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ABSTRACT

The use of dental implants for the rehabilitation of edentulous areas 
is an established treatment, showing high success rates. Primary 
stability is one of the pre-requisites for osseointegration, and it 
is ensured by the mechanical interlocking at the bone to implant 
interface. Current procedures have changed from the original 
protocols, towards a reduction of treatment time. Nowadays, the 
achievement of a great magnitude of primary stability is demanded in 
clinical practice, since there is a trend to load the implant immediately 
or in the early stages after implant insertion. Aiming on this, several 
modifications have been introduced, such as more aggressive implant 
design, modified surfaces and novel surgical techniques. Undersized 
drilling preparation is one of the most commonly adopted protocols 
during the implant surgery. This technique creates an osteotomy 
that is consistently smaller than the implant diameter, so that a tight 
interfacial contact and compression is created. Clinically this is 
perceived with an increase of the insertion torque value (ITV). 

Albeit commonly performed, several aspects of undersized drilling 
are still not well investigated. It was hypothesized that a great 
magnitude of compression at the implant insertion would generate 
tissue damage and may trigger a negative bone response during the 
healing time. This could lead to an impairment of bone material 
properties, a decrease of stability and marginal bone loss. Based on 
a clinical need, the general aim of this thesis was a more consistent 
understanding of the effects of an undersized drilling osteotomy. 

Study I aimed to provide the current evidence based on the 
literature on biomechanical, biologic and clinical outcomes. An 
electronic and a manual search were undertaken including in vitro, 



17

animal, and clinical studies in which an undersized drilling protocol 
was compared with a non-undersized drilling protocol. 29 studies 
met the inclusion criteria, including 14 biomechanical, 7 biologic, 
6 biologic and biomechanical, and 2 clinical. A meta-analysis was 
not performed. Several studies showed that implants inserted with 
an undersized drilling approach reached a significantly higher ITV 
than conventional drilling in low-density substrates, while this 
effect is less evident in denser substrates. Similar long-term bone-to-
implant contact (BIC) was achieved between implants inserted with 
undersized and non-undersized protocols. Results in the short term 
were inconclusive. Clinical studies did not show negative outcomes 
for undersized drilling in low-density bone, although clinical evidence 
was sparse. 

In study II, clinical outcomes were evaluated with a retrospective 
design, which included 87 patients treated with 188 implants inserted 
with an adapted drilling protocol according to the surgeon’s perception 
of bone quality. ITV and Marginal bone loss (MBL) between implant 
placement and permanent restoration was calculated. ITV differed 
significantly based on mandible/maxilla, bone quality, implant 
diameter, and drilling protocol. Median MBL was 0.05 mm (0.00; 
0.24). A significant difference was found between the mandible and 
maxilla and between drilling protocols. In particular, significantly 
higher MBL was found in the undersized drilling protocol. Multiple 
regression models were built to test the effect of independent variables 
on the outcomes. ITV was influenced by bone quality and implant 
diameter. MBL was influenced by bone quality, implant diameter, ITV, 
and the interaction between bone quality and ITV. It was estimated 
that MBL was greater with increased bone density and ITV.

Study III aimed to evaluate in vivo the extent of cortical bone 
remodeling and the bone integration of implants placed after different 
drilling protocols. Forty-eight implants were inserted into the sheep 
mandible following two drilling protocols: undersized preparation 
and non‐undersized preparation. Healing time was set at 5 and 10 
weeks. Removal torque (RTQ) was measured and the peri-implant 
bone was scanned using a micro-computed tomography (μ‐CT). Bone 
volume density (BV/TV) was calculated in pre‐determined hollow 
cylinders. Total BIC and newly‐formed BIC (newBIC) and Bone Area 
Fraction Occupancy (BAFO) was measured. Results showed that, at 
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5 weeks of healing, significantly greater RTQ value was present for 
the undersized group, while non-undersized group presented greater 
values of BV/TV, newBIC and BAFO. No differences were noted at 
10 weeks. 
The purpose of study IV was to assess bone material properties and 
to predict the strain/stress distribution on cortical bone using a multi-
scale in silico model. Two types of micro-scale bone structures were 
assessed: cortical bone models with resorption cavities and without 
resorption cavities, following undersized and non-undersized drilling 
protocols respectively. In a macro-scale model, oblique load of 100N 
was simulated. Maximum principal stress/strain, and shear stress/
strain were calculated. Bone with resorption cavities presented 
anisotropic material properties. Compared to bone without cavities, 
greater maximum values of Maximum principal stress/strain was 
calculated, both in macro- and micro-scale models. These values were 
located at the implant neck area and in the proximity of cavities 
respectively. Greater values of shear stress/strain were found in the 
test along the mandibular longitudinal plane.

In summary, this thesis suggested that undersized drilling technique 
can cause negative effects in the cortical bone. The literature  indicated 
that undersized drilling technique is effective in increasing the ITV 
in low-density bone. However, ITV is mostly influenced by bone 
quality, rather than drilling protocol. Furthermore, high ITV can 
induce greater bone resorption in dense bone. Cortical bone has the 
capability to maintain high levels of rotational stability at undersized 
sites in the early phases of healing, despite the great amount of 
micro-damage. From a biologic point of view, this procedure causes 
a reduced apposition of newly formed bone at the interface and it 
initiates an intense bone resorption activity in the surrounding tissue. 
This creates a temporary porosity into cortical bone, reducing the 
volume of peri-implant mineralized tissue. Intra-cortical resorption 
cavities caused an impairment of material properties and compromised 
mechanical behavior. This bone model is more prone to micro-damage 
and to a delayed healing process. Therefore, avoiding early loading 
protocols is recommended. Future clinical studies should focus on the 
longer-term outcome of undersized drilling, since the current clinical 
evidence is insufficient.
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ABBREVIATIONS

2D Two-dimensional
3D Three-dimensional
BAFO Bone Area Fraction Occupancy
BIC Bone to Implant Contact
BMP Bone Morphogenetic Protein
BMU Basic Multicellular Unit
BV/TV Bone Volume Density
CBCT Cone Beam Computed Tomography
EM Elastic Modulus
PR Poisson’s Ratio
FEA Finite Element Analysis
ITQ Insertion Torque
ITV Insertion Torque Value
kV Kilovolt
MBL Marginal Bone Loss
mm Millimetre
MPStrain Maximum Principal Strain
MPStress Maximum Principal Stress
newBIC Newly Formed Bone to Implant Contact
OPG Osteoprotegerin

RANK
Receptor Activator Of Nuclear Factor 
Kappa-Β

RANKL
Receptor Activator Of Nuclear Factor 
Kappa-Β Ligand
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RFA Resonance Frequency Analysis
ROI Region of Interest
rpm Revolutions per Minute
RTQ Removal Torque
s Second
Tcutting Cutting Torque
Tfriction Friction Torque
TGF-β Transforming Growth Factor Beta
totBIC Total Bone to Implant Contact
VOI Volume of Interest
µA Microampere
µCT or 
Micro-CT Micro-Computed Tomography

µm Micrometre
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INTRODUCTION

Dental implants are medical devices used for the rehabilitation of 
complete [1], partial [2], or single [3] edentulous areas. Thanks 
to the discoveries conducted from the 1960s in the laboratory 
headed by Prof. P.I. Brånemark, modern dental implantology is a 
scientifically solid branch of dentistry, which stands on the concept of 
osseointegration. This term describes a direct contact between living 
bone and load bearing implant observed from light microscopy [4,5]. 
This definition involves two key concepts, one belonging to biologic 
aspects and one to mechanical: the histological interface between a 
living tissue and an inorganic surface and the load-carrying function 
of implants. 

Unquestionably, implant rehabilitation is nowadays a common 
procedure, based on an established predictability and supported by 
high success rate on long-term clinical data [6]. Nevertheless, failures 
are still encountered [7].

It is true that the use of dental implants is currently adopted 
even in challenging situations, that were previously avoided if not 
contraindicated [8]. Technological and procedural innovations have 
been continuously introduced, from new implant designs to new 
clinical procedures. Despite the indisputably superior performance 
of current treatments, many clinical routines have changed over the 
years. A vast part of the theoretical background is based on the early 
protocols and may appear out of date; the research field itself may 
not face the rapid evolution of implant therapy. Basically, current 
trends aim to a simplified and time-reduced treatment often without 
the support of evidence from the literature. Clinical opinion-leaders 
and implant manufacturers have been encouraging immediate or 
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early implant loading, before reaching a complete osseointegration. 
Implant surgical routines have changed considerably over time. 
Modifications have been made, intended to improve implant stability, 
together with more aggressive implant designs. However the biologic 
interactions between bone and implant are rarely investigated with 
novel procedures. It is likely that several unexpected implant failures 
may be explained because of the lack of observation of the basic 
concepts of osseointegration.

Before analyzing the influence of the surgical protocol on peri-
implant bone, main biological and biomechanical aspects of 
osseointegration will be reviewed.
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OSSEOINTEGRATION AS A 
BIOMECHANICAL PROCESS

Primary and Secondary stability
Implant stability has been regarded as one of the most important 
factors for a successful osseointegration. It should be maintained from 
the time of insertion and throughout the healing period [9]. On the 
contrary, implant mobility is a visible sign of failure, mostly caused 
by fibrous encapsulation [10]. The initial mechanical interlocking 
between the implant and bone is known as primary stability. This 
is provided mostly by the engagement with cortical bone [11]. On 
the other hand, bone formation on the implant surface provides 
the secondary stability. This requires the biological process of de 
novo bone formation [12]. Implant stability is commonly subjected 
to modifications with time (Figure 1)[13], according to the type of 
contact between the implant and the surrounding bone tissue [14]. 
After the initial peak of stability, due to mechanical anchorage, 
the primary fixation decreases until the so-called stability dip. In 
this period, the shift from the mechanical to the biological stability 
occurs. The initial drop of stability is caused by osteoclastic activity 
[15] together with visco-elastic relaxation phenomena of pre-stressed 
bone [16]. The following increase of stability is guaranteed by the 
apposition of new bone supported by osteoblasts along with the 
remodeling process. 

The concept of implant stability can be measured as implant 
micro-motion, that is the displacement of an implant relative to the 
surrounding bone. This can be influenced by several factors, such 
as the mechanical engagement between the threads and the bone, 
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the geometry of the implant, the magnitude of biologic attachment 
and physical properties of the surrounding bone tissue (i.e. elastic 
modulus) [17]. A minimal degree of micro-motion seems not to be 
necessarily followed by fibrous encapsulation, and it was recognized 
that implants with limited amount of micro-motion can actually 
integrate [18]. However the degree of such mobility is debatable. It 
was hypothesized that a threshold of tolerated mobility lies between 
50 and 150 µm [19,20]. Moreover, it was observed that a low range 
of micro-motion at the interfacial tissues may even have a positive 
biologic effect, such as stimulation of interfacial bone formation 
[21,22]. Thus, one of the main objectives during clinical procedures is 
to maintain the level of micro-motion below the dangerous threshold, 
even when immediate or early loading protocols are applied. Thus, 
one of the primary focuses during implant surgery is the achievement 
of a good and appropriate level of primary stability. 

Figure 1. A representation of the turnover from primary to secondary 
stability of dental implants as described by Raghavendra et al. [14]. 
The total stability typically shows a lowest point (stability dip), due 
to decrease of the mechanical engagement before the onset of the 
biological fixation. Modified from Suzuki et al. [13].
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The importance of assessing implant micro-motion reflects a major 
problem in implant dentistry: implant stability cannot be directly 
measured. However, there exist some methods for the clinical practice 
or experimental quantification of the grade of stability (primary and/
or secondary). The currently most used ones are: Insertion Torque, 
Resonance Frequency Analysis and Removal Torque evaluations.

Insertion torque
Insertion torque value (ITV) is the most common parameter used 
in the clinical practice to measure implants stability, due to the easy 
calculation at the time of surgery. Insertion torque (ITQ) is a measure 
of the rotational resistance during implant installment [23] and it 
is measured in Ncm. Many clinicians rely on this value as a good 
predictor for osseointegration [24]. Specifically, high ITV is often seen 
as desirable [25]. However, this statement is controversial, since good 
results in terms of clinical outcomes have been reported for implants 
inserted both at extremely high [26] and extremely low [27] ITV. 
Rotational mobility per se, at the time of insertion, does not necessarily 
lead to an impaired osseointegration of non-loaded implants [28].

A clinical common opinion claims that the increase of ITV can 
act as a stimulus for a reduced-time osseointegration. A systematic 
review stated that a high ITV is a prerequisite for immediate or early 
loading [29]. Hence, many researchers and clinicians have been 
discussing the threshold values for these procedures. Ottoni et al. 
[30] declared that an ITV above 32 Ncm is necessary to achieve 
osseointegration for immediate load on single implants. According 
to Aparicio et al. [31], an ITV in the range of 30 to 50 Ncm provides 
adequate stability. Lower values were recommended by Norton et 
al. [32], since 25 Ncm would seem more than sufficient to achieve 
successful immediately loaded single-tooth implants. These torque 
values have been proposed not just to prevent micro-motion, but also 
to withstand the forces of prosthetic procedures related to the type 
of implant connection and functional loading. Based on the implant-
abutment interface design, different levels of tightening torque are 
recommended, from 15 Ncm to 30 Ncm or even more [33]. Thus, 
ITV should be greater than the torque values recommended for the 
immediate fixation of the abutment [34]. Otherwise the final force 
impressed to the screw would disrupt the initial implant interlocking, 
causing implant spinning. However, the actual force transferring 
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along the prosthetic connection is debatable and not a focus of the 
present work. 

De facto, any statement that suggests the ideal clinical protocol 
based on the ITV may not apply to every clinical situation, since 
ITV is not an absolute parameter for primary stability. Although 
some researchers reported that high ITV is positively correlated with 
primary stability [35,36], other studies had observed that such an 
association might not be present in all implant systems [37,38]. On 
the contrary, an in vitro study demonstrated that low levels of ITV 
might be associated with decreased micro-motion [39] when trimmed 
threaded implants are used. 

From a theoretical point of view, ITQ is the sum of two distinct 
processes: torque generated by bone cutting (cutting torque, Tcutting) 
and torque generated by bone friction (friction torque, Tfriction). 

From these formulas it is clear that when interpreting the mere 
ITV, several factors have to be considered. For example, Tfriction is 

proportional to the implant radius raised to the power of 2. As a 
consequence, by simply switching to an implant with larger diameter, 
the ITV is significantly enhanced as evidenced by several authors 
in low-density bone [40,41]. In addition, ITV is largely affected by 
the area of contact with bone, specifically to the cortical layer [42]. 
This means that the thickness of the cortical bone plays a major 
role in the stress distribution at implant insertion. Another aspect 
to be considered is whether ITV is generated mostly by Tcutting or by 
Tfriction. If the implant cutting efficiency is high, there is more debris 
production, but less bone deformation and mechanical damage. In 
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Insertion  Torque ≈ 𝑇𝑇!"##$%& + 𝑇𝑇!"#$%#&' 
More specifically: 

𝑇𝑇!"##$%& = 𝐶𝐶×𝑝𝑝!×𝑟𝑟×𝑘𝑘! 
𝑇𝑇!"#$%#&' = 𝑃𝑃×𝐴𝐴×µμ×𝑟𝑟 

where:  C: constant  
p: thread pitch 
r: radius  
kc: specific cutting force 
P: critical pressure on the bone 
𝐴𝐴 = 2𝜋𝜋𝜋𝜋×ℎ𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑡𝑡: area of contact  
µ: coefficient of friction. 
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contrast, if ITQ is mostly affected by friction, the implant impresses 
an increased compression with bone deformation. Consequently, 
the same ITV may have completely different bone effects based on 
implant geometry.

Hence, ITV provides site- and implant-specific information that 
cannot be used for a direct comparison with different implants, 
neither inter-individually or even in the same patient.

Resonance Frequency Analysis
A non-invasive method for measuring implant stability involves the use 
of resonance frequency analysis (RFA) of the implant–bone complex. 
Due to a transducer, which is directly tightened to the implant, RFA 
measures the stiffness and deflection of the implant into the bone 
[43]. One of the main advantages of the RFA is the reproducibility of 
this measure over time. In this manner the clinician could check the 
variation of the implant stability during the healing phase [44].

The frequency obtained is then translated into a value, which 
is called Implant Stability Quotient (ISQ), ranging from 0 to 100. 
This scale indicates that the higher is the value, the greater is the 
implant stiffness. Clinical guidelines suggest an ISQ>65 for successful 
osseointegration. An ISQ<50 may indicate an unstable implant [11]. 
However, the prognostic value of RFA has been questioned and some 
studies have shown that these measurements are more accurate in 
predicting implants that were at risk of failure after the establishment 
of osseointegration [45,46]. The basic assumption of over-time RFA 
measurements is that, since implant and the surrounding bone act 
as single unit, modifications of stiffness represent a modification in 
the bone-to-implant interface [11]. However, ISQ values have to be 
carefully interpreted, since they do not entirely rely on the quality 
of osseointegration. Besides from the stiffness of the implant-bone 
interface, the stiffness of the bone itself and the stiffness of the implant 
components can influence ISQ [12]. Moreover, other factors related to 
implant geometry strongly influence the ISQ values, such as implant 
length, diameter, macro- and micro-design, placement position and 
type of abutment [47,11]. Therefore, the clinical relevance of the RFA 
is comparing the stability in the follow-up of each individual implant, 
but, similarly to ITV, caution should be taken when comparing ISQ 
from different implants [48].
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Removal Torque
Removal Torque (RTQ) test determines the critical torque value 
for disrupting the bone-to-implant interlocking by unscrewing the 
implant [49]. This destructive method is mainly used in research 
that does not involve humans. Analogously to ITQ, RTQ is affected 
by implant geometry and bone quality. In in vivo studies, RTQ is 
affected both by primary and secondary stability [24]. In fact, it is 
the result of initial interlocking between the implant and the bone 
(primary stability) and the osseointegration process after healing, 
remodeling, and bone apposition (secondary stability). Therefore, due 
to the controlled settings of the experiments, usually RTQ values can 
estimate the quality of osseointegration in terms of bone-to-implant 
contact [11]. However, it has to be remarked that residual strain in 
the peri-implant bone could influence the results by increasing the 
RTQ [50]. 

Static and dynamic peri-implant bone strain
One of the regulatory systems for bone physiology is mechanical 
stimulus. Bone has the capability to adapt its mass and structure 
according to the strains induced by loads, through modeling and 
remodeling processes [51]. This adaptive mechanism is regulated by 
the magnitude, frequency, rate and duration of the strain [52-54].

According to Frost’s theory on bone modeling/remodeling 
regulation, a certain degree of deformation is required for the 
initiation of the process and the maintenance of bone mass [55]. 
There is a threshold of physiological strains in which bone is triggered 
in a steady state of normal remodeling. In case of lower strains, bone 
resorption is initiated, while higher strains may lead to increased 
bone mass. On the other hand, peak load levels may cause bone 
micro-damage and stress fracture (Figure 2)[56]. Strains can be either 
of a static or a dynamic nature. 

During implant installation with a certain ITV, static strains are 
generated in the surrounding bone. The magnitude of such strains 
depends on several factors, such as the implant geometry, status of the 
host bed, and preparation of the osteotomy site, which is of particular 
interest of the present thesis. When the diameter of the osteotomy 
is narrower than the diameter of the implant, implant stability is 
secured via press-fit phenomena. The concept of press-fit, which is 
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different from screw-fixation, is taken from orthopedic surgery. This 
stability is generated by the radial contact stresses, which develop 
frictional shear resistance to relative motion at the bone-implant 
interface [57,58]. 

The magnitude of strains that bone can tolerate depends primarily 
on bone quality [59]. If the induced static strain lies within the yield 
limit, the mechanical engagement between the bone and the implant 
is linearly related to the strain [60,61]. When the magnitude of the 
strain is higher, plastic deformation and numerous microcracks 
are expected, thus altering the pristine bone mechanical properties 
[62,16]. Even if short cracks, i.e. less than 100 μm, can be caused 
by drilling procedures [63], longer microcracks are generated during 
implant insertion [64]. From previous studies, it was hypothesized 
that bone damage created by static strain can trigger the modeling/
remodeling process [65]. According to a revision of the Frost theory 
on bone remodeling, bone is controlled by an inhibitory signal 
triggered by mechanical stimuli [66]. The remodeling process is 
restrained when load lies within the physiologic threshold. On the 
contrary, remodeling is increased when load is extremely low or 
excessively high, due to tissue damage [67]. In an in vivo study on 
rabbits by Halldin et al. [50], induced static strains were maintained 
24 days after insertion. Interestingly, if the induced bone strains are 
beyond the ultimate cortical yield limit, there was no negative bone 
response in a rabbit tibia model [16]. On the contrary higher RTQ 
and a tendency of higher BIC was observed after 3 and 13 days.

In addition, bone has the capability to withstand static strains 
thanks to relaxation phenomena [68,69]. This means that when a 
deformation is impressed constantly, the measured force decreases 
over time. This can be explained by the visco-elastic properties of 
bone complex structural composition [70]. A decrease of intra-bony 
forces over time is further expected due to the removal of the pre-
stressed bone by remodeling. 

