in the control group (p=0.08). Mean horizontal resorption of crestal
bone at T1 was 2.73±1.68 mm in test group and 3.63±2.24 mm in control group (p=0.24). Conclusions. It could be suggested that
ARP performed after maxillary molar extraction may reduce the entity of sinus pneumatization and alveolar bone resorption,
compared to unassisted socket healing. This technique could decrease the necessity of advanced regenerative procedures prior to
dental implant placement in posterior maxilla.

1. Introduction
After dental extraction, the alveolar bone undergoes a remodeling process resulting in horizontal and vertical reduction
of crestal dimensions [1, 2]. Ridge resorption may lead to
inadequate bone volume for dental implants insertion and
create both functional and esthetic issues during prosthetic
rehabilitation [3]: in the posterior maxilla, in particular,

a substantial percentage of edentulous patients may need
bone augmentation procedures to allow a proper implant
placement and reach satisfactory results [4]. Many surgical
solutions are currently available to regenerate an adequate
amount of bone in the atrophic crests, including lateral and
transcrestal sinus floor elevation, guided bone regeneration,
and block grafting [5–10]. However, all of these options are
associated with significant rate of complications, increased
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morbidity, high costs, and prolonged time of therapy [11–
13]. In the attempt to reduce the need for advanced surgical
procedures and to simplify the treatment plan, specific
surgical techniques were developed to reduce postextractive
ridge resorption [14, 15]. Alveolar ridge preservation (ARP),
with the application of different biomaterials, is the most
common procedure aiming to control crestal bone resorption
following dental extractions [16–18]. A recent systematic
review confirmed that ARP results in significant reduction of
vertical bone loss following dental extraction when compared
to spontaneous socket healing, while its protective effect on
horizontal reduction of the alveolar bone was found to be
variable. Furthermore, no specific type of ARP could be
demonstrated to be more effective than others in preventing alveolar crest shrinkage [19]. In a recent study, ARP
performed in the posterior maxilla with a combination of
allograft and collagen membrane resulted in 1.0 mm crestal
height reduction and in approximately 2.5 mm loss of ridge
width [20]: this volumetric contraction was lower than the
one observed in extraction sites of the same area after
spontaneous healing [21, 22].
Moreover, following tooth extraction in the posterior
maxilla, postextractive crestal bone resorption may be associated with maxillary sinus pneumatization, which may
contribute to a further decrease of the available bone volume
for implant placement. The reasons for sinus pneumatization
after tooth extraction are still debated and poorly understood:
a possible explanation is a shift of the physiologic bone
remodeling process towards a resorptive pattern, due to lack
of functional forces which are normally transferred to the
bone when the tooth is present [23]. This particular type
of disuse atrophy occurs according to Wolff ’s law and is
enhanced by the presence of a positive air pressure into
the sinus cavity [24]. Previous human studies demonstrated
a downward expansion of the maxillary sinus after dental
extraction and showed that the expansion was larger if the
extracted tooth was surrounded by a superiorly curved sinus
floor [25, 26].
The effectiveness of ARP procedures in preventing maxillary sinus expansion has been recently evaluated in a retrospective study using bidimensional radiographs, showing
significant differences in terms of postextractive pneumatization between test (ARP using bovine derived xenograft) and
control group (spontaneous healing) [26].
The aim of this multicenter prospective case-control
study was to evaluate, with three-dimensional analysis, the
clinical effectiveness of ARP after maxillary molar extraction
in reducing alveolar ridge resorption and maxillary sinus
pneumatization when compared to unassisted socket healing.
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(Comitato Etico Regione Calabria, Sezione Area Nord, n∘
66/2016) and recorded in a public register of clinical trials
(https://www.clinicaltrials.gov, NCT03357705).
Every patient signed an informed consent form to document the comprehension of the protocol and of the aims of
this study (clinical procedures and potential risks involved).
The patient had the possibility to ask questions concerning
the treatment and the study protocol and was thoroughly
informed about alternative therapies.
A meeting among the clinical centers was held before
starting patient recruitment in order to illustrate the protocol
and standardize surgical procedures. One trained oral surgeon (with more than 20 years of clinical experience) was
selected in each center to perform surgical procedures, whose
operative sequence was thoroughly described. The individual
responsible for each clinical center received written information to standardize data collection and ensure reliable
outcome reporting.
The aims of this parallel-group, multicenter prospective
case-control study were the comparison of the dimensional
changes of alveolar ridge and sinus floor after maxillary molar
extraction with or without performing ARP.
2.2. Study Population. All patients who were 18 years or older
and able to sign an informed consent form were considered
eligible to participate in this study. Patients underwent
a thorough clinical examination to evaluate the state of
dentition, including periodontal and occlusal parameters,
and a comprehensive treatment plan was discussed and
accepted.
2.2.1. Inclusion Criteria
(i) Indication for the extraction of a first maxillary molar
presenting three separated roots;
(ii) Presence of the adjacent teeth (second premolar and
second molar);
(iii) Presence of intact buccal and palatal bone walls
(probing depth ≤3 mm);
(iv) Absence of apical lesions with diameter >3 mm or
cysts.
2.2.2. Exclusion Criteria
(i) Acute myocardial infarction within the past 2 months;
(ii) Uncontrolled coagulation disorders;
(iii) Uncontrolled diabetes (HBA1c > 7.5%);

2. Materials and Methods

(iv) Radiotherapy to the head/neck area within the past 24
months;

2.1. Study Design. This multicenter prospective case-control
study has been designed and conducted in accordance
with the Good Clinical Practice Guidelines (GCPs) and
with the recommendations of the Declaration of Helsinki
for investigations with human subjects. The study protocol had been approved by the relevant Ethical Board

(v) Immunocompromised patients (HIV infection or
chemotherapy within the past 5 years);
(vi) Present or past treatment with intravenous bisphosphonates;
(vii) Allergy to bovine collagen;

BioMed Research International

3

(viii) Psychological or psychiatric disorders;
(ix) Alcohol or drugs abuse;
(x) Full mouth plaque score >30% and/or full mouth
bleeding score >20%;
(xi) Necessity to perform ostectomy procedures to complete dental extraction.
2.3. Treatment Allocation. After a thorough discussion of the
various treatment options, patients in whom an implantsupported rehabilitation was planned to replace maxillary
first molar were assigned to the test group (ARP). Patients
in whom a dental-supported fixed prosthesis was selected
to replace the missing molar were assigned to the control
group (unassisted socket healing). Patient assignment to the
different groups was enclosed in identical, opaque, sealed
envelopes which were opened after tooth extraction to reveal
to the surgeon the treatment to be performed. Therefore,
treatment allocation was concealed to the investigators in
charge of enrolling and treating the patients.
2.4. Surgical Procedures. Patients were asked to rinse with
chlorhexidine mouthwash 0.2% for 30 seconds. Under local
anesthesia (Artin, Omnia, Fidenza, Italy-articain 4% with
adrenaline 1:100.000), a mucoperiosteal flap was reflected and
minimally traumatic extraction of the tooth was performed
after separating roots with ultrasonic tips (Ninja, Acteon,
Merignac, France). Roots were then mobilized by microelevators and individually extracted by forceps, without
performing ostectomy. A careful socket debridement was
performed with ultrasonic and manual instruments from the
bottom of the socket up to the gingival margin, followed by
an accurate removal of the sulcular epithelium. In test group
(A), socket was grafted by synthetic nano-hydroxyapatite
granules with 250–500 𝜇m diameter (Fisiograft Bone Granular, Ghimas, Casalecchio di Reno, Italy) and covered by
haemostatic sponges with collagen of bovine origin (Hemocollagene, Septodont, Saint Maur des Fosses, France); in
control group (B) socket was left to spontaneous healing
without the insertion of grafting material. In both groups,
flaps were mobilized with a periosteal longitudinal releasing
incision and sutured with Sentineri technique [27] and single
stitches reaching primary closure in both groups. Patients
were prescribed with nonsteroidal antinflammatory drugs
(ibuprofen 600 mg), when needed. Sutures were removed
after ten days and patients entered in a follow-up protocol
with periodic professional dental hygiene recalls. After six
months of healing, patients were rehabilitated with dental
or implant-supported prostheses according to the previously
selected treatment plan.
2.5. Radiographic Examinations. The Ethical Board required
the utilization of last generation cone beam computed
tomography (CBCT) technology with maximum field of view
(FOV) of 5×5 cm, in order to minimize radiation exposure.
CBCTs were performed in the area of interest immediately
after the end of the surgical procedure (T0) and after six
months of healing (T1).

Figure 1: Two CBCTs of test group superimposed by Amira software, showing bone present at T0 or at T1 (A1 and B1, respectively);
soft tissue present at T0 or at T1 (A2 and B2, respectively), and bone
and soft tissues present both at T0 and T1 (C1 and C2, respectively).
Schneiderian membrane hypertrophy appears considerably reduced
during the healing period.

2.6. Quantitative Radiographic Measurements. T0 and T1
CBCTs of each patient were uploaded on an advanced 3D image processing and quantification software (Amira,
Thermo Fisher Scientific, Waltham, USA). Fiji open-source
software [28] was used to perform linear measurements after
superimposing CBCTs as previously described by Ryckman
et al. [29] (Figure 1). In detail, CBCTs were superimposed
by using dental and osseous structures unaffected by the
surgery as landmarks (adjacent teeth, lateral and medial
maxillary sinus walls, and palatine process): after selecting
these regions, the automatic affine registration tool of the
software was used for stepwise superimposition. All measurements were taken by a single-blinded calibrated examiner
(DP) on a 30-inch led-backlit colour diagnostic display and
each measurement was repeated three times at three different
time points as proposed by Gomez-Roman and Launer [30].
Examiner calibration was performed by assessing five CBCTs,
with another author (FB) who served as reference examiner.
Intraexaminer and interexaminer concordances were 95.5%
and 91.7%, respectively, for linear measurements within ±0.1
mm.
In detail, entity of maxillary sinus expansion between T0
and T1 was measured (mm) in correspondence to the apex
of the three sockets, following the root axis (PNp, PNd, and
PNm) and in the center of the crest (PN). Vertical reduction
of the alveolar bone was measured (mm) in correspondence
to each of the three sockets, following the root axis, and
represented the linear differences between the most coronal
position of the ridge at T0 and T1 and the root apex at T0
(RHp, RHd, RHm). Furthermore, alveolar bone height (RH)
was measured in the center of the crest (mm), from the most
coronal part of the ridge to the sinus floor, both at T0 and
at T1. Finally, horizontal reduction of the ridge (RW) was the
difference (mm) between bone width in the most coronal part
of the crest at T0 (RW0) and T1 (RW1). Figure 2 summarized
the reference points taken for measurements.
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Table 1: Demographic characteristics.

Gender

Age
Control
51.9 ± 6.5
55.4 ± 5.8

Test
53.4 ± 7.3
56.1 ± 4.2

Males
Females

Diff.
0.342; NS

Test
7
8

Sample size
Control
7
8

Diff.
1; NS

Age is presented as mean±standard deviation. Diff., significance of the difference between the groups. NS, no significant difference.

compensate eventual drop-outs occurring during the followup period.

Palatal

PN

Buccal

RW1
RW0

RHm

Figure 2: Diagram summarizing main reference points taken for
measurements. PN: sinus expansion between T0 and T1 (mm).
RHm: vertical reduction of the alveolar bone measured (mm) in
correspondence of the mesial socket, following the root axis and
representing the linear difference between the most coronal position
of the ridge at T0 and T1 and the root apex at T0. RW0: ridge width
in the most coronal part of the crest at T0. RW1: ridge width in the
most coronal part of the crest at T1.

2.7. Outcomes. This study evaluated the following outcome
measures:
Primary Outcomes
(i) Maxillary sinus pneumatization (mm): mean of 4
measurements of sinus floor expansion (PNm, PNd,
PNp, and PN) from T0 to T1;
(ii) Alveolar bone dimensional changes (mm): vertical
(mean among RHm, RHd, and RHp; RH) and horizontal reduction (RW) of the alveolar bone from T0
to T1.
Secondary Outcomes
(i) Biological complications: any complication defined as
an unexpected deviation from the normal treatment
outcome (e.g., alveolitis, postoperative infections).
2.8. Sample Size and Statistical Power. The calculation was
performed with a specific software (DSS Research, Fort
Worth, USA) to detect a significant difference between the
groups in terms of maxillary sinus pneumatization, based
on the outcomes of previous research (0.5 mm with an
expected standard deviation of 0.3 mm) [26]. A sample of
14 patients (7 test and 7 control cases) was needed to reach
80% of statistical power with 𝛼 set at 0.05. Each clinical center
treated 10 patients for a total of 30 (15 test, 15 control) to

2.9. Statistical Analysis. Statistical analysis was performed
by means of OriginLab software (OriginLab Corporation,
Northampton, USA). Data for descriptive statistics were
expressed as mean±SD. All data (with one exception) satisfied
both the normality (Kolmogorov–Smirnov test) and the
equality of variance (Levene test) assumptions and were
analyzed with independent samples T-test. Only RHm of
both test and control groups after six months of healing did not satisfy normality and equality of variance
and were analyzed by Mann–Whitney test. Fisher exact
test was used to evaluate age and gender distribution
between the groups. Statistical significance was preset at
𝛼=0.05.

3. Results
Thirty consecutive patients (14 males and 16 females, age
range between 27 and 75, mean 52.7±7.4, 3 smokers, and 27
nonsmokers) were enrolled and treated with maxillary first
molar extraction followed (n=15) or not followed (n=15) by
ARP procedures. Complete demographic characteristics of
the sample are listed in Table 1: in particular, test and control
groups were balanced for age and gender.
Surgeries were performed by three experienced operators
[TL (Center 1) n=10; FaB (Center 2) n=10; CS (Center
3) n=10] between November 2016 and June 2017. Four
patients (test n=2; control n=2) dropped out at 6-month
follow-up (one patient moved abroad, three patients did not
come to the control visit within the six month after tooth
extraction). Twenty-six patients (test n=13; control n=13)
were included in the final analysis. A flowchart diagram
summarizing patient selection process was presented in
Figure 3.
Six months after dental extraction, sinus floor expansion
(mean of PNm, PNd, PNp, and PN) was 0.69±0.48 mm in the
test group and 1.04±0.67 mm in the control group (p=0.15).
Complete results are reported in Table 2.
Vertical resorption of the alveolar bone (mean of RHm,
RHd, and RHp) after six months of healing was 1.62±0.49
mm in the test group and 2.01±0.84 mm in the control group
(p=0.08). Complete data are listed in Table 3.
Available bone height (RH) at T0 was 8.34±3.25 mm
and 6.40±1.64 mm in test and control group, respectively
(p=0.07). At T1, RH was 8.01±3.49 mm and 5.34±2.11 mm
in test and control group, respectively (p=0.03). Mean vertical bone loss after six months of healing was 0.33±1.94
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Assessed for eligibility (n = 74):
Center 1 (n= 27)
Center 2 (n = 25)
Center 3 (n = 22)

Excluded (n= 44)
Not meeting inclusion criteria (n= 34)
Declined to participate (n= 10)
Other reasons (n= 0)

Exclusion

Included (n= 30):
Center 1 (n= 10)
Center 2 (n = 10)
Center 3 (n = 10)

Allocation

Follow-up

Analysis

Allocated to intervention (n= 30)
Received allocated intervention (n= 30)
Did not receive allocated intervention (n=0)

Lost to follow-up (n= 4)
Discontinued intervention (n= 0)

Analyzed (n= 26):
Center 1 (n= 8)
Center 2 (n = 9)
Center 3 (n = 9)

Figure 3: Selection process of patients participating in this study.

mm in test group and 1.06±0.93 mm in control group
(p=0.23).
Alveolar bone width (RW) at T0 was 11.27±1.71 mm
and 12.06±2.46 mm in test and control group, respectively
(p=0.35). At T1, RW was 8.54±1.26 mm and 8.43±2.26
mm in test and control group, respectively (p=0.89). Mean
horizontal resorption of crestal bone after six months of
healing was 2.73±1.68 mm in test group and 3.63±2.24 mm
in control group (p=0.24).
No biological complications were recorded during the
healing phase. After six months, thirteen patients of the test
group underwent dental implant insertion: twelve patients
underwent standard implant placement (92.3%); sinus floor
elevation was performed in one patient in order to allow
implant insertion (7.7%).

4. Discussion
To the best of our knowledge, this paper represents the
first prospective case-control study evaluating, with threedimensional analysis, the clinical effectiveness of ARP in
reducing alveolar ridge resorption and maxillary sinus
pneumatization after first molar extraction when compared
to unassisted socket healing. Previous studies on this topic
consisted in retrospective studies based on bidimensional
radiographs (orthopantomographies) [23, 25, 26], which do
not provide images in bucco-palatal cross section and could
be hampered by image distortion [31]. In the present prospective study, measurements were performed by using a semiautomatic method for the comparison of three-dimensional
images basing on CBCT superimposition, introduced for
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Table 2: Entity of sinus pneumatization six months after dental extraction.

PNm
PNd
PNp
PN
Total

Control
(mm)
0.82 ± 0.38
0.79 ± 0.71
1.08 ± 1.03
1.46 ± 0.93
1.04±0.67

Test
(mm)
0.59 ± 0.43
0.55 ± 0.51
0.72 ± 0.70
0.92 ± 0.63
0.69±0.48

Difference
(mm)
0.23
0.24
0.36
0.54
0.35

Diff.
0.15; NS
0.33; NS
0.3; NS
0.1; NS
0.15; NS

Measures are presented as mean±standard deviation. PNm, PNd, PNp, PN, sinus expansion between T0 and T1 measured following the axis of the mesial
(PNm), distal (PNd), palatal (PNp) roots and in the center of the crest (PN). Diff. significance of the difference between the groups. NS, no significant difference.

Table 3: Vertical resorption of the alveolar bone six months after dental extraction.