Dynamic strains that typically are generated in the peri-implant 
bone are due to masticatory functions and para-functions [71]. These 
forces involve a repeated pattern of cyclical impacts on the implant 
that are transferred to the surrounding bone [72]. In bone physiology, 
dynamic strains are the driving force behind bone modeling and 
remodeling [73]. A theory elaborated by Qin et al. [54], affirms 
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that bone mass maintenance is defined by the relation between the 
magnitude of stress and strain and loading cycle numbers per day. 
According to this theory, low stress/strain require a higher number of 
cycles to maintain the bone, while fewer cycles would lead to bone 
mass resorption. On the contrary, it is generally accepted that excessive 
masticatory loads on peri-implant bone would lead to marginal bone 
loss and eventually loss of osseointegration [74,75]. It was observed 
that dynamic overload induces typically to crater-shaped bone defects 
[76]. This pattern of bone loss may be explained by the excessive 
microdamage occurring at the interfacial bone, which could trigger 
a relevant bone remodeling. This process may not keep pace with 
accumulating damages, thereby predisposing to bone loss [77]. The 
investigation of implant load transferring is often performed with 
the help of Finite Element Analysis (FEA) models. Thanks to these 
computer simulations, stress and strain patterns can be calculated to 
explore the mechanism of peri-implant bone behavior [77,78]. 

Figure 2. Graphical illustration of the bone modeling/remodeling 
regulation according to Frost’s theory. The strain magnitude predicts 
bone behavior, resulting in an increase or decrease in bone mass 
(vertical axis). In the left part, strains are low and bone remodeling is 
activated to decrease bone mass due to disuse. Above this threshold, a 
low-intensity remodeling activity is sustained for the preservation of bone 
mass. At higher strains modeling is triggered with an increase in bone 
mass. Pathological overload zone is defined when strains are greater 
than the repair capability. Modified from Su et al. [56].



33

OSSEOINTEGRATION AS A 
BIOLOGIC PROCESS 

Bone-Implant Interface
Histological and electron microscopical observations of 
osseointegrated implants in humans described the bone anchored 
implants to be provided with well-organized lamellar structures. 
The tight interface between the cells and the implant surface is not 
interposed by organized collagenous and fibroblastic matrix, but by 
an acellular layer. Histologic and electron microscopical observations 
described a layer, approximately 500 nm thick, composed by 
amorphous material, enriched in proteoglycans and glycoproteins, 
which separates the implant surface from the vital tissue [79,80]. A 
stable peri-implant tissue includes the presence of different types of 
cells and structures, which could be observed in normal conditions by 
light microscopy: osteoblasts, osteoclasts, multinucleate giant cells, 
monocytes, vessels, collagenous matrix and mineralized matrix [81]. 

Differently from the ideal scenario, a failure of osseointegration 
is described when soft connective tissue is interposed, i.e fibrous 
encapsulation. In this condition, the anchorage is not stable and the 
implant will be lost. A third situation can be considered when the 
bone in contact with the implant is partially necrotic. According 
to the early opinions, this anchorage is less reliable in bearing the 
occlusal load than a full osseointegration with vital bone. However 
it was stated that this interface might function as a temporary 
stabilization of the implant even for several years, before this is 
replaced or resorbed [4]. 
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Light microscopy investigations of bone-to-implant interfaces 
have assessed the relative presence of mineralized tissue in contact 
with the implant surface, rather than fibrous tissue. This outcome is 
generally regarded as Bone-to-Implant Contact (BIC). The majority 
of the analyses involved the use of various animal models or, in some 
cases, human retrieved samples [82]. On the basis of the current 
literature, it can be said that there is no clear cut-off value of what we 
can consider as “osseointegration” [81]. Extremely different results 
can be obtained based on the type of model, type of bone, time 
of healing, type of implant, etc. Yet, a BIC of 100% is indeed to 
be regarded as unrealistic, while it is more reasonable to consider 
60% as a result of good integration [83]. The rate of contact in the 
interface between mineralized bone and implant surface is subjected 
to continuous biological transformation and may change with time. 
More recent interpretations look at osseointegration as a dynamic 
process in a phase of equilibrium; if negative actors interfere, we 
could observe a break-down of the status [84].  

Peri-implant bone healing 
Once the osteotomy is prepared and the implant is placed into its 
final position, a cascade of biologic events are in involved in the 
bone formation adjacent to the implant. This process begins with 
the clot formation: blood cells, including erythrocytes, neutrophils 
and macrophages are interconnected through a network of fibrin 
[85]. This is followed by an inflammatory phase, in which blood and 
inflammatory cells, including neutrophils and then monocytes are 
recruited to the peri-implant tissues. Together with platelet activation, 
cytokines and growth and differentiation factors are released. At 
this time, angiogenesis and bone formation are stimulated. Thus, 
mesenchymal cells are recruited in the proximity to the titanium 
surface and they start to differentiate into osteogenic cells [85,86]. 
These cells deposit new bone matrix in the vicinity of the implant 
site. In such a manner, de novo bone formation may occur directly 
on the surface of the implant (contact osteogenesis), or either on 
the surface of the pre-existing bone approximating to the implant 
(distance osteogenesis) [87]. 

The unique interplay between implant geometry and site 
preparation in terms of gaps and interlocking areas induces distinct 
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bone-healing phenomena. According to several animal studies, two 
major healing patterns have been described [85, 60]. If void spaces 
are created between the implant surface and the osteotomy walls, 
an intra-membranous like healing scenario can be expected [88,89]. 
These bone-chamber structures are filled with blood clot and will 
rapidly evolve in woven bone formation [85,90,91]. Thus, when a 
large contact free surface is left, we can observe a high magnitude 
of de novo bone formation. Depending on the implant micro-
topography, the new bone apposition may start in the center of the 
chamber for smooth surfaces, or directly at the implant interface for 
modified surfaces [90,92]. When new bone apposition occurs directly 
on the implant surface it has been defined as contact osteogenesis 
[87]. Immature bone structures are then replaced by lamellar bone 
in later stages [85].

A different healing pattern can be observed when the implant is 
inserted in intimate contact with the bone walls, called interfacial 
remodeling [89]. The tight interlocking between the fixture and the 
bone causes press-fit phenomena, with micro-cracks and diffuse 
damage formation [93]. Necrotic bone can be observed in the 
location of greater compression. This bone can be encountered as 
small spotted areas [94], or as wider regions [95]. The damaged 
bone is then removed with intense osteoclastic activity and eventually 
replaced with new bone, thanks to the time-consuming remodeling 
process. This so-called distance osteogenesis will result in a bone 
formation approximating the implant surface [87].

These two distinct healing processes are typically observed along 
the surface of the same site, for a standard screw-shape implant 
installed in a conventional osteotomy. Bone chambers will form 
between the threads, while interfacial remodeling will take place in 
the areas of primary engagement with the pristine bone, typìcally 
at the implant thread tips [85]. This favorable combination will 
provide both the biological advantages of de novo bone formation 
with the mechanical advantages of primary interlocking, which in 
turn provides stability to the implant. 

Bone modeling/remodeling
The bone surrounding an implant is involved with complex 
physiologic mechanisms from the time of insertion and throughout 
the functioning period. Bone is a dynamic tissue that undergoes to 
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a continuous modification of its composition. As seen previously, 
bone has the adaptive capability to modify its mass and structure 
depending on the external stimuli. Thanks to the bone modeling 
process, bone mass can be altered. Based on the type of load, new 
bone formation (increase of bone mass) or resorption (decrease of 
bone mass) can occur.

On the other hand, the skeletal system has the capability to renovate 
itself with the lifelong process of bone remodeling. Thanks to this 
process a discrete volume of old bone is removed and then replaced 
by newly formed tissue, which would mineralize subsequently into 
new bone [96]. Remodeling has three main functions: balancing the 
body mineral content, adapting the bone structure to mechanical 
environment and repairing to bone micro-damage [97]. Thus, two 
kinds of remodeling can be distinguished [98]. In physiological 
conditions, a sustained not-site specific remodeling process takes 
place. Thanks to this mechanism, bone tissue is cyclically renovated 
with a turnover rate per year of 2-10% for cortical bone and 20-30% 
for trabecular bone [99,100]. A second type of bone turnover is 
targeted remodeling, which directs the action of the process to specific 
sites. This is the case of bone repair in case of bone injury. It has been 
established that targeted remodeling is triggered by micro-damage 
[67,101]. More specifically, the initiating factor has been pointed out 
to be the death of osteocytes [102]. Osteocyte apoptosis is induced 
by compressive stresses and strains and it is commonly a result of 
bone micro-damage [103,104]. It was observed that microcracks 
may impair canalicular fluid flow interconnecting adjacent osteocytes 
and this can lead to cell apoptosis [105]. As a matter of fact, pro-
apoptotic molecules were identified in the proximity of microcracks 
[106]. Therefore, remodeling activities are regulated by strain as well, 
but not simultaneously to damage. In the presence of a relevant injury 
(i.e. surgical trauma), damage-induced remodeling would come first 
over the attempt of strain normalization [107,108].

Basic Multicellular Unit
The remodeling process requires the coordinated action of catabolic 
and anabolic actions, i.e. bone resorption by osteoclasts and new 
bone apposition by osteoblasts, respectively. The entire process is 
orchestrated in specialized structures known as Basic Multicellular 
Units (BMUs) (Figure 3). An active BMU consists of number of 
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osteoclasts in the front, referred as the cutting cone, and a number of 
lining osteoblasts behind it, forming the closing cone. The structure 
is provided of blood supply and associated connective tissue [110]. 
BMUs are active both in cortical and cancellous bone: in the former 
they excavate tunnels, in the latter they are in contact with the 
endosteal surface of bone trabeculae. BMUs can proceed with a rate 
of 0.15-0.30 mm/day in rabbits [111] or 25-30 µm/day longitudinally, 
and 6-7 µm/day radially in humans [112]. It has been calculated that 
a BMU can travel roughly for 4 mm through the cortex with a life 
span of 200 days [112]. 

Dying osteocytes promote cells activation and guide the movement 
of BMUs through the cortex [113]. The direction of motion is 
oriented by the principal stress trajectory, but also toward micro‐
damage, depending on its proximity [114]. In cortical bone BMUs 
the tunneling resorption occurs in linear planes forming remodeling 
spaces, or remodeling cavities, or resorption cavities, which constitutes 
the Haversian canal formation for secondary osteons [66].

The remodeling takes place with temporal and spatial distinct phases: 

• Activation phase: the detection of the initiating signal for 
remodeling is the first step. It is believed that the starting 
stimulus is influenced by the mechanical environment, including 
strain, stress, shear, pressure, liquid flow and biochemical agents 
[115]. The activation is a continuing process that occurs in the 
cutting cone of an active BMU. An osteocyte is at the center of 
this mechanism thanks to its mechanosensory properties, and 
it is responsible of the initiation of osteoclasts recruitment via 
the RANK/RANKL signaling [116]. A major role in this phase 
is also played by bone lining cells, which is a sub-popuation of 
osteoblasts. They fold together forming a canopy in proximity 
of osteoclasts and in contact with the bone surface. It is believed 
that they modulate the resorption activity by stimulating 
osteoclast differentiation and initiating the resorption phase by 
digesting non-mineralized bone matrix [117]. 
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• Resorption phase: osteoclasts dissolve the mineralized bone in the 
front of the BMU forming resorption lacunae (Howship’s lacunae). 
The bone resorption mechanism includes a mineral dissolution and 
enzymatic degradation of the organic matrix [115]. 

• Reversal phase: this is the period of transition (10 days) between 
the osteoclastic and osteoblastic activity. Osteoclast formation 
and function is inhibited by cytokines, such as OPG [118]. Old 
osteoclasts that completed bone excavation ultimately undergo 
apoptosis [107]. The bone lining cells enter the resorption 
cavity and clean its bottom from bone matrix remnants, a 
fundamental phase for the subsequent deposition of the cement 
line for osteoblasts attachment [115]. 

Figure 3. A representation of a Basic Multicellular Unit (BMU) and 
sequential events in the remodeling process of cortical bone (moving to 
the right). On the right, the cutting cone (R) is at the front of this structure 
and it is composed by osteoclasts. This moves through the bone cortex 
removing bone longitudinally and centrifugally. The bone formation (F) 
is promoted by osteoblasts. Four cross-sections of the gradual formation 
of secondary osteons are shown below. Cells from the osteoclast lines 
are in red, from the osteoblastic line in blue. The reversal cement line 
(green) is formed at the peripheral limit of the osteon. The reversal line 
represents the point at which cell function reverses from osteoclastic 
resorption to formation of bone by osteoblasts. Figure reprinted from 
Roberts et al. [109].
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• Formation phase: the bone formation is promoted by osteoblasts. 
This stage takes longer than the resorption. In fact this is the 
longest phase of the remodeling process [115]. Osteoblasts 
recruitment and differentiation is promoted by molecules stored 
in the bone matrix and liberated during the bone resorption, 
such as TGF-β [119]. The bone formation process is regulated 
by bone morphogenetic proteins (BMPs) [120]. Osteoblasts 
proliferation corresponds to a secretion of the proteins of the 
osteoid tissue. After an average time of 15 days during which 
the tissue incurs to several modifications, the extracellular 
matrix undergoes a mineralization process [121].

• Termination phase: most of the cells gradually slow down 
their activity and become quiescent lining cells, while some 
osteoblasts remain trapped in the matrix and differentiate into 
osteocytes. The exact mechanism of cessation of the remodeling 
process is actually still unknown in large parts. A role seems to 
be played by newly formed osteocytes close to the resorption 
cavities, which may create inhibitory factors for further bone 
degradation. 

The total time of active remodeling in human is around 17 weeks 
after placement of an implant [122].
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SURGICAL ASPECTS OF 
OSSEOINTEGRATION

Surgical principles for osseointegration
In the beginning of the osseointegration era, a fundamental study 
by Albrektsson et al. [4] listed a number of pre-requisites for a 
successful implant treatment based on 15-year clinical experience. 
Implant surgery has been regarded as one of the key-factors, together 
with implant material, implant design, implant surface, status of the 
bone site and loading conditions. In that review, a “delicate surgical 
technique” was advocated. The authors suggested the preparation 
with a minimized surgical trauma by continuous irrigation of cooling 
agents, adequate drill geometry to implant shape and adequate 
drill speed. Cortical bone preparation with counter-sink drills and 
tapping was also considered as mandatory before implant installation 
(Figure 4). The same author, twenty years later, emphasized again the 
importance of the surgeon and prosthodontist skills in the clinical 
success [123]. The author refers to a retrospective analysis on the 
outcome of almost 1000 implants placed in a single treatment facility 
during a certain year, and it was noted that one single operator was 
responsible of 40% of the failures. Another study focused on the 
outcome of implant rehabilitation using a single implant type from 
different surgeons and prosthodontist [124]. Again, it was found 
that there was a correlation between the outcome and the operator 
responsible for the treatment. In a recent multifactorial analysis on 
clinical factors associated to early implant failures, 9582 implants 
and 3448 implant operations were assessed [125]. According to the 
results, the “surgeon” factor showed the highest risk of early implant 
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failure. A similar observation was made in an analysis of 10.096 
consecutively placed oral implants at a Malmö Clinic; one surgeon 
saw 12.2% failures which was statistically more than his peers did 
[126].

Another influential research team compiled a clinical guideline 
with integral surgical principles for successful implant rehabilitation. 
It was suggested that a proper surgical protocol plays an essential 
role, including the selection of the patient and the appropriate implant 
type (shape, length and diameter) [127]. It was advocated that a low-
trauma surgical procedure should avoid unnecessary tissue damage 
during surgery and possible contamination of the implant site [128]. 
The basic principles to follow during an optimal surgery included: 
the respect of appropriate hygienic principles, copious cooling 
with refrigerated saline solution, the use of sharp drills, drilling 
procedures with intermittent movements without applying excessive 
pressure. A precise adaptation of the flap margins allowing a primary 
wound closure was considered as well [127]. Flapless surgery is an 
alternative approach for implant surgery. According to some reports, 
this technique can reduce the surgical time and patient discomfort 
[129]. Moreover, since the periosteal membrane is not elevated and 
the blood supply is not disrupted, it is claimed that bone trauma 
could be minimized in this manner [130]. Besides, from a clinical 
point of view, a meta-analysis stated that flapless and conventional 
flap approaches showed comparable radiographic marginal bone loss 
[131]. 

Osteonecrosis and bone overheating
Regardless of any precautions for a minimally invasive technique, 
implant surgery is a traumatic event for the alveolar ridge. From 
histological observations, a zone of necrotic bone at the interface 
with the implant is always to be expected immediately after implant 
surgery [4] . As stated before, bone tissue provides a primary rigid 
fixation of the implant during the initial phase of healing. For a 
long-term bone-to-implant structural interface, such tissue has to 
be replaced with vital bone in the remodeling process [122]. It was 
stated that the thinner this layer, the faster is the repair and thus the 
establishment of vital tissues at the implant interface [4] . 
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Osteonecrosis is primarily due to the disruption of blood vessels 
and bone over-heating. During implant site drilling procedures, 
the frictional heating of the surrounding bone is an unavoidable 
phenomenon. It has been demonstrated that the increase of the bone 
temperature over 47° for one minute can prevent the formation of 
new bone in contact with the implant [132]. It was observed that the 
extent of the necrotic zone around the drilling site is proportional 
to the amount of heat generated [133]. Osteonecrosis is a process 
that takes several weeks for repair. Histologically, necrosis is 
characterized by osteocyte cellular reduction, which is followed by 
osteoclastic resorption. The subsequent events follow the model of 
the remodeling process, with new bone apposition and secondary 
osteon formation. However, if the damaging stimulus is excessive, 
an abnormal osteoclastic activity can lead to irreversible damage 
to the bone structural composition [134]. This massive resorption 
of peri-implant bone can impair the osseointegration process [135]. 

Based on the severity of the necrosis encountered in orthopedic 
surgery, four grades were described [136]:  

Figure 4. The original implant surgical protocol illustrated by Albrektsson 
et al. (4]. A series of drills (a-d) had to be used, including a cortical 
enlargment with counter-sink (e) and final tapping of the recipient site 
(f), before implant installation (g). Modified from Albrektsson et al. (4].
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Grade 0 No damage; no devascularization

Grade 1
Insulted tissue is eliminated by the subsequent 
drilling; devascularization is observed

Grade 2
Insulted tissue is not eliminated by subsequent 
drilling; devascularization and heat damage can 
be observed

Grade 3
The entire cross-section of bone, including 
periostium is necrotic. The process is irreversible

There are several factors associated with the generation of heating 
during the drilling procedures on cortical bone (Table 1). 

Table 1. Influential parameters affecting bone heating during drilling 
procedures. Modified from Augustin et al. [137].

Parameters of the drill Parameters of drilling Other parameters

Drill design Drilling speed Bone cortical thickness

Drill diameter Drilling force Guided surgery

Drill wearing Cooling

Drilling depth

Drill design is one of the most influential parameters on the generation 
of heat. Drill consists of three different parts: shank, body and cutting 
edge. The drill body is provided with flutes, which are limited by 
the outer portions of the body, called lands. The drill diameter is 
measured in the largest portion of the drills across the top of the 
lands. The clearance is the space provided between the land and the 
substrate walls. The non-cutting portion of the land, called flank, 
determines the clearance angle by which the material is cleared. Drills 
could be provided of relief angle, which is the surface adjacent to the 
cutting edge [137]. An in vitro study on three implant drill designs 
observed that those which were not provided with relief angles 
and with reduced clearance angles showed the highest increase of 
temperature [138]. Twist drills can be provided by different number 
of flutes. These can be helical or straight. It was observed that three 
fluted drills, compared with two-fluted drills showed higher cutting 
efficiency reduction of heat generation [139]. However these findings 
are in partial disagreement with another study, which observed that 
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two-fluted drills provided lower heat generation [140]. Regarding the 
drill diameter, larger drills produce significantly greater amount of 
heat. On the other hand larger drills have larger flutes, thus providing a 
better elimination of bone chips and debris [141]. Drill wear is another 
aspect that was often investigated. The repeated use and sterilization 
cause a reduction of cutting efficiency and therefore an increase of 
heat production [138]. The material of the drill, in conjunction with 
its design, can influence the wear amount and the cutting efficiency 
[142]. The drilling speed is a matter of debate. According to some 
research, increasing both the speed and the load allowed more 
efficient cutting with no significant increase of temperature. [143, 
144]. On the other hand, in vivo experiments demonstrated that 
high drilling speed increases the duration and the degree of excessive 
temperatures and it was associated with an increase in the zone of 
necrosis, and subsequently more pronounced bone resorption [145]. 
However, one crucial aspect concerning the heat generation during 
drilling procedures is the force impressed to the drill. Higher forces 
deliver more energy to the tissue, thus increasing the friction and the 
temperature [137]. There is a general agreement on the importance 
of cooling during the drilling procedures. Double irrigation, seems to 
provide a better heat decrease compared with external and internal 
cooling [146]. The temperature of the cooling agent is relevant too 
[147]. As one could expect, the higher the drilling depth, the greater 
amount of heat is generated. However, the quality of bone remains 
another factor of importance. One could expect that in the deeper 
part of the osteotomy there is cancellous bone, while in the coronal 
part there is the cortical layer. The hardness of the latter is related to 
an increased friction, thus a greater increase of temperature [148]. 
The duration of the cortical bone drilling depends on the thickness 
of the layer. According to previous works, the thickness of rabbit 
cortical bone is 1.5 mm with average drilling duration of 5s, dog 
cortical bone is 3.5 mm with a duration of 15s. Human femur cortical 
thickness is 6-6.5 mm and the drilling takes 18 s [149,132]. The use 
of a surgical guide is another clinical aspect that can influence bone 
temperature. One negative factor of computer-guided surgery is that 
this technique is more susceptible of hazardous bone over-heating, 
increasing bone temperatures [150-152] and reduced cell viability 
[153].
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Bone quality assessment
Optimal implant surgery should be preceded by an appropriate 
treatment plan, in which the surgeon has to consider several aspects. 
Once the ideal prosthetic-driven implant site is selected, bone 
quality and quantity have to be carefully evaluated in a pre-surgical 
assessment [154]. Bone quality has been regarded as one of the most 
influential factors affecting implant survival rates [10] and it has 
been proposed as a discriminating aspect for the determination of 
the length of the healing period [155]. Bone quality can be defined 
by mineral density, micro-architecture, and trabecular thickness 
[156,157]. A conventional and widely-reported bone classification 
for clinical implant dentistry was proposed by Lekholm & Zarb and 
it is based on the relative composition of cortical and trabecular 
bone [158]. The assessment of the bone quality is established by 
pre-clinical radiographic analysis in association with the tactile 
perception during surgery.