RHm
RHd
RHp
Total

Control
(mm)
2.52 ± 1.52
1.75 ± 1.24
2.31 ± 1.50
2.01 ± 0.84

Test
(mm)
1.45 ± 0.64
1.74 ± 0.57
1.67 ± 1.02
1.62 ± 0.49

Difference
(mm)
1.07
0.01
0.64
0.39

Diff.
0.20; NS
0.97; NS
0.14; NS
0.08; NS

Measures are presented as mean±standard deviation. RHm, RHd, RHp, vertical reduction of the alveolar bone expressed as the difference between the most
coronal positions of the ridge at T0 and T1 and the root apex at T0, measured following the axis of the mesial (RHm), distal (RHd) and palatal (RHp) roots.
Diff. significance of the difference between the groups. NS, no significant difference.

the evaluation of bone changes after ARP by Clozza et al.
[32]. The accuracy of this procedure is directly dependent
on the precision of the superimposition of baseline and final
CBCTs: however, possible errors (related to scan acquisition
or to incorrect evaluation of the stable regions) are usually
negligible, and maxillary regional CBCT superimposition is
currently considered as an accurate and reliable method [33].
In the present study, mean extent of sinus pneumatization
measured in spontaneously healed sockets six months after
tooth extraction was 1.04±0.67 mm, in substantial agreement
with previous works by Sharan and Madjar (1.83±2.46 mm)
[25] and Levi et al. (1.30±0.27 mm) [26]. Conversely, a smaller
downward expansion of the sinus floor, even if not significant,
was observed in sites treated with ARP (0.69±0.48 mm), in
accordance with the general trend reported by Levi et al.
(0.30±0.10 mm) [26].
Hence, these findings suggested that ARP performed after
maxillary molar extraction could be an effective technique
in reducing maxillary sinus floor pneumatization: mean
difference in sinus expansion between test and control group
was 0.35 mm after six months of healing. Also this outcome is
in accordance with the study of Levi et al. [26], who reported a
protective action of ARP on the extent of postextractive sinus
pneumatization, even if with a significantly higher mean
difference between test and control groups (1 mm).
Postextractive bone remodeling is a widely studied phenomenon regulated by a series of biological events mainly
involving bundle bone resorption and resulting in reduced
height and width of the residual alveolar ridge [2]. Many
clinical trials and systematic reviews with meta-analysis
demonstrated that, in general, both horizontal and vertical
resorption are more pronounced on the buccal side [34,
35] and that the horizontal reduction (weighted mean 3.87

mm) is greater than the loss in height (weighted mean 1.53
mm) [36]. Alveolar socket grafting was first proposed in the
mid-1970s in the attempt to reduce the need of subsequent
ridge augmentation procedures prior to implant placement
[37, 38]. Many ARP techniques have been proposed lately,
improving and extensively testing with various different surgical approaches and biomaterials. Recent systematic reviews
with meta-analysis confirmed the effectiveness of ARP in
reducing postextractive horizontal and vertical alveolar ridge
resorption when compared to spontaneous socket healing,
even if the superiority of a specific biomaterial or surgical
approach has not been demonstrated yet [17–19, 39–42]. In
these studies, the reported clinical magnitude of the effect
ranged from 1.4 to 2.19 in terms of buccolingual width and
from 1.02 to 2.6 mm in terms of crestal height: the outcomes
of the present study (difference between ARP and untreated
socket of 0.9 mm in terms of horizontal reduction and 0.39
mm in terms of vertical bone loss) are in line with this trend
even if they result in lower values. This occurrence could be
possibly explained by the fact that the present study is one
of the very few using three-dimensional image processing
and measurement tools, which have an higher accuracy and
possibility of deeper evaluations than the commonly used
bidimensional image analysis systems [43, 44]. Furthermore,
the lack of a three-dimensional evaluation could lead to misleading interpretations of particular anatomical conditions,
both for clinical and for research purposes (Figure 4).
On this basis, the use of ARP procedures after the
extraction of a maxillary molar could be regarded as a
preventive treatment, particularly in cases where an implantsupported restoration is planned. Maxillary molars (particularly first molar) are the sites in which the combined
action of alveolar bone remodeling and maxillary sinus
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allocation to the different treatment groups and to reduce
data dispersion.

5. Conclusion
Within the limitations of this study, it could be suggested
that ARP performed after maxillary molar extraction may
reduce the entity of sinus pneumatization and alveolar bone
resorption, compared to unassisted socket healing. The possibility of an effective preservation of vertical and horizontal
crestal dimensions could decrease the necessity of advanced
regenerative procedures prior to dental implant placement:
further studies are necessary to confirm these findings and to
better define the clinical magnitude of the effect.

Data Availability
Figure 4: An example of a particular anatomical situation in which
the lack of three-dimensional evaluation could lead to misleading
interpretations of available bone height.

The datasets generated and analyzed during the current study
are available from the corresponding author upon reasonable
request.
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pneumatization leads to the greater amount of vertical bone
loss after tooth extraction of the entire upper arch [4, 23].
Hence, a preservation of vertical and horizontal alveolar ridge
dimensions could often be clinically significant, allowing a
standard implant placement without additional regenerative
procedures. Sinus floor elevation (both lateral and transcrestal) and GBR techniques are advanced procedures requiring
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of biomaterials in this particular application.
Finally, randomized clinical trials on larger samples are
recommended, in order to prevent potential bias in patient
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Introduction. Orofacial clefts are congenital malformations characterized by an incomplete shaping of structures that separate
the nasal from the oral cavity and can affect the right, left, or both sides. The aim of the present study is to assess, with clinical,
radiographical, and histological evaluations, the efficacy of piezoelectric devices compared to traditional rotating instruments in
the bone harvesting in patients with history of cleft. Materials and Methods. We have conducted a retrospective analysis on 20
patients with a history of orofacial clefts that were operated on from February 2014 to June 2017. The patients were divided into
two groups: Group R in which bone graft was harvested using a burr and Group P in which the bone graft was obtained by a
piezoelectric device. After a healing period of 8 months from the grafting procedure, clinical and radiographic evaluations were
performed. Results and Discussion. The use of the piezoelectric devices in bone harvesting allows a slight improvement in the final
volume. This supports a faster integration into the receiving site. Conclusions. The use of piezoelectric device in patients with history
of orofacial cleft that needed bone graft represents a method to be taken into consideration because it has interesting advantages.

1. Introduction
Orofacial clefts (OFC) are congenital malformations characterized by incomplete formation of those structures that
separate the nasal and oral cavities: lip, alveolus, and hard
and soft palate [1]. The incidence of this birth defect is in
the range of 1 in 700 to 1 in 1000 among populations [2, 3].
It can affect either the right, the left, or both sides. If clefts
are associated with any further anomaly of the body they are
classified as syndromic clefts. The treatment of patients with
orofacial cleft is complex and involves numerous specialists
whose therapeutic phases must harmonically alternate in the
rehabilitation of these patients. The restoration of the anatomical continuity of the tissues affected by the cleft, through

reconstructive surgery, starts between 4 and 6 months of life
and ends around two years of age; there are many different
protocols used to correct this malformation. The corrective
operation should restore, apart from the lip and base of
nose, the continuity of the mucous tissues, leaving, however,
the bone deficiency at the alveolar level. The most relevant
problems defined by this deficiency are the alteration of the
continuity of the maxillary arch with consequent effects on
optimal development, the permanence of oronasal fistulae
developed following surgery, and the lack of bone support.
Previous studies have reported that the congenital absence
of the permanent lateral incisor at the level of cleft is the
most common result in children with cleft lip, cleft palate,
or both [4, 5]. Dewinter et al. [6] found the agenesis of the
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lateral incisor on the cleft side in more than 50% of patients
with this malformation, outside the area of cleft in 27.2%
of patients, while some authors [7] detected a percentage of
agenesis of 27.8 % outside the area of cleft in patients with
unilateral labiocleft palate, which was significantly higher
than that of the control group (no cleft) (3.6%). In case of
agenesis implant-prosthetic rehabilitation offers significant
advantages in terms of function, aesthetics, and quality of life
and bone graft is usually needed. The bone grafting surgery is
usually performed when the face become mature, at the age
of eighteen, often related to the development of the maxillary
canine root [8–10]. For many years one stage of surgical
treatment for patients with orofacial clefts has included
secondary alveolar bone grafting [11] with autologous bone
[12]. This type of bone graft provides essential osteogenic cells
as well as osteoinductive factors needed for bone healing and
regeneration. With regard to donor site, the gold standard is
bone from iliac crest [13, 14]. This requires the presence of two
operative fields and an uncomfortable postoperative course
also in the most conservative taking techniques. In order
to perform a minimally invasive surgery, an intraoral bone
harvest is increasingly used. Furthermore, the combination
of autogenous bone with other biomaterials, such as platelet
concentrates [15], was conducted to very good results both in
bone integration and in soft tissue reparation.
Traditionally, osseous surgery is performed using hand
instruments and various rotary instruments with different
burs that required external copious irrigation because of the
heat they produced. Over the last few decades, the rapid
development of piezoelectric devices allowed overcoming
the limitations of traditional instrumentation in oral bone
surgery. Many authors have investigated the efficacy of piezoelectric instruments on osteotomy in terms of high precision
and security of the cut, and biological respect of the tissues
[16]. On the basis of the encouraging histological results of
our randomized controlled clinical trial conducted on 52
cases [17], the aim of the present study is to assess the efficacy
of piezoelectric devices compared to traditional rotating
instruments in the bone harvesting in patients with history of
cleft, from the clinical, radiographical, and histological point
of view.

2. Materials and Methods
2.1. Study Population and Surgical Procedure. A retrospective
review of patient charts was conducted to identify intervention of bone graft in patients with a history of unilateral
complete cleft of the lip, alveolar process, and palate that were
operated at the Department of Oral Surgery, University of
Campania “Luigi Vanvitelli”, in Naples, Italy, from February
2014 to June 2017.
The retrospective analysis included 20 patients (the last
10 operated on by group study) in the age range from 18 to 24
years (mean age, 20.7 years), 12 boys and 8 girls, who were
seen for follow-up visit 8 months after operation in order
to perform an implant rehabilitation and to allow us also a
clinical evaluation. Good general state of the patients’ health
confirmed by anaesthesiologist consultation and laboratory
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tests as well as prior treatment of the oral cavity were
indispensable inclusion criteria. We have evaluated complete
blood count (CBC), liver markers, and dosage of IgE in order
to include only patients in good health without any type of
disease. We have excluded smoking patients and included
patients with good oral hygiene assessed at the controls.
All patients underwent alveolar bone graft with mandibular
bone graft by one surgeon and diagnostic, immediately
postoperative, and 8 months postoperative (+/- 21 days)
CBCT imaging (Carestream Dental CS 8100 3D) were taken
with bite jig for data analysis. The bite jig was made at the
first CBCT scan with a silicone material (polyvinyl siloxane)
in order to allow a precise reproducibility in the same position
of the radiographic evaluations.
The patients were divided into two groups: Group R (10
patients) and Group P (10 patients). In Group R, the bone
graft was harvested using a rotating device (Medicon EG
D7200 Tuttlingen–W, Germany, 220/240 V, 50 Hz, 100W)
with a Stryker side cutting carbide bur n∘ 103 or 105 utilised
at 5000-10000 rpm. In Group P, the bone graft was obtained
by a piezoelectric device (Esacrom Surgysonic) with ES005T
insert (thickness 0.5 mm, operative length 3.5 mm, power 50,
vibra 80, water pump 100).
The local anaesthesia of all patients was carried out with
3% mepivacaine for troncular anaesthesia of mandibular
nerve and 2% mepivacaine with 1: 100000 adrenaline for
plexus anaesthesia.
The proposed recipient site for the graft was exposed prior
to graft harvest in all cases. In this manner, the dimensions
and morphology of the bony defect were measured, and
minimal time elapsed between graft harvest and placement.
For both groups the same surgical protocol was used because
they were patients with a vertical and horizontal bone deficit
given by the same kind of oral cleft.
In these patients, the receiving site presented many
unfavourable elements due to the malformation. In particular, there were the remarkable dimensions of the bony defect
with a thin palatine cortex inadequate for thickness as for
height (class V in Cawood and Howel classification). The soft
tissues characteristics due to the previous operations were
sclerotic, inelastic, and with many scars. The surgeon made
an intrasulcular incision from incisor to premolar with a little
cut of mesial relapse. The surgeon made a cortical vivification
with many microperforations, to allow the colonization of the
osteoblasts and a faster graft’s flourishing.
To access the donor area, mandibular ramus, the concavity formed by the border between the ascending ramus
and the external oblique ridge was identified and used as a
starting point for the mucosal incision. The incision was made
medial to the external oblique ridge and extended mesially
toward the buccal aspect of the second molar. Care was taken
to ensure that the incision was not extended too far lingually,
preventing damage to structures on the lingual aspect of the
mandible. A mucoperiosteal flap was elevated, exposing the
lateral aspect of the ramus. The osteotomy, started anterior to
the coronoid process at a point with adequate bone thickness,
was carried out with rotary instruments in Group R and
with an osteotomy kit for piezoelectric surgery (Esacrom
Surgysonic) in Group P (Figure 1). The cortex was cut along
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Figure 1: Osteotomy performed with piezoelectric device.
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Figure 3: Three-dimensional image of fixed graft immediately after
surgery.

graft, immediately after the operation, and after 8 months (±
21 days).
For the radiograph analysis of secondary bone grafts,
a single examiner, who was previously calibrated, assessed
CBCT images using a specific software.
All DICOM-formatted CBCT images were rendered
into volumetric images using software (CS 3D Imaging
Carestream, Usa) that calculated the volume of the grafted
material in cubic centimetres. CBCT radiation parameters
were set at 84 kV, 3.2 mA, with 15-s exposure and 1-mm
scanning layer thickness (Figure 3).
Figure 2: Bone graft fixed with titanium screw.

the anterior border of the ramus medial to the external
oblique ridge. The bone block was carefully lifted to ensure
that the inferior alveolar nerve was not trapped within the
graft. The donor area was filled with a collagen cotton sponge
for local haemostasis.
The autogenic bone, that filled the cleft fissure, was covered with lifted flaps. The incision of mucous flap for covering
clefts could be moved from the lateral sides of the alveolar
process. It was advised to place the bone graft in the region
of the piriform aperture to provide elevation and support for
the base of ala nasi on the cleft. The bone grafts, taken in a
block, were then fixed with titanium osteosynthesis screws
(Figure 2). Additionally, bone chips, which were harvested by
using a bone scraper at the donor site as well, were packed
around the bone block to fill gaps between the block graft
and the recipient bone. The operation area was closed with a
flap and secured with suture. Before wound closure with 4-0
nylon (polysorb) and Teflon (polytetrafluoroethylene) suture
material, the entire graft was covered by a collagen membrane
(Bio-Gide, Geistlich Biomaterials, Wolhusen, Switzerland).
Medications were used to achieve postoperative analgesia and
instructions for oral hygiene were given to patients.
After a healing period of 8 months from the grafting procedure, clinical and radiographic evaluations were performed
and implants were placed.
2.2. Radiographic Assessment. CBCT (Carestream Dental CS
8100 3D) scans were taken before the intervention of bone

2.3. Histological Evaluation. At the time of implant fixture
application, the implant site was prepared using a bone
trephine drill that allowed a bone sampling in order to
carry out histological analyses and to evaluate any qualitative
differences. These histologic analyses were carried out by a
single calibrated operator.
2.4. Evaluation of Postoperative Pain, Inflammation, and Soft
Tissue Healing. Postoperative pain of donor and receiving
sites was assessed using a Visual Analogue Scale (VAS) [18].
The VAS consisted of a 10-cm line anchored at one end by
the label “No pain” and at the other end “Worst possible
pain”. The patients were given a form with three scales for
the respective days after intervention (the 1ST , the 3RD , and
the 7TH ) assessed in our work.
Postoperative inflammation was estimated in donor and
receiving sites. In the donor site, this evaluation was performed using two landmarks: the mandibular angle and the
midline of symphysis menti. In each patient the distance
between the two indicated reference points was measured in
centimetres both before and after one, three, and seven days
from surgery. The distance between these two points varies
according to the postoperative swelling.
In the receiving site the postoperative inflammation was
evaluated according to a 0 to 3 score. In this score, 0
meant absence, 1 meant slight swelling and hardness without
facial planes blurring, 2 meant facial planes blurring without
affectation of nasolabial folds or eyes, and 3 meant facial
planes burring with affectation of nasolabial folds and eyes
[19].
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(a)

(b)

(c)

Figure 4: CCBCT images, before (a), immediately after (b), and after surgery (c).

The assessment of soft tissue healing in donor and
receiving sites was evaluated according to the score of Landry
et al. [20]. This score involves the overall assessment of
the tissue including epithelialization of wound boundaries,
color, presence of bleeding on palpation, granulation, and
suppuration.

3. Results
3.1. Radiographic Assessment. For the analysis, CBCT images
with a total of 20 interventions of bone graft in 20 patients
were analyzed with CS 3D Imaging software immediately
after and after 8 months (± 21 days) from the operation
(Figure 4).
Immediately after intervention, mean postoperative values of the bone graft volume are 1.32 cm3 ± 0.51 for the grafts
harvested with the piezoelectric devices and 1.18 cm3 ± 0.46
for the grafts collected with traditional instrumentation. After
8 months from operation, the mean postoperative values of
the bone graft volume are 1.03± 0.51 for the graft harvested
with piezoelectric devices and 0.88 ± 0.46 for the grafts
collected with traditional instrumentation.
3.2. Histological Evaluation. The morphological analysis of
many piezoelectric (P) device samples appeared different
when compared with those taken using the rotational technique (R) (Figure 5), in particular at the point of passage
between the graft and the host tissue. P samples seemed
made up of well-organized and well-vascularized bone with
a homogeneous appearance even at the level of the crossing
point; bone samples from R were overall formed by mature
bone but with less homogeneous points with the recipient
site. Tissue samples from both groups displayed a normal
structure, and no inflammatory infiltration was apparent.
3.3. Evaluation of Postoperative Pain, Inflammation, and Soft
Tissue Healing. At the donor site, the postoperative pain
was slightly lower in the group treated with piezoelectric

Figure 5: Histologic image of Group P sample.

Figure 6: Donator site surgery.

instrumentation (Group P) compared to the group treated
with the traditional instrumentation (Group R) (Figure 6). In
fact, at 1ST day VAS average values were 6.52 ± 0.53 for Group
R and 6.12 ± 0.81 for Group P; at 3RD day they were 4.41 ± 0.51
for Group R and 3.18 ± 0.72 for Group P and at 7TH day were
1.86 ± 0.61 for Group R and 1.43 ± 0.89 for Group P.
At the receiving site (Figures 7 and 8), postoperative pain
between the R and P groups was practically overlapping.
Indeed, at 1ST day VAS values were 4.52 ± 0.33 for Group R
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Figure 7: Receiving sites surgery.