According to such classification, which is still broadly used, four 
types of bone were distinguished (Figure 5):

• Quality 1: Almost entire jaw is comprised of homogenous 
compact bone

• Quality 2: A thick layer of compact bone surrounds a core of 
dense trabecular bone

• Quality 3: A thin layer of cortical bone surrounds a core of 
dense trabecular bone

• Quality 4: A thin layer of cortical bone surrounds a core of low-
density trabecular bone. Traditionally this bone was regarded 
as poor quality

However, this classification has some drawbacks. Clinical perceptions 
can hardly distinguish one bone quality from the next one, while it 
is easier to distinguish between “hard” and “soft” bone tissue [156]. 
The concept of good and poor quality, as well, is nowadays obsolete. 
The initial difficulties of reaching improved outcome in the low-
density bone, is now improved, thanks to the technological advances 
in implant dentistry. In addition, recent research showed that when 
an osteotomy is prepared, trabecular bone heals faster than cortical 
bone [145]. This can be explained because trabecular bone possesses 
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great surface area in the contact with the bone marrow. This tissue 
contains mesenchymal progenitor cells and a rich vasculature that 
can supply both the circulating osteoclasts precursor cells and the 
endothelial population needed for angiogenesis [160].

Implant design 
Implant design, including macro- and micro-geometry has a remarkable 
impact on primary and secondary stability. Regarding the implant 
overall shape, one of the first implant design modification from the 
cylindrical standard Brånemark implant was increasing the tapered 
effect at the apex [161]. Conical and tapered implants achieve better 
initial fixation compared with cylindrical implants in low-density bone 
[162,163]. Those implants can induce a higher degree of compression 
on the cortical layer, even with the engagement of only few threads 
[164]. It was also suggested that, once osseointegration is established, 
the lesser surface area offered by tapered implants increases the amount 
of stress at the crestal portion [165]. However, in case of a cylindrical 
implant, higher compressive forces are induced on the trabecular bone 
[166]. From a clinical point of view, a 10-year prospective study stated 
that macro-design influences the implant success rate [167]. However, 
due to the vast number of implant systems available on the market, 
whether one implant macro-design is better than another has not yet 
been sufficiently investigated [168,169].

Implant cutting capacity is another relevant aspect to be considered 
when evaluating the effect of surgical procedures. Self-tapping 
features were added in order to skip the tap, and so increase implant 

Figure 5. A graphic interpretation of Lekholm & Zarb classification [158] 
in mandibular edentulous ridge. Image from Alghamdi et al. [159].
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stability [170,171]. A non-self-tapping implant creates direct bone 
compression while being inserted [172,16]. As demonstrated by an 
in vivo study, this would delay the bone response [173]. Cutting 
features at the apex and at the thread crest allow the implant to 
scrape the osteotomy walls, reducing the magnitude of compression 
[174]. As a matter of fact, the thread cutting edge creates a mating 
thread removing the bone, while bone debris is collected into chip 
cavities [175]. However, the efficacy of implant cutting capacity is 
declined when the volume of removed bone is too large, so that the 
entire collecting flutes are occupied by debris. 

In recent years, there has been an increasing attention in the 
development of thread designs, since those may impact the dynamic 
of osseointegration [176]. Implant threads besides from providing 
initial stability, can influence the secondary stability by enlarging 
implant surface area and minimizing the peak stresses when occlusal 
load is introduced [177,178]. In order to induce favorable bone 
biologic and mechanical response, different thread designs were 
developed, by modifying some of the parameters, such as thread 
pitch depth and shape [78,179]. Micro-threads can be obtained by 
reducing the thread pitch, which is the distance from the center of 
one thread to the center of the next thread, and the thread depth, 
which is measured from the implant outer diameter to the inner 
(minor diameter). Microthreads at the implant neck were introduced 
for reducing the peak interfacial shear stresses [180]. This feature 
might have an effect in maintaining the marginal bone loss against 
loading [181,182]. Specifically, V-shaped microthreads seem to be 
preferable over other designs, since they can promote bone formation 
[183]. When V-shaped threads are in a combination pattern with 
macro-threads, bone formation could be stimulated, especially in 
softer bone [184,185]. From histological observations after dynamic 
loading, bone implant density was greater on the bottom of the thread 
surface, rather than in the thread crest where the peak stresses are 
concentrated [186,76].

Needless to say, the surface microtopography and chemical 
composition influences the implant osteoconductive properties 
[187]. Particularly, moderately rough surfaces facilitate the increase 
of secondary stability, compared with smoother surfaces [188,189]. 
However, rougher surfaces can modulate primary stability as well, 
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by increasing implant ITV compared to smoother surfaces [190,162]. 
Nevertheless, it has been questioned whether this effect is due to 
the implant-drill discrepancy more than the surface roughness itself 
[191]. Clinically, moderately roughened implants showed improved 
outcome, especially in sites with lower bone density with thin cortical 
layers [192-194]. However, it has been observed that surface textures 
could enhance the initial biomechanical performance, but for longer 
healing times the surface interlocking capacity, i.e. macro-design, 
seems to be more important [195]. 

Thus, the complex combination of implant macro- and micro-
geometry has a significant impact on the mechanical and biological 
events after implant installation, not only by influencing initial 
stability but it further determines the amount and the location 
of contact available for load transfer, the interfacial stiffness and 
the maintenance of marginal bone [154]. Certainly, the type of 
osteotomy before implant insertion has a major role in the initiation 
of those processes [196], thus the operator should carefully take 
into consideration which surgical technique to choose based on the 
implant design. 

Undersized drilling techniques
Undersized drilling techniques, or undersizing or underpreparation, 
represents one of the most common procedures for increasing implant 
primary stability (Figure 6). Under preparation of the implant site 
was initially proposed in low-density bone, especially in the posterior 
maxilla [197,198]. The justification of such a technique is to locally 
maximize the initial implant contact with the bone, optimize bone 
density and consequently improve the insertion torque [199]. 
According to the Oxford English Dictionary (Oxford University 
Press, http://www.oed.com) the term undersized is an adjective to 
indicate something that is “below the proper or ordinary size”. In 
implant dentistry, one of the first definitions of undersizing was 
reported by Friberg et al. [23] as an implant osteotomy substantially 
narrower than the implant diameter. In fact, this technique has been 
reported since the 1990s [200,201] and it was achieved by skipping 
the last drill and the tap. At the time when this definition was given, 
only few implant systems were commonly utilized and the screw-
shape Brånemark system was the most used one. This means that 
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for a 3.75 mm self-tapping Brånemark implant, the osteotomy was 
prepared at 2.75 or 2.8 mm [202]. As an alternative, “adapted” drilling 
of 3.0 mm was prepared for 4.0 or 5.0 mm implants [41,161,202].  
Given the multitude of implant systems that are available today, it 
is clear that such definitions are nowadays outdated. It is hard to 
state what is a narrow osteotomy with regards to implant diameter, 
since a number of implant features are now involved, such as the 
thread depth, implant outer profile, the implant core geometry, apical 
design, etc. 

Undersized drilling techniques became quite common due to 
the increased popularity of immediate and early loading protocols 
[203,204]. The insertion of implants in low-density bone or extraction 
sockets, and the use of shorter implants have further encouraged this 
technique. The application of such protocols subjects the implant 
to mechanical stresses before the achievement of osseointegration. 
Thus, an augmented compression was advocated to compensate 
the expected decrease of stability after installation. Therefore, to 

Figure 6. A representation of a standard and an undersized implant 
site. Greater discrepancy between the osteotomy (drilling preparation 
line is displayed in light blue) and the implant outer diameter (red dotted 
line) is expected with the undersized technique.
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secure implant stiffness during the healing period, undersized drilling 
should provide a higher primary stability and a greater interfacial 
contact. Moreover, it has been speculated that the higher amount of 
undersizing, the higher ITV could be accomplished [163]. 

On the other hand, one could question whether a loose preparation 
would be detrimental to osseointegration in some way. In an early 
in vivo experiment, Carlsson et al. [205], implants were placed in 
implant beds leaving different gaps between the implant and the 
osteotomy walls: 0 mm, 0.7 mm and 1.7 mm. The stability of the 
implant was secured by a plate anchored to lateral implants. It was 
found that the perfect fit is desirable for a better biologic response, 
however a small gap may be present to achieve bone-to-implant 
contact.

Still, undersized drilling technique lacks of a specific protocol and 
it is often based on clinically perceived sensibility. In some cases, 
manufacturers provide drilling guidelines based on bone quality. 
However, the application of this approach is controversial, since 
novel treatment protocols suggest it even for intra-foramina implant 
installment [206,207], where the trabecular bone quality is poorly 
represented.

Alternative surgical techniques
Undersized drilling is not the only technique which has been proposed 
along the years to increase primary stability. Bone condensation 
using osteotomes is a routine procedure designed for cancellous 
bone, originally introduced in the posterior maxilla [208]. With 
implant-shaped instruments trabecular bone is compressed laterally. 
In addition, the alveolar bone can be expanded and the sinus floor 
can be elevated through a trans-crestal approach [209-214]. The in 
vivo bone reaction to this technique was experimentally induced 
on minipig tibia [215]. Implant preparation was performed using 
osteotomes or conventional drilling. There were no significant 
difference in BIC at 7 days, while conventional drilling showed a 
greater amount of BIC at 28 days. However, the authors observed 
higher bone density and cell proliferation around implants installed 
with the osteotome technique. Another study performed in trabecular 
bone of goats did not show any advantages using this technique with 
undersized drilling from a histological point of view [216].
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Currently novel non-subtractive techniques for the preparation of 
the implant site, i.e. osseodensifiation, were introduced in order to 
compact the bone, maximize initial contact at the interface and so 
confer better primary stability [217,218]. By using special drills in 
both clockwise and counter-clockwise directions, it is claimed that 
a layer of compact interfacial bone is established [219]. From in 
vivo evidence, which is still scarce, this technique seems to provide 
higher ITV and greater amount of Bone Area Fraction Occupancy 
(BAFO) compared with conventional drilling, however, no significant 
improvement on BIC was observed [218,220]. In a multi-scale 
analysis in a murine model [221], condensing techniques were able to 
increase the bone density, as measured by a significant change in Bone 
volume density (BV/TV) and trabecular spacing, but condensation 
techniques may present relevant drawbacks; the condensed bone 
is damaged, as confirmed by the observation of micro fractures, 
increased presence of osteoclasts, and inferior mechanical properties. 
Thus it was concluded that condensation might not improve primary 
and secondary stability.

 
Bone compression necrosis 
The undersized osteotomies with the aim of reaching high ITVs, have 
raised some concerns among clinicians and researchers. It has been 
pointed out that implant installed with increased lateral compression 
may be at increased risk for a loss of integrity of marginal bone and 
implant failure. As a matter of fact, excessive stresses and strains 
beyond bone physiological limits can have disadvantageous effects on 
the local microcirculation and bone cellular responses. This scenario 
may lead to bone necrosis with an impeded or compromised implant 
osseointegration [88,71].

Bone compression necrosis is far from being an established concept, 
since it was never clearly defined in the implant literature. However, 
it is possible that the consequences of this type of necrosis may have 
been underestimated. The effects of compression necrosis would most 
likely occur in the early healing phase. During this period, unexpected 
marginal bone resorption -that could not be explained otherwise- 
may depend on compression necrosis. Compression necrosis was 
first described by Bashutski [222] in a case report. Four implants 
placed with high ITV in the mandible failed in the early phases, by 
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spontaneous exfoliation or by severe bone resorption. The author 
hypothesized that the excessive bone compression was the reason of 
implants failure. Interestingly, a bone biopsy was taken at the same 
time as implant removal and from the histologic sections, peri-implant 
tissues were described as lamellar, necrotic bone sequesters. No signs 
of viable bone were visible, as indicated by a lack of osteocytes in 
the lacunae. Similar findings were also reported in an animal study 
by Cha et al. [223] in which micro-implants were inserted in rat 
femurs with high and low ITVs. The zone of dying osteocytes was 
twice as large around high-ITV implants compared to low-ITV 
implants. Moreover, the high interfacial stresses and strains created 
with high-ITV caused micro-fractures, increased bone resorption, 
and decreased bone formation. 

However, as said before, the bone remodeling process is more 
sensitive to micro-damage due to other reasons rather than stresses and 
strains. The indirect effects of trauma, such as vascular interruption 
and overheating, may alter the remodeling response to mechanical 
stimuli within the physiological threshold [224]. Dense cortical bone, 
for example, may be at increased risk of overcompression. Having 
limited vascularity, this tissue is more vulnerable to ischemia when 
vessels are interrupted by drilling procedure and compressed by 
implant insertion. 

Thus, bone necrosis during implant surgery is a complex process 
and may be difficult to interpret in a clinical setting. Thermal injury, 
ischemia and micro-damage induced both by the drilling and the 
implant insertion trauma may be additional causes of osteocyte 
necrosis and subsequent osteoclast activation. The precise details are, 
however, not thoroughly investigated. 

Clinical issues related to undersized drilling
The research question of the present thesis was inspired by the clinical 
scenario of early implant failures. The appearance in the early weeks 
of unexpected bone resorption, or even implant loosening after a tight 
insertion, raised some concerns on the surgical protocol (Figure 7). 
According to Chrcanovic et al. [225], failures can be distinguished 
in early and late phases, depending on whether they arise before 
abutment connection or after definitive prosthetic restoration, 
respectively. The authors suggested that failures occurring in distinct 
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Figure 7. The occurrence of early marginal bone resorption possibly 
due to surgical trauma. An implant was inserted into an undersized 
site. A crack appeared in the buccal side of the bone (A). Radiographic 
exams show the bone resorption from the time of implant installment (B) 
to the prosthetic delivery (C). Courtesy of Dr. M. Toia.

periods might be explained by different factors. In case of early implant 
loss, which is nowadays an infrequent event, the osseointegration 
process is impaired somehow and may be influenced by local and 
systemic factors [226]. Differently, the appearance of a certain grade 
of marginal bone loss (MBL) in the early or late phases is a common 
occurrence. Originally, an annual MBL of <0.2mm after the first 
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year of function was regarded as one of the criteria for implant 
success [227]. Even though contemporary implant dentistry is aimed 
at minimizing such bone resorption, one can agree that the extent 
of MBL may be a discerning point for implant success or failure, 
and the design of the implant neck portion seems to play a major 
role [228]. However, other factors are involved. A recent consensus 
on implant complications agreed that “Bone loss may be a result 
of many different complications caused by implant treatment itself 
such as using certain implants, clinician error, patient conditions, 
treatment protocol and quality of treatment” [229].

The selection of a certain drilling protocol based on the implant 
design and bone quality is part of the clinician’s responsibility. It is 
hypothesized that undersized drilling, aiming to an increased primary 
stability, may lead to clinical failure in certain cases. However, there 
is no clinical agreement on the effects and the effectiveness of such 
techniques. Therefore, a deeper understanding on bone response 
in terms of biomechanical, biologic and clinical outcome is needed 
in order to establish whether undersized drilling protocols are safe 
procedures or not.
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AIMS

The general aim of the present thesis was to provide a consistent 
scientific background on the effects of undersized osteotomy on 
implant stability and osseointegration. 

Specific aims were:

1. to collect the scientific evidence regarding the effects of 
undersized drilling for implant site preparation, specifically on 
biomechanical, biologic and clinical outcomes (study I);

2. to assess mechanical and clinical effects of an adapted drilling 
protocol based on the bone quality perception in the early 
phases of osseointegration (study II);

3. to evaluate the osseointegration of cortical bone in undersized 
drilling sites (study III)

4. to assess the structural outcome of bone remodeling after 
undersized drilling (study III)

5. to predict the effect of the presence of resorption cavities after 
undersizing on material properties and implant loading in a 
multi-scale simulation of cortical bone (study IV).



56

MATERIALS AND METHODS

Data collection (systematic review)
Search protocol: In the systematic review (Study I), an electronic 
search was conducted using three different bibliographic databases: 
Medline-Pubmed, Web of Science and Cochrane Library. In addition, 
the reference lists from the selected publications and implant-related 
journals were screened for any other relevant study.

The search was performed in October 2015, aiming to answer three 
research questions formulated according to the PICO (Population, 
Intervention, Comparison, Outcome) format. 

• Do dental implants inserted with the use of an undersized drilling 
technique compared to a non-undersized drilling technique 
show improved performance in terms of stability?

• Do dental implants inserted with the use of an undersized drilling 
technique compared to a non-undersized drilling technique 
present more interfacial bone tissue around dental implants?

• In patients undergoing dental implant placement, does the use of 
an undersized drilling technique compared to a non-undersized 
drilling technique show a higher survival rate and less marginal 
bone loss?

In this manner, literature was screened according to the following 
search terms: dental implants (population), undersized drilling 
technique (intervention); non-undersized drilling technique 
(comparison); insertion torque, Bone-to-Implant-Contact, survival 
rate and marginal bone loss (outcomes).
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Inclusion/exclusion criteria: In the study all in vitro, ex vivo, in vivo 
and clinical studies comparing at least two groups, with one related 
to the use of an undersized drilling technique and the other related 
to the use of a non-undersized drilling technique were screened for 
inclusion. Articles were excluded if they presented the following 
characteristics: studies on orthodontic or orthopedic implants; studies 
on mini-implants (diameter ≤ 3.00 mm); FEA or review studies; no 
information available on last drill size and/or the correspondent 
implant diameter; studies with duplicated data population; studies 
that directly compared different implant systems; implants placed 
simultaneously to bone augmentation procedures.

Study selection: For the screening and selection process, two 
independent reviewers examined the identified studies. After an 
electronic and manual search from different sources, duplicates 
were identified and merged into a single collection. A first study 
selection was carried out after a title, keywords and abstract 
screening. The full text of the selected articles were obtained and 
analyzed for inclusion/exclusion criteria. In case of distinct studies 
reporting the same findings, only the most extensive manuscript was 
selected. Corresponding authors were contacted requesting the full-
text or additional information if not available. After an exhaustive 
manuscript screening, and the exclusion of further titles, the final 
study collection was obtained and included in the review. At each 
screening phase, agreement between the reviewers was calculated 
using Cohen’s kappa coefficient. Disagreements were resolved 
after discussion. Full-text files were organized and accessed using 
reference management software (Papers 3.3.3 for Mac, Mekentosj 
BV, Dordrecht 3311 GX, The Netherlands).

Data extraction: Based on the outcome, selected studies were 
allocated into three groups: biomechanical studies, biologic studies, 
and clinical studies. In case of studies, which presented both biologic 
and biomechanical findings, the outcomes were split and depicted in 
the respective group.

A table of evidence was created collecting the following extracted 
data from the included studies: author, year of publication, study 
design, type of substrate, implant system, implant shape and surface, 
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number of implants placed, follow-up, outcome variables, implant 
diameter, last drill diameter, implant-drill discrepancy. The latter data 
was obtained by calculating the relative discrepancy between implant 
maximum diameter and last drill size. If the above information was 
not provided in the study, implant measures were extrapolated from 
the respective portfolio. Based on the type of study the following 
outcome were also collected: insertion torque value (ITV) and 
removal torque value (RTQ) for the biomechanical studies; bone-to-
implant contact (BIC) and bone area fraction occupancy (BAFO) for 
biologic studies; number of patients, bone quality, implant length and 
failed implants for clinical studies. Standard deviation was reported 
when available.

Implant system and drilling protocol
Dental implant: In study II and study III, which involved the in 
vivo use of dental implants, OsseoSpeed™ EV (Astra Tech Implant 
System, DentsplySirona Implants, Mölndal, Sweden) was adopted. 
In study IV a CAD model of the same type of dental implant was 
designed (Figure 8).

OsseoSpeed™ EV has a micro-threaded portion in the neck area. 
Micro-threads have a pitch of 0.3 mm, depth of 0.15 mm and thread 
angle of 60º. The macro threads had a pitch of 0.66 mm, depth 
of 0.3 mm and angle of 75°. The tapered apex is provided with 
cutting edges. According to the manufacturer, the titanium implant 
was characterized with fluoride-modified TiO2 surface to improve 
the biomechanical anchorage [230].

In study II the following implant diameters were studied: 3.0, 3.6, 
4.2 and 5.4 mm; the implant lengths were: 6, 8, 9, 11, 13 and 15 mm. 
In study III 3.6x6mm implants were used only.

Drilling protocol: The body of the osteotomy was enlarged using 
stepped drills. The operator could determine the final osteotomy by 
using a combination of stepped, cylindrical and cortical drills. Based 
on last drill, different discrepancy between the implant diameter and 
the osteotomy is provided (Figure 9). 

- Stepped drill (S) created a stepped instrumentation. Discrepancy 
at the implant coronal/body and apex were 0.5 and 0.8 mm, 
respectively.  
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- Cortical drills: were used in the 2.5 mm most coronal portion. 
Based on the width/thickness of the cortical layer, either an A or a 
B drill is chosen. According to the manufacturer, the A drill is to be 
used in cases of thin cortical bone and provides a discrepancy of 0.3 
mm at the coronal portion. The B drill is suggested in cases of thick 
cortical bone and provides an osteotomy with the same size as the 
implant diameter, 0 mm discrepancy, in the coronal portion.  

-An additional X drill created a wider osteotomy in cases of 
exceptionally dense bone. Discrepancy at the implant body and apex 
were 0.15 and 0.5 mm, respectively. 

Drilling procedures were performed at a maximum of 1,500 rpm 
using abundant external irrigation with a saline solution. Implant 
placement was performed at 25 rpm under irrigation.

Patient selection and clinical treatment 
Inclusion/exclusion criteria: Study II retrospectively analyzed patients 
that were treated with implant rehabilitations from June 2014 to 
April 2016 at three private practice offices. All patients signed an 
informed consent before the implant treatment. To be included in the 
study, all cases must have fulfilled the following inclusion/exclusion 
criteria:

Figure 8. A representation of a 3.6x6 mm OsseoSpeed™ EV implant 
(Astra Tech Implant System, DentsplySirona Implants, Mölndal, Sweden). 
This implant system was adopted in study II, study III and study IV.
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Table 2. Inclusion and exclusion criteria for the retrospective clinical 
study.

Inclusion criteria Exclusion criteria

Implant treatment using
OsseoSpeed™ EV 

Implants placed in post-extractive, in 
regenerated or augmented sites

Record on implant drilling protocol 
and implant diameter
and lenght

Implants placed with computer 
guided surgery

ITV record using SA-310 W&H 
Elcomed implant unit (W&H)

Failed implants at the time of second 
surgery

Radiographs at the time of implant 
placement and at the time of 
permanent restoration

Immediately loaded implants

Bone type record, according to 
Hämmerle classification [231]

Implants placed with manual torque 
wrench

Bone quality record according to 
Lekholm and Zarb classification 
[158].

Patients smoking more than 10 
cigarettes/day.

Figure 9. Schematic picture of drilling protocols for  OsseoSpeed™ EV 
implant system. Discrepancy between osteotomy and implant diameter 
at different level are shown in mm.

• (S) stepped body preparation which create an undersized osteotomy;

• (SA) body preparation followed by thin cortical bone drill;

• (SB) body preparation followed by thick cortical bone drill; 

•  (SX) stepped body preparation followed by additional body and 
apical drill;

•  (SXB) stepped body preparation followed by additional body and 
apical drill and by thick cortical bone drill.
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Treatment procedure: a proper treatment plan was designed according 
to clinical and radiographic evaluations. At each center, one experienced 
implant surgeon performed surgical and prosthetic procedures. After 
local anesthesia, a full-thickness flap was raised to expose the implant 
site. Implants were placed according to the manufacturer guidelines, 
using a two-stage protocol [232]. The final position was achieved 
at bone-crestal or slightly subcrestal levels. Final ITV was recorded 
using the implant drill unit. Bone quality was assessed based on 
pre-surgical cone beam computed tomography (CBCT) and clinical 
perception during implant placement. The operation was finalized by 
the insertion of a cover screw followed by careful adaptation of the 
flaps. At the second stage surgery, healing abutments were inserted 
and the restorative treatment steps followed the protocol provided by 
the manufacturer. The final restoration was delivered at maximum 6 
weeks after the impression.

Radiographic assessment: Standardized peri-apical radiographs 
were taken at the time of implant placement and at the time of final 
restoration delivery. Rinn Universal Collimator (Dentsply RINN) was 
used to ensure image reproducibility.

To assess the marginal bone loss (MBL), radiographs were 
analyzed with image processor software (ImageJ, National Institutes 
of Health). Measurement calibration was obtained using implant 
length and diameter. The distance between the reference point 
(implant shoulder) and the first visible bone-to-implant contact 
was measured both at a mesial and distal site. In cases where the 
implant reference point was below the margin of the crestal bone 
(subcrestal position) the value was considered as ± 0. The mean of 
mesial and distal values was calculated at implant placement and 
permanent restoration. MBL was calculated as a difference between 
the two time points. The radiographic analysis was performed in a 
blind manner by one experienced examiner not involved in the study. 
Intra-examiner variability was also assessed, by re-examining 10% 
of all measurements, randomly selected.

Clinical variables: For each case included, the following parameters 
were collected: patient age and sex, implant diameter and length, 
bone quality, arch (mandible/maxilla) and drilling protocol (S, SA, 
SB, SX, SXB). ITV and MBL were considered as outcome variables.
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In vivo methods 
Ethical approval and animal model: In study III, the surgical 
procedures for the animal study were performed at the Center of 
Biomedical Research of the Ecole Nationale Vétérinaire d’Alfort, 
Paris, France, after being approved by the French Ministry of Higher 
Education, Research and Innovation (Ministère de lʼEnseignement 
supérieur, de la Recherche et de lʼInnovation) with reference number: 
B940462. All possible measurements to limit pain and discomfort 
were prioritized, before, during and after the surgeries. Moreover, 
the manuscript of study III was written according to the ARRIVE 
(Animal Research: Reporting In Vivo Experiment) guidelines. The 
experimental procedures involved the inferior border of sheep 
mandible. This anatomical region was selected because of its high 
amount of cortical bone thickness. Additionally, this animal model 
has previously been used in similar settings and sheep bone turnover 
resembles bone processes in humans [233-235]. Six female Finnish 
Dorset sheep (mean age of 5years and 4 months; mean weight of 60.9 
kg) were housed together in the animal research facility stable for 1 
week prior to surgery and until sacrifice.

Surgical procedures: Surgical procedures were performed under 
general anesthesia. Animals were sedated with ketamine and 
diazepam. Anesthesia was maintained by inhalation of 2.5% 
isoflurane. The surgical field was shaved and disinfected with ethanol 
40% alcohol and 0.5% chlorhexidine solution. After incision, the 
inferior and lateral edge of the mandible was exposed. Bilaterally, 
four osteotomies for 3.6x6 mm OsseoSpeed™ EV were prepared 
with a distance of 10 mm. Surgery started with the 1.9/2.5 mm twist 
drill, followed by the second drill, 2.5/3.1 mm S drill and ending up 
using two different drills for test and control, as defined accordingly: 

- Group A, undersized preparation (test): the coronal cortical 
bone was prepared to 3.3 mm with the A drill which provided a 
discrepancy of 0.3 mm at the coronal portion.

- Group B, non-undersized preparation (control): the coronal 
cortical bone was prepared to 3.6 mm with the B drill which provided 
no discrepancies at the coronal portion.

Last drill was used only for the 2.5 mm coronal portion of the 
osteotomy. Two A and two B osteotomies were performed in each 
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hemi-mandible in a randomized fashion, for a total of 48 sites. 
Implants were seated into the final position with the surgical unit 
(SA‐310 Elcomed, W&H, Burmoos, Austria) and in some cases 
completed with the manual wrench when the insertion torque exceeded 
80 Ncm, which was the ultimate limit for the surgical unit. After 
implant installation and insertion torque recordings, inner and outer 
soft tissue layers were sutured with resorbable and non‐absorbable 
sutures, respectively. Post‐operative analgesics (Meloxicam, 0.4mg/ 
kg) were given for 3 days, together with Benzylpenicillin 114 mg, 
dihydrostreptomycin 164 mg, and procaine 13 mg as antibiotic 
therapy for 5 days.

One side of the mandible was let to heal for 10 weeks, and the 
contralateral side for 5 weeks. This approach resulted in balanced 
surgical procedures that allowed comparison of the same number of 
implants per group, per healing time in vivo and per animal. 
At animal sacrifice, a combination of 4,000 mg embutramide, 
538.4 mg mebezonium, and 87.8 mg tetracaine was administered. 
Mandibular bone blocks containing the implants were retrieved.

Stability assessment
Insertion Torque analysis: In study II and study III, the insertion 
torque was measured using SA-310 Elcomed implant unit (W&H). 
The obtained torque curve was stored and exported to a .csv file. In 
study II, the peak value was assumed as the insertion torque value 
(ITV).

Removal Torque analysis: in study III, immediately after sacrifice, 
the removal torque (RTQ) was measured on 24 implants, equally 
distributed per group and time‐point. After firmly fixing the fresh 
bone samples, the reverse torque, time and angle of rotation were 
registered with a calibrated torque measurement device (DR‐2112 
Lorenz Messtechnik GmbH Germany), using a constant speed of 
0.03 rpm. Increasing removal torque was applied to the implant until 
the implant-bone interface failure. RTQ was assumed as the peak 
value of rotational resistance. 
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Micro-computed tomography
In study III, peri-implant cortical bone micro-architecture was 
analyzed using micro-computer tomography (µCT). Prior to the scan, 
implants were unscrewed and the bone specimens from the RTQ test 
were subdivided into individual bone blocks (n=24). Thereafter blocks 
were processed with immersion in formalin solution, dehydration in 
alcohol and embedding in methacrylate‐based resin. Samples were 
acquired with using Skyscan 1176 (Brucker, Kontich, Belgium) at the 
University of Tokushima, Japan. 

Table 3. Micro-CT acquisition specifications.

X-ray tube voltage 50kV

Current intensity 500 µA

Filter 0.5 mm aluminum

Pixel size 17.59 µm

Exposure time 225 ms

Images were reconstructed, processed and analyzed using manufacturer 
imaging software (NRecon, Data Viewer, CTAn; Brucker, Kontich, 
Belgium) (Figure 10). Morphometric analyses were performed on 
binary images. Thanks to a threshold-based segmentation, the 2.5 mm 
coronal bone was selected. Volume of interests (VOI) were calculated 
to assess bone volume (BV) and total tissue volume (TV). BV was 
calculated as the amount of mineralized bone tissue. TV is the volume 
of the whole selected VOI. Three 0.5 mm thick cylindrical VOI of the 
surrounding bone were calculated in the regions of 0–1.5 mm from 
implant outer diameter (Figure 10). The following volumes were 
considered: VOI1 (inner, 0-0.5 mm), VOI2 (middle, 0.5-1 mm), and 
VOI3 (outer, 1-1.5 mm). VOItot was calculated as the total volume 
of the three regions (range 0–1.5 mm)(Figure 11). Volume Density 
(BV/TV) was calculated for each volume. This parameter measures 
the ratio of the mineralized tissue in the VOI.

Histology
Preparation of histological sections: In study III, 24 bone samples, 
which were not used for the RTQ and µCT analyses, were processed 
for histologic preparation following the undecalcified ground 
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Figure 10. Image procession for the morphometric analysis in study 
III. A: The selection of the cylindrical VOI (red area) based on a cross-
sectional slice. The total VOI included 1.5 mm from the implant surface. 
B: After the removal of the volume occupied by the implant, a threshold-
based segmentation was calculated in the VOI. According to this 
procedure, the green areas were considered as non-mineralized bone.

Figure 11. Cross-sectional view of a bone block after segmentation. VOI1, 
VOI2, and VOI3 were considered at a distance of 0.5, 1.0, and 1.5 mm 
from implant external line. VOItot was considered as the total volume.
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sectioning technique [236]. After individual bone block subdivision, 
samples were immersed in formaldehyde solution, dehydrated in 
alcohol and embedded in light curing resin. The blocks then were 
cut into slices with a precision diamond saw. The section was glued to 
acrylic plates and then reduced to a final thickness of approximately 
30 μm using a series of abrasive papers. To identify newly-formed 
bone, necrotic bone and pristine bone, samples were stained with 
toluidine blue and pyronin G [237].

Histomorphometric analysis: Sections were observed using a light 
microscope with an imaging software (BZ‐9000 KEYENCE, Osaka, 
Japan) and analyzed with an image-processing program (Image J 
v. 1.43u; National Institute of Health). Only the most coronal 2.5 
mm of the bone was assessed. The osseointegration process was 
assessed as the percentage of total bone‐to‐implant contact (totBIC) 
and percentage of newly‐formed bone‐to‐implant contact (newBIC). 
Moreover, three 0.5 mm width regions of interest (ROI) were selected 
in the peri‐implant tissues 0–1.5 mm from implant surface. In this 
manner, ROI1, ROI2, ROI3, and ROItot were considered (Figure 12). 
Bone Area Fraction Occupancy (BAFO) was determined in all regions 
of interest. This parameter measures the bone tissue without the area 
occupied by cavities [238].

Histologic observations were performed with 20x and 60x 
magnification lenses. 

In silico methods 
Multi-scale analysis: In study IV, a multi-scale analysis was 
performed. This approach entails a coupled method for analysis 
of material physical properties and behaviors taking account of 
different dimensional scales. Two distinct processes are involved in 
this methodology: homogenization analysis and localization analysis. 
In the homogenization analysis, material micro-scale structure is used 
to obtain physical properties at the macro-scale. In the localization 
analysis, stress and strain distribution at the micro-scale level are 
calculated based on the results of the homogenization. In study IV, 
multi-scale analysis was used to assess the influence of complex 
micro-structures as cortical bone with resorption cavities on the 
physical properties at the macro-scale.
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Micro-scale model: In study IV micro-scale voxel models of cortical 
bone were developed based on the µCT data of study III. Files (format 
.stl) were imported and volumes reconstructed with the aid of an 
engineering software (VOXELCON2015, Quint Corporation, Fuchu, 
Japan). Six cuboid voxel models of peri-implant bone were created: 
three representing undersized sites (Figure 13) and three representing 
non-undersized site (Figure 14). The presence of resorption cavities 
was visually assessed.

Macro-scale model: In study IV, a macro-scale model of a mandibular 
crest was designed using a CAD software (Solidworks Simulation 
2011, Dassault Systèmes Solidworks Corporation, Massachusetts, 

Figure 12. One side peri-implant bone area from one histologic section. 
ROI1, ROI2, and ROI3 were considered at a distance of 0.5, 1.0, and  
1.5 mm from implant external line. ROItot was considered as the total 
volume. Both sides were considered, and average value was calculated. 
Original magnification 20×.
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Figure 14. Voxel models for micro-scale cortical bone structure for the 
non-undersized group. Few resorption cavities are present.

Figure 13. Voxel models for micro-scale cortical bone structure for the 
undersized group. Cavities can be observed along the mandibular 
longitudinal axis (Y).



69

USA). The model (20×10×20 mm) consisted of 1mm cortical layer 
and trabecular bone. A 3.6×6 mm OsseoSpeed™ EV with abutment 
(Temp Abutment EV, Dentsply Sirona Implants, Mölndal, Sweden) 
was designed and positioned at bone crestal level. Moreover, a 
1.5mm wide cortical bone volume from implant surface was selected 
as peri-implant cortical bone (Figure 15). X, Y and Z axes were set 
as shown in Table 4.

Table 4. Axis direction.

Axis Direction

X bucco-lingual

Y mandible longitudinal

Z implant longitudinal

Figure 15. Macro-scale CAD model of the mandibular ridge with 
implant and abutment. 1.5 mm wide peri-implant cortical bone was 
selected. A static load of 100 N with an inclination of 45° from bucco-
lingual direction was impressed on top of the abutment (red arrow).



70

Homogenization and Localization analyses: Cortical bone material 
properties from previous study [239] were initially applied to 
the micro-scale models (Table 5). Then, elastic modulus (EM) 
and Poisson’s ratio (PR) for each model was calculated by the 
homogenization analysis (VOXELCON2015). EM and PR mean 
values and standard deviation were calculated and applied to the 
peri-implant cortical bone area in the macro-scale model. Cortical 
bone, trabecular bone and implant material parameters used in the 
localization analysis are shown in Table 5. 

A static load of 100 N with an inclination of 45° from bucco-
lingual direction was impressed on top of the abutment. 

The maximal principal stress (MPStress) and maximum principal 
strain (MPStrain) distribution in the macro-scale model was assessed 
and maximum values were calculated.

The MPStress and MPStrain distribution in micro-scale models 
was obtained by localization analysis (VOXELCON2015). The 
calculation was achieved at the location in the macro-scale model 
where the maximum values of MPStress and MPStrain were observed 
and compared. 

Values of shear stress and shear strain were calculated in the micro-
scale models along XY, XZ, and YZ planes.

Table 5. Material properties used for the multi-scale analysis. 

Material Elastic modulus (MPa) Poisson’s ratio Reference

Cortical bone 14,000 0.300 [239]

Trabecular bone 620 0.300 [239]

Fixture 105,000 0.360 [240]

Statistics
In study I, Cohen’s Kappa coefficient for inter-rater agreement during 
the screening process was calculated. This value is obtained from the 
proportion of observed agreement (po) and the expected chance of 
agreement (pe), as follows:

 

𝜿𝜿 =
𝒑𝒑𝒐𝒐 − 𝒑𝒑𝒆𝒆
𝟏𝟏 − 𝒑𝒑𝒆𝒆
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This value provides a robust esteem of the accordance between the 
reviewers, since it is adjusted considering the effect of chance [241]. 
The coefficient was to be interpreted in such way: >0.6 is substantial 
agreement, while >0.8 is almost perfect agreement. Systematic review 
findings were presented with no further statistical analyses, since 
the included articles presented large methodological differences; 
therefore, a direct comparison through a meta-analysis was not 
possible.

In study II and III outcome distributions were checked if they could 
be assumed as normal using the Kolmogorov–Smirnov test.

In study II, the implant was used as statistical unit. Discrete 
variables, such as implant diameter and length, bone quality, arch, 
implant position and drilling protocol were presented as frequency 
and percentage. Mean value, standard deviation, minimum, median, 
maximum and quartiles were calculated for continuous variables 
(age, healing time, ITV, MBL). ITV and MBL were set as outcome 
of interest. Comparisons were performed using one-way analysis of 
variance (ANOVA) test for normally distributed variables, whereas 
the Kruskal-Wallis test was used in case of non-normally distributed 
data. Multiple comparisons were checked with Bonferroni and Dunn/
Bonferroni post hoc tests. Thereafter, the influence of independent 
variables on the outcomes was examined using multiple regression. 
This statistical method includes the constitution of complex models 
to study the relationship between those variables that resulted in 
affecting the outcome. Accordingly, the possible influence of the 
joined effect of two or more variables on the outcome was examined. 
Multiple regression models were built and analyzed using R 3.5.1 (R 
Foundation for Statistical Computing, Vienna, Austria).

In study III implant site was used as statistical unit. The following 
outcomes were compared between the groups at each healing period: 
RTQ, totBIC, newBIC, BV/TV, BAFO. The possible effect of the 
subject on the outcome was considered by carrying out paired 
difference tests. Based on the normality of data distribution, paired 
t test was applied to all variables but newBIC, which did not result 
normally distributed. Thus, Wilcoxon signed-rank test was used. The 
change of RTQ between two healing times was also checked with 
paired t test.
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In study IV, EM and PR were compared based on group and 
axis with repeated measurement ANOVA with Bonferroni post-hoc 
pairwise comparisons. For micro-scale analysis, maximum values of 
MPStress and MPStrain were compared with repeated measurement 
ANOVA. Values of shear stress and shear strain were compared 
based on the group and plane using repeated measurement ANOVA 
with Bonferroni post-hoc pairwise comparison.

All analyses conducted in this thesis (Study II-IV) were performed 
setting the level of significance at p=0.05. With the exception of the 
multiple regression (study II), IBM SPSS Statistics for Mac, v. 22 was 
used. 

Table 6. Outcomes studied in each study. ITV: insertion torque value, 
RTQ: removal torque, BIC: Bone-to-implant contact, BAFO: bone area 
fraction occupied, MBL: marginal bone loss, totBIC: total bone-to-implant 
contact, newBIC: newly formed bone-to-implant contact, BV/TV: bone 
volume fraction, EM: elastic modulus, PR: Poisson’s ratio, MPStress/
strain: maximum principal stress/strain.

Study Outcome variable Type

ITV, RTQ Biomechanical

Study I BIC, BAFO Biologic

Survival rate, MBL Clinical

Study II
ITV Biomechanical

MBL Clinical

Study III
RTQ Biomechanical

totBIC, NewBIC, BAFO, BV/TV Biologic

Study IV EM, PR, MPStress/strain, shear stress/strain Biomechanical
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RESULTS

Systematic review
Literature search: From the electronic and hand search, 1,655 titles 
were obtained.  The two independent reviewers excluded 1,434 and 
157 entries after screening titles (κ-score: 0.79) and abstracts (κ-score: 
0.87), respectively. An additional hand search of the reference list 
provided four more related articles, which were included in the 
analysis. A total of 68 full-text articles were obtained and assessed 
following the inclusion/exclusion criteria. 29 articles fulfilled the 
inclusion/exclusion criteria and thus were included in the review, 
while 39 did not and were thus rejected. Full agreement was 
reached between the reviewers (Figure 16). Reasons for exclusion 
were: study on mini-implants (n=1), comparison between different 

Figure 16. Flow chart illustrating the search process in study I.
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implant designs (n=4), studies in which an undersized protocol was 
not performed (n=4), studies that used radio frequency analysis as 
a unique outcome (n=2), studies in which only one protocol was 
performed (n=3), studies in which bone condensing or another non-
drilling protocol was used as a comparison (n=6), and studies in 
which different protocols were not grouped and compared (n=19). 
Selected articles, based on the objectives, were grouped as follows: 
14 biomechanical, 7 biologic, 6 biologic and biomechanical, and 2 
clinical. Based on the study design, 12 of these comprised in vitro 
studies, 15 in vivo, and 2 clinical studies. 