Figure 8: Surgery outcome.

and 4.12 ± 0.71 for Group P, at 3RD day they were 3.11 ± 0.51
for Group R and 2.18 ± 0.63 for Group P, and at 7TH day they
were 1.56 ± 0.51 for Group R and 1.13 ± 0.89 for Group P.
With regard to postoperative swelling at donor site, we
found the following features: at 1ST day in Group R the
increase of distance between the two landmarks was of 23.
4% ± 9.5% and in Group P was of 26.7% ± 11.3%; at 3RD
day in Group R the increase of distance between the two
landmarks was of 17.7% ± 9.2% and in Group P was of 19.4% ±
12.4%; at 7TH day the increase of distance between the two
landmarks was of 6.2% ± 4.1% in Group R and 4.7%± in
Group P.
With regard to receiving site, the postoperative inflammation evaluated according to a 0 to 3 score results in
overlapping between Groups R and P. Indeed the mean score
is 1.8 ± 0.5 in patients treated with traditional instruments and
1.5 ± 0.6 in patients treated with piezoelectric devices.
With regard to soft tissue healing scores, there was
a statistically significant difference favouring the use of
piezoelectric device. The patients of Group P showed a score
included between 3.8 and 4.6, 1 week postoperatively. The
patients of Group R showed a score included between 3.1 and
4.2, 1 week postoperatively.

4. Discussion
The restoration of a satisfactory facial aesthetics and the
continuity of the alveolar process represent the main goals of
in the secondary bone surgery in patients with history of cleft.
The effectiveness of the operation is considered satisfactory

5
when a sufficient volume of normally remodelled bone tissue
is obtained. According to systematic reviews, success rate
for implants placed in native bone is of 97% after 7 years
[21, 22]. There are only a few articles in the literature focused
on implantological treatment of the cleft. Landes et al. [23]
demonstrated in a study that the probability of success of
implants in patients with cleft is very similar to prognosis of
implants inserted after traumatic tooth loss. The oral-healthrelated quality of life of cleft patients is similar to that of
noncleft patients. Reported success rate for implants placed
in the area of an alveolar cleft after bone grafting is from 80%
to 90% [24, 25]: when one or more teeth are missing in the
cleft area, implant placement in adulthood is the better option
for function and aesthetics, contrasting bone grafting areas
resorption [26, 27].
Recently, many researchers have investigated the use of
allogeneic bone, artificial bone, and recombinant human
bone morphogenetic protein, along with growth factors
because of their ability to decrease donor-site morbidity.
Both cortical and cancellous bones can be used for a bone
graft, but cancellous bone is known to be better because
of the cell transfer and revascularization in osteoinduction
and osteoconduction. A variety of autologous, allogeneic,
and xenogeneic bone materials, rhBMP, and growth factors
have been used for correcting alveolar cleft. Of these, fresh
autologous cancellous bone is the ideal bone graft source [28].
Iliac bone is the most commonly used bone in bone
grafting because it is easy to harvest and it can provide a
large amount of cancellous bone and cleft preparation can be
performed at the same time. However, the disadvantage of
using this bone is the presence of two operative fields with
possible scarring, postoperative pain, delayed ambulation,
and risk of cutaneous nerve injury [29]. This also requires
the presence of two distinct surgeons and this disadvantage
applies to all extraoral sites. The mandible has the same
embryonic origin as the maxilla. Because it is a membranous
bone and revascularization is relatively fast and resorption is
low. Surgery can be performed in the same operative field and
postoperative discomfort is reduced, thus reducing the length
of the hospital stay.
Our school has always used intraoral sites to harvest the
quantities of bone needed for cleft grafts. From a volumetric
point of view, when the amount of bone required was found to
be high, we utilised the autologous bone in combination with
the platelet concentrates [15]. The observation in literature of
the advantages of the piezoelectric devices has led in the last
years to an increasing use in oral surgery [16]. This led us to
apply these devices even in the grafts in patients with lip and
palate cleft.
Piezoelectric bone surgery is a technique developed in the
last years to overcome the limitations of traditional instrumentation in oral bone surgery by modifying and improving
conventional ultrasound technology [30]. It is a meticulous
and soft tissue sparing system for bone cutting based on
low frequency ultrasonic microvibrations. The absence of
macrovibration makes the instrument more manageable
and allows greater intraoperative control with a significant
increase in cutting safety in the more difficult anatomical
cutting zone. Therefore, the characteristic features of bone

6
cutting are minimal surgical trauma, a desirable control
during surgery, and a rapid healing response.
Different imaging methods have been used for the
assessment of bone grafts in the alveolar region, including
radiographic methods [31–33], computed tomography (CT)
[34, 35], and ultrasound (R. B. Lawson and M. L. Jones
1998). Rosenstein et al. [36] showed that the overall assessment of alveolar bone grafts using radiographic images was
equivalent to that using CT. However, evidence suggests that
CT may be a superior method to the use of conventional
radiographs, as the 3-dimensional image can clearly identify
bony bridge formation after grafting and the amount of bone
at the receptor site, according to the bone cross-sectional
image preview in the buccal-palatal direction [34, 35]. For
this reason, in our work, we have evaluated CBCT images
performed immediately after and after 8 months (± 21 days)
from the operation. From radiographical evaluation after
8 months, the results obtained show us that in Group R,
treated with traditional instrumentation, the bone volume
underwent a resorption of 26% compared to the initial bone
volume and 22% compared to the initial bone volume in
Group P, treated with piezoelectric devices. Therefore, for our
study, the piezoelectric instrumentation guarantees a better
graft preservation and consequently a better volume available
for the subsequent insertion of the implant fixture. Indeed,
piezoelectric device allows performing definite and accurate
cuts thanks to which the bone tissue is more preserved and is
free of bone heat osteonecrosis. This, probably, allows seeing
a radiographically lower resorption of the grafted bone.
With regard to histologic evaluation, a single blinded
calibrated operator performed the analysis.
In this work we did not sacrifice the bone taken from
the mandibular body at time of bone harvesting but we
performed a histological evaluation of the bone after eight
months from the operation, at the time of implant fixture’s insertion. In many cases, the results have shown a
cell maturation more advanced of the grafts treated with
piezoelectric devices compared to those treated with the
rotating instruments. The intervention with the piezoelectric
instruments allows having, on average, an amount of graft
greater due to a lower bone resorption of the bone applied
in the site of the cleft. We think that the lack of bone heat
osteonecrosis of bone graft allows a faster integration of graft
in receiving site.
In theory harvesting bone from the mandibular body and
ramus region can cause severe complications, like fracture of
the mandible [37] or sensorial disturbances of the lingual or
mandibular nerve [38]. However, this cannot be confirmed
with this study in which none of these severe complications
occurred in 20 patients treated. However, a disadvantage of
grafts from the mandibular region remains. Only a confined
amount of bone can be harvested from this donor site. It
has been described that the volume is half of what can be
achieved from the mandibular symphysis [39]. The limits of
the retromolar area are usually determined by the reduced
clinical access and the limited view. We had evaluated the
postoperative state in a simple manner with VAS scale, using
landmarks and with score of Landry et al. 1988. From a
symptomatological point of view, the major disorder reported
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by the patients treated in our work is at the donor site,
at the level of the body of the jaw but, in this area, the
healing is faster than the receiving site. Indeed, at the site
of the graft the surgical wound heals more slowly and with
greater risks of complications. The postoperative course is
instead superimposable between the two methods used.
With regard to our experience, this result basically depends
on the influence that the duration of the intervention has
on postoperative inflammation. Indeed, the cuts performed
with rotary instruments were performed in reduced times;
therefore the patients explain less swelling compared to
patients treated with piezoelectric devices.

5. Conclusions
The use of the piezoelectric devices allows a slight improvement in the final volume. We hypothesize that this may be
due to the lower necrosis of the bone block taken with this
method, as found in the histological examinations. This leads
to faster integration into the receiving site. Although it is
objective that the piezoelectric device is less damaging to
the tissue, as regards the inflammation, we have found an
overlapping inflammation both in the sampling site and in the
grafting site. This is because we believe that the inflammation
depends more on the duration of the intervention rather than
on the methodology, in accord with our study done on the
included third molars [17].
According to the results of present study, it can be
expected that the use of piezoelectric device in bone harvesting represents a method to be taken into consideration
because it has interesting advantages in terms of greater postoperative comfort, respect for noble anatomical structures,
and faster integration of the graft.
From our point of view an interesting evaluation that
allows comparing the characteristics of the tissues taken with
the two different techniques illustrated would be to carry out
a randomized, and not a retrospective, clinical study which
allows obtaining results on a larger patient sample.
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Introduction. The use of equine bone blocks is widely reported for bone augmentation techniques. The block must be shaped
according to the form of the defect that should be regenerated. The shaping could be performed by hand before or during the
surgery, in a sterile ambient, or using a CNC milling machine that could not be sterile. The aim of our study was to evaluate if a
steam sterilization could provide a medical grade sterilization of the blocks and to evaluate if bone microstructure and collagen
structures change after different steam sterilization protocols provided by mainstream autoclave. Materials and Method. Two blocks
of equine bone were divided into 16 samples. 1 sample was used as control and not submitted to any treatment. 15 samples were
infected with a Streptococcus faecalis bacterial culture. The samples were singularly packed, randomly divided into 3 groups, and
submitted to autoclave sterilization on the same device. The groups were submitted to a sterilization cycle (Gr. A: 121∘ C, 1,16 bar
for 20 ; Gr. B:134∘ C, 2,16 bar for 4 ; Gr. C: 134∘ C, 2,16 bar for 3.30 min.). 2 samples for each group were evaluated for the sterility. 3
samples for each group were observed at SEM to notice the macro- and microstructure modification and to confocal microscope
to observe the collagen. Results. All samples were sterile. The SEM evaluation showed, in all groups, a preserved morphological
structure. Confocal microscope evaluation shows that the collagen structure appears to be more uniform and preserved in group
C. Conclusion. Data show that autoclave steam sterilization could be reliable to obtain sterilization of equine bone blocks.

1. Introduction
Bone regeneration is a reliable technique when the bone volume is not sufficient to provide a long-term stability of
implant-supported prosthetic restorations and functional and
aesthetical outcome. It is also indicated in the posttraumatic
and oncologic reconstructive protocols [1].
The autologous bone is still considered the gold standard,
harvested from extra or intraoral site [2–4].
The homologous fresh frozen bone has also been reported
as effective thanks to its osteoconductive and it is potentially osteoinductive properties linked to its matrix contains
growth factors such as bone morphogenetic protein (BMP)
and vascular endothelial growth factor (VEGF) [5, 6].
However, in bone regeneration procedures, due to the
increased morbidity, limited quantities available and the

necessity of a second surgical site are widely used xenogenic
materials of bovine, porcine, or equine origins [7, 8].
Xenografts, thanks to their chemical-physical characteristics similar to those of the human bone, show osteoconductive properties [9, 10].
Enzyme-deantigenic equine bone has been used successfully in several fields of oral surgery and implantology [11]
including periapical cyst-removal management, periodontal
defect correction [12], horizontal and vertical atrophic ridge
reconstruction [13–17], and sinus augmentation [18–22].
Equine-derived biomaterials may be preferred to those of
bovine or porcine origins for issues related to Transmissible
Spongiform Encephalopathies. It is well known in fact that
rabbits, dogs, and horses are the only mammalian species
reported to be resistant to infection from prion diseases
isolated from other species [23, 24].
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In equine bone, an enzymatic process to preserve the
native conformation of type I collagen equine bone is used
while making the bone nonantigenic. The bone collagen
matrix contains a high amount of growth factors such as IGFII, TGF-beta, IGF-I, PDGF, bFGF, BMPs, and others [25] and
this implies that the demineralized bone matrix (DBM) is
able to stimulate the production of new bone tissue [25] when
grafted in another species [26–28].
Regarding cellular behavior, it has been found that when
osteoclasts were cultured on enzyme-deantigenic equine
bone, they adhered on this material in greater numbers and
exerted a more intense degrading activity [29] compared to
inorganic bovine bone [30], possibly because of the presence
of preserved collagen in the equine xenograft.
In vitro studies showed the effects of preserved bone’s collagen on biological mechanisms related to bone regeneration.
A randomized clinical trial found that enzyme-deantigenic
equine bone led to a significantly greater amount of newly
formed bone and a lower residual biomaterial, compared with
inorganic bovine bone [31].
The bone substitutes may be used in different forms such
as block or particulate along with the application of a longlasting membrane to prevent soft tissue cells from invading
the regenerating site (GBR) [32].
It has been reported that a bone block is a reliable material for regenerative procedures with predictable long-term
positive results [33]. The space maintaining characteristics of
the blocks can overcome the poor three-dimensional stability
of the particulate substitutes offering an adequate mechanical
support to the overlying tissue [16, 34, 35].
Allograft and xenograft bone substitutes underwent to
procedures that greatly lower the potential risk of transmission of bacteria, viruses, and prions.
Different sterilization techniques are used for autologous
tissues including gamma irradiation [36], ethylene oxide gas
[37], thermal treatment with moist heat [38], beta-propiolactone [39], chemical processing [40], and antibiotic soaks
[41].
In xenografts, the microbial safety is generally achieved
through gamma or electron-beam (e-beam) irradiation [42].
E-beam irradiation may be preferred to gamma because the
more precise dose control allows a shorter irradiation time
[43, 44].
In the common dental practice, the autoclave is used to
obtain a high-grade sterility of various kind of material [45–
47].
The aim of our research was to evaluate if different autoclave sterilization protocols may modify the macroscopical
and microscopical bone structure of an equine block and if
this protocols will affect the collagen matrix.

2. Materials and Method
Two equine bone blocks (10x20x5 mm) with collagen (OX
Block, Osteoxenon, Bioteck, Italy) were divided into 16
samples of cubic shape (5x5x5 mm) using a stainless steel
bone cutter Lindemann bur (Komet, Komet It Srl, Italy).
2.1. Sterilization Test. One sample was used as control and not
submitted to any treatment.
15 samples were infected with a bacterial culture.
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The Streptococcus faecalis, used for sterilization test, was
previously isolated from a pharyngeal buffer and incubated,
under standardized conditions, for 24 h. in sterile thioglycollate broth at 37±2 C.
The pH-values of the broths were measured at the beginning and end of each incubation cycle.
1 ml of thioglycollate broth contained 1 × 105 CFU/ml
Streptococcus faecalis colonies.
Each sample was contaminated by using sterile micropipettes, with 0,5 ml of thioglycollate broth.
The 15 samples were randomly divided in 3 groups and
submitted to autoclave sterilization in the same device (Euronda E9 Med, Euronda, Italy).
A group was submitted to a sterilization cycle at 121∘ C, 1,16
bar for 20 min. and 15 min. of drying.
B group was submitted to a sterilization cycle at 134∘ C at
2,16 bar for 4 min. of sterilization and 15 min. of drying.
C group was submitted to a sterilization cycle at 134∘ C at
2,16 bar for 3.30 min. of sterilization and 5 min. of drying.
Two samples for each group were evaluated for the
sterility.
1 sample per group was incubated under standardized
conditions for 24 h in thioglycollate broth at 37±2∘ C.
1 sample per group was incubated under standardized
conditions for 24 h in normal saline solution at 37±2∘ C.
To evaluate the sterilization effects, 18 𝜇l of thioglycollate
and 18 𝜇l of normal saline solution were collected and
incubated for 24 h at 37±2∘ C in CLED agar and ESCULINA
agar, for the bacterial count.
After 24 h of incubation the bacterial presence was evaluated by a conventional biochemical test and colonies were
counted and interpreted as colony-forming units.
2.2. Structural Evaluation. After autoclave steam sterilization, the 9 samples that were not evaluated for sterility underwent to SEM (Phenom Pro 5, Phenom-World B.V., Eindhoven, Netherlands) observation to directly observe the macroscopical and microscopical structure.
Each sample was fractured to observe an uncut surface.
All 9 samples underwent to optical observation to evaluate the macroscopical structural modification.
Three randomly areas of each surface were observed at
the same magnification and the microstructural changes were
recorded.
After the SEM observation the 12 samples underwent to
the confocal microscope observation to evaluate the collagen
presence. The uncut and unfractured surface was observed.
2.3. Scanning Electron Microscopy Protocol. After fixation in
2% glutaraldehyde, specimens were dehydrated in ethanol
and amyl acetate and then were dried at critical point in
a Balzers critical point drier using liquid CO2. The bone
fractured surfaces were mounted on stub and platinum
coated with a sputtering system “Plasma Sciences CrC-100
Turbo Pumped” and observed by Phenom G2 pro scanning
electron microscope.
2.4. Confocal Microscope Protocol. After fixation in 2% glutaraldehyde and rinsing in phosphate buffer 0,13 mol/L, pH
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Figure 1: Group A: spherical and ovoid cavities delimitated by trabeculation (42x).
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Figure 2: Group A: an intact trabecula with some residues on it.

7.3, specimens were decalcified in 4.13% Ethylenediaminetetraacetic acid, pH 7.2, dehydrated in ethanol, and embedded
in paraffin. A Leica microtome (Leica RM2255, Leica, Leica
Biosystems, MI, Italy) was used to obtain eight-micrometerthick sections.
The sections were treated with the following antibodies:
mouse monoclonal anticollagen I (diluted 1:1000; SigmaAldrich) which were demonstrated with IgG-Texas Red conjugated anti-rabbit (1:100 dilution; Jackson ImmunoResearch
Laboratories, West Grove, PA, USA) [48, 49].
Negative controls were carried out by treating the sections
only with the secondary antibody. The samples were observed
with the Zeiss LSM 510 confocal microscope (Zeiss LSM 510,
Carl Zeiss S.p.A., MI, Italy). The “display profile” function of
the laser scanning microscope was used to show the intensity
profile across an image along a freely selectable line [50].

3. Results
3.1. Sterilization Test. The sterility was achieved in all samples, considering a SAL (Sterility Assurance Level) of 10−6 .

Figure 3: Group B: morphologically well-preserved communicant
cavities of ovoid and spherical shape delimitated by a dense trabeculation (40x).