Surgical protocol: Included studies compared an undersized 
drilling protocol (test) and one a non-undersized drilling protocol 
(control). At least two groups were compared. In most of the studies, 
the control treatment consisted of the standard sequence drilling 
protocol, suggested by the manufacturer. The undersized approach 
was typically achieved by skipping the final drill from the suggested 
protocol. The implant-drill discrepancy for the non-undersized 
drilling protocol ranged from –5% to 18%, while the implant-drill 
discrepancy for the undersized protocol ranged from 15% to 32%. 
One article stated that 50% implant-drill discrepancy was reached 
at the apex.

Biomechanical studies: The majority of the studies adopted an in 
vitro model, using synthetic or fresh animal cadaver bone. One study 
used a human cadaver ex vivo model [242]. Seven studies performed 
biomechanical analyses in an in vivo model, including goat, dog, 
and sheep models [243,244,93,245,246,61] All the selected studies 
used ITQ as a biomechanical outcome, with the exception of one 
study, which used only RTQ [245]. Several studies demonstrated 
that implants inserted with an undersized drilling approach reached 
significantly higher insertion torque than conventional drilling in 
low-density substrates [247,190,248,199,249-252,242,253]. Two 
studies compared different amounts of undersizing. One study 
found no differences between 21% and 34% undersized approaches 
into fresh trabecular bovine bone [253]. Another compared various 
drilling protocols, including 21% and 26% two undersized protocols, 
inserting implants of three different shapes in different substrates 
[252]. Regardless of the implant shape and substrate density, 
implants inserted with 26% undersized protocol reached significantly 
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higher insertion torque. Two studies investigated the effect of the 
cortical layer [248,251]. Undersized drilling had higher ITV with 
0- or 1-mm-thick cortical layer. No difference was found for 2-mm 
thick cortical layer. Three studies did not find any difference on ITV 
between undersized and standard drilling protocol [254,163,61]. 
These in vivo studies were performed in highly corticalized bone 
(dog radius diaphysis, proximal tibia, and mandible respectively). 

There is no clear evidence on the effect of undersized drilling in 
RTQ, since quite different results were found [247,243,93,252]. In 
vivo studies showed that RTQ values vary with time. There is a 
tendency of a steep decrease during the initial week for drilling, while 
a constant increase for non-undersized drilling protocol [93,245].

Biologic studies: Animal models included both trabecular (goat 
iliac crest [255,246], sheep iliac crest, [245]) and cortical bone (dog 
mandible [244,256,28], dog radius [257], dog proximal tibia [61], 
sheep mandible [93,258,163] and rabbit tibia [71]). No significant 
difference in BIC between groups was noted in the majority of 
the studies [216,244,257,245,246,61,28]. Three studies found 
significantly higher BIC for the undersized group [256,93,71], while 
only one article observed significantly lower BIC [255]. However, it 
must be noted that in two studies [93,71] the significant difference 
was found only in the shorter-term time point. One study obtained 
lower BAFO in the undersized group compared with the control 
group [245].

Descriptive histology displayed similar healing pathways. In 
the early phase of healing, Trisi et al. [93] observed an intimate 
contact between the native bone and the implant. Compression and 
distortion in the peri-implant bone occurs just after placement, with 
long cracks and microfractures in the coronal part of the cortex, and 
delamination of lamellar bone at the primary thread engagement area. 
Extensive bone necrotic areas between the first threads were detected 
by other authors [257,254,163,61]. The presence of bone particles 
was also distinguished [249,255,93]. Bone resorption activity was 
observed around cortical as well as trabecular bone. Remodeling 
cavities, with the presence of osteoclasts and osteoblasts and new 
bone apposition was a common finding [216,256,259,257,163,61]. 
Extensive integration into mature lamellar bone was revealed in 
studies that investigated long-term healing [216,258].
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Clinical studies: Only two clinical studies fulfilled the inclusion/
exclusion criteria, involving a total of 51 patients and 112 implants. 
A retrospective clinical study [260] evaluated the effect of undersized 
drilling preparation in the posterior maxilla compared to controls. 
Twenty-two patients and 60 implants were included. ITV was 
higher for the undersized compared to the non-undersized drilling. 
A prospective study [261] compared the 1-year survival rate and 
stability of 26 implants placed using the undersized technique in soft 
bone (posterior maxilla) with 26 implants placed using the standard 
technique in normal bone. Insertion torque was similar for both 
groups, and 100% of the 1-year survival rate was achieved.

No clinical data regarding marginal bone loss was found in the 
literature.

Clinical analysis
In study II, 87 patients and 188 implants were included in the 
retrospective analysis. Of patients 50.6% were males; the mean 
age was 60.8 ± 13.3 years. The average period between implant 
placement and mean permanent restoration was 144 ± 59 days. 
Implant diameter and length frequency distributions are showed in 
Table 7. Relative frequency of drilling protocol based on bone quality 
is displayed in Figure 17.

The mean ITV measured 30.8 ± 15.1 Ncm; significantly lower ITV 
was recorded in the maxilla (25.3 ± 12.9 Ncm) compared with the 
mandible (33.2 ± 15.5)(P = .001). Based on bone quality, ITV differed 
significantly among the groups (P < .001) (Table 8, Figure 18). 
Specifically, higher ITV was recorded in bone quality 1, as showed 

Figure 17. Relative frequency of drilling protocol based on bone quality. 
Details on the drilling protocols are showed in Figure 9.



77

by Bonferroni post hoc tests. Based on implant diameter, a significant 
difference was noted among the groups (P = .032), but the post hoc 
comparison did not reach significance. A significant difference was 
obtained among different drilling protocols (P = .019). A significant 
difference between the S and SXB protocols was revealed by the post 
hoc test (P = .010). 

The mean MBL was 0.16 ± 0.27 mm. Median, lower quartile, and 
upper quartile for MBL were 0.05, 0.00, and 0.24 mm, respectively 
(Table 8). The maximum value was 2.45 mm. MBL showed significant 
difference between the mandible and maxilla (P = .008), and between 
drilling protocols (P = .011). In particular, significantly greater MBL 
was found in Protocol S compared with SXB, as showed by post 
hoc testings (P = .010). Neither ITV nor MBL differed significantly 
among the centers.

From the multiple regression analysis, the most statistically 
significant model to evaluate the influence on ITV, were bone quality, 
diameter, and the biologic interaction of bone quality*diameter (P 
< .0001; adjusted R2 = 21.8%). The model confirmed that ITV was 
significantly higher in bone quality 1 in comparison to 3 (P = .04) 

Figure 18. ITV (Ncm) with relative standard deviations in different bone 
qualities, according to Lekholm and Zarb classification [158]. ITV was 
significantly different among groups (P < .001).
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and 4 (P = .004). In addition, in bone quality 4, a greater implant 
diameter determined a greater ITV (P = .02). 
According to the most statistically significant model on MBL, the 
influential factors were: bone quality, diameter, ITV, and the biologic 
interaction of bone quality*ITV (P < .0001; adjusted R2 = 14.4%). 
MBL was significantly higher in bone quality 1 vs 2, 3, and 4 
(P < .0001), and there was mild evidence that MBL increased with 
the increment of ITQ (P < .0001). The biologic interaction bone 
quality*ITV was statistically significant (P < .0001), and MBL was 
further enhanced by the joined increase of ITV in bone quality 1 vs 
2 vs 3, and vs 4. 

For intra-observer variance analysis, eighty measurements were 
randomly repeated. 93.75% of the measurement errors were less 
than 0.2 mm; 2.5% were between 0.21 and 0.4 mm; 3.75% were 
higher than 0.41 mm.

Table 7. Summary of implant diameter and length frequency (n).

Lenght (mm)

6 8 9 11 13 15 Total

Diameter (mm) 3.0 1 0 0 0 0 1

3.6 8 16 23 9 4 0 60

4.2 7 16 20 14 11 1 69

4.8 6 11 15 5 0 1 38

5.4 0 6 9 5 0 0 20

Total 21 50 67 33 15 2 188

Table 8. Results for ITV (Ncm) and MBL (MM).

 N ITV MBL

  Mean (SD) p Median (Q1; Q3) p

Arch  0.001 0.008

Mandible 131 33.2 (15.5)  0.00 (0.00; 0.21)  

Maxilla 57 25.3 (12.9)  0.16 (0.00 0.28)

(Table 8 continues on next page)
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 N ITV MBL

  Mean (SD) p Median (Q1; Q3) p

Bone Quality <.001 0.116

1 19 46.2 (9.5)  0.00 (0.00; 0.19)  

2 93 32.8 (13.7)  0.00 (0.00; 0.21)

3 53 27.2 (14.2)  0.09 (0.00; 0.25)  

4 23 18.3 (14.3)  0.16 (0.00; 0.44)

      

Diameter  0.032 0.519

3 1 40.6  0  

3.6 61 29.2 (14.8)  0.00 (0.00; 0.18)

4.2 68 28.2 (15.7)  0.10 (0.00; 0.28)  

4.8 38 34.3 (14.1)  0.07 (0.00; 0.23)

5.4 20 37.6 (14.3)  0.00 (0.00; 0.27)  

  

Drilling protocol  0.019  0.11

S 55 25.4 (14.0)  0.15 (0.00; 0.31)

SA 22 29.5 (13.0)  0.00 (0.00; 0.18)  

SB 38 33.7 (13.2)  0.13 (0.00; 0.24)

SX 8 35.2 (14.4)  0.16 (0.01; 0.25)  

SXB 65 33.6 (16.9)  0.00 (0.00; 0.12)

Total 188 30.8 (15.2)  0.05 (0.00; 0.24)  

(Table 8 cont.)
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Biologic analysis
Descriptive histology: overall histological healing scenario obtained 
in study III is depicted in figures 19. Undersized Group: at 5 weeks, 
numerous micro-cracks were observed departing from the implant 
surface (thread crest) in the context of the cortical layer, along lamellar 
direction. Several resorption cavities were spotted along micro-
cracks. More cavities were likely to be found in the proximity of the 
implant; however, they could be observed even at great distance from 
the implant surface. Higher magnification (Figure 20a) revealed areas 
of necrotic bone in contact with the implant surface, especially in the 
most coronal portion of the implants. Observations of remodeling 
cavities showed multi-cellular structures, i.e. Basic Multicellular Unit 
(BMU). At 10 weeks bone remodeling cavities can still be observed. 

Non-undersized Group: at 5 weeks, peri-implant bone presented 
fewer micro-cracks and cavities than the undersized group. Overall 
bone architecture seemed to maintain a preserved lamellar structure. At 
high magnification (Figure 20b) bone chamber structures were observed 
between micro-threads. Newly formed bone was observed along the 
osteotomy line and at implant surface. Cement lines between the 
secondary osteons under formation and native bone could be spotted.

Figure 19. Histological micrographs of the two groups obtained at 5 
and 10 weeks. (A): Undersized Group at 5 weeks; (B): Undersized 
Group at 10 weeks; (C): Non-undersized Group at 5 weeks; (D): Non-
undersized Group at 5 weeks. Scale bar 1,000 µm.

D
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Histomorphometric analysis: No difference in totBIC was observed 
between Group A and Group B at both time‐points (Table 9). Non-
undersized Group presented greater amount of newBIC at 5 weeks 
(p= .046), while no difference was present at 10 weeks (p= .893). 
Results of BAFO are shown in Figure 21. Higher BAFO value was 
observed in ROItot (p= .028) at 5 weeks 

µCT analysis: Three-dimensional reconstructions of mineralized 
coronal cortical bone revealed the presence of elongated tunnel-like 
structures around the implant. Those structures are mainly directed 
along bone longitudinal direction (mesio-distal). The number and 
density of such cavities seem to be prominent in the undersized group 

Figure 20. Histological micrographs at the interface (implant micro-
threaded portion) obtained at 5 weeks. (A): Undersized group. Areas 
of necrotic bone can be spotted in contact with implant surface (white 
asterisk). Active bone resorption (red arrows) occurs at implant surface 
and along micro-cracks (yellow arrow). Scale bar, 100 µm. Original 
magnification 60×. (B): Non-undersized Group. New bone apposition 
appears along the osteotomy line (green arrow). Bone chamber 
structures are present between micro-threads (light blue asterisk).  
Cement line between the pristine and the newly formed bone is showed 
(black arrow). Active resorption can be spotted in the vicinity of the 
interface (red arrow). Scale bar, 100 µm. 
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Figure 21. Results of bone density (BV/TV) and Bone Area Fraction 
(BAFO) obtained at 5 and 10 weeks. Significant greater BV/TV 
was observed in Group B for VOI2, VOI3 and VOItot respectively. 
Results from BAFO analysis showed similar trend, however, significant 
difference was observed only in ROItot at 5 weeks. No differences in 
BV/TV and BAFO were noted at 10 weeks.

Table 9. Results from totBIC and newBIC obtained at 5 and 10 weeks 
in study III. SD: Standard Deviation.

Group Mean SD P value

totBIC

5 Weeks
A 0.63 0.10 .157

B 0.51 0.16

10 Weeks
A 0.61 0.09 .505

B 0.58 0.08

NewBIC

5 Weeks
A 0.13 0.08 .046

B 0.32 0.08

10 Weeks
A 0.09 0.06 .893

B 0.10 0.06
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than control. Results obtained from micromorphometric analysis are 
shown in Figure 21. At 5 weeks, Group B presented higher BV/TV 
value at VOI2 (p= .012) and VOI3 (p= .004) and VOItot (p= .008). 
No differences were noted at 10 weeks.

Biomechanical analysis
In study III, ITV was measured until 80 Ncm, i.e. maximum ITV 
supplied by the implant unit. 87.5% (n=21) and 8.3% (n=2) of the 
test and control implants respectively exceeded such value before 
reaching the final position. Visible cracks within the cortical bone 
occurred during implant insertion. At 5 weeks, Group A had 
significantly higher RTQ values than Group B (paired t test, p= .047) 
and at 10 weeks no difference was obtained (paired t test, p= .907) 
(Figure 22). RTQ values increased significantly between week 5 and 
week 10 (paired t test, p= .033) in Group B.

RTQ tests revealed that Group A had significantly higher values 
than Group B (p= .047) at 5 weeks. No differences were found 
(p= .907) at 10 weeks. Removal torque value increased significantly 
between week 5 and week 10 (p= .033) in Group B.

Figure 22. Results of Removal Torque (RTQ) comparing Group A and 
Group B at 5 and 10 weeks. Results are displayed as mean (Ncm); 
error bar represents the standard deviation. Significantly higher RTQ 
value was observed in Group A at 5 weeks. No difference was noted 
at 10 weeks.
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In silico analysis
Material Properties: EM and PR values of peri-implant cortical bone 
were obtained by the homogenization analysis and are shown in Table 
7. EM values differed based on the axis (p= .047), however, pairwise 
comparisons did not show a statistically significant difference in EM 
values among X, Y and Z axes. Thus, the Test Group showed anisotropic 
properties. A tendency of statistical difference was observed for PR 
values based on the axis (p= .056). On the other hand, the Control group 
showed isotropic characteristics, since similar EM and PR values were 
calculated. Based on group, statistically significant lower EM values 
were present for Test Group compared with Control Group for X (p< 
.001), Y (p< .001) and Z (p< .001) axis. Statistically significant lower 
PR value for X axis was observed in the Test Group (p= .002).

Table 10. Material properties of peri-implant cortical bone.

Axis Elastic modulus (MPa) Poisson’s ratio

Test Control Test Control

X 8,448 113,701 0.221 0.297

Y 9,089 13,690 0.274 0.298

Z 10,788 13,780 0.287 0.287

Multi-scale analysis: Results of the macro- and micro-scale analyses 
are showed in Table 11. At the macro-scale model, maximum values 
of MPStress were located at the buccal side of the bone-to-implant 
interface. A wider area of high MPStress values was observed in tests 
compared with controls (Figure 23a). Maximum values of MPStrains 
were located at the most coronal bone-to-implant interface, along the 
bone longitudinal axis (Figure 23b).

Table 11. Results of multi-scale analysis. For the micro scale analysis 
mean values (standard deviation) are showed.

Macro-scale analysis Micro-scale analysis

Test Control Test Control

MPStress (MPa) 0.84 0.46 38.3 (7.74) 5.92 (0.56)

MPStrain 11,260 5,075 4,509 (513) 726 (137)
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In the micro-scale model, the difference between the two groups 
resulted in statistical significance for MPStress (p= .002) as well as 
MPStrain (p= .001). The localization of such values in each model 
was positioned around cavities (Figure 24). Shear stress and shear 
strain mean values along each plane are presented in Table 12. 
Regarding shear stress values, statistically significant greater values 
were observed for the tests compared with the controls along planes 
YZ (p= .004), ZX (p= .002) and XY (p= .001). In the same manner, 
for what concerning shear strain, statistically significant greater 
values were observed for test compared with control along planes 
YZ (p= .004), ZX (p= .002) and XY (p= .001). Shear stress and strain 
values differed based on the axis in Test groups (p= .027,). In Test 
group, shear stress and strain along YZ plane showed the greatest 
values. 

Figure 23. MPStress (a) and MPStrain (b) distribution at the peri-implant cortical 
bone in the macro-scale model.
Wider area of MPStress can be observed in the test group at the buccal side of 
bone-implant interface. Peak values of MPStrain were located in the most coronal 
part of bone-implant interface along the bone longitudinal axis. 
X: bucco-lingual axis, Y: mandible longitudinal axis; Z: implant longitudinal axis.
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Table 12. Mean values (standard deviation) of Shear Stress and Shear 
Strain in the micro-scale model

Plane Shear Stress (MPa) Shear Strain

Test Control Test Control

YZ 11.20 (2.43) 0.93 (0.10) 2,080 (450) 173 (19)

ZX 7.43 (0.73) 1.89 (0.83) 1,379 (136) 350 (154)

XY 1.07 (0.09) 0.09 (0.14) 198 (17) 18 (26)

Figure 24. MPStress (a) and MPStrain (b) distribution in micro-scale 
model section. The location of the maximum value of MPStress/MPStrain 
is facing the cavity. More heterogeneous stress/strain distribution can 
be observed in test compared to control.

X: bucco-lingual axis, Y: mandible longitudinal axis; Z: implant longitudinal axis.
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Figure 25. Histograms representing mean values of maximum shear 
stress (a) and shear strain (b) along each plane. Bars represent standard 
deviation.

X: bucco-lingual axis, Y: mandible longitudinal axis; Z: implant 
longitudinal axis.
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DISCUSSION

Undersized drilling in trabecular bone 
The underpreparation of the implant site is commonly performed 
to increase implant primary stability. Thus, it is a common opinion 
among clinicians that undersized drilling has to be performed 
whenever an enhanced level of ITV is necessary [164]. In general, 
undersized drilling has been proposed to increase the cutting torque 
resistance in the upper jaw [202]. 

Early studies reported that the failure rate was approximately 10% 
higher in the maxilla than in the mandible [262,263,2]. Accordingly, 
bone with low-density was considered as “poor quality bone” [158]. 
The modest primary stability and the limited biologic response of 
minimally rough surface implants were the reasons of such higher 
rate of failures [264]. As showed by Lindhe et al. in a histologic study 
on human edentulous areas [265], bone composition presents large 
differences between the maxilla and the mandible. The mandible 
presents a thicker cortical layer, greater amount of lamellar bone 
rate and osteoid tissue, while the maxilla has significantly higher 
rates of woven bone, fibrous tissue and bone marrow. Nowadays, 
evidence on long-term implant survival suggests that implant 
location is not a determinant factor on the success rate [7]. This 
means that implant outcome has improved especially in what used 
to be challenging conditions, such as the posterior maxilla. Due to 
the different innovations on implant macro- and micro-features the 
outcome in trabecular bone has dramatically improved. Current 
implants are provided with more aggressive design, which increase 
primary stability, and with modified surfaces, which increase 
secondary stability. In fact, the loose internal macro-architecture of 
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the so-called “poor” bone is rich of vascular structures necessary 
to recruit osteogenic cells. A beneficial bone response is therefore 
expected when tissues are in contact with modified surfaces [230].

Another relevant contribution to higher survival rates has been due 
to the modifications of the surgical procedure. In particular, focus 
has been on producing enlarged contacts between implant and bone 
[266]. A common approach is to adapt the size of the osteotomy 
to the bone quality, based on the surgical perception during the 
initial phases of drilling [267]. Usually, the surgeon skips the final 
steps of the drilling sequence. Generally, the softer the bone, the 
narrower is the osteotomy. Another approach was to reduce the 
length of the osteotomy, or to fully enlarge only the coronal part, 
in order to achieve an underpreparation both in width and height 
[268,269]. Alternatively, similar osteotomy is reached with stepped 
drills. Recently, new implant systems were developed with surgical 
drilling protocols specifically designed for different bone qualities, 
such as the one used in this research project. 

From the evidence collected in the systematic review (study I), it was 
clear that an undersized approach is effective in enhancing insertion 
torque in low-density bone. In this type of host bed, undersized 
techniques provoke intense modification of peri-implant bone 
anatomy: the cavity diameter increases when inserting the implant 
due to cutting and compressing the bone walls. This will result in 
an increased initial contact between the trabecular bone and the 
implant [190,270]. A static strain is therefore created, contributing 
to stabilize the implant during the initial phases of healing [16]. 
The morphological changes as an effect of bone condensation are 
explained by reduced trabecular separation, increased relative bone 
volume, and increased trabecular number in peri-implant bone 
within 1 mm from the site of preparation [271]. Results from in vivo 
studies suggest that the induced modification of peri-implant bone 
micro-architecture remains so with time [246], and so the implant 
fixation [190,243]. Implants placed with an undersized technique 
is the reason for a greater amount of translocated bone particles as 
well that are translocated between the threads, in the apical part of 
the osteotomy and pushed into the trabecular void spaces [190,249] 
(Figure 26). The presence of these bone chips may be beneficial to 
the initiation of bone deposition and they may play a role in de 
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novo bone formation between the pristine and the new bone on the 
implant surface [272]. Some studies have investigated how bone 
particles may have osteogenic potential, since they were characterized 
by viable osteoblasts and osteocytes embedded into an extracellular 
matrix [255]. If bone debris remains retained to the implant surface, 
a stronger bone response was observed, compared with implants in 
which the bone fragments were removed prior to insertion [273]. 
However, the role of the translocated bone particles might be limited 
to the initial healing phases only [249].

Underpreparation of low-density bone may achieve an improved 
biologic response compared with standard drilling in the long-term 
healing [256]. Nevertheless, one study pointed out that excessive 
undersizing might give a negative biologic response [259]. This 
study was performed in the goat iliac crest, which is composed of 
loose trabecular bone deprived of a cortical layer. According to their 
findings on early healing time, lower BIC and more micro-fractures 
were observed in 25% undersized compared with 15% and 5% 
undersized techniques, i.e. standard drilling. It was speculated that 
the excessive amount of undersizing had provoked relevant damage 
to the original micro-architecture of the bone along the implant 
interface, thereby impairing the early trabecular healing.

Figure 26. When an implant provided with cutting features is inserted 
into an undersized site generates bone particles that are translocated in 
the apical area. Figure from Shalabi et al. [190].
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The systematic review highlighted how clinical evidence was 
extremely sparse on the topic of undersizing. Several clinical studies 
reported the importance of this technique to achieve favorable 
results in terms of implant success in low-density maxillary bone 
[274,161,204,275-281]. However, those trials refer to undersize 
drilling as a procedure in general, while they often fail to report 
the exact reduction in diameter for the final osteotomy. Moreover, 
a comparison between standard and undersized osteotomy was 
considered in two studies only [260,261]. In both of these studies 
the undersized drilling was applied in low-density bone with good 
survival rates. However, the number of implants considered was too 
few to allow for a statistical comparison. 

In study II, surgeons adapted the osteotomy dimension according 
to the bone quality perception. The drilling protocol was specifically 
designed to avoid excessive bone compression and at the same time 
provide adequate primary stability [282]. Undersized osteotomy was 
performed in 78% of the implants placed in bone quality 4 and 38% 
in bone quality 3. Despite the adoption of such techniques, ITV was 
significantly lower in bone quality 4 than in bone quality 1 and 2. 
Thus the effect of the bone quality is prevalent for predicting the ITV. 
However, since insufficient data was available for low-density bone, 
definitive conclusions are not given. 

Undersized drilling in cortical bone 
Biomechanical aspects 
When implants are inserted in an undersized site of cortical bone, 
a great rotational friction, i.e. ITV has to be expected. This means 
that an elevated static strain is generated in the peri-implant tissues. 
Differently from cancellous bone, the compression is not dissipated 
by the porous trabecular structures. On the contrary, the entire static 
strain is propagated in the surrounding bone. When a considerable 
discrepancy between the implant diameter and the osteotomy site is 
created, strains are expected to be beyond the elastic limit, thus in 
the range of plastic deformations. 

The strain experimentally created in the coronal portion of 
undersized implants (study III) was 0.09, which is far beyond the 
ultimate strain of cortical bone (0.02 [283]), while virtually no strain 
was created in the non-undersized group. The portion of bone, that 
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was undersized, was compressed by the implant microthreaded area. 
A previous FEA investigated the press-fit phenomena of the insertion 
of an implant with a design similar to the one used in the present 
thesis [284]. It was affirmed that the micro-thread portion, due to 
its confirmation and greater average diameter, induced more relevant 
strains compared to the situation without microthreads. It was quite 
clear that implants in the undersized group reached higher ITV than 
control, even if a quantification of such values were not possible. 
The excessive strain created by installing the implants, resulted in 
visible macro-cracks along the longitudinal direction of the bone 
(Figure 27). Due to the plastic deformation of the cortical layer, 
micro-damage would partially dissipate the energy produced during 
the installation [285]. Actually, numerous microcracks, organized in 
a network, have the capacity of absorbing stresses and reducing the 
length of major crack propagation [286,105]. Therefore, performing 
undepreparation in dense bone will increase ITV, but it may not 
be as effective as in soft bone. Moreover, it was observed that its 
effectiveness is reduced, as the cortical layer is thicker [248].
Nevertheless, the initial strain appeared to be maintained through 
the initial phases of the healing time. The stresses created in Group 
A can be only partially dissipated with the generation of bone diffuse 
damage [287,285]. Residual compression was still present in the bone 

Figure 27. Overview of the surgical field after implant installation in 
study III. Macro-cracks of the cortical bone can be observed along the 
longitudinal direction of the mandible.
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at 5 weeks, as higher RTQ values observed in the undersized group. 
Interestingly, test implants were equalized by the control group at 
10 weeks of healing. This finding suggests that all the pre-stressed 
bone, which conferred initial stability to the undersized group, had 
disappeared and was possibly replaced; as a matter of fact, when the 
resorption occurs at the bone‐to‐implant interface, the stability is 
expected to decrease. Moreover, these findings indicate that the that 
secondary stability would increase gradually in the non-undersized 
group, as a significant increase of value was observed comparing 5 
and 10 weeks of healing, due to the maturation of the newly‐formed 
bone.

Biologic aspects
From the biologic point of view, different drilling techniques had 
a significant impact on the interfacial cellular reactions and on the 
circumferential peri-implant bone tissue. The presence of an area of 
empty ostecyte lacunae could be due to several factors: overheating 
during drilling procedures or implant insertion, interruption of the 
bone vascularity during drilling, hypoxia due to compression during 
implant placement, cell apoptosis induced by microdamage and even 
sectioning artifacts [288].

The relevant qualitative difference observed in the histology 
between the two groups cannot be explained by the surgical trauma 
per se. Both groups received the same kind and amount of insult in 
the drilling preparation. Moreover, possible bias on the site location 
is low, since test and control sites were randomized in each hemi-
mandible. A more probable cause of primary tissue damage is the 
implant insertion. 

During the installment into an osteotomy site, energy is supplied 
to the bone. Part of it is transferred as heat, the magnitude of 
which depends on the torque and the number of revolutions [289]. 
According to thermodynamics, thermal energy is partially absorbed 
and conducted by the implant itself, and by the bone, in the form 
of an increase of temperature. If the rotational friction, i.e. ITV, 
increases, it is reasonable to think that the temperature will rise 
consequently. Thus, it is more likely that thermal damage is caused 
by undersized drilling than a situation in which the implant is inserted 
with a reduced friction. 
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Both scenarios, i.e. thermal insult and microdamage, may be 
involved during implant insertion into an underprepared site. Both 
of them can resemble the so-called compression necrosis concept. 
However, from the current evidence and from the present findings, 
it is not possible to state which is the predominant process involved. 
More research is needed in order to further investigate the mechanism 
beneath this notion.

Despite the large areas of necrotic bone, the osseointegration 
process was not compromised by undersized preparation procedure 
after 10 weeks of healing. The amount of total BIC did not differ 
between undersized and non‐undersized groups both at 5 and 10 
weeks. However, there was a qualitative difference between the two 
groups. The control group showed vital newly-formed woven bone 
in contact with the implant surface in large parts, as attested by the 
greater value of newBIC at 5 weeks. The newly formed bone took 
place from the time of implant placement in the void spaces created 
between the threads and the osteotomy walls, also called bone 
chambers [85,15] (Figure 28). This tissue developed into lamellar 
bone, as revealed by histologic observation at 10 weeks. Hence, the 
healing pattern following non-undersized osteotomy presented the 
characteristics of the intra-membranous like type of healing [290,89]. 
On the contrary, it was evident that damaged and necrotic bone tissue 
was in contact with implant surfaces in undersized sites demonstrated 
at 5 weeks of healing. This tissue was then removed by a vast process 
of targeted remodeling, as indicated by the presence of osteoclasts and 
osteoblasts. As a consequence, only limited areas of dead bone were 
observed at 10 weeks. This type of healing, which is time consuming, 
was described previously as interfacial remodeling [254,290].

It can be hypothesized that the great amount of compression to 
the cortical bone can be involved in the process of marginal bone 
resorption. Cortical bone has less blood supply than trabecular 
bone. This may influence the cell metabolism and consequently bone 
repair may be reduced in cortical bone [117]. The accumulation of 
micro-damage and osteocyte apoptosis might modulate a remodeling 
signal towards a catabolic instead of an osteogenic response [291]. 
Moreover, the addition of the functional load would expose the 
crestal bone with further stimuli for resorption. It has been stated 
that this area is mechanically sensitive and being exposed to high 
strain levels [292,117].
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Intracortical bone remodeling around undersized  
implant sites
One of the major findings of study III was the determination 
of the remodeling spaces around implants placed with different 
osteotomies. With the remodeling process, bone is able to remove the 
accumulated microdamage and necrotic tissue by the targeted action 
of the osteoclast population, involving osteoclast activation and bone 
resorption [103]. Steering in the direction of the insult [114], BMUs 
are responsible of tissue renovation, by a conjunct action of old bone 
degradation and new bone formation activities. Osteoclastic activity 
is expected in the peri-implant bone after implant insertion and the 
remodeling endures for several weeks (Figure 29). The presence of 
BMUs in the proximity of the implant surface is a common finding 
in several histological studies [293,256,163]. According to early 
research, implant insertion induced an increased local remodeling 
activity at the implant interface and supporting bone [294]. After 

Figure 28. Bone chamber structures were firstly described by Berglundh 
et al. [90] in which an implant system similar to the one used in study 
II, III and IV was investigated.  Bone chambers structures are formed 
at the bone implant interface when void spaces are created along the 
wall of the osteotomy. 3.5 mm implants were inserted into a 3.3 mm 
osteotomy, so that the implant-drill discrepancy was 0.15 mm. Figure 
from Berglundh et al. [90].
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a period of time -which was approximated to 1 year in humans- 
the remodeling activity returns to normal levels [295]. However, 
sustained remodeling during the implant functioning period is related 
to the mechanical stress distribution at the interface [296].

In study III, a large presence of BMUs indicated that an intense 
remodeling process was ongoing around implants of the undersized 
group at 5 weeks. It is stated that the turnover rate during bone 
remodeling is associated with the number of BMUs [296]. In the early 
healing phases the bone remodeling balance activity changes towards 
a decrease of mineralized tissue, by anabolic bone resorption. With 
time, this means a decrease of primary stability with time (stability dip) 

Figure 29. A representation of the cortical bone targeted remodeling 
after the insertion of an implant in the early phases of healing. A layer 
of necrotic bone tissue is present at the implant interface. BMUs are 
moving towards the direction of micro-cracks generated during implant 
insertion. Osteoclasts are depicted in green, osteoblasts in light blue.
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because of the removal of the dead bone initially in contact with the 
implant. As a matter of fact, BMUs excavate a canal into the cortical 
layer, which is subsequently filled by osteoblast action of new bone 
apposition (Figure 30). Cutting cones follow previous Haversian canals 
in cortical repair, i.e. they grow mainly in a linear direction [111,66]. 
This osteonal tunneling generates a temporary porosity, known as 
remodeling space, which has been usually described in bi-dimensional 
representations [235]. The remodeling porosity was more commonly 
observed in the area of non-vital bone in the proximity of the implant 
and in the subperiosteal region, due to the mucoperiostal flap elevation 
[297]. These structures deviate to their usual course and progress 
perpendicular to the implant interface [298].

In study III the remodeling space was elaborated in 3D 
representations from the µCT images, by selecting a threshold for 
non-mineralized bone (Figure 31). We can presume that these tunnels 
are filled by BMUs, provided by large vascular compartments [293], 
following the principal stress direction with deviations due to micro-
damage [114]. From these figures it is possible to observe that the 
network of tunnels are developed mainly along the longitudinal 

Figure 30. Group A, 5 weeks. Basic Multicellular Unit (BMU) in the 
proximity of implant surface. Resorption is promoted by osteoclasts (red 
arrows), while osteoid tissue (black arrow) is deposited by osteoblasts. 
Cement line (black arrow) can be spotted between the new bone and the 
old damaged tissue. Scale bar, 100 µm.
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direction, supposedly due to the micro-cracks trajectory of lamellae 
separation [101,299]. This plane, perpendicular to the implant 
axis, runs accordingly to stress lines of force [300]. This finding is 
related to the type of specimen considered. It is reasonable to think 
that the tunneling direction might lie in different planes according 
to the trajectories of force of the anatomical region [301]. Thus, a 
different scenario may exist in the maxilla, in which the stress lines 
are vertically oriented [302].

The two‐dimensional and three‐dimensional quantification of 
mineralized spaces in the peri-implant bone were evaluated through 
the BAFO and BV/TV analyses respectively. Overall lower bone values 
for the undersized compared to the control group were calculated in 
the space from implant surface up to 1.5 mm (ROItot and VOItot) at 
5 weeks. This means that undersized drilling caused a higher amount 
of bone resorption cavities in the peri-implant bone. When analyzing 
the sub-volumes according to the distance to the implant, it was 
observed that even the most distant volume (VOI3) was influenced 

Figure 31. Three‐dimensional reconstruction of bone remodeling 
spaces surrounding an undersized site. Elongated tunnels which are 
directed in longitudinal direction of the bone and perpendicular to 
the implant major axis are the result of the combined action of cracks 
and remodeling process. The image was obtained with CTAn software 
(Bruker, Kontich, Belgium). 



99

by the drilling protocol. The evaluation of the presence of cavities 
beyond 1.5 mm was not possible due to the dimensional limitation 
of the samples. In the inner area, the one closest to the implant (0 
to 0.5 mm), the bone ratio resulted to be similar between group A 
and B (VOI1 and ROI1). Supposedly this part of the bone is the one 
most influenced by surgical trauma itself, irrespective of the drilling 
protocols. Interestingly, this intense area of remodeling resemble the 
early observations by Roberts et al. [294], in which the BMUs were 
described in the proximity of implant surfaces, and occasionally they 
deviated in the plane perpendicular to the implant axis, exactly as 
demonstrated in the three dimensional reconstructions of the study III 
(Figure 32). In the healing period of 10 weeks, no further differences 
were noted. This result is not surprising, as the remodeling process 
was almost completed in both groups. The active remodeling cycle 
time in sheep has been demonstrated to be approximately 12 weeks 
[235].

The influence of intra-cortical remodeling spaces  
on material properties
According to early loading protocol, the implant is connected to a 
prosthesis days or weeks after the insertion, before the conventional 
3/6 months of healing [31]. It was stated that a pre-requisite for 
early loading is achieving high level of ITV [29] and for this aim the 
underpreparation of the implant site was suggested [304,305]. This 
means that a provisional prosthesis is inserted prior to the completed 
interfacial bone formation [303,306].

In study IV an early loading of an implant inserted into an 
undersized site scenario was simulated with a multi-scale in silico 
analysis. Due to this approach, it was possible to calculate how 
stresses and strains are distributed in the surrounding bone when a 
load is introduced [307]. A mechanical theoretic insight of cortical 
bone is therefore of utmost importance to understand common 
marginal bone behavior [308,309]. In a majority of the previous FEAs 
in implant research, cortical bone was assumed to be a homogeneous 
layer with isotropic material properties. From findings of study III 
it is clear that this structure may be, in fact, more complex and it 
is subjected to adaptations throughout the healing phase and the 
functioning period [310-312]. 
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Thanks to the multi-scale analysis, two µCT-based models of cortical 
bone micro-architecture in the early healing phase were introduced: 
data were taken from undersized and from non-undersized sites of 
study III. The micro-scale analysis revealed that intracortical porous 
structure conferred anisotropic properties to the peri-implant cortical 
layer. The main orientation of the tunnels had an impact on the 
EM and PR, which differed significantly based on the axis, showing 
the smallest value for the bucco-lingual direction. Comparing the 
material properties in the two groups, it can be said that the presence 
of cavities weakened cortical bone strength.

Once the material properties were calculated, the macro-
scale analysis identified the locations of higher stress and strain 
concentrations. According to the majority of the previous studies, 

Figure 32. An artistic interpretation of the remodeling process after a 
4-month healing period in human cortical bone around a screw-shaped 
implant. Active BMUs are responsible for the turnover of the necrotic 
bone at the interface. In this manner secondary osteons are generated, 
mainly along the direction perpendicular to the implant major axis. It 
is notable how this artistic rendition is similar to the three-dimensional 
reconstruction obtained with the µCT analysis. Figure from Roberts et 
al. [303]. 
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maximal values of MPStress were developed at the implant neck area 
in both undersized and non-undersized groups. Due to the distinctive 
location, stress and strain concentration in this area was indicated as 
a mechanism of marginal bone resorption [308,313]. The undersized 
group presented greater maximal values of MPStresses and MPStrains 
compared to the non-undersized group. Moreover a larger area was 
exposed to high values in the former group, involving the entire 
cortical layer at the buccal side. The location of maximal value 
MPStress, which is a tensile stress, was alongside the bucco-lingual 
axis. Differently, the maximum value of MPStrain was located in the 
mesio-distal axis, showing that a higher magnitude of deformation 
is expected in the mesial and distal sides of the marginal bone. From 
these findings it is suggested that the most superficial region of the 
cortical layer on the buccal side might be more subjected to resorption 
than other sides. Furthermore, greater shear stress and strain were 
observed in the plane along the longitudinal direction and parallel 
to the implant long axis. It is known that bone is more susceptible 
to shear strength than compressive and tensile strength [314]. The 
analysis of the micro-scale models revealed a highly irregular stress 
and strain pattern for the undersized group. The cortical bone 
portion facing the cavities was the most solicited by stress and strain 
concentration. Thin bone belts between two nearby cavities were 
the locations of greater values. On the contrary, relatively low levels 
of stress and strain were present in thicker bone areas, far from the 
resorption cavities.

The interpretation of these findings suggests that the introduction 
of loading on cortical bone during the remodeling phase might be 
detrimental to the healing phase itself. The fatigue and consequent 
micro-damage that is expected to occur in the bone adjacent to the 
cavities would act as a further stimulus for the continuation of bone 
remodeling. In fact, a revision of the Wolff’s law hypothesized that 
bone remodeling is controlled by an inhibitory signal triggered by 
mechanical stimuli, such as load [66]. According to this theory, the 
remodeling process is restrained when load lies in the physiologic 
threshold. On the contrary, remodeling is increased when load is 
extremely low or excessively high, due to tissue damage. A similar 
scenario was postulated by a FEA on load distribution within a single 
bone trabecula [315]. The study reported that localized high stress 
registered in the pit of the cavities might promote a continuation 
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of the resorbing activity beyond the original damaged bone. Since 
greater values for MPStresses and MPStrains were observed both 
at the micro- and macro-levels, it can be hypothesized that the 
undersized group would react with a further increase of osteoclastic 
activity after the introduction of the load, compared with the non-
undersized group. According to stress and strain distributions, 
remodeling cavities are expected to locally spread along the 
longitudinal direction. As stated before, the process involving the 
resorption of damaged tissue, followed by new bone apposition is 
time-consuming [85,160]. Therefore, an additional resorption phase, 
in a remodeling bone would delay the healing process and possibly 
disturb the bone-to implant interface. 

Study IV, to conclude, showed that the appearance of remodeling 
bone structure might not be an optimal healing phase for the 
introduction of load. On the contrary, postponing loads until 
the completion of the remodeling process with a reduction of the 
intra-cortical cavities, might be a safer procedure. Therefore it was 
demonstrated that, from a theoretical point of view, undersized 
drilling would prolong the healing time in cortical bone, rather than 
reduce it.

Clinical significance and a new definition  
of undersized drilling
From a clinical standpoint, performing undersized drilling, in high 
density cortical bone may seem contradictory. Even more so, one 
can argue that investigating the effects of undersized drilling is of 
little clinical importance. However, in reality undersized drilling may 
be quite important for cortical bone healing, even if this technique 
was originally intended only for low-density bone. According to 
some current trends on immediate loading, it has been suggested to 
undersize even in the anterior portion of the lower jaw [206,207] 
(Figure 33). 
It is acknowledged that early implant failure is now a rare event 
compared with the early days of implant dentistry. Nevertheless, poor 
surgical treatment was pointed as one factor disturbing the stability of 
osseointegration, triggering marginal bone resorption and eventually 
the breakdown of bone-to-implant contact [84]. This thesis considers 
the influence of a less investigated topic as a possible cause of primary 
clinical failure, namely the excessive compression following an 
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undersized preparation. Based on the findings of the present thesis, 
the application of underpreparation in highly corticalized bone 
would present several drawbacks: creation of micro-damage with 
osteocytes apoptosis, low rate of new bone formation at implant 
interface, activation of a large remodeling process (study III) that 
weakens material properties and possibly delay the healing process 
(study IV). Even though high ITV is expected in dense bone (study 
II), the introduction of undersizing would not be as effective as in 
other types of bone (study I); moreover the high ITV would lead to 
a negative biologic response in terms of early marginal bone loss 
(study II). 