3.2. Scanning Electron Microscopy Evaluation. Group A: image shows a defined bone architecture with cavities of spherical shape delimited by a dense trabeculation (42x) (Figure 1).
It is possible to observe in detail a trabecula, which delimits two cavities, and it is possible to see the presence of
some residues of different shapes and sizes. Bone morphology
appears to be well preserved (1100x) (Figure 2).
Group B and group C: images show a cavity of ovoid and
spherical shape delimitated by a dense trabeculation (40x)
(Figures 3 and 4).
Increasing the magnification, it is possible to observe a
trabecula with smaller communicating cavities; the trabecula
surface appears to be well preserved (2500x) (Figures 5 and
6).
3.3. Confocal Microscope Evaluation. Group A: the image
shows that type 1 collagen of the sample presents a fluorescence pattern that is located at the periphery of the trabecula

Figure 4: Group C: morphologically well-preserved communicant
cavities of ovoid and spherical shape delimitated by a dense trabeculation (40x).
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Figure 5: Group B: a trabecula with sand-like residuals on it (2500x).

Figure 7: Group A: a continuous fluorescence pattern of type 1
collagen is noticeable on the peripheral surface of the trabecula. A
light fluorescence is evident.

Figure 6: Group C: a well-preserved trabecula with smaller communicating cavities; the trabecula surface appears to be well preserved
(420x).

Figure 8: Group B: the fluorescence pattern of the type 1 collagen
is located in the peripheral of the trabecula and appears variously
intense.

continuously. A feeble fluorescence can be observed at the
edges of some gap (Figure 7).
Group B: the images show that type 1 collagen of the
sample presents a fluorescence pattern that is located at the
periphery of the trabecula sometimes continuous and intense, sometimes weak and widespread. A feeble fluorescence
is observed at the edges. This group appears to be similar to
group A (Figure 8).
Group C: the image shows that type 1 collagen of the
sample presents a fluorescence pattern that is located at the
periphery of the trabecula in a continuous and uniform manner. The entire trabecula has a weak diffuse fluorescence pattern with a circumferential course, sometimes more marked
around the gaps (Figure 9).
Display profile shows the fluorescence intensity along a
selected line.
The fluorescent signal intensity appears more pronounced and uniform in group C when compared to groups

Figure 9: Group C: the fluorescence pattern of type 1 collagen
is evident on trabecula and appears continuous and uniform. The
whole trabecula shows a fluorescence pattern more marked near the
lacuna.

BioMed Research International

5
Group A

Group B

Group C

Figure 10: Display profile analysis.

A and B. Comparing group A and group B a greater signal
intensity is evident in group A (Figure 10).

4. Discussion
The bone augmentation procedure is widely studied in literature and commonly used in clinical practice and might be
mandatory in different clinical situations in both medicine
and dentistry [5].
Materials different for origin and composition were deeply studied by the scientific community and the differences
between the particulate form and the bone block are commonly known.
Several studies analyzed the employment of bone equinederived block containing collagen for ridge augmentation
[51–53]. These researches revealed the advantageous capacity
to maintain the dimensions of the augmented ridge. Benic
et al. demonstrated that the GBR technique performed with
equine block with collagen membranes (CM) resulted in
the most favorable outcomes compared to bovine block and
bovine granulate with CM [35].
It is mandatory to shape the bone block according to the
defect that should be filled. The shaping could be performed
by the industry that, according to a CBCT provided by the
clinician, could send a preshaped and sterilized block or

a handmade “in-house” shaping before or during the surgery.
The handmade shaping has, however, a lack of precision
related to the method of shaping. To overcome this issue a
CNC milling machine could be used. This machine has a
micrometer precision and in addition to a three-dimensional
reconstruction could provide the clinician a precise model;
however, due to its characteristic, the sterility requirement is
not satisfying and must be achieved after shaping, using other
techniques [54].
Cusinato et al. [55] demonstrated the efficacy of hydrogen peroxide treatment and e-beam irradiation on viral
clearance in equine-derived xenografts (pericardium membrane, collagen membrane, and cortical and cancellous bone
grafts) spiked with three human viruses (Coxsackie virus B1,
influenza virus type A with subtype H1N1, and herpes simplex
virus type 1).
Our work shows how it is possible to obtain a satisfactory
sterility of the graft, using a traditional device as the autoclave.
The microbiological analysis shows how, in agreement
with the literature, the sterility was achieved in all samples.
Our research was also aimed at understanding if this procedure might modify the bone morphology and the collagen.
The eye observation of the samples shows a fairly dehydrated and a slightly lighter white surface when compared to
the control sample.
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The SEM observations between the control sample and
the samples of the three groups underline how, at different
magnifications, the macrostructure does not show substantial
modifications [56].
In all samples, the bone structure appears to be well
preserved and the morphology appears to be very similar. It is
evident how the high temperature did not determine evident
and significant modifications of the bone sample architecture.
The collagen matrix that is a particular characteristic of
the equine bone graft and is preserved due to the impossibility
of this species to be infected with prions appears to be
variously maintained.
The confocal microscope immunofluorescence analysis
shows how group C (131 fast) has the best-preserved collagen
structure. This observation is also confirmed by the display
profile analysis, which evaluating the fluorescence intensity
underlines how the fluorescent signal appears to be more uniform and intense when compared to the other groups. When
comparing A and B groups, the first one shows a stronger
and a uniform fluorescence.
The temperatures reached in steam autoclave sterilization
appear to be respectful of the collagen fibril that remains
always below the thermal transitions temperatures [57, 58].
The collagen resistance to heat and pressure damage, so,
appears to be time related. When a steam sterilization is performed a 134∘ C and 2,16 bar for 3.30 min. and 5 min. of drying
protocol is suggested.
From the analysis of our data, autoclave steam sterilization method could be a reliable way to obtain sterilization of
bone graft.
Giving the possibility of using a nonsterile CNC milling
machine will open a new scenario of precision in bone
grafting, letting the surgeon to obtain a perfectly shaped and
sterilized graft wherever before the surgery.

5. Conclusion
The autoclave sterilization appears to be a reliable way to
obtain a medical grade sterilization of the equine bone blocks
and it does not affect the macro- and the microstructure and
the collagen fiber.
Further studies are necessary to evaluate if there are any
chemical modification and to evaluate if there are changes in
the in vivo osteointegration process of the bone that underwent the steam sterilization protocol.
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[20] S. Tetè, R. Vinci, V. L. Zizzari et al., “Maxillary sinus augmentation procedures through equine-derived biomaterial or calvaria autologous bone: Immunohistochemical evaluation of
OPG/RANKL in humans,” European Journal of Histochemistry,
vol. 57, no. 1, pp. 60–65, 2013.
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Hyaluronic acid (HA) constitutes one of the major components of the extracellular matrix domain in almost all mammals. The
aim of this study was to evaluate the regenerative capacity of HA matrix in rat calvarial bone defects and compare with those of
different combinations of resorbable collagen membrane (M) and bovine-derived xenograft (G). Twenty-four 3-month-old male
Sprague-Dawley rats weighing 200-250 g were included. Control group was created by leaving one defect empty from 2 critical size
defects with 5 mm diameter formed in the calvarial bones of 8 rats. In the same rats, the other defect was treated with HA matrix
alone. One of the 2 defects formed in other 8 rats was treated with HA+G and the other with HA+M. One of the 2 defects formed
in the remaining 8 rats was treated with G+M and the other with HA+G+M. The animals were sacrificed at 4 weeks. Histologic,
histomorphometric, and immunohistochemical analyses were performed. Both HA matrix alone and its combinations with G and
M supported new bone formation (NBF). However, NBF was significantly greater in G+M and HA+G+M groups compared to
control and HA alone (P<0.001). Bone morphogenetic protein-2 was expressed with varying degrees in all groups, without any
difference among them. Within the limitations of the present study, HA matrix, used alone or in combination with G and M, did
not contribute significantly to bone regeneration in rat calvarial bone defects.

1. Introduction
In recent years, the extent of the use of degradable materials
like hyaluronic acid (HA) for the reconstruction of soft and
hard tissue deformities has been mostly increased in dental
field. HA, a glycosaminoglycan structured biomolecule, is a
major component of the extracellular matrix in almost all
mammals. It was first discovered and isolated from the cow
eye by Karl Meyer and John Palmer in 1934 [1]. Since then,
the use of HA-based biomaterials with the aim of influencing
and enhancing the wound healing manner has been stated
to be effective especially in the regenerative procedures [2–
4]. Participation in numerous essential biological events
including cell adhesion, proliferation, differentiation, and
cellular signaling makes HA attractive for oral applications
[5]. From the therapeutic point of view, HA-based products

are available for the treatment of oral ulcer [6], gingivitis [7],
bone defects [8], and periodontal defects [9].
Although current developments in biomaterial science
bring forward some alternatives, they are still far from achieving exact proper solutions. The limitations of biomaterials
may represent some structural and functional properties
including viscosity, elasticity, biodegradability, molecular
weight, and concentration leading biological actions which
signify essential meanings for tissue formation. Recently,
novel methods have been proposed especially in hydrogel structured scaffold construction to produce original
efficient HA-based biomaterials with improved mechanical
and morphological properties [10]. Some of these semisynthetic materials are obtained by conducting a chemical
revision based on the esterification of carboxyl groups in the
purified HA molecule which can be organized by chemical
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agents leading to enhance the biological efficacy of HA [10].
Esterified HA has favorable biologic abilities in bone tissue
regeneration observed in the existence of chondrocytes and
mesenchymal stem cells [11–13].
Clinical studies evaluating the regenerative response of
a biopolymer matrix composed of fibers in esterified HA
structure suggest promising results in terms of attachment
gain and bone formation rate [8, 9, 14–16]. Due to the
lack of substantial clinical evidence, heterogeneity of study
results, and uncertainties in effect size of HA and application
method, the use of esterified HA fibers could not be acclaimed
in the regenerative periodontal therapies [5]. Therefore, its
efficiency is still needed to be clarified.
Guided bone regeneration (GBR) is defined as a procedure providing a selective barrier placed between the
bony defect site and the mucoperiosteal flap to prevent the
repopulation of rapidly proliferating epithelial and gingival
connective tissue cells from the defect area [17]. Thus,
osteoblast cells which are relatively slow-growing cells capable of forming bone will selectively proliferate in the defect
site and thereby bone regeneration will occur [17]. In several
studies, it has been shown that different types of barrier
membrane prevent the migration of undesired cells into the
wound area and at the same time permit the migration
of regenerative cells within the confinement area [18–21].
GBR is often combined with bone grafting procedures [17,
22–25]. Bovine-derived xenograft (G) is commonly used
in orthopedics, neurosurgery, oral maxillofacial surgery,
and periodontology fields for purposes such as providing
bone support, skeletal defect repair, and socket preservation
[26].
Bone morphogenetic protein (BMP), a member of transforming growth factor-𝛽 family, is synthesized by osteoblasts
and osteocytes and primarily located in bone and dentin in
adult mammals [27]. The presence of BMP has been shown
to stimulate migration and conversion of mesenchymal cells
into osteoblasts, storage of the bone matrix, and mineralization of the newly stored bone matrix [27]. BMP-2 is the most
abundant osteoinductive protein among BMPs [27].
Current evidence on the use of HA-containing biomaterials in GBR is inadequate. Therefore, the present study aimed
to evaluate the bone regenerative effect of HA matrix alone
and compare in combination with G and resorbable collagen
membrane (M) by assessing the new bone formation and
BMP-2 expression in critical size rat calvarial bone defects
investigating the null hypothesis that the use of esterified HA
fibers would not affect the healing process.

2. Materials and Methods
2.1. Animals. Twenty-four, 3-month-old, male SpragueDawley rats weighing 200-250 g were included to the study.
This animal study was conducted in the Marmara University Experimental Animal Research Laboratory approved by
Marmara University Animal Experiments Ethics Committee
(protocol no=08.2015.mar). Throughout the experimental
period, animals were maintained under a controlled light and
dark cycle 12:12 h, light on at 8:00 am at an ambient 21±2∘ C
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temperature, and fed with standard laboratory pellet food.
Drinking water was available ad libitum.
According to the power analysis performed by using the
values (0.38 mm2 mean new bone formation, 0.158 mm2
standard deviation with 95% power, and significance was set
at p<0.05 level) obtained from an animal study [28] having
similar defect size and follow-up period with our study and
comparing new bone formation between the groups, it was
calculated that a minimum of 5 defects should be included
into each group. Eight defects were decided to be included
into each group considering the possible loss of the animals
for any reason.
2.2. Surgical Procedures. Intramuscular injection of 3 mg/kg
xylazine hydrochloride (Rompun, Bayer, Leverkusen, Germany) and 35 mg/kg ketamine hydrochloride (10% Ketasol,
Richter Pharma AG, Wels, Austria) was applied for general
anesthesia of the rats. Under sterile conditions, the dorsal
part of the cranium was shaved and incised through the
skin, muscles, and periosteum to expose the calvarium. Two
critical size defects with 5 mm diameter were created in the
right and left sides of the parietal bone without causing any
injury to the underlying dura mater (Figure 1(a)). Under
constant sterile saline irrigation, a trephine bur inserted
into a low speed handpiece was used to create the calvarial
defects. A total of 48 defects were divided into 6 groups as
follows: control group (n=8): defects were left empty; HA
group (n=8): defects were filled with HA alone (HYALOSS
matrix, Fidia Advanced Biopolymers, Abano Terme, Italy)
(Figure 1(b)); G+M group (n=8): defects were filled with
G (Bio-Oss, Geistlich Pharma AG, Wolhusen, Switzerland)
and covered with M (BioGide, Geistlich Pharma AG, Wolhusen, Switzerland); HA+M group (n=8): defects were filled
with HA and covered with M (Figure 1(c)); HA+G group
(n=8): defects were filled with HA and G; G+HA+M group
(n=8): defects were filled with HA and G and then covered
with M (Figure 1(d)). The skin was primarily sutured with
nonresorbable 3/0 silk sutures (Doğsan, Trabzon, Turkey)
(Figure 1(e)). Postoperative infection control was provided
by using intramuscular injection of 25 mg/kg antibiotic Ceftriaxone (Rocephin, Roche, Nutley, New Jersey, USA) for 3
days and 4 mg/kg analgesic Carprofen (Rimadyl, Pfizer, New
York, USA) 24 h a day for 3 days, starting immediately after
the operation. Sutures were removed at day 7 postoperatively.
The animals were euthanized by anesthetic overdose and
sacrificed at 4 weeks.
2.3. Histologic and Histomorphometric Evaluation. The skulls
were fixed in 10% buffered formalin for 1 week. Then, they
were decalcified in 10% formic acid+10% sodium citrate
solution for 1 month. Paraffin blocks prepared from routinely processed decalcified specimens were cut into 4 𝜇m
slices followed by staining with hematoxylin and eosin.
The sections were evaluated histologically under a light
microscope (Olympus BX60; Olympus Optical Co. Ltd.,
Japan) attached to a color video camera and connected to
a computer for the presence of inflammatory change and
foreign body reaction. The infection, necrosis, and foreign
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Figure 1: Representative experimental figures of the groups. (a) Critical size calvarial defects, (b) control group (Left) and HA group (Right),
(c) G+M (Left) and HA+M (Right) groups, (d) HA+G (Left) and HA+G+M (Right) groups, and (e) suturing.

body reaction were evaluated as ‘-’ if absent and ‘+’ if
present.
The defect regions were captured using the camera and
displayed on the computer monitor for histomorphometric
measurements in order to evaluate the amounts of new
bone formation and residual bone graft. All measurements
were performed with Image Analysis Software (Olympus
Image Analysis Software 5.0, Tokyo, Japan) by a blinded
pathologist (MST) at three different evaluation times with
1-week interval. The mean value revealed from these three
evaluations was assigned as the value which was used for
statistical analysis.
The sections were evaluated at x40, x100, and x200
magnifications for new bone formation and residual graft
which were calculated in 1 or 2 contiguous and consecutive
microscopic fields, depending on the size of related microscopic area. The proportions of the area occupied by newly
formed bone and residual grafts were measured and confined
to a total area.
2.4. Immunohistochemical Staining and Evaluation. The sections were deparaffinized and antigen retrieval was performed for immunohistochemistry. After microwave incubation of the peroxyblock, followed by the ultra V block
procedure, primary antibody against BMP-2 (Polyclonal antibody, ENT0498, Elabscience Biotechnology Co., Ltd., Houston, USA) was applied. Following this process, biotinylated
secondary antibody (HRP conjugated polyclonal antibody,
Sc-2030, Lot # D1504, Santa Cruz Biotechnology, Texas,
USA), streptavidin peroxidase and substrate-chromogen
solution were applied. Nuclear counterstaining was done with

hematoxylin. The sections were evaluated under the light
microscope and the score was made up of 0-5% positive cells
as (-), 5-30% positive cells as (+), 30-60% positive cells as
(++), and 60% and more positive cells as (+++).
2.5. Statistical Analysis. Analyses of data were performed by
using a commercially available statistical software (SPSS
15.0 for Windows, Chicago, IL, USA). For each group,
amounts of newly formed bone and residual graft material were separately calculated by using mean values and
standard deviations. Nonparametric tests were conducted
because Kolmogorov-Smirnov test showed that data were
not normally distributed. Intergroup comparisons were made
by Kruskal-Wallis test followed by Mann–Whitney U test
with post hoc Bonferroni correction for paired comparisons.
Immunohistochemical data were analyzed by using ChiSquare test. Statistical significance was set at p<0.05 level.

3. Results
There was no animal loss throughout the study period.
Uneventful healing was achieved in all animals without
any postoperative complication. New bone formation was
observed in all groups. Moreover, the amount of newly
formed bone in the groups G+M and HA+G+M was significantly greater than that in the control and HA groups
(p<0.001, p<0.01) (Table 1). In the G+M, HA+G, and
HA+G+M groups, where G was applied, residual graft material was detectable. However, amounts of the residual graft
material were similar in all groups (p>0.05) (Table 1).
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Table 1: Comparison of histomorphometric parameters among the groups.