There are clinical situations in which the preservation of the crestal 
bone is crucial, such as sinus floor elevation and simultaneous implant 
placement. In these cases, where the highly corticalized residual 
bone can be less than 4 mm high [316], undersized osteotomy is 
necessary in most cases [317]. The success of such therapy is therefore 
strictly associated with the cortical bone reaction, and so, according 
to the present results, excessive compression should be avoided. 
An early bone resorption or a cortical fracture before the onset of 
osseointegration, would lead to implant failure [318]. If the buccal 
plate is extremely thin, it will easily present cracks. After a vast 
osteoclastic resorption, the structural support for osteoblasts would 
be too weak and arguably a buccal bone loss would follow [319]. In 
study III undersized drilling was performed in a controlled setting, 

Figure 33. Undersized drilling technique is not only a prerogative of 
the upper jaw. There are several treatment protocols for immediate 
loading which recommend the preparation of an undersized site even 
in the anterior mandible. In the pictures an example of a protocol for 
the immediate loading of a mandibular fixed prostheses supported by 
two implants. Note the implant-drill discrepancy. Figure modified from 
Cannizzaro et al. [207].
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with an extra-oral approach. One can postulate that additional 
potential negative factors could interfere with the remodeling 
process. As previously stated, under-preparation is performed 
in many cases of immediate loading protocols. The exposition to 
the oral environment, inflammation and masticatory loads could 
adversely affect the delicate remodeling tissues. In a recent study by 
Stavropoulos [320], it was observed that immediate loaded implants 
inserted with an undersized procedure showed lower BIC compared 
with those installed with standard drilling protocol. Furthermore, 
excessive marginal bone loss and crater formation were observed in 
some of the immediately loaded undersized implants. Inflammatory 
infiltration was further found around the implant neck. 

Therefore the application of an optimal drilling protocol, providing 
the necessary primary stability without provoking excessive damage, 
is crucial in such cases. In clinical reality, instrumentation is usually 
based on empirical grounds. The discriminant factor on the selection 
of the last drill size is the bone quality, which is subjectively evaluated 
by the surgeon. However, osteotomy size and implant diameter are 
not sufficient to predict the biomechanical and biologic effects. The 
clinician should be fully aware of which portion of the implant is 
going to initially impact the pristine bone: this could be in the cutting 
part or in the non-self-tapping portion. In the latter case, a pure 
compression will be achieved if tapping is not previously performed. 
On the other hand, even a self-tapping implant could encounter a 
limit: if the removed bone volume is excessive, the cutting flutes are 
entirely occupied by bone debris. This would be the case of excessive 
amounts of under-preparation and/or in case of high-density bone. 
Therefore, the surgeon should consider that drilling protocol, 
implant design and bone quality are strictly related factors. Thus, 
the selection of the appropriate implant design and drilling sequence 
is recommended based on a pre-surgical assessment.

Study I has highlighted that clinical evidence on under-preparation 
is sparse and inconsistent in the description of the relationship of the 
drill sequence and the implant design. In several cases, the amount of 
implant-drill discrepancy is not clear, and consequently the amount of 
undersizing. In order to facilitate future research on this topic, a novel 
definition is hereby suggested: an undersized osteotomy is achieved 
when the walls of the osteotomy are compressed by the implant 
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inner diameter. This process may occur along the entire length of the 
implant or only in some of its parts, such as coronally or apically.

Clinical considerations on the Insertion Torque
It is indisputable that the most common parameter to clinically assess 
the implant primary stability is ITV. Study II focused on the outcome 
of ITV and revealed that bone quality is the predominant factor, 
regardless of the drilling protocol. A robust model, from the multiple 
regression analysis, revealed that ITV was significantly dependent on 
bone type and diameter, among other matters. Although the surgeons 
adapt the drilling protocol based on the perception of bone quality, 
in order to achieve similar ITVs in all bone types, higher values were 
shown in bone quality class 1 vs 3 and 4. These findings, in accordance 
with previous studies, indicate that bone quality is a critical factor 
affecting ITV, more than the drilling protocol [321,322,268].

The influence of ITV on the stability of marginal bone is another 
aspect of clinical relevance. In study II, the multiple regression 
analysis revealed that ITV was regarded as one of the most influential 
factors on MBL. Greater resorption is predictable in bone quality 1 
compared with bone qualities 2, 3, and 4. Moreover, MBL is more 
significantly increased by the biologic interaction between bone 
quality 1 and an increase of ITV. Hence, a clinical recommendation 
to implant surgeons would be to minimize ITV in the dense bone. 
The use of taps and/or countersinking for the cortical bone before 
implant insertion can be suggested for reducing the local pressure 
[323,173,324,270].

Other recent studies investigated the relationship between ITV and 
MBL. Khayat et al. [26] assessed the clinical outcome of implants 
placed with high ITVs. A total of 42 implants were installed with 
ITV>70 Ncm, with an average value of 110.6 Ncm (range = 70.8–176 
Ncm). As comparison, the control group was composed by 9 implants 
placed with ITVs between 30 and 50 Ncm. After a healing period of 
2 to 3 months, MBL was assessed at the time of prosthetic delivery 
and 1 year after loading. No difference related to MBL was observed 
in the two groups. The author did not find any correlation between 
ITV and MBL. However, an increase of MBL could be observed at 
1-year follow up: from 0,72 mm to 1,24 mm. In a more recent RCT, 
implants with high ITV (>50 Ncm) were compared to regular ITV 
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(<50 Ncm) after 1 year [325] and 3 years [326]. It was found that 
MBL at both follow-up visits was greater for high ITV groups in the 
mandible. The authors concluded that implants placed with higher 
ITV in the mandible lead to greater bone loss and mucosal recession, 
compared with implants installed with regular ITV. 

Another study by Maló et al. [327] retrospectively assessed the 
success rate and MBL in immediately loaded full-arch rehabilitations 
in the maxilla. Implants were grouped according to their ITV, and 
30 Ncm was the discriminant value. The authors observed that 
implants inserted with <30 Ncm had significantly lower MBL at 
1-year (p< .001) compared with implants inserted with >30 Ncm 
(1.14 and 1.39 mm respectively). The success rates, however, were 
comparable.

Being aware of the limits in comparing those clinical trials 
(limited sample size different types of implants, different healing 
times, different rehabilitation, …), we could postulate that there is a 
suggestion indicating that excessive ITV might lead to greater MBL. 
This finding is likely to be more evident after the prosthetic loading. 
It can be hypothesized that at the baseline, which was commonly 2 
to 3 months from implant insertion, the remodeling could have been 
still ongoing. As demonstrated by study IV, the application of the 
prosthetic load might generate great stress and strain to the marginal 
bone that could cause resorption.

ITV implies a critical pressure to the bone, however the potential 
effects of marginal bone resorption might not always be always 
related by its absolute value. As previously stated, ITV is strictly 
dependent on implant geometry, and the same mere value could 
generate different pressure, based on the implant diameter [42]. It can 
be suggested to recognize the importance of the local compression. 
ITV is a useful parameter for the clinician when assessing both the 
primary fixation and the possible local damage with respect of the 
osteotomy and the bone quality. 

To conclude, the final aim of the surgeon should not be reaching 
high ITV, but aiming for a good primary stability with an osteotomy 
that should be designed respecting the rate of cortical and trabecular 
bone. Based on the implant design, the osteotomy should provide the 
initial interlocking from the trabecular bone, while there should be 
a more delicate contact with the cortical layer.
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Limitations of the studies
The studies included in this thesis presented some limitations. In 
study I, data from selected articles could not be directly compared, 
due to the large methodological differences between the studies. 
Thus, a meta-analysis was not performed. Moreover, a study 
selection based on methodological quality assessment was not 
possible because of the scarcity of trials. Implant-drill discrepancy 
was calculated and used as a parameter to compare different groups. 
Even if this percentage value could help the reader to have an idea of 
the discrepancy created, it is acknowledged that such factor presents 
some weaknesses. The dimensions of the outer implant diameter and 
last drill size do not provide enough information to estimate the 
magnitude of underpreparation. For more accurate information, a 
multitude of implant and osteotomy feature would be required, such 
as the implant inner and outer geometry, thread geometry, implant 
cutting feature, osteotomy geometry and so on. Unfortunately, such 
information is seldom provided in the literature and is not often 
provided even by implant manufacturers. 

The clinical analysis of study II evaluated the early outcome of 
implants placed with a drilling protocol based on bone quality. 
Such assessments were achieved by using the Lekholm and Zarb 
classification [158]. It is admitted that this classification is based 
on subjective assessment, which could vary based on personal 
tactile sensitivity and experience. Several different methods for 
clinical assessment of jawbone quality were proposed over the 
years [156]. However, it was observed that the Lekholm and Zarb 
classification is capable of determining the bone mineral density and 
microarchitecture [328,157,329], in addition being the method most 
used in the literature and clinical practice. Another limitation of the 
clinical study is that a retrospective design was adopted. Thus, a 
large number of variables were introduced. In order to limit possible 
confounding factors, strict inclusion/exclusion criteria were applied 
for case selection. Moreover, the possible influence of the prosthetic 
construction was excluded by considering radiographic data just 
before rehabilitation delivery. Even though study II presented data 
on the association between undersized drilling and marginal bone 
resorption for the first time, these findings are preliminary and have 
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to be confirmed in future prospective controlled trials. Data on longer 
term healing is also lacking in the current literature.

In study III implants were inserted in an extra-oral bone ridge 
for the easy access of highly corticalized bone. This setting excludes 
potentially negative factors, which are present in the mouth, such as 
microbial contamination, wound dehiscence, masticatory function 
and so on. The possible association of clinically relevant scenarios 
with underpreparation was therefore prevented. A methodological 
drawback in the µCT analysis was that implants were removed before 
scanning, in order to avoid possible scattering and noise phenomena 
[330]. This could have generated additional bone damage, thus 
creating artifacts. Nevertheless, this procedure seemed not to affect 
the results, as previously reported [293,331]. As a confirmation, 
similar trends were noted between µCT analysis, i.e. BV/TV, and 
histological analyses, i.e BAFO, where implants were not removed.

Study IV introduced for the first time a multi-scale analysis of 
peri-implant bone architecture. However, in order to run the 
simulation, a number of limitations appeared. The cortical and 
trabecular bone were assumed to be fully in contact with the implant. 
However, this condition is seldom reported and it may represent an 
oversimplification of the clinical reality [332]. Another limitation 
in the analysis was that residual strain could endure in the peri-
implant bone even several weeks after implant insertion, due to 
press-fit phaenomena [284,50,16,195]. However this aspect was not 
considered in the model. 

When interpreting the results of this thesis, one should keep in mind 
that Study II, Study III and Study IV used the same type of implant 
(OsseoSpeed™ EV, Astra Tech Implant System, DentsplySirona 
Implants, Mölndal, Sweden). This system was chosen among others 
due to the high flexibility in the surgical procedures. This feature 
allowed focusing on the effects of the drilling protocol. However the 
conclusions of this thesis should be interpreted carefully. The effects 
obtained in this study may be quite different if another implant system 
is used. More than describing the influence of a single combination of 
drill and implant design, this thesis has explored the effects obtained 
whenever an excessive circumferential compression is dispensed to 
the cortical layer. Thus future studies should confirm the present 
findings using different implant systems. 
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CONCLUSIONS AND FUTURE 
PERSPECTIVES

From the studies of the present thesis, the following effects of 
undersized drilling on implant were observed: 

1. Strong evidence indicates that undersized drilling protocol can 
significantly increase ITV in low-density bone, while it might have 
limited efficacy in dense bone. Despite the different initial healing 
pattern, similar biologic response is expected after undersized 
and standard drilling protocols. Clinical evidence is insufficient. 

2. Implants placed with an adapted drilling protocol based on bone 
quality perception showed good level of ITV and minimized 
marginal bone loss. ITV is mostly influenced by bone quality, 
rather than drilling protocol. High ITV in dense bone can induce 
higher bone resorption, thus wider osteotomy in the cortical 
bone is suggested. A pre-clinical assessment of bone quality is 
necessary for the selection of the optimal drilling protocol.

3. Undersized osteotomy does not influence the bone-to-implant 
contact at early and late phases of healing in cortical bone. 
Undersized drilling causes extensive bone damage in the peri-
implant bone, thus inducing an interfacial remodeling healing 
pathway. A lower amount of newly-formed bone is formed at the 
implant surface. Implants inserted in undersized sites maintain 
high levels of rotational stability in the early phases of healing. 

4. Intense bone resorption activity will follow implants placed 
in an undersized site up to 1.5 mm from the implant surface. 
This creates a temporary porosity into cortical bone, reducing 
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the volume of peri-implant mineralized tissue. The tunneling 
network of remodeling cavities is principally directed to the 
longitudinal axis of the bone.

5. The presence and the configuration of intra-cortical resorption 
cavities caused an impairment of material properties and 
compromised mechanical behavior compared with cortical bone 
without cavities. Wider areas of stress and strain were found at 
the most coronal implant interface and around cavities. This 
bone model is more prone to micro-damage and to a delayed 
healing process.

This thesis showed the effects of undersized drilling protocols on 
cortical bone. In controlled extra-oral settings, thick cortical bone 
is capable to withstand the great compressions exerted. For the first 
time, clinical data were collected on marginal bone loss based on the 
drilling protocol. Due to the three-dimensional reconstructions of the 
remodeling cavities, the BMU resorption activity was quantified. The 
structural visualization of the remodeling cavities may be beneficial 
for future studies on bone pato-physiology.

Future studies should consider testing the influence of the 
introduction of loading to implants inserted after undersized drilling. 
The potential negative effect of early loading should be confirmed by 
in vivo data, while the application of immediate loading protocols 
would be of clinical interest. Moreover, the current knowledge 
on the concept of compression necrosis should be expanded by 
identifying the cellular and molecular mechanisms of bone damage. 
Furthermore, the possible influence of metabolic conditions, such us 
osteoporosis, on the peri-implant bone remodeling process following 
underpreparation should be evaluated.  

Clinical studies are needed to investigate the longer-term outcome 
of undersized drilling with controlled prospective trials.

It is opinion of the author that present findings will enhance the 
knowledge on bone response to implant insertion. These results 
would help the clinician in order to better interpret the peri-implant 
biology and avoid the most critical conditions for bone resorption. 
The surgeon may face new clinical scenarios in the near future, in 
which novel implant systems and novel treatment protocols will be 



111

introduced. In this manner he or she could have a deeper knowledge 
for an appropriate selection of the surgical technique based on the 
implant design and bone anatomy. Lastly, the present thesis may 
contribute to the development of new technologies in order to 
improve implant stability with respect of the bone biology. 
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POPULÄRTVETENSKAPLIG 
SAMMANFATTNING

Orala implantat används för att skapa käkbensförankrade ersättningar 
i partiellt eller helt tandlösa käkar. Denna möjlighet att återställa 
bettfunktionen bygger på konceptet om osseointegration, där en 
främmande kropp i form av ett implantat accepteras och integreras 
i benvävnaden, för att senare utgöra plattformen för den fortsatta 
bettrekonstruktionen. Implantatbehandling har visat långsiktigt hög 
överlevnad och lyckandefrekvens med stor patienttillfredsställelse, men 
brister i osseointegration och implantatförluster uppstår fortfarande. 
En av riskfaktorerna för misslyckande vid implantatbehandling 
är olämpligt kirurgiskt tillvägagångssätt. Vid implantatoperation 
är fixeringen av implantatet i käkbenet en viktig faktor så kallat 
implantatets primärstabilitet. Denna variabel kan mätas kliniskt och 
är ett momentvärde vid insättande av implantat (Insertion Torque 
Value; ITV).

Att modifiera borrprotokollet där det borras ett mindre 
(underpreparation) säte i benet (osteotomi) än implantatets diameter 
är en vanlig metod för att öka implantatets primärstabilitet. Denna 
teknik skapar en tätare kontakt i gränsytan mellan ben och implantat 
med en ökad kompression. Antagandet är att för hög kompression vid 
implantatinstallationen även genererar benskada och att det därmed 
skapas negativa konsekvenser på implantatbehandlingen. Även om 
underpreparation av implantatsätet är en vanligt förekommande 
metod så finns det ingen vetenskaplig evidens för denna metodik. Den 
här avhandlingen har som övergripande syfte att utvärdera effekterna 
av ett modifierat borrprotokoll för att uppnå bättre primärstabilitet.
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Delarbete I var en systematisk litteraturöversikt om biomekaniska, 
biologiska och kliniska effekter där modifierat och konventionellt 
borrprotokoll jämfördes. Det visade sig att implantat som 
installerades i en modifierad osteotomi nådde betydligt högre ITV 
än vid konventionell osteotomi i käkben med låg densitet. Den 
biologiska reaktionen i ben i kontakt med implantat var likartad 
mellan modifierad och konventionell osteotomi efter fullständig 
läkning. Litteraturöversikten visade att den kliniska evidensen var 
sparsam.

Delarbete II var en retrospektiv studie som utvärderar resultatet 
av implantat som installerades efter modifierat borrprotokoll enligt 
operatörens egen uppfattning om käkbenets kvalitet. ITV påverkades 
mest av benkvalitet och diametern på implantatet. Signifikant högre 
benresorption upptäcktes runt implantaten som installerades efter 
modifierat borrprotokoll. Marginal benförlust (runt kragen på 
implantatet) påverkades av benkvalitet, implantatdiameter, ITV och 
interaktion mellan benkvalitet och ITV. Den marginala benförlusten 
visade sig vara större med öka bendensitet i kombination med högre 
ITV.

Delarbete III syftade till att in vivo (i levande vävnad) utvärdera 
benets biologiska respons vid implantatinstallation i käkben på 
får efter modifierat och konventionellt borrprotokoll. Modifierat 
borrprotokoll säkerställde högre rotationsstabilitet men orsakade 
samtidigt mindre nybildning av ben vid implantatens gränsyta till 
ben. En tre- och tvådimensionell analys av benvävnaden visade 
en lägre mängd mineraliserat ben med många kaviteter runt de 
underpreparerade osteotomierna. Dessa skillnader mellan de två 
grupperna observerades efter 5 veckors inläkning av implantaten, 
medan inga skillnader noterades efter 10 veckors inläkning.

Syftet med delarbete IV var att bedöma käkbenets egenskaper och 
att förutsäga mekaniskt reaktionssätt vid funktionell belastning i 
en datasimulerad modell. Två typer av benstrukturer i underkäken 
simulerades: en modell med benkaviteter och en modell utan 
benkaviteter i likhet med benvävnad där implantatinstallationer 
utförts i modifierat respektive konventionellt borrprotokoll. Studien 
visade att kaviteterna avsevärt försämrade benets mekaniska 
egenskaper. I modellen för underpreparerade osteotomier, uppmättes 
högre spänning vid kragen på implantatet och vid benkaviteterna.
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Sammanfattningsvis indikerar denna avhandling att modifierat 
borrprotokoll med underpreparerade osteotomier kan orsaka 
negativa effekter i benet. Den underpreparerade osteotomin genererar 
en intensiv benresorptionsaktivitet i det omgivande benet kring 
implantatet under den tidiga fasen av benläkningen. Porositeter i ben 
på grund av kaviteter och marginal benförlust bidrar till försämrade 
mekaniska egenskaper och en fördröjd läkningsprocess i käkbenet. 
Nuvarande klinisk evidens bör förbättras genom framtida kliniska 
studier för att bekräfta de föreliggande resultaten.
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Purpose: To compile the current evidence on biomechanical, biologic, and clinical outcomes of undersized 
surgical preparation protocols in dental implant surgery. Materials and Methods: An electronic search 
using three different databases (PubMed, Web of Science, and Cochrane Library) and a manual hand 
search were performed including in vitro, animal, and clinical studies published prior to October 2015. 
Studies in which an undersized drilling protocol was compared with a nonundersized drilling protocol were 
included. Results: From an initial selection of 1,655 titles, 29 studies met the inclusion criteria, including 
14 biomechanical, 7 biologic, 6 biologic and biomechanical, and 2 clinical. Due to methodologic variation, 
meta-analysis was not performed. Several studies showed that implants inserted with an undersized drilling 
approach reached a significantly higher insertion torque value than conventional drilling in low-density 
substrates, while this effect is less evident if a thick cortical layer is present. Similar results in terms of bone-
to-implant contact (BIC) were achieved in the longer term between implants inserted with undersized and 
nonundersized protocols. Results in the short term were inconclusive. Clinical studies did not show negative 
outcomes for undersized drilling, although clinical evidence was sparse. No data are available on marginal 
bone loss. Conclusion: From the biomechanical standpoint, an undersized drilling protocol is effective in 
increasing insertion torque in low-density bone. Biologic response in long-term healing after undersized 
implant placement is comparable to that in the nonundersized surgical drilling protocol. Clinical studies 
indicate that performing an undersized drilling protocol on low-density bone is a safe procedure; however, 
more extensive studies are needed to confirm these data. INT J ORAL MAXILLOFAC IMPLANTS 2016;31:1247–
1263. doi: 10.11607/jomi.5340

Keywords: dental implant, primary stability, secondary stability, surgical protocol, systematic review, 
undersized osteotomy

Modern dental implantology is based on the os-
seointegration concept in which the bone 

forms directly at the implant surface, allowing the 
implant to bear occlusal load.1 Today, osseointegrat-
ed implants have become a reliable and successful 

treatment option for the rehabilitation of partial and 
full edentulism.2–6

Surgical procedure is considered to be one of the 
influential factors for the success of osseointegration.1 
An optimal surgical technique for implant placement is 
to prepare the implant bed with a delicate procedure 
avoiding overheating, and at the same time to provide a 
preparation adequate for implant stability.7 Initial stabil-
ity (better known as primary stability) achieved from the 
time of placement is an important factor for the eventu-
al biologic stability (secondary stability).8 It is suggested 
that lack of initial stability hampers the osteoconduc-
tive capability of the implant and could result in implant 
failure with fibrous connective tissue encapsulation.9 It 
has been previously shown that the critical micromove-
ment for implant failure is more than 150 µm during the 
healing phase.9,10 This suggests that once the implant 
is faced with intolerable forces exceeding this limit, 
the force is released directly to the surrounding bone, 
which may result in implant failure.11,12

Nowadays, the achievement of a high level of pri-
mary stability is demanded in clinical practice since 
there is a trend to load the implants immediately or in 
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Several studies have shown that when an implant 
is inserted with extreme levels of pressure— ie, due 
to an excessive undersized site preparation— micro-
fracture and compression necrosis of the bone can oc-
cur, and a delayed healing process will follow.30–34 On 
the other hand, an implant that is inserted with a very 
poor initial stability— ie, excessively loose site prepa-
ration— can lead to low levels of osseointegration and 
potential early failure.35,36 It is of great importance that 
detailed information with regard to the optimal levels 
of underpreparation is identified. 