New bone formation (mm2 )
2

Residual graft (mm )

a

Pa

Control
N=8
Mean±SD

HA
N=8
Mean±SD

Groups
G+M
N=8
Mean±SD

0.15±0.14

0.12±0.13

0.79±0.43b,c

0.35±0.35

0.38±0.20

0.73±0.30b,c

0.000

-

-

0.63±0.21

-

0.48±0.16

0.63±0.16

0.183

HA+M
N=8
Mean±SD

HA+G
N=8
Mean±SD

HA+G+M
N=8
Mean±SD

Kruskal Wallis, P<0.05.
P<0.001 different from the control group, Mann–Whitney U-test with post hoc Bonferroni correction.
P<0.01 different from the HA group, Mann–Whitney U-test with post hoc Bonferroni correction.

b
c

The representative histologic sections of the groups are
shown in Figure 2. No histopathological damage of dura
mater was observed in any of the specimens after the creation
of calvarial defects. In all groups, the calvarial defects were not
completely filled with regenerated bone. Newly formed bone
tissue surrounded by osteoblasts was limited to areas close to
the borders of the surgically created defects in all specimens.
All groups exhibited increased osteoblastic activity (Figure 2).
Evaluation of immunohistochemical staining revealed
that all groups showed BMP-2 positivity in varying degrees
(Figure 3); however no statistically significant difference
was found among them (p>0.05) (data not shown). The
distinct staining was observed at osteoblasts close to newly
formed bone. Mesenchymal tissue cells and defect edges
expressed also positive staining. Even though there were no
statistically differences (p>0.05), the staining in the G+M,
HA+G, and HA+G+M groups containing graft material was
observed stronger than the control and HA groups without
graft material. The BMP-2 positive cells in the mesenchymal
tissue were considered as the precursors of osteoblasts. Some
osteocytes gave also positive reaction to the BMP-2 antibody.

4. Discussion
The biological activity, boundaries, and manner of the application of HA material, which is widely used in dermatology as
far as medical dentistry, have not yet been clearly established.
Furthermore, there is a lack of knowledge on the application
mode of HA matrix either alone or combined with G and/or
M. Our research is the first animal study investigating systematically and comparatively the limitations and effectiveness of
HA-containing bioactive matrix alone and in combination.
Our results exerted that no additional improvement could
be achieved on rat calvarial bone regeneration by the use of
esterified HA fibers.
In this study, the defect model of critical size in rat calvaria
was used to investigate the effectiveness of HA-containing
biomaterial on bone regeneration. Generally, the critical size
of the rat calvarial bone defect model includes only one defect
with 8 mm diameter. However, it is possible to use defects
with lower size in order to be able to create 2 defects in
one rat allowing use of relatively small number of animals.
Therefore, in our study, two calvarial defects of 5-mm in size
were created in one rat similar to the studies reviewed by
Muschler et al. [29]

As a bone graft, G is obtained by removing the natural
bone mineral after it has been separated from the organic
components by standing for 24 h with ethylenediamine [30].
Due to its porous structure and high mineral component, G
integrates into the existing bone by providing an osteoconductive scaffold [30]. Kohal et al. [31] reported the finding
that G contributes higher values of new bone formation
when used in combination with resorbable collagen barrier
membranes. This evidence was supported with systematic
review articles [21, 22]. In this study, it is assumed that
the bioactive matrix containing HA material, which has
been shown to have positive effects on wound healing,
will positively contribute to the results obtained with the
combination of G and M used for bone regeneration in the
concept of GBR. However, our results did not support this
hypothesis. On the other hand, the results obtained from G
and M combination were in line with the literature [21, 22].
The HA activity is mostly associated with the molecular
weight and concentration of HA acting in the biomaterial [5].
Results which are reviewed from the studies investigating in
vitro and in vivo efficacy of the HA molecule applied at varying concentrations and molecular weights are inconsistent
[5]. Some researchers reported enhanced cell differentiation
by high molecular weight-HA [4, 32]; some others showed
no effect of high molecular weight-HA on cell differentiation
[33, 34]. While low molecular weight-HA has been stated
to stimulate angiogenesis [35] and possess inflammatory
effects [36], high molecular-HA has been reported to inhibit
angiogenesis [37] and have anti-inflammatory effects [38, 39].
Zhao et al. [5] reviewed in vivo bone regenerative effect of
HA with varying molecular weight and concentration. It has
been reported that HA with molecular weight of 35 kDa to
6000 kDa and concentration of 10 mg/ml to 26 mg/ml can
improve new bone formation [5]. The HA-based biomaterial
used in our study contains HA at a molecular weight range
of 180-200 kDa and at a concentration range of 20-60 mg/ml
[14, 40].
Tissue regeneration involves complex, early, and late
healing manners including adhesion, proliferation, differentiation, and functioning of the cells [5]. Adhesion and
proliferation activities of the cells which mainly take place in
the early wound healing period differ under HA application
[5]. Takeda et al. [34] observed greater cell adhesion and
proliferation but no cell differentiation effects suggesting the
HA related events at early healing phase more willingly than
those at late phase. On the other hand, no cell proliferative
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Figure 2: Representative histological sections of the groups. (a) Control group, (b) HA group, (c) G+M group, (d) HA+M group, (e) HA+G
group, and (f) HA+G+M group (all figures H&E x40, NB: new bone, G: graft, and DE: defect edge).

effect was detected with HA application compared with that
of cells not treated by HA [33]. Different cellular responses
of HA defining its early healing effects are still needed to be
clarified.
The main component of our HA-based test material was
successfully used in cases of synthetic bioskin and biosynthetic osteocartilage reconstruction [41–44]. In in vivo animal
studies in which the effects of HA-containing biomaterials
on bone regeneration were evaluated, HA was used generally
as a carrier and was shown to increase bone regeneration
[2, 45–48]. For example, thiol-modified HA combined with
polyethylene glycol provided a sustained release of BMP2, resulting in ectopic bone formation in the hind limbs of
the rats [47]. Bone formation was observed by subperiosteal
administration of the injectable HA in a minimally invasive

manner in the rat calvarial region [2]. It has also been
shown that growth and differentiation factor 5 or simvastatin
carried out by HA significantly increased osteogenesis [45,
46]. Glycidyl methacrylate-modified HA hydrogels were
administered alone or in combination with BMP-2 into rat
calvarial bone defects and higher level of mineralization was
detected in the group treated with BMP-2 than the control
group [48]. HA with vascular endothelial growth factor or
BMP-2 has been shown to increase healing in rat calvarial
bone defects [48]. In an animal study evaluating the healing of
alveolar sockets after tooth extraction, one of the defects was
left empty and another was treated with HA, and the results
demonstrated that the detected amount of BMP-2 was greater
and trabecular formation was faster in the HA-treated group
[49]. On the other hand, in the sheep femur defect model,
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Figure 3: Demonstrative pictures of BMP-2 immunohistochemical staining. (a) Control group, (b) HA group, (c) G+M group, (d) HA+M
group, (e) HA+G group, and (f) HA+G+M group (all figures BMP-2x200).

injectable HA was unable to produce statistically significant
bone formation when administered alone or in combination
with BMP-2 [50]. In a dog model, tricalcium phosphate was
used alone or in combination with HA in the treatment of
bony defects created in the radii and no significant difference
in the new bone formation was found between the groups
[51]. No significant contribution was obtained in terms of new
bone formation and BMP-2 expression after application of
HA-based bioactive matrix alone or combined with G and/or
M in rat calvarial bone defects at the end of the 4-week healing
period.
As a limitation of this study, it can be asserted that there
is a need for studies involving a longer follow-up period with
an evaluation performed at different time points in which the
efficacy of this HA-based biomaterial is assessed in different
tissues and animal models also in noncritical defects.

5. Conclusions
Within the limits of this study, our findings demonstrated
that the application to rat calvarial bone defects of HA-based
bioactive matrix, alone or in combination with G and M, had
no additional effect on bone regeneration after 4 weeks of
healing.
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Porous structure has been widely acknowledged as important factor for mass transfer and tissue regeneration. This study investigates
effect of aimed-control design on mass transfer and tissue regeneration of porous implant with regular unit cell. Two shapes of unit
cells (Octet truss, and Rhombic dodecahedron) were selected, which have similar symmetrical structure and are commonly used
in practice. Through parametric design, porous scaffolds with the strut sizes of 𝜑 0.5, 0.7, 0.9, and 1.1mm were created, respectively.
Then using fluid flow simulation method, flow velocity, permeability, and shear stress which could reflect the properties of mass
transfer and tissue regeneration were compared and evaluated, and the relationships between porous structure’s physical parameters
and flow performance were studied. Results demonstrated that unit cell shape and strut size greatly determine and influence other
physical parameters and flow performances of porous implant. With the increasing of strut size, pore size and porosity linearly
decrease, but the volume, surface area, and specific surface area increased. Importantly, implant with smaller strut size resulted
in smaller flow velocity directly but greater permeability and more appropriate shear stress, which should be beneficial to cell
attachment and proliferation. This study confirmed that porous implant with different unit cell shows different performances of
mass transfer and tissue regeneration, and unit cell shape and strut size play vital roles in the control design. These findings could
facilitate the quantitative assessment and optimization of the porous implant.

1. Introduction
Porous structure has been widely acknowledged as important
factor to avoid stress shielding and promote mass transfer,
cell adhesion, and differentiation for bone tissue engineering
(BTE), which could be manufactured by conventional fabrication techniques [1], such as gas foaming, solvent casting,
particle leaching, fiber meshes, and freeze drying [2]. However, these methods should lead to irregular porous structure
and uncontrollable interconnectivity, which have many flaws
and potential risks for mechanical properties and biological
properties, such as stress concentration and fatigue damage.
Additive manufacturing (AM), also commonly known as 3D

printing, is a process of joining materials layer by layer [3],
provides required ability to deliver a high level of control
over the complex architecture of the construct, and has been
found to be advantageous for BTE. With the advent of AM
[4], structure with different unit cells could be tailored in the
design, which has great significance for the porous implant
[5].
In general, ideal implants for BTE are expected to provide
sufficient mechanical strength and stimulate cell attachment,
viability, and proliferation so as to implant fixation to the
host bone and tissue regeneration [6]. It has been reported in
the literatures that physical parameters of porous structure,
such as pore size, porosity, volume, surface area, and specific
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surface area, could affect mass transfer and cell differentiation. Roman A. Perez et al. reviewed that the pore size
and pore size distribution as well as the pore morphology
are key parameters that play a critical role in balancing the
physical and biological properties [7]. Jie Fan et al. found
that larger scaffold pore size has been shown to enhance
osteoid tissue ingrowth and greater porosity was beneficial to
proliferation of seeded cells [8]. Natalja E. Fedorovich, M.D.,
et al. proposed that the porosity is important for cell/tissue
conductive properties [9]. Ju-Ang Kim et al. proved that high
porosity promoted rapid biodegradation and bone regeneration for scaffolds [10]. A. T. Sidambe et al. summarized
that porous structures with rougher surfaces were slightly
more compatible for cell attachment and proliferation due to
larger specific surface area than the smoother surface [11].
Meanwhile, suitable permeability and mechanical stimuli
(shear stress) inside the porous implant also has important
influence on cell proliferation and differentiation [12, 13].
Jie Fan et al. demonstrated that higher permeable scaffolds
exhibited superior performance during bone regeneration in
vitro and the advantages of higher scaffold permeability were
amplified in perfused culture [8]. Karande TS suggests that
permeability characterized the ability of nutrient delivery,
waste removal, and cell migration [14]. Anna G. Mitsak et al.
found that permeability increased with higher pore volume
and resulted in better bone regeneration and blood vessel
infiltration when other pore parameters were kept the same
[15]. Porter et al. investigated the flow in scaffolds and found
an average shear stress of 0.05 mPa was required to have
stimulating effect on cell proliferation and that higher shear
stress would lead to subsequent upregulation of osteoblast
growth [16]. Cartmell et al. suggested that, for a positive
effect on seeded cell viability and proliferation in vitro, fluid
shear stress ranging from 0.05 to 25 mPa was desired [17].
Raimondi et al. perfused and predicted that a wall shear stress
in the range 1.5–13.5 mPa was required for the stimulation of
higher cell viability [18, 19]. It appears that although many
studies had involved some rules for pore size, porosity, and
permeability [7–10], the design of the porous structure is
currently based on simple empirical level, such as minimum
pore and interconnects sizes, and direct determinant factors
for physical parameters of porous structure were unclear.
In the same line of thought, two clinical rationales for
the porous implant should be stressed [20–22]. Firstly, the
implant should match the mechanical properties of the
host bone in coping with load transfers and prosthesis
fixation [23]. Secondly, the implant should provide better
surroundings for mass transfer and tissue regeneration [24,
25]. Importantly, in practice, unit cell selection is a key step
to “fit” the implant with appropriate mechanical properties
and biological performance in a typical design [26]. However,
currently in literature, different kinds of pores are selected just
by engineers’ experience in clinic, and quantitative, intuitive,
and controllable design of biological performance for porous
implant is urgently lacking [27]. Therefore, how to design an
ideal porous implant purposefully and directly is still a key
problem.
In addition, there are four methods for the porous
structure design [28]: (1) computer assisted design (CAD),
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for example, SolidWorks software (Dassault Systèmes, VelizyVillacoublay, France) could be used for the parameter design,
and Boolean operations including union, subtraction and
intersection would give great help for the complex structure’s
creation; (2) Implicit Surface (IS) modeling of mathematic
trigonometric functions is used to maximize the surfacevolume ratio of the implant; (3) microcomputed tomography
(𝜇CT) and image data of original bone have been used as
the basis for the design; (4) topology optimization and the
best shape could be got by software simulation when the
corresponding material, force, and fixed boundary conditions
were given to the model. Although none of the above methods
exhibit overwhelming superiority, CAD method has more
controllability, modifiability, and intuitiveness and is very
suited to control design for the porous implant. Moreover,
using CAD method, almost all of the physical parameters
(pore size, porosity, volume, surface area, permeability, and
interconnectivity) could be tailored and adjusted by the right
unit cell shape and strut size [26, 28], but previous researches
seemed to ignore strut size, whilst quantitative relationships
between strut size and other physical parameters, permeability, mechanical stimuli, and biological responses are still not
well known.
Herein, this study focused on the CAD design and investigated the effect of control design on mass transfer and tissue
regeneration of porous implant with regular unit cell. Two
shapes of unit cell were selected and corresponding scaffolds
with different strut sizes (𝜑0.5, 0.7, 0.9, and 1.1mm) were
created. Using computational flow simulation methodology,
predictions of design parameters, especially effects of strut
size on flow velocity, permeability, and shear stress were
compared and evaluated, which would result in different
biological properties for porous implant.

2. Methods
2.1. Control Design of Porous Scaffolds. In this study, regular
unit cells, Octet truss (OT) [29], and Rhombic dodecahedron
(OT) [30] in the Magics software (Materialise, Leuven,
Belgium) were selected (Figure 1(a)), which have similar
symmetrical structure both on the coronal plane and on the
sagittal plane, and are commonly used in practice. In the
SolidWorks software (Dassault Systèmes, Velizy-Villacoublay,
France), parametric models refer to single unit cell designed
with dimensions 5 mm x 5 mm x 5 mm for OT and RD firstly
[31]. Further on, using mirror modeling operation, single unit
cells were repeated along x-, y-, and z-axis periodically in the
software; porous scaffolds, 10 mm in length and width, and
20 mm in height, with the strut size of 𝜑0.5, 0.7, 0.9, and 1.1
were created (Figures 1(a) and 1(b)), respectively, which had
4 layers and 16 complete single pores, and are entitled by OT0.5, OT-0.7, OT-0.9, OT-1.1, RD-0.5, RD -0.7, RD -0.9, and RD
-1.1.
Taking into account quantitative assessment, physical
parameters of porous structure, such as pore size, porosity,
volume, surface area, and specific surface area, were paid
close attention, which would affect culture conditions and cell
differentiation for BTE directly. In the SolidWorks software,
pore size could be measured manually, and surface area and
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Figure 1: Regular unit cells and related scaffolds design: (a) two shapes of unit cells; (b) OT scaffolds; (b) RD scaffolds.

volume of porous scaffolds were computed automatically
with the analyzing tools, respectively. Additionally, according
to (1), porosity p could be calculated.
𝑝=

𝑉0 − 𝑉
× 100%
𝑉0

(1)

where 𝑉0 is the volume of initial solid implant; V is the
volume of porous implant. Among them, 𝑉0 can be calculated
according to the volume formula of cube and the known
dimension size ( 20mm x 10 mm).
In the meantime, specific surface area s could be calculated as
𝑉
(2)
𝑠= ∗
𝑆
where V and 𝑆∗ are the volume and surface area of porous
implant, respectively.
2.2. Computational Fluid Dynamics. Based on the control
design, flow performance of porous scaffolds with two shapes
of unit cells and four strut sizes (OT-0.5, OT-0.7, OT-0.9, OT1.1, RD-0.5, RD -0.7, RD -0.9, and RD -1.1) was evaluated by
numerical simulation method in the plugin of SolidWorks
software. As shown in Figure 2(a), all of the porous scaffolds
were limited in the same enclosed cuboid, respectively, and
one side of the cuboid was assumed as the inlet, whilst the
opposite side was assumed as the outlet. Dulbecco’s modified
Eagle’s medium (DMEM) was represented as fluid material
to simulate a steady state in vitro, whose viscosity and density
are 1.45Pa⋅s and 1000 kg/m3 [12].
The boundary conditions defined an inlet velocity (vi
= 1 mm/s) at the inlet-flow side and an output pressure

(one Atm pressure) at the opposite-flow side. The governing
equation underlying the calculation was the Navier-Stokes
formulation. Meanwhile, in order to assess flow performances
of porous scaffolds with different strut sizes and pore shapes,
flow trajectory, flow velocity, and flow shear stress were
planned to be obtained and compared. In addition, according
to Darcy’s law,
𝑄 = V𝐴 = 𝑘𝜇𝑑 𝐴

Δ𝑃
𝐿

(3)

so the average permeability could be expressed as follows [32]:
𝑘 = V𝜇𝑑

𝐿
Δ𝑃

(4)

where 𝑄 is the volumetric flow rate; A is the area of cross
section for pores; v is the average velocity; 𝜇𝑑 is the fluid
viscosity of DMEM; L is the length of the model; Δ𝑃 is the
pressure drop between the inlet and the outlet. Among them,
v could be computed directly by the flow simulation; Δ𝑃
could be got by the inlet and output surface probing; 𝜇𝑑 and L
are known. Then, average permeability k could be calculated,
respectively, according to (4). Moreover, middle section view
(Figure 2(b)) and middle line view (Figure 2(c)) of porous
scaffolds were used to display and assess inner flow velocity
and flow shear stress in the software, and the cut planes for
all the porous scaffolds are at the same position, and they all
shared one same midline.
Finally, tetrahedron was used for the models’ meshing in
the flow simulation (Figure 2(d)), and adaptive optimization
function is performed. Furthermore, in order to provide
accurate computation and reliable results, convergence studies were conducted to evaluate mesh size for the models
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Figure 2: Schematic diagrams of CFD models: (a) boundary condition; (b) middle section view; (c) middle line view; (d) meshing model.
Table 1: Number of tetrahedral elements of the meshes for models.
Unit cell

Scaffolds
OT-0.5
OT-0.7
OT-0.9
OT-1.1
RD-0.5
RD -0.7
RD -0.9
RD -1.1

OT

RD

Cells
160000
160000
158740
155079
159776
159482
158257
154512

Fluid cells
110841
98483
85625
73492
105421
90263
78765
58703

Solid cells
390
4239
10212
16569
840
6888
15290
24523

Partial cells
48769
57278
62903
65018
53515
62331
64202
71286

Table 2: Parametric characterization of porous implant.
Unit cell

Unit cell
size (mm)

Scaffold
models

5×5×5

OT-0.5
OT-0.7
OT-0.9
OT-1.1

5×5×5

RD-0.5
RD-0.7
RD-0.9
RD-1.1

OT

RD

Model size
(mm)

Strut size
(mm)

Pore size
(mm)

Porosity
(%)

Volume
(mm3 )

Surface area
(mm2 )

Specific surface
area (%)

10×10×20

0.5
0.7
0.9
1.1

1.36
1.17
1.00
0.84

88.46
79.14
68.25
56.53

230.9
417.2
635.1
869.5

1914.9
2395.9
2722.3
2893.9

12.06
17.41
23.33
30.05

10×10×20

0.5
0.7
0.9
1.1

1.61
1.40
1.19
0.97

91.44
84.21
75.54
65.93

171.2
315.8
489.1
681.4

1364.3
1749.5
2043.2
2244.9

12.55
18.05
23.94
30.35

before the flow simulation [33]. When the model, boundary
conditions, and fluid material were kept the same, velocity
and shear stress were probed with different amounts of
tetrahedral elements. Then, the results of the convergence
study were utilized to choose appropriate analysis accuracy as
well as calculating time, and all of the numbers of tetrahedral
elements of the meshes are more than 154512 ( Table 1), which
could provide enough accuracy.

0.7, 0.9, and 1.1) provided different pore size, porosity, volume,
surface area, and specific surface area. Furthermore, for the
two shapes, the related parameters showed the same trend:
with the increase of strut size, pore size and porosity linearly
decrease, but the volume, surface area, and specific surface
area increased (Figure 3). Meanwhile, RD scaffolds displayed
bigger pore size and porosity than OT scaffolds on the same
strut size, but for the volume, surface area, and specific surface
area, OT scaffolds seemed to be bigger than RD.

3. Results
3.1. Parametric Characterization of Design. As shown in
Table 2, under the conditions of the same unit cell size and
model size, porous scaffolds with different strut sizes (𝜑0.5,

3.2. Fluid Flow Performance
3.2.1. Flow Velocity. Figure 4 showed the total flow trajectory
and velocity distribution of porous scaffolds with different
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Figure 3: Relationship between strut size and other physical parameters.
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Figure 4: Total flow trajectory and velocity distribution inner porous scaffolds: (a) OT shape; (b) RD shape.
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Figure 5: Flow velocity distribution on the middle section view: (a) RD shape; (b) OT shape.

strut sizes, in which maximum velocity magnitudes observed
in each shape of unit cell ranged from 2.40 mm/s to 6.29
mm/s for RD shape and 2.41 mm/s to 4.87 mm/s for
OT shape. Furthermore, RD-1.1 and OT-1.1 displayed the
highest maximum velocity, respectively, but the opposite was
displayed for RD-0.5 and OT-0.5. Meanwhile, as illustrated
in Figure 5, the maximum velocity on the middle section
seemed to increase with the increasing of strut size, and RD

scaffolds and OT scaffolds with different strut sizes displayed
similar flow trajectory, respectively.
In addition, Figure 6 showed the velocity on the middle
line, in which RD and OT shapes displayed similar change
trends but different amplitudes. For the strut sizes of 0.5mm
and 0.7mm, RD scaffolds had bigger amplitude than OT
scaffolds (Figures 6(a) and 6(b)), but for the strut sizes of
0.9mm and 0.9mm, OT shapes showed the bigger maximum
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Figure 6: Flow velocity trends of the porous scaffolds with different strut sizes and shapes on the middle line: (a) 0.5 mm; (b) 0.7 mm; (c)0.9
mm; (d)1.1 mm.

values (Figures 6(c) and 6(d)). Furthermore, the maximum
velocity also increased with the increasing of strut size
whether it was RD shape or OT shape, which is similar to the
trends of total velocity and middle section velocity.
3.2.2. Flow Permeability. As illustrated in Figure 7, with
the increasing of strut size, average permeability showed
a decreasing trend for RD and OT shapes, but average
velocity would increase. Moreover, Figure 8 showed the good
correlation observed between average permeability and strut
size, pore size, porosity, volume, surface area, and specific
surface area. With the increasing of pore size and porosity,
the average permeability should be increased, but it would
decrease with the volume and surface area increasing.
3.2.3. Flow Shear Stress. The shear stress distributions on
the surface of porous structures were shown in Figure 9.
Taking into account previous study [16–19], the cloud chart
was limited to from 0.05 to 25 mPa. The black color marked
in Figure 9 means that the shear stress was not in the
range (>25 mPa or <0.05 mPa), and the red color marked

suggested a bigger value. Similarly, the shear stress observed
would increase with the strut size, because more red colors
have been displayed. Besides, more black colors appeared
with the increasing of strut size. In the meantime, Figure 10
showed shear stress distribution and its change trend along
the middle line for the porous scaffold.

4. Discussion
This study confirmed that different unit cells and strut size
result in different physical parameters [4], thus unequal flow
performance of porous scaffolds for nutrient delivery and
tissue regeneration [34]. This should provide a quantified
method for the porous implant’s control design and numerical evaluation [35]. Some effect of control design on mass
transfer and shear stress could be observed and summarized
in this paper.
As shown in Figure 3, pore size, porosity, volume, surface
area, specific surface area, and other physical parameters
would change with the change of strut size. Specifically, it
seems that, with the increase of strut size, pore size and
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Figure 7: Average velocity and permeability of porous scaffolds: (a) velocity; (b) permeability.

porosity would linearly decrease, but the volume and surface
area would increase for the same pore shape. Moreover,
whether it is RD or OT, a similar trend was shown. Meanwhile, on the same strut size, RD always displayed bigger
pore size and porosity and smaller volume, surface area, and
specific surface area than OT. This finding confirmed that the
strut size and pore shape play vital role in the CAD-control
design for the porous implant with regular unit cell, which
is quite consistent with Andy L. Olivares [12] and Yuhang
Chen [35]. Consequently, it is feasible to design and tailor
suitable pore size, porosity, volume, and surface area only
by adjusting unit cell shape and strut size. Further on, the
calculation formula in Figure 3 could give great help for
the specific purposes in clinical design, such as aimed pore
size or porosity. Although some researchers found that pore
size above 300 𝜇m benefited the increase of bone formation
through vascularization, and pore sizes of 100–400 𝜇m may
be good for osteoconduction [36, 37], there is not a way
through which the pore size can be designed accurately and
directly.
In addition, importantly, different physical parameters
could result in different flow performance, which would affect
porous scaffold’s biological properties [38]. In this study,
Figures 4 and 5 showed that same pore shape could display
similar inner structures and flow trajectory, but different flow
velocity because of different physical parameters. With the
increasing of strut size, max-flow velocity would increase.
This is quite following theoretical formula (3). The area
of cross section A would become smaller when the strut
size becomes bigger. So the flow velocity would become
bigger. However, this study found that different pore shape
could result in different change magnitudes for the velocity
(Figure 6). For the strut sizes of 0.5 and 0.7mm, RD scaffolds
showed bigger amplitude than OT (Figures 6(a) and 6(b)), but
for the strut sizes of 0.7 and 0.9mm, OT shapes showed the
bigger maximum values (Figures 6(c) and 6(d)) oppositely.
It should be noted that pore shape may be the only cause for
these results. This phenomenon demonstrates the importance
of pore morphology once again.

Compared with flow velocity, flow permeability is an
intuitive indicator to evaluate the properties of mass transfer.
Previous studies proved that permeability could impact the
transport of nutrients and waste products directly, and cells
on growth are highly dependent on the nutrients and waste
product transfer through the porous structure [39, 40]. In
this sense, the study confirmed that different porous structure
should lead to different permeability directly. As shown in
Figure 7, in contrast with the average flow velocity, average
flow permeability of porous scaffolds will decrease with the
increasing of strut size, and RD shape always displayed
higher permeability than OT on the same strut size. In the
meantime, as expected, higher permeabilities were recorded
for larger pore sizes and porosity (Figure 8). These results
are quite consistent with S. Gómez’ study [32], and previous
numerical calculations also had confirmed experimental
results which indicated that permeability increased with
increasing pore sizes and porosity [41]. However, with the
increasing of volume, surface area, and specific surface area,
average permeability seemed to be decreased. Similarly, linear
calculation formulas in Figure 6 also could be used for
permeability predictions of OT and RD porous structures.
Furthermore, permeability also impacted cell proliferation and activity by affecting the efficiency of shear stimuli
to cells under perfused culture, and proper shear stress from
fluid flow has been shown to be favorable for bone regeneration in vitro [35, 42]. For these reasons, the predictions of flow
shear stress on regular architecture through computational
fluid dynamic can be determinant on the design parameters.
This study confirmed that flow shear stress would increase
with increasing of strut size, and higher pore sizes and porosity (RD-0.5 and OT-0.5) would provide a better surrounding
for tissue regeneration (Figure 9) in the views of Cartmell [17]
and Raimondi [18, 19]. Besides, according to Jie Fan’s study,
higher permeable scaffolds exhibited superior performances
and advantages during bone regeneration in vitro. With
comprehensive considerations of the results of Figures 7 and
9, the findings in this study are reliable, whether it is from the
perspective of shear stress or permeability. Further, this study
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Figure 10: Shear stresses and the change trends along the middle line for the porous scaffolds: (a) RD; (b) OT.

also found that OT-0.7, OT-0.9, OT-1.1, RD -0.7, RD -0.9, and
RD -1.1 displayed increasing shear stress and inappropriate
values with the reduction of porosity (Figures 9 and 10),
which also proved that bigger porosity could be beneficial to
cell adhesion, viability, and proliferation [5–7]. Meanwhile, it
could be deduced and proved that porous implant is superior
to solid implant because of more appropriate shear stress.
Overall, similar to finite element analysis (FEA) which
could evaluate the mechanical properties of the implant
[43, 44], CFD is also a reliable and fast method for the
flow fluid evaluation, and previous studies had confirmed
that flow performance evaluation of porous implant could
reflect the biological properties indirectly. For example, L.
Olivares et al. studied the interactions between scaffold
pore morphology, mechanical stimuli developed at the cell
microscopic level, and culture conditions applied at the
macroscopic scale on two regular scaffold structures [12].
Ardiyansyah Syahrom et al. simulated idealized cancellous

bones from the morphological indices of natural cancellous
bone, and permeability of artificial and natural cancellous
bone structures was studied [33]. H. Montazerian et al.
introduced the radial flow direction as another important
factor for scaffold internal architecture design [45]. S. Gómez
computed fluid mass transport (permeability) properties and
mechanical (elastic) modulus for bone-like implant [32].
Therefore, the effectiveness of the presented method in this
study could be accepted. Meanwhile, the findings in this
study that the smallest strut size brings higher porosity,
permeability, and more appropriate shear stress were partly
involved in the literatures [12, 32, 33, 35, 45, 46]. Thus,
validation of this study was confirmed, whether it is from the
method or from the research results. In addition, in practice,
identical total porosity can be designed with quite different
pore shape, and identical pore shape also can be designed
with different porosity for one same implant, which could
lead to different permeability and shear stress, thus resulting
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in different biological performance for porous implant [20–
25]. This study gives a good proof for the abovementioned
and could be used to favor mass transfer, and cell adhesion,
migration, and new bone apposition (i.e., osteoconduction).
Once the virtual models with different unit cells and physical parameters are fully characterized and optimized, unit
cell could be rationally selected, and corresponding porous
implant could be easily designed and printed by AM for
clinical use [26, 27]. Further on, with respect to experience
design and traditional implants, the findings in the study
would provide a way to quantitatively tailor the porous
implant design with optimal biological performance and
exhibit a considerable potential in the fabrication of new
prosthetic cellular materials for bioengineering applications
[35], which has important clinical implications [20, 26, 27,
46].
Finally, although valuable discoveries are revealed by this
study, there are also some limitations. On the one hand, only
two shapes of unit cells with four strut sizes were simulated
in the study, which is not enough to meet various needs in
practice. In the future, flow performance of porous implant
with more shapes of unit cells and other strut sizes should
be studied and focused on in vitro and in vivo in order to
create a unit cell library, which is conducive to actual design.
On the other hand, it should be noted that this study has
been examined only in the view of design [46]. The additive
manufacturing process and postprocessing method may also
affect mass transfer and tissue regeneration, such as residual
powder. Therefore, future research should consider actual
manufacturing.

5. Conclusion
This study demonstrated that control design with unit cell’s
shape and strut size is a feasible method to provide appropriate porous implant with better performance of nutrient delivery and cell attachment, viability, and proliferation directly.
The results have shown that, with the increasing of strut size,
pore size, porosity, and permeability displayed decreasing
trend, but volume, surface area, specific surface area, average
velocity, and shear stress seemed to increase. Meanwhile,
bigger pore size and porosity could bring higher average
permeability and more appropriate shear stress, but smaller
volume and surface area. Moreover, the findings of how unit
cell shape and strut size affect flow velocity, permeability,
and shear stress in this study can help implant optimize both
nutrient delivery and tissue regeneration, and the formulas
in Figures 2 and 6 are meaningful for the quantitative design
and analysis.
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This study performs a structural optimization of anatomical thin titanium mesh (ATTM) plate and optimal designed ATTM plate
fabricated using additive manufacturing (AM) to verify its stabilization under fatigue testing. Finite element (FE) analysis was used
to simulate the structural bending resistance of a regular ATTM plate. The Taguchi method was employed to identify the significance
of each design factor in controlling the deflection and determine an optimal combination of designed factors. The optimal designed
ATTM plate with patient-matched facial contour was fabricated using AM and applied to a ZMC comminuted fracture to evaluate
the resting maxillary micromotion/strain under fatigue testing. The Taguchi analysis found that the ATTM plate required a designed
internal hole distance to be 0.9 mm, internal hole diameter to be 1 mm, plate thickness to be 0.8 mm, and plate height to be 10 mm.
The designed plate thickness factor primarily dominated the bending resistance up to 78% importance. The averaged micromotion
(displacement) and strain of the maxillary bone showed that ZMC fracture fixation using the miniplate was significantly higher
than those using the AM optimal designed ATTM plate. This study concluded that the optimal designed ATTM plate with enough
strength to resist the bending effect can be obtained by combining FE and Taguchi analyses. The optimal designed ATTM plate with
patient-matched facial contour fabricated using AM provides superior stabilization for ZMC comminuted fractured bone segments.

1. Introduction
The mid-facial anatomy is mostly composed of bones of
different thickness and forms a cavity structure. This area
can be divided into maxilla, zygomatic bone, nasoorbital and
nasal ethmoid sinus (nasoethmoid, NOE), and so forth. The
mid-face trauma usually included and combined bones, soft
tissues, and teeth damaged at the same time. For patient
with nonappropriate clinical treatment, it may result in
serious consequences, such as osteopetrosis, malocclusion,
and visual impairment. The zygomatic-maxillary complex
(ZMC) fracture, one of the severe mid-face traumas, involves
fracture(s) of the zygoma or adjacent bones, such as the

maxilla, orbit, or temporal bone and is the second most
frequently fractured bone of the craniofacial skeleton [1].
Open reduction and rigid internal fixation surgical repair
techniques involve extensive exposure and reduction of
the ZMC through a combination of coronal approaches
and mini-titanium plate fixation to at least 3 of the 4
buttresses is the standard goal of clinical treatment [2–
4]. However, open reduction and miniplate fixation are
currently the presumed state-of-the-art repair option for
complex ZMC fracture reduction, easily leading to incorrect
ZMC bone fracture segments position realignment, making satisfactory mid-face symmetry difficult to obtain [5,
6].
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Figure 1: (a) The illustrations of the “L”-shape ATTM plate were anticipated to be fixed on the ZMC anterior maxilla and lateral buttress
according to the patient-matched facial contour. (b) The illustrations of the optimal designed ATTM plate were projected to the desired
position ZMC comminuted fracture case.

The anatomical thin titanium mesh (ATTM) regular flat
plate developed based on the Asian normal ZMC image
database can offer reduction guidance and fixation function with good interfacial fitness to recover the original
facial contour by combining with patient-matched prebent
technique (mechanical stamping) was proposed [7]. The
ATTM plate was designed as an “L”-shape and screw can
anticipate to be fixed on the ZMC anterior maxilla and
lateral buttress according to the patient-matched facial contour (Figure 1(a)). However, the ATTM plate with patientmatched facial curvature through image projection process
can be fabricated instead of using the additive manufacturing
(AM) process to build complex metal parts direct from 3D
CAD data. This technique has been used recently for the
construction of customized artificial implants [8–11]. Despite
the reduction guidance and fixation function reflected in the
ATTM plate, the structural mechanical strength of the plate
needs to be emphasized when used for repairing the mid-face
considering the buttress characteristic. The buttresses were
anatomically described as areas in the mid-facial bones which
have a vertical and horizontal pillar form composed of a thick
cortical bone to transfer most of the occlusal load and skull
stabilization [12].
Although the finite element (FE) method provides
mechanical responses and alters parameters in a more controllable manner, it becomes commonly used as an analytical tool in dental biomechanical studies [13–15]. However,
when applying the FE method to investigate every possible
combination of values for each parameter, the total number
of simulations required is extremely high. The ATTM plate
structural mechanical strength is related to several design
factors, i.e., plate height, plate thickness, internal hole diameter, and hole distance. Combining FE with the statistical
Taguchi method to reduce the total number of required simulations was proposed in many studies [16–18]; the Taguchi
method utilizes an orthogonal array to significantly reduce

the total number of required simulations and contains a wellchosen subset of all possible test condition combinations.
The Taguchi method achieves a balanced comparison of the
levels of any factor. This method can be combined with finite
element (FE) analysis to explore the sensitivity of a model to
different input parameters and thereby identify the optimal
combination of designed factors [16, 19].
This study investigates the structural strength of the regular ATTM plate for multifactorial designed factors (internal
hole distance, internal hole diameter, plate thickness, and
plate height) with different levels using a FE approach. The
Taguchi method was used to identify the importance of each
design factor and suggests an optimal combination of design
factors for the ATTM plate design. The optimal ATTM plate
design with patient-matched facial curvature through image
projection process was fabricated using an AM process and
applied to a ZMC comminuted fracture to verify the method
feasibility/stabilization compared to that of the same fracture
case using a commercial mini-titanium plate to buttress
under fatigue testing.

2. Materials and Methods
2.1. Factorial Design of the ATTM Plate. Four design factors
were considered according to the surgical approaches to
evaluate the ATTM plate mechanical bending strength. These
factors included internal hole distance (0.3 mm, 0.6 mm, and
0.9 mm), internal hole diameter (1 mm, 2 mm, and 3 mm),
plate thickness (0.4 mm, 0.6 mm, and 0.8 mm), and plate
height (6 mm, 10 mm, and 14 mm). Each factor was assigned
three levels (Table 1). Originally, a total of 81 analyses (34)
were required to identify the relative significance of the
design factors using a full factorial approach. However, only
nine simulations were required when the Taguchi method
was employed. The internal hole distance, internal hole
diameter, plate thickness, and plate height configurations in
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Table 1: The ATTM designed factors and Taguchi L9 orthogonal array table.
Number of Exp.

Internal hole distance
(𝑆)

Internal hole diameter
(𝐷)

Plate thickness
(𝑇)

Plate height
(𝐻)

0.3
0.3
0.3
0.6
0.6
0.6
0.9
0.9
0.9

1
2
3
1
2
3
1
2
3

0.8
0.6
0.4
0.6
0.4
0.8
0.4
0.8
0.6

6
10
14
14
6
10
10
14
6

1
2
3
4
5
6
7
8
9

D

129∘

H

S
Insert

the ATTM plate are shown matched to an L9 orthogonal array
in Figure 2 [20]. The L9 orthogonal array is comprised of 9
individual experiments as indicated by the 9 rows. The array
columns represent the four factors noted in Table 1. Entries in
the array represent the levels of these factors.
2.2. FE Analysis of the ATTM Plate and the Taguchi Method.
Nine solid models (according to Figure 2 and Table 1 with
different designed factor combinations) were derived from
a CAD system (Creo Parametric v2.0, PTC, Needham, MA,
USA). The corresponding FE mesh models were generated
with quadratic ten-node tetrahedral structural solid elements
after the mesh convergence test while controlling the strain
energy and displacement variations < 5% for models with
different element sizes. To understand the ATTM plate bending strength, a simulation test was simplified into a cantilever
beam problem, with all degrees of freedom fixed on one end
and 10 N downward pressure applied as the load condition
on the other end for each model to perform FE analysis. The
material properties were assumed to be linear, homogeneous,
and isotropic and the elastic modulus/Poisson’s ratio of
Ti6Al4V alloy were 110 GPa/0.35 [21]. The deflections (downward displacement) of each plate were recorded to evaluate
the bending resistance and the main effect at each level of
all investigated factors on the displacement was computed
[17]. The sum of squares for each design factor was calculated
by performing an analysis of variance (ANOVA; Minitab
version 12.23, Minitab Inc., PA, USA). For example, the sum
of squares for a specific response to a given plate height

22

17

would be equal to 3[𝑅(PH1 ) − 𝑅𝑚 ]2 + 3[𝑅(PH2 ) − 𝑅𝑚 ]2
+ 3[𝑅(PH3 ) − 𝑅𝑚 ]2 , where 𝑅(PH1 ), 𝑅(PH2 ), and 𝑅(PH3 )
are the mean plate height responses at levels 1 through
3, respectively, and 𝑅𝑚 is the overall mean response over
the 9 trials. To determine the relative importance of these
factors, ANOVA was performed for the three-level analysis
[16].
2.3. AM and Fatigue Testing of the Application. According to
the Taguchi analysis, the optimal designed ATTM plate factor
combination was set to internal hole distance as 0.9 mm,
internal hole diameter as 1 mm, plate thickness as 0.8 mm,
and plate height as 10 mm. The plate profile was represented
similar to Exp. 7 in Figure 2 but plate thickness was set
to 0.8 mm and the solid model was generated from CAD
system.
Fatigue testing was performed to evaluate the bone
segment stabilization of the ZMC fracture fixation using
the optimal designed ATTM plate and traditional solid
titanium miniplate. One ZMC comminuted fracture from
one female (27 years old) was selected as the test sample. The
corresponding image model (with comminuted segments)
was reconstructed and duplicated as the ABS (ABS-P430,
Stratasys, Ltd., Minnesota, USA) plastic material using a 3D
printer (Dimension 1200es SST, Stratasys, Ltd., Minnesota,
USA). Three ATTM plates were projected to the desired
positions (Figure 1(b)) produced by AM using a selective
laser melting system (Mlab cusing R, Concept Laser Inc.,
Lichtenfels, Germany) of surgical Ti6Al4V alloy powder and
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Exp. 1
S: 0.3 mm
D: 1 ＧＧ
H: 6 mm
T: 0.8 mm

Exp. 2
S: 0.3 mm
D: 2 ＧＧ
H: 10 ＧＧ
T: 0.6 mm

Exp. 3
S: 0.3 mm
D: 3 ＧＧ
H: 14 ＧＧ
T: 0.4 mm

Exp. 4
S: 0.6 mm
D: 1 ＧＧ
H: 14 ＧＧ
T: 0.6 mm

Exp. 5
S: 0.6 mm
D: 2 ＧＧ
H: 6 mm
T: 0.4 mm

Exp. 6
S: 0.6 mm
D: 3 ＧＧ
H: 10 ＧＧ
T: 0.8 mm

Exp. 7
S: 0.9 mm
D: 1 ＧＧ
H: 10 ＧＧ
T: 0.4 mm

Exp. 8
S: 0.9 mm
D: 2 ＧＧ
H: 14 ＧＧ
T: 0.8 mm

Exp. 9
S: 0.6 mm
D: 3 ＧＧ
H: 6 mm
T: 0.6 mm

Figure 2: Nine solid models according to Table 1 with different designed factor combinations were derived from a CAD system.

Strain gauge

Mini-plate

Strain gauge

Taguchi-plate

Dial indicator

Dial indicator

(a)

(b)

Figure 3: The traditional miniplate contoured manually by our surgeon and AM ATTM plates were fixed on the ZMC comminuted fracture
case with ABS bone material. Samples included ABS bone models and fixation plates clamped onto a test machine with the axial load cell to
perform the fatigue testing.

traditional miniplate contoured manually by our surgeon.
The sample plates were fixed onto the resting bone surfaces
of the ZMC fracture ABS bone models. All samples included
ABS bone models and fixation plates clamped onto a test
machine (E3000, Instron, Canton, Mass) with the axial
load cell. The fatigue tests were carried out by applying
cyclic loads on the molars set at 200 N to 20 N with sine
wave pattern (Figure 3). The test frequency was set at 6 Hz
according to the study by Nie et al. [22]. The number of
cycles at each load was recorded until 30000 cycles, which
represented 1.5 months of simulated chewing function after
surgery. Averaged micromotion (displacement) and strain
of the maxillary bone at each of 5000 load cycles were
recorded using a dial indicator and strain gage, respectively
[19].

3. Results
Results regarding the main internal hole distance, internal
hole diameter, plate thickness, and plate height effects at each
level for maximal ATTM plate deflection are presented in
Figure 4. The optimal designed ATTM plate with the lowest
deflection and output by AM for ZMC fracture application
was found as the combination of internal hole distance to
0.9 mm, internal hole diameter to 1 mm, plate thickness to
0.8 mm, and plate height to 10 mm. The relative importance of the designed factors analysis of variance (ANOVA)
was indicated in that magnitude of the deflection in the
ATTM plate was determined primarily by plate thickness
(78%), followed by plate height (11%), internal hole diameter
(8%), and hole distance (3%). The averaged micromotion
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Figure 4: Main effects of the internal hole distance, internal hole diameter, plate thickness, and plate height at each level for ATTM plate
deflection.
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Figure 5: The averaged (a) micromotion (displacement) and (b) strain of the maxillary bone at each of 5000 load cycles.

(displacement) and strain of the maxillary bone at each of
5000 load cycles were recorded and presented in Figure 5 and
showed that corresponding displacement and strain values
of ZMC fracture fixation using a miniplate were significantly higher than those using the AM optimal designed
ATTM plate at each of 5000 load cycles. The averaged
maxillary bone fixation displacement using the miniplate
was 9.25 times (0.37 mm/0.04 mm) that using the ATTM
plate.

4. Discussion
A regular ATTM plate with L-shape for ZMC fracture based
on the corresponding Asian medical image database was
proposed in our previous work and can effectively reduce the
number of traditional miniplates used. The patient-matched
stamped prebent ATTM plate indeed fits the fractured bone
profile and improves the overall reduction efficiency [7]. A
regular ATTM plate can also be projected to the desired

6
fixation positions on the anterior maxillary for requirements
to generate a solid model in the CAD system and output
as the product using AM. This technique has been widely
used in several medical applications for product customization/personalization, cost-effective design, and manufacturing democratization [8–11].
However, the ATTM plate must maintain adequate bending strength to ensure that it does not deform during implantation surgery or lose plate deformation accuracy. The plate
design should consider the relationship between resistance to
bending and several design factors. Mid-face reconstructive
surgery requires adequate load transfer to restore the functional role such as proper load transfer, as well as the aesthetic
role like proper facial proportions [23]. The ATTM plate fixed
on the anterior maxillary was anticipated to function similar
to the zygomatic-maxillary buttress and in an uninjured skull.
Therefore, the optimal structural mechanical strength in the
regular ATTM plate with multifactorial designed factors was
investigated in this study.
Although the FE analysis has been accepted as a
good numerical tool for examining the detailed mechanical
responses in many biological/engineering problems [16, 19],
Dar et al. suggested that correct use of this method should
facilitate more realistic modeling of both natural and synthetic systems and give a better indication of model sensitivity
to the input parameters [18]. Therefore, the Taguchi method
was used in combination with FE analysis to explore the
sensitivity of a model to different designed factors and
thereby reduce the experimental effort required to investigate
multiple factors in this study. The relative importance of the
investigated factors indicated that plate thickness and height
were the two major factors influencing the plate deflection
(bending resistance). Combined with the main effect plot,
the plate deflection value decreased with increasing plate
thickness and height. The ATTM plate designed with 0.8 mm
thickness can provide the best bending resistance resulting
from the plate cross section with the largest moment of
inertia. The variation in plate height started to decrease
dramatically and then converge when the plate height was
greater than 10 mm. This indicates that a plate height over
10 mm offers resistance to bending. Thus, because of this
bending resistance and in consideration of the limited space
for surgical approach, the ATTM plate profile was set at
0.8 mm to thickness and 10 mm to height.
The ZMC comminuted fracture with resting maxillary
was elected as the fatigue testing case because its structural
instability is more apparent. The fatigue test results showed
that the averaged micromotion (displacement) of the resting
maxillary increased dramatically with the number of cycle
loads and the variation between the miniplate and ATTM
plate becomes bigger especially after 5000 load steps. The
averaged strain value (5279 𝜇) has exceeded the critical value
(>4000 𝜇) (the mechanostat theory) [24, 25] when ZMC
comminuted fracture using the miniplate for fatigue testing;
although current stimuli bone is ABS material, this must be
paid attention.
The multidirectional load might be applied to the titanium mesh during occlusion. However, the axial load condition with 200 N applied on the molars was considered as
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the worst load condition, which might be the largest moment
effect induced by the maximum axial force multiplied by the
maximum arm. Also, the dimension of the optimal regular
ATTM plate was 10 mm at height and 0.8 mm thickness
with 1.3 g weight. The contour profile of the ATTM plate,
that is, “L” shape for ZMC fracture, was designed based
on the corresponding Asian medical image database which
was applied for the MV surgical incision approach in our
previous study [7]. The optimal designed ATTM plate with
appropriate structural strength proposed in this study was
suggested to be more suitable to use in ZMC fracture with
fewer fractured segments or general comminuted fracture
with enough resting maxillary to fix by fixation screws.
However, serious ZMC comminuted fracture with too many
small bone segments might need to consider whether there is
enough bone available for screw fixation. Facial asymmetry,
malocclusion, and other clinical complications might arise
when the fractured segments are not reduced to the expected
positions with inappropriate optimal design ATTM plate
application. Further clinical testing is needed to verify if
the optimal design ATTM plate conforms to the clinical
requirements.

5. Conclusions
This study proposed an optimal designed ATTM plate with
suitable structural strength to resist bending effect obtained
by FE and Taguchi analyses. The optimal designed ATTM
plate can be projected onto the resting maxillary geometry to
recover the original facial contour and fabricated using AM.
The ZMC comminuted fracture application confirms that the
optimal designed ATTM plate indeed fits the fractured bone
profile, improves reduction efficiency, and provides superior
stabilization for fractured bone segments.
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Aim. To evaluate the correlation between insertion torque (IT) and implant stability quotient (ISQ) in tapered implants with knifeedge threads. Methods. Seventy-five identical implants (Anyridge, Megagen) were inserted by using a surgical drilling unit with
torque control and an integrated resonance frequency analysis module (Implantmed, W&H). IT (N/cm) and ISQ were recorded
and implants were divided into three groups (𝑛 = 25) according to the IT: low (<30), medium (30 < IT < 50), and high torque
(>50). ISQ difference among groups was assessed by Kruskal-Wallis test, followed by Bonferroni-corrected Mann–Whitney 𝑈-test
for pairwise comparisons. The strength of the association between IT and ISQ was assessed by Spearman Rho correlation coefficient
(𝛼 = 0.05). Results. At the pairwise comparisons, a significant difference of ISQ values was demonstrated only between low torque
and high torque groups. The strength of the association between IT and ISQ value was significant for both the entire sample and the
medium torque group, while it was not significant in low and high torque groups. Conclusions. For the investigated implant, ISQ
and IT showed a positive correlation up to values around 50 N/cm: higher torques subject the bone-implant system to unnecessary
biological and mechanical stress without additional benefits in terms of implant stability. This trial is registered with NCT03222219.

1. Introduction
Dental implants are currently accepted as a predictable
treatment option for the rehabilitation of both partial or total
edentulism. Moreover, immediate and early loading protocols
have been introduced into clinical practice in the attempt
to shorten treatment time and minimize patient discomfort,
with positive results [1]. During the early phases of healing,
dental implants should be protected from detrimental micromovements [2, 3] which, according to the literature, should
not exceed values ranging between 50 and 150 𝜇m to avoid
risks for the osseointegration process [4, 5]. When exceeding
this threshold, there is a concrete possibility that the boneimplant interface could be colonized by fibroblasts from
the overlying connective tissue, with consequent implant

encapsulation in fibrous tissue and clinical failure [6]. In this
scenario, the role of primary stability has become extremely
important and, in recent years, many studies focused on this
crucial topic [7–9]. Primary stability is a surgical outcome
due to the mechanical engagement between implant and host
bone, being influenced by surgical technique and by fixture
and recipient bed characteristics. Numerous noninvasive
methods have been proposed to evaluate implant stability,
including Periotest [10] and Dental Fine Tester and Implatest
conventional impulse testing [11], but the most widespread
techniques are implant insertion torque measurement (IT)
[12] and resonance frequency analysis (RFA) [13]. Insertion
torque is the measure of the frictional resistance encountered
by the implant while moving forward apically through a rotatory movement on its axis. RFA is performed by measuring
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the response of a magnetic device screwed on the implant
when excited by a vibration consisting of small sinusoidal
signals. The peak amplitude of the response is recorded and
encoded into a parameter called implant stability quotient
(ISQ), ranging from 0 (minimum stability) to 100 (maximum
stability).
The correlation between IT and ISQ has been investigated
in numerous studies but it is still unclear: according to some
authors the two parameters are in a direct relationship [14,
15], and other studies demonstrated no statistically significant
correlations between them [16, 17].
Furthermore, it must be considered that implants with
different characteristics show different biomechanical behaviors: changes in macrogeometry (tapered versus parallelwalled, thread shape, length, and diameter) and microgeometry (surface texture) lead to different IT and ISQ values even
when inserted in the same osteotomic preparation [17–20].
It would be necessary to understand the individual response
of each implant shape in terms of primary stability when
inserted at different torques: the knowledge of the ideal IT
could allow the clinician to better adapt site preparation
procedure to the specific implant optimizing primary stability
without applying unnecessary stress to the bone-implant
system.
The aim of this multicenter prospective study is to
evaluate the correlation between IT and ISQ in tapered
implants with knife-edge thread design, inserted in human
subjects.
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clinical examination to evaluate periodontal and occlusal
parameters, and bone volume in the areas of interest was
assessed by means of CBCT scan.
2.2.1. Inclusion Criteria
(i) Indications for dental implant treatment, based on
accurate diagnosis and treatment plan.
(ii) Height of the residual bone crest in the programmed
implant site ≥11 mm and thickness ≥ 6 mm.
(iii) Healed bone crest (almost three months after extraction or tooth loss).
(iv) Patient age > 18 years.
(v) Patients able to examine and understand the study
protocol.
(vi) Informed consent form.
2.2.2. Exclusion Criteria
(i) Acute myocardial infarction within the past 2 months.
(ii) Uncontrolled coagulation disorders.
(iii) Uncontrolled diabetes (HBA1c > 7.5%).
(iv) Radiotherapy to the head/neck district within the past
24 months.
(v) Immunocompromised patients (HIV infection or
chemotherapy within the past 5 years).

2. Materials and Methods

(vi) Present or past treatment with intravenous bisphosphonates.

2.1. Study Design. This multicenter prospective study has
been conducted in accordance with the Good Clinical Practice Guidelines (GCPs) and following the recommendations
of the Declaration of Helsinki as revised in Fortaleza (2013)
for investigations with human subjects. The study protocol
had been approved by the relevant Ethical Committee (Comitato Etico Regione Calabria, Sezione Area Nord, n∘ 73/2016)
and recorded in a public register (NCT03222219).
Every patient signed an informed consent form to document the comprehension of the protocol and of the objectives
of this study (procedures, follow-up, and any potential risk
involved). The patient has been authorized to make questions
concerning the treatment and the study protocol and has been
thoroughly informed about alternative therapies.
A meeting among the clinical centers was held before
starting the research in order to illustrate the protocol
and standardize surgical procedures. An operator for each
clinical center received written information to standardize
data collection and ensure reliable outcome reporting by
different assessors.
The present study tested the null hypothesis of no difference in ISQ values among implants placed with different
insertion torque values versus the alternative hypothesis of a
difference.

(vii) Psychological or psychiatric problems.

2.2. Study Population. All patients treated by the clinical
centers needing an implant-supported rehabilitation were
eligible for entering this study. Patients underwent a thorough

(viii) Alcohol or drugs abuse.
(ix) Full mouth plaque score >30% and/or full mouth
bleeding score >20%.
2.2.3. Surgical Protocol. Patients were asked to rinse with
chlorhexidine mouthwash 0.2% for 30 seconds. Under local
anesthesia (Artin, Omnia, Italy, articain 4% with adrenaline
1 : 100.000), a full thickness mucoperiosteal flap was elevated
and initial osteotomy was performed by using an ultrasonic
tip (S2, Piezomed, W&H, Bürmoos, Austria) for a better
surgical control. Implant site preparation was then completed
with the drills (2.0, 2.9, 3.3, and 3.8 mm diameter) of the
selected implant system (Anyridge, Megagen, Gyeongsan,
South Korea). A tapered implant with knife-edge threads
was inserted (4 × 10 mm, Figure 1), following manufacturer
recommendations (1 mm subcrestal placement).
Implant insertion was performed by using a surgical
motor with torque control and an integrated RFA module
(Implantmed, W&H, Bürmoos, Austria). The unit recorded
torque values (N/cm) during entire implant insertion on a
removable USB memory stick (Figure 2). ISQ measurements
were performed by a blinded examiner immediately after
implant insertion, by using a specific disposable transducer
(Smartpeg, Type 27). ISQ values were recorded in duplicate
from mesiodistal, distomesial, buccolingual, and linguobuccal directions. Instrument calibration was verified before and
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radiologic checks were performed 6 months and one year
after implant loading to evaluate eventual complications.
2.3. Outcomes. This study evaluated the following outcome
measures:
Primary outcomes:
(i) Insertion torque (IT): higher torque value (N/cm)
recorded during implant placement.
(ii) Implant stability quotient (ISQ): numerical value
(0–100) recorded immediately after implant insertion
and expressing resonance frequency analysis (RFA).
Secondary outcomes:

Figure 1: The investigational device was a 4 × 10 mm tapered
implant with knife-edge threads (Anyridge, Megagen, South Korea).
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Figure 2: An example of insertion torque registration performed by
the surgical drilling unit during entire placement. Ncm, newton/cm;
S, seconds.

after each patient visit, using an implant fixed in an epoxy
resin block.
Implants were submerged under the soft tissues by suturing the surgical flap with Sentineri technique [21] and single
stitches using a synthetic monofilament (PTFE, Omnia,
Fidenza, Italy).
Patients were prescribed with antibiotics for 6 days
(amoxicillin 1 g two times per day, or clarithromycin 250 mg
two times per day for allergic patients) and nonsteroidal antiinflammatory drugs (ibuprofen 600 mg), when needed.
2.2.4. Postsurgical Follow-Up. Sutures were removed after ten
days. After three months of submerged healing, implants
were connected to healing abutments in order to start prosthetic procedures. Screwed ceramic crowns were delivered
within 5 months after implant placement.
Finally, patients were inserted in a follow-up protocol
with periodic professional dental hygiene recalls. Clinical and

(i) Implant failure: implant mobility and/or any situation
suggesting implant removal.
(ii) Biological and mechanical complications: any complication defined as an unexpected deviation from
the normal treatment outcome, both biological (e.g.,
mucositis, peri-implantitis) and mechanical (e.g.,
implant fracture, prosthesis fracture, and fixation
screw loosening).
2.3.1. Sample Size and Statistical Power. Treated patients
were allocated into three groups, according to the peak
torque value recorded during implant insertion: low torque
(<30 N/cm), medium torque (30 < IT < 50 N/cm), and high
torque (>50 N/cm). In patients treated with more than one
implant, only the first inserted fixture was included in the
subsequent analyses.
A sample of twenty patients for each group was necessary
to achieve an effect size of 5 (±5) points on ISQ values
(primary outcome), as a large effect indicator among the
groups (𝛼 = 0.05 and power = 80%) (DSS Research, Fort
Worth, USA). The effect size is defined as the difference in
the given outcome between groups divided by the withinsubjects standard deviations. Each clinical center treated 38
patients with the insertion of one dental implant for a total
of 76 implants in order to compensate eventual drop-outs
occurring during the study.
2.3.2. Statistical Analysis. Equality of the groups by age and
sex were evaluated by a one-way analysis of variance and a
chi-squared test, respectively. For all the following analyses,
patient was considered as the statistical unit.
Stability of each implant was described with a single
ISQ value (mean of 8 measurements). The primary stability
datasets were treated as ordinal because they did not meet
the required assumptions for using parametrical methods
(according to Kolmogorov-Smirnov and Levene tests). The
significance of the difference in ISQ among groups was
assessed by Kruskal-Wallis test, followed by Bonferronicorrected Mann–Whitney 𝑈-test for pairwise comparisons.
Moreover, the strength of the association between IT and ISQ
was assessed by Spearman Rho correlation coefficient: this
analysis was performed for the whole sample and within each
experimental group.
The level of significance was set at 𝛼 = 0.05.
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Table 1: Demographic characteristics.

Sex
Males
Females

Age
Low IT
58.7 ± 5.2
62.7 ± 7.1

Medium IT
56.5 ± 13.4
58.0 ± 10.6

High IT
55.5 ± 13.2
53.2 ± 14.4

Diff.
0.074NS

Low IT
7
18

Sample numerosity
Medium IT
High IT
8
13
17
12

Diff.
0.171NS

Age is presented as mean ± standard deviation. IT, insertion torque. Diff. significance of the difference between the groups. NS Difference not significant.

Table 2: Insertion torque (IT; in N/cm) and implant stability
quotient (ISQ) according to the different groups.
Group
Low Torque
Medium Torque
High Torque
Diff.

IT
18.8 ± 6.0
41.2 ± 7.2
68.2 ± 12.1
--

ISQ
71.8 ± 6.6
75.6 ± 9.2
78.0 ± 6.4a
0.003S

Data are presented as mean ± standard deviation. 𝑁 = 25 in each
group. Diff., significance of the difference among the groups. Results at the
pairwise comparisons. a Significantly different from the low torque group.
S
Statistically significant correlation.

3. Results
Seventy-five patients were enrolled and treated between June
and September 2016 with the insertion of seventy-five conical
implant with knife-edge threads (TL 41, CS 34).
Patients were allocated into three groups based on
implant insertion torque values: low torque (<30 N/cm),
medium torque (30 < IT < 50 N/cm), and high torque
(>50 N/cm). Mean age was 61.6 ± 6.8, 57.5 ± 11.3, and 54.4 ±
13.2 in low, medium, and high torque group, respectively.
Complete demographic characteristics of the three groups
are listed in Table 1: in particular, groups were balanced by
age and sex. In low torque group, 17 implants were inserted
in maxilla and 8 in mandible; in medium torque group 12
implants were placed in maxilla and 13 in mandible; in high
torque group 9 implants were positioned in maxilla and 16 in
mandible (total 38 implants in maxilla and 37 in mandible).
IT and ISQ mean values were 18.8 ± 6.0 N/cm and 71.8 ±
6.6 in low torque group, 41.2 ± 7.2 N/cm and 75.6 ± 9.2 in
medium torque group, and 68.2 ± 12.1 N/cm and 78 ± 6.4 in
high torque group. At the pairwise comparisons, statistically
significant difference among ISQ values was demonstrated
only between low torque and high torque groups. Complete
results are summarized in Table 2.
The strength of the association between IT and ISQ values
resulted statistically significant both for the entire sample
(𝑝 = 0.0001) and the medium torque group (𝑝 = 0.015),
while it was not significant in the low and high torque groups
(𝑝 = 0.094 and 𝑝 = 0.565, resp.). Complete results are listed
in Table 3.
After three months, two implants out of seventy-five
(2.7%) were not osseointegrated: both implants were placed
in the mandible and belonged to the high torque group
(IT 80 N/cm and ISQ 79; IT 77 N/cm and ISQ 77, resp.).
Seventy-three implants were loaded with screwed ceramic

Table 3: Spearman Rho correlation coefficient between insertion
torque and implant stability quotient according to the different
groups.
Group
Low Torque
Medium Torque
High Torque
Overall

Rho coefficient
0.342
0.481
0.121
0.461

Sig.
0.094NS
0.015S
0.565NS
0.0001S

𝑁 = 25 in each group. Overall refers to the whole sample. NS Not statistically
significant correlation. S Statistically significant correlation.

single crowns or bridges and all of them were satisfactorily
in function at one-year follow-up. Three single crowns
presented screw loosening during the follow-up period (two
implants in high torque, one in medium torque group). No
other biological or mechanical complications were recorded.

4. Discussion
The presence of sufficient primary implant stability, together
with other factors like minimally traumatic surgical technique [22–25] and macro- and microgeometry of the fixture [26–28], is considered a crucial factor to obtain and
maintain implant osseointegration. However, while these
general concepts are currently widely accepted and recently
confirmed by a recent review by Javed and Romanos [29], it is
more challenging to define and control the different variables
influencing the achievement of an adequate primary stability.
Although the final objectives of the surgery are common
to all the implant systems, there is no universal technique
for the preparation of the implant site. Many factors may
contribute to the surgical stability of the fixture: preparation
undersizing [30, 31], implant macrogeometry [19, 32], and
microgeometry [30, 33], together with the qualitative and
quantitative characteristics of the host bone (especially cortical thickness) [30], are the most relevant. As suggested by
McCullough and Klokkevold [34], implant macrogeometry
plays a fundamental role: variations in implant length, diameter, number of threads, thread depth, pitch, and helix angle
may strongly influence primary stability [32]. This concept
is currently widely debated and, as demonstrated by Lee et
al. [35], implants with deeper thread depth provide higher
primary stability, especially in low quality bone.
Santamarı́a-Arrieta and coworkers [16] showed that the
other crucial variable is the surgical technique: in particular
it is clear how, in general, the underpreparation of the implant
site determines higher values of insertion torque, although
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it does not significantly affect primary stability [36]. It has
also to be considered that excessive compression of the
host bone, caused by high insertion torques, could result
in a prolonged inflammatory phase: even if inflammation is
always the necessary basis for tissue repair, a massive and
long-lasting presence of proinflammatory cytokines could
result in a delayed healing and marginal bone resorption [37–
39]. Moreover, high insertion torques could cause permanent
deformations of the implant platform (especially external hex
connections), possibly jeopardizing long-term maintenance
and stability of the entire prosthetic rehabilitation [40].
Furthermore, recent publications questioned the real need of
reaching high IT values to achieve osseointegration: Verardi
and coworkers [41] reported 100% medium-term survival rate
of tissue level implants without primary stability at the time of
insertion and Toljanic et al. [42] and Norton [43, 44] showed
that implants with IT < 20 N/cm can yield favorable survival
rates and optimal maintenance of marginal bone levels, even
after immediate functional loading.
It seems evident from the aforementioned studies that
implant site preparation needs to be individualized by evaluating bone quality (unfortunately still difficult to standardize) and the specific characteristics of the selected implant,
in order to optimize the achievement of primary stability
without unnecessary biological and mechanical stress to
the bone-implant system. In the present study, in which
implant site preparation followed a standardized protocol,
the characteristics of the recipient site played a fundamental
role: as expected, higher IT values were recorded in sites with
dense cortical bone (especially mandible).
Several methods have been proposed to assess implant
stability in an objective way. Insertion torque and RFA are
the most widely accepted parameters and their relationship
has been extensively analyzed by numerous researches. A
recent systematic review, analyzing more than 2000 studies,
concluded that insertion torque and RFA are independent
and incomparable methods to measure primary stability [45].
The present study evaluated a tapered implant with knifeedge thread design and analyzed the variations of its primary
stability measured by RFA when inserted with different
torque values. The investigated implant demonstrated a
satisfactory primary stability even when inserted with low
torque values: mean ISQ of 71.8 was obtained in the group
with a mean IT of 18.8 N/cm, confirming the findings on the
same implant type reported by Lee et al. [35].
Our data demonstrated a general linear relationship
between insertion torque and implant stability: the strength
of this correlation resulted statistically significant for the
entire sample (𝑝 = 0.0001), in accordance with a recent study
by Zita Gomes et al. [46] on tapered implants with knife-edge
thread design placed in the posterior maxilla. However, at
a deeper analysis, the linear relationship between insertion
torque and implant stability is valid only in the medium
torque group (30 < IT < 50 N/cm) (𝑝 = 0.015), while it was
not significant in low and high torque groups (𝑝 = 0.094 and
𝑝 = 0.565, resp.). Therefore, the data from the present study
suggested that, for the specific type of implant here selected, it
seems reasonable to increase insertion torque up to 50 N/cm,
in order to improve primary stability. At higher torque values,
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no significant further increase in primary stability could be
demonstrated: mean ISQ values in medium and high torque
groups did not differ significantly (75.6 and 78.0, resp.; 𝑝 >
0.05). Moreover, a torque limited to 50 N/cm could be a
protective factor from the potential risk of biological and
mechanical complications related to the application of high
torsional strengths [38–40]. In the present study, both lost
implants (𝑛 = 2) were placed in the mandible with high
IT (80 and 77 N/cm): according to literature, excessive bone
compression could result in a significant reduction in boneto-implant contact at the early phases of healing [47, 48] and
in an increased implant failure rate [49].
The main limitation of this study was that present results
are not automatically applicable to implants with different
macro- and microgeometry from the investigational device
here tested: each different implant shape (and also different implant length or diameter [50]) should be separately
evaluated to establish the more convenient drilling protocol,
optimizing primary stability without unnecessary biological
and mechanical stress.
A second limitation consists in the current lack of a
reliable method to define bone quality in a precise and
measurable way: a sound and predictable definition of bone
density could be an essential step both for researchers and
surgeons to better adapt implant site preparation to the
different clinical situations.

5. Conclusions
The need to standardize implant surgical techniques, combining an accurate knowledge of implant characteristics with
a careful analysis of the surgical site, is a crucial topic in
contemporary implantology. In particular, implant macroand microgeometry and the possibility of achieving a predictable primary stability are important factors for long-term
success of the therapy. With the limitations of this study, it can
be concluded that the specific implant here tested presented
a positive linear correlation between primary stability and
implant insertion torque up to 50 N/cm: higher torque values
could cause unnecessary stress to the bone-implant system
without additional benefits in terms of stability.
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[1] H. De Bruyn, S. Raes, P.-O. Östman, and J. Cosyn, “Immediate
loading in partially and completely edentulous jaws: A review
of the literature with clinical guidelines,” Periodontology 2000,
vol. 66, no. 1, pp. 153–187, 2014.
[2] S. M. Perren, “Evolution of the internal fixation of long bone
fractures,” The Journal of Bone & Joint Surgery—British Volume,
vol. 84, no. 8, pp. 1093–1110, 2002.
[3] J. Roos, L. Sennerby, and T. Albrektsson, “An update on
the clinical documentation on currently used bone anchored
endosseous oral implants.,” Dental Update, vol. 24, no. 5, pp.
194–200, 1997.
[4] K. Soballe, E. S. Hansen, H. Brockstedt-Rasmussen, and C.
Bunger, “Hydroxyapatite coating converts fibrous tissue to
bone around loaded implants,” The Journal of Bone & Joint
Surgery—British Volume, vol. 75, no. 2, pp. 270–278, 1993.
[5] S. Szmukler-Moncler, H. Salama, Y. Reingewirtz, and J. H.
Dubruille, “Timing of loading and effect of micromotion on
bone-dental implant interface: review of experimental literature,” Journal of Biomedical Materials Research Part B: Applied
Biomaterials, vol. 43, no. 2, pp. 192–203, 1998.
[6] A. F. Mavrogenis, R. Dimitriou, J. Parvizi, and G. C. Babis, “Biology of implant osseointegration,” Journal of Musculoskeletal and
Neuronal Interactions, vol. 9, no. 2, pp. 61–71, 2009.
[7] S. Raghavendra, M. C. Wood, and T. D. Taylor, “Early wound
healing around endosseous implants: a review of the literature,”
The International Journal of Oral & Maxillofacial Implants, vol.
20, no. 3, pp. 425–431, 2005.
[8] G. Preti, G. Martinasso, B. Peirone et al., “Cytokines and
growth factors involved in the osseointegration of oral titanium
implants positioned using piezoelectric bone surgery versus a
drill technique: a pilot study in minipigs,” Journal of Periodontology, vol. 78, no. 4, pp. 716–722, 2007.
[9] C. Stacchi, T. Vercellotti, L. Torelli, F. Furlan, and R. di Lenarda,
“Changes in implant stability using different site preparation
techniques: twist drills versus piezosurgery. A single-blinded,
randomized, controlled clinical trial,” Clinical Implant Dentistry
and Related Research, vol. 15, no. 2, pp. 188–197, 2013.
[10] W. Schulte and D. Lukas, “Periotest to monitor osseointegration
and to check the occlusion in oral implantology,” Journal of Oral
Implantology, vol. 19, no. 1, pp. 23–32, 1993.
[11] S.-Y. Lee, H.-M. Huang, C.-Y. Lin, and Y.-H. Shih, “In vivo and
in vitro natural frequency analysis of periodontal conditions:
An innovative method,” Journal of Periodontology, vol. 71, no. 4,
pp. 632–640, 2000.
[12] J. Tricio, D. van Steenberghe, D. Rosenberg, and L. Duchateau,
“Implant stability related to insertion torque force and bone
density: An in vitro study,” The Journal of Prosthetic Dentistry,
vol. 74, no. 6, pp. 608–612, 1995.
[13] N. Meredith, K. Book, B. Friberg, T. Jemt, and L. Sennerby,
“Resonance frequency measurements of implant stability in
vivo: A cross-sectional and longitudinal study of resonance
frequency measurements on implants in the edentulous and
partially dentate maxilla,” Clinical Oral Implants Research, vol.
8, no. 3, pp. 226–233, 1997.
[14] S. Kahraman, B. T. Bal, N. V. Asar, I. Turkyilmaz, and T. F.
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