The objective of this systematic review is to compile 
current evidence on the effects of undersized surgi-
cal protocol on bone, in particular on biomechanical, 
biologic, and clinical outcomes and to provide a more 
consistent compilation on this subject.

MATERIALS AND METHODS

Focus Questions
This systematic review was conducted following the 
PRISMA (Preferred Reporting Items for Systematic Re-
views and Meta-Analyses) statement guidelines.37

Three different focus questions were formulated, 
according to the PICO (Problem, Intervention, Com-
parison, Outcome) format:

• Do dental implants inserted with the use of an 
undersized drilling technique compared to a non-
undersized drilling technique show improved per-
formance in terms of stability?

• Do dental implants inserted with the use of an 
undersized drilling technique compared to a non-
undersized drilling technique present improved os-
seointegration around dental implants?

• In patients undergoing dental implant placement, 
does the use of an undersized drilling technique 
compared to a nonundersized drilling technique 
show a higher survival rate and less marginal bone 
loss?

Inclusion/Exclusion Criteria
The studies to be selected were screened based on the 
following inclusion criteria:

• In vitro, ex vivo, in vivo, or clinical studies
• Studies published until October 2015
• Studies investigating an undersized drilling tech-

nique for dental implant placement
• Comparative studies with a minimum number of 

two groups, with one related to the use of an un-
dersized drilling technique and the other related to 
the use of a nonundersized drilling technique

the early stages after implant insertion.10,13–15 The clin-
ical perception of primary stability is often associated 
with the rotational resistance during implant inser-
tion,16 which is measured by insertion torque.17–19 In-
sertion torque is affected by a combination of several 
factors, including status of the host bed (bone quality 
and quantity),20 implant features (macrodesign  and 
microdesign),21–23 and surgical technique.24

One of the commonly conducted techniques in 
clinical practice to obtain high primary stability is un-
dersized drilling preparation (or underpreparation, or 
underdimensioned drilling).25 From the current clinical 
practice definition, this concept is based on an oste-
otomy preparation that is smaller in diameter than the 
size of the implant.26 The undersized drilling protocol 
generates a press-fit situation where the bone walls 
are in intimate contact with the implant,26,27 poten-
tially enhancing primary stability.20 Depending on the 
width of the last drill in relation to the implant diam-
eter, macrodesign  and microdesign features, and the 
density of the bone, different levels of strain can be 
created, resulting in different insertion torque values.17 
Many of the manufacturers recommend surgical pro-
tocols that generate a slight underdimensioned site to 
achieve adequate implant stability. When the implants 
are to be placed in low-density bone, where cortical 
bone is less represented and a low insertion torque 
value is expected, even greater levels of undersized 
drilling are suggested.28 However, the exact amount 
of underpreparation, which would be the discrepancy 
between the implant diameter and last drill size (Fig 1), 
is not specified, and clinicians often rely on manual 
stability perception when they undersize their oste-
otomies.29 Moreover, the existing protocol may not 
always meet the optimal surgical procedure for differ-
ent situations, and a customization of the undersized 
drilling protocol may be necessary. 

Fig 1  Schematic view of the discrepancy between implant di-
ameter (red dotted line) and last drill size (blue dotted line).
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Data Extraction
Included studies were divided into three groups: bio-
mechanical studies, biologic studies, and clinical stud-
ies. Results from studies that examined both biologic 
and biomechanical outcomes were split and depicted 
in the respective group.

The reviewers independently extracted the follow-
ing data (when available): author, year of publication, 
study design, type of substrate, implant system, im-
plant shape and surface, number of implants placed, 
follow-up, outcome variables, implant diameter, last 
drill diameter. Furthermore, the relative discrepancy 
between implant diameter and last drill size implant-
drill discrepancy was calculated as follows: 

(implant diameter-last drill size)/(implant diameter) 
*100

Additional information was extracted as follows: 

• Biomechanical outcome: insertion torque value and 
removal torque 

• Biologic outcome: BIC and bone area fraction 
occupied 

• Clinical outcome: number of patients, bone charac-
teristics, implant length, and failed implants. 

Authors were contacted for missing data. Extrapola-
tion of implant measures from the respective portfolio 
was performed when further data were unavailable.

Standard deviation is reported when available. Sig-
nificant differences between groups and the relative P 
value are reported.

RESULTS

Study Selection
The workflow for the study selection is depicted in 
Fig 2. From the initial electronic search and hand 
search, 1,655 potentially relevant titles were obtained. 
The two reviewers independently screened titles, and 
221 were selected, while 1,434 were excluded for not 
being related to the review topic (κ-score: 0.79). After 
abstract analysis, 157 more irrelevant papers were ex-
cluded (κ-score: 0.87). The full texts of the 64 remain-
ing articles were obtained. An additional hand search 
of the reference list provided four more related articles, 
which were included in the analysis. A total of 68 full-
text articles were assessed in detail for potential inclu-
sion, following the inclusion/exclusion criteria. 

After the full-text analysis, 29 articles fulfilled the 
inclusion/exclusion criteria and thus were included in 
the review, while 39 did not and were thus rejected. 

Additional criteria for biomechanical outcomes 
included studies investigating primary stability mea-
sured with insertion torque or removal torque value.

Additional criteria for biologic outcomes included 
studies investigating bone-to-implant contact (BIC). 

Additional criteria for clinical outcomes included 
studies investigating implant survival rate and/or mar-
ginal bone loss.
The following exclusion criteria were applied:

• Studies on orthodontic or orthopedic implants
• Studies on mini-implants (diameter < 3.00 mm)
• Finite element analyses
• Review studies
• No information available on last drill size and/or the 

correspondent implant diameter
• Studies with duplicated data population
• Studies that compared different implant systems 

for different groups
• Implants placed simultaneously to bone augmenta-

tion procedures

Search Strategy
An electronic search using three different databases 
(MEDLINE-PubMed, Web of Science, and Cochrane Li-
brary) was performed including studies published pri-
or to October 2015. The search algorithm is described 
in Table 1.

An additional manual search of reference lists from 
the selected manuscripts and implant-related journals 
(for the past 6 months) was then conducted. 

Study Selection
The screening and selection process was conducted by 
two independent reviewers (M.S. and M.T.). Agreement 
between the reviewers for the title and abstract selec-
tion was calculated using Cohen’s kappa coefficient 
(κ).38 Disagreement between the reviewers was re-
solved after discussion. After an electronic and manual 
search, duplicated titles from different databases were 
merged, and titles obtained were screened for eligibil-
ity. Keywords and abstracts of the selected titles were 
then analyzed, and irrelevant studies were excluded. 
Full texts of the eligible articles were obtained for the 
analysis using the stated inclusion/exclusion criteria. 
The references of all selected publications were addi-
tionally screened for further relevant publications. In 
cases of missing or insufficient data, the correspond-
ing authors were contacted via email. When multiple 
studies reported the same data, only the most exten-
sive article was selected. After comprehensive full-text 
analysis and full agreement between reviewers, fur-
ther articles were excluded. All remaining studies were 
included in this systematic review. The references were 
managed with bibliographic management software 
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Several studies have shown that when an implant 
is inserted with extreme levels of pressure— ie, due 
to an excessive undersized site preparation— micro-
fracture and compression necrosis of the bone can oc-
cur, and a delayed healing process will follow.30–34 On 
the other hand, an implant that is inserted with a very 
poor initial stability— ie, excessively loose site prepa-
ration— can lead to low levels of osseointegration and 
potential early failure.35,36 It is of great importance that 
detailed information with regard to the optimal levels 
of underpreparation is identified. 

The objective of this systematic review is to compile 
current evidence on the effects of undersized surgi-
cal protocol on bone, in particular on biomechanical, 
biologic, and clinical outcomes and to provide a more 
consistent compilation on this subject.

MATERIALS AND METHODS

Focus Questions
This systematic review was conducted following the 
PRISMA (Preferred Reporting Items for Systematic Re-
views and Meta-Analyses) statement guidelines.37

Three different focus questions were formulated, 
according to the PICO (Problem, Intervention, Com-
parison, Outcome) format:

• Do dental implants inserted with the use of an 
undersized drilling technique compared to a non-
undersized drilling technique show improved per-
formance in terms of stability?

• Do dental implants inserted with the use of an 
undersized drilling technique compared to a non-
undersized drilling technique present improved os-
seointegration around dental implants?

• In patients undergoing dental implant placement, 
does the use of an undersized drilling technique 
compared to a nonundersized drilling technique 
show a higher survival rate and less marginal bone 
loss?

Inclusion/Exclusion Criteria
The studies to be selected were screened based on the 
following inclusion criteria:

• In vitro, ex vivo, in vivo, or clinical studies
• Studies published until October 2015
• Studies investigating an undersized drilling tech-

nique for dental implant placement
• Comparative studies with a minimum number of 

two groups, with one related to the use of an un-
dersized drilling technique and the other related to 
the use of a nonundersized drilling technique

the early stages after implant insertion.10,13–15 The clin-
ical perception of primary stability is often associated 
with the rotational resistance during implant inser-
tion,16 which is measured by insertion torque.17–19 In-
sertion torque is affected by a combination of several 
factors, including status of the host bed (bone quality 
and quantity),20 implant features (macrodesign  and 
microdesign),21–23 and surgical technique.24

One of the commonly conducted techniques in 
clinical practice to obtain high primary stability is un-
dersized drilling preparation (or underpreparation, or 
underdimensioned drilling).25 From the current clinical 
practice definition, this concept is based on an oste-
otomy preparation that is smaller in diameter than the 
size of the implant.26 The undersized drilling protocol 
generates a press-fit situation where the bone walls 
are in intimate contact with the implant,26,27 poten-
tially enhancing primary stability.20 Depending on the 
width of the last drill in relation to the implant diam-
eter, macrodesign  and microdesign features, and the 
density of the bone, different levels of strain can be 
created, resulting in different insertion torque values.17 
Many of the manufacturers recommend surgical pro-
tocols that generate a slight underdimensioned site to 
achieve adequate implant stability. When the implants 
are to be placed in low-density bone, where cortical 
bone is less represented and a low insertion torque 
value is expected, even greater levels of undersized 
drilling are suggested.28 However, the exact amount 
of underpreparation, which would be the discrepancy 
between the implant diameter and last drill size (Fig 1), 
is not specified, and clinicians often rely on manual 
stability perception when they undersize their oste-
otomies.29 Moreover, the existing protocol may not 
always meet the optimal surgical procedure for differ-
ent situations, and a customization of the undersized 
drilling protocol may be necessary. 

Fig 1  Schematic view of the discrepancy between implant di-
ameter (red dotted line) and last drill size (blue dotted line).
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Data Extraction
Included studies were divided into three groups: bio-
mechanical studies, biologic studies, and clinical stud-
ies. Results from studies that examined both biologic 
and biomechanical outcomes were split and depicted 
in the respective group.

The reviewers independently extracted the follow-
ing data (when available): author, year of publication, 
study design, type of substrate, implant system, im-
plant shape and surface, number of implants placed, 
follow-up, outcome variables, implant diameter, last 
drill diameter. Furthermore, the relative discrepancy 
between implant diameter and last drill size implant-
drill discrepancy was calculated as follows: 

(implant diameter-last drill size)/(implant diameter) 
*100

Additional information was extracted as follows: 

• Biomechanical outcome: insertion torque value and 
removal torque 

• Biologic outcome: BIC and bone area fraction 
occupied 

• Clinical outcome: number of patients, bone charac-
teristics, implant length, and failed implants. 

Authors were contacted for missing data. Extrapola-
tion of implant measures from the respective portfolio 
was performed when further data were unavailable.

Standard deviation is reported when available. Sig-
nificant differences between groups and the relative P 
value are reported.

RESULTS

Study Selection
The workflow for the study selection is depicted in 
Fig 2. From the initial electronic search and hand 
search, 1,655 potentially relevant titles were obtained. 
The two reviewers independently screened titles, and 
221 were selected, while 1,434 were excluded for not 
being related to the review topic (κ-score: 0.79). After 
abstract analysis, 157 more irrelevant papers were ex-
cluded (κ-score: 0.87). The full texts of the 64 remain-
ing articles were obtained. An additional hand search 
of the reference list provided four more related articles, 
which were included in the analysis. A total of 68 full-
text articles were assessed in detail for potential inclu-
sion, following the inclusion/exclusion criteria. 

After the full-text analysis, 29 articles fulfilled the 
inclusion/exclusion criteria and thus were included in 
the review, while 39 did not and were thus rejected. 

Additional criteria for biomechanical outcomes 
included studies investigating primary stability mea-
sured with insertion torque or removal torque value.

Additional criteria for biologic outcomes included 
studies investigating bone-to-implant contact (BIC). 

Additional criteria for clinical outcomes included 
studies investigating implant survival rate and/or mar-
ginal bone loss.
The following exclusion criteria were applied:

• Studies on orthodontic or orthopedic implants
• Studies on mini-implants (diameter < 3.00 mm)
• Finite element analyses
• Review studies
• No information available on last drill size and/or the 

correspondent implant diameter
• Studies with duplicated data population
• Studies that compared different implant systems 

for different groups
• Implants placed simultaneously to bone augmenta-

tion procedures

Search Strategy
An electronic search using three different databases 
(MEDLINE-PubMed, Web of Science, and Cochrane Li-
brary) was performed including studies published pri-
or to October 2015. The search algorithm is described 
in Table 1.

An additional manual search of reference lists from 
the selected manuscripts and implant-related journals 
(for the past 6 months) was then conducted. 

Study Selection
The screening and selection process was conducted by 
two independent reviewers (M.S. and M.T.). Agreement 
between the reviewers for the title and abstract selec-
tion was calculated using Cohen’s kappa coefficient 
(κ).38 Disagreement between the reviewers was re-
solved after discussion. After an electronic and manual 
search, duplicated titles from different databases were 
merged, and titles obtained were screened for eligibil-
ity. Keywords and abstracts of the selected titles were 
then analyzed, and irrelevant studies were excluded. 
Full texts of the eligible articles were obtained for the 
analysis using the stated inclusion/exclusion criteria. 
The references of all selected publications were addi-
tionally screened for further relevant publications. In 
cases of missing or insufficient data, the correspond-
ing authors were contacted via email. When multiple 
studies reported the same data, only the most exten-
sive article was selected. After comprehensive full-text 
analysis and full agreement between reviewers, fur-
ther articles were excluded. All remaining studies were 
included in this systematic review. The references were 
managed with bibliographic management software 
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Table 1 Strategy and Algorithms for Electronic Search in Different Databases

MEDLINE (via PubMed)

#1 Population ((((((((“Dental Prosthesis”[Mesh]) OR dental prosthesis[Title/Abstract]) OR “Dental Implantation, 
Endosseous”[Mesh] OR “dental implantation”[Title/Abstract]) OR “dental implants”[Title/Abstract] OR dental 
implants[MeSH Terms]) OR osseointegr*[Title/Abstract]) OR “Osseointegration”[Mesh])))))

#2 
Intervention

(((((press-fit[Title/Abstract]) OR underprep*[Title/Abstract]) OR undersize*[Title/Abstract]) OR ((osteotomy[MeSH 
Terms]) OR osteotomy[Title/Abstract])) OR ((torque[MeSH Terms]) OR torque[Title/Abstract])))

#3 Outcome (((((((torque[MeSH Terms]) OR torque[Title/Abstract])) OR stabil*[Title/Abstract]) OR retention[Title/Abstract]) OR 
histologic*[Title/Abstract]) OR ((BIC[Title/Abstract]) OR “Bone to implant contact”[Title/Abstract]))

Final search #1 AND #2 AND #3

The Cochrane Library (Wiley)

#1 MeSH descriptor: [Dental Prosthesis, Implant-Supported] explode all trees
#2 MeSH descriptor: [Dental Implants] explode all trees
#3 MeSH descriptor: [Osseointegration] explode all trees
#4 press-fit
#5 underprep*
#6 undersize*
#7 MeSH descriptor: [Osteotomy] explode all trees
#8 MeSH descriptor: [Torque] explode all trees
#9 MeSH descriptor: [Dental Prosthesis Retention] explode all trees
#10 MeSH descriptor: [Prosthesis Retention] explode all trees
#11 MeSH descriptor: [Histological Techniques] explode all trees
#12 BIC
#13 bone to implant contact
Final search (#1 or #2 or #3) and (#4 or #5 or #6 or #7 or #8) and (#8 or #9 or #10 or #11 or #12 or #13)

Web of Science

#1 TOPIC: (dental implants) OR TOPIC: (osseointregration) OR TOPIC: (dental prosthesis)
#2 TOPIC: (press-fit) OR TOPIC: (undersiz*) OR TOPIC: (underprep*) OR TOPIC: (osteotomy) OR TOPIC: (torque)
#3 TOPIC: (torque) OR TOPIC: (stabil*) OR TOPIC: (retention) OR TOPIC: (histologic*) OR TOPIC: (BIC) OR TOPIC: 

(Bone to implant contact)
Final search #1 AND #2 AND #3

Potentially relevent titles identified by 
electronic and hand search: 

n = 1,655

Titles excluded after title screening: 
n = 1,434

Titles excluded after abstract analysis: 
n = 157

κ-score: 0.79

κ-score: 0.87

κ-score: 1.00

Titles excluded after full-text analysis: 
n = 39

Articles selected for abstract analysis: 
n = 221

Articles identified for full-text analysis: 
n = 64

Further related articles 
included from references: 

n = 4

Articles selected after full-text analysis: 
n = 29

Fig 2  Flow chart illustrating the search process.

© 2016 BY QUINTESSENCE PUBLISHING CO, INC. PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY. 
NO PART MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM WITHOUT WRITTEN PERMISSION FROM THE PUBLISHER. 

The International Journal of Oral & Maxillofacial Implants 1251

Stocchero et al

that implants inserted with an undersized drilling ap-
proach reached significantly higher insertion torque 
than conventional drilling.80,82,85–91 Regarding under-
sizing amounts, two studies compared the biome-
chanical outcome obtained using different undersized 
approaches. Degidi et al86 tested two levels of under-
sizing (implant-drill discrepancy: 21% and 34%, re-
spectively) into fresh trabecular bovine bone, where 
they demonstrated that no difference was present 
between the two undersized protocols. Elias et al87 
compared various drilling protocols, including two un-
dersized protocols (implant-drill discrepancy: 21% and 
26%), inserting implants of three different shapes in 
different substrates. Regardless of the implant shape 
and substrate density, implants inserted with 26% un-
dersized protocol reached significantly higher inser-
tion torque.

Two studies investigated the effect of the cortical 
layer.92,93 Tabassum et al93 investigated the effect of 
the cortical thickness when implants were inserted 
with an undersized protocol into synthetic bone. It was 
shown that underpreparation (implant-drill discrepan-
cy: 26%) had a significantly higher effect on insertion 
torque than standard drilling in specimens with a 0- or 
1-mm-thick cortical layer. However, the thicker the cor-
tical layer, the less the effect of the undersized surgical 
approach. For implant sites with a cortical thickness of 
2 mm or more, undersized drilling had no significant 
effect on insertion torque. Ahn et al92 investigated un-
dersized and conventional drilling placing implants in 
synthetic blocks simulating monocortical and bicorti-
cal fixation in maxillary posterior bone. The undersized 
group showed significantly higher values on insertion 
torque in both monocortical and bicortical models. 

No difference in insertion torque values between 
underdimensioned and standard protocols were not-
ed in Coelho et al,94 Campos et al,75 and Jimbo et al,95 
in which implants were placed in dog radius diaphysis, 
proximal tibia, and mandible, respectively, represent-
ing highly corticalized bone. 

With regards to removal torque values, there is no 
clear evidence on the effect of the undersized group 
compared to the control, as both a significant differ-
ence81,87 and a nonsignificant difference88,96 were 
found. Removal torque, when applied in an in vivo 
model, seems to vary with time, as demonstrated by 
Trisi et al81 and Jimbo et al.36 Trisi et al81 analyzed bi-
ologic and biomechanical events in the first 6 weeks 
of healing when implants were inserted into sheep 
mandibles. The undersized group showed significantly 
higher removal torque values for each week com-
pared with the control group. However, the interfa-
cial strength decreased to almost half of the insertion 
torque in the early healing period (week 2: 62.66 Ncm), 
and it remained constant until week 6 (61.33 Ncm). On 

Reasons for exclusion were: study on mini-implants,39 
comparison between different implant designs,40–43 
studies in which an undersized protocol was not per-
formed,44–47 studies that used radio frequency analysis 
as a unique outcome,48,49 studies in which only one 
protocol was perfomed,19,50,51 studies in which bone 
condensing or another nondrilling protocol was used 
as a comparison,52–57 and studies in which different 
protocols were not grouped and compared.15,18,28,58–73

Selected articles, based on the objectives, were 
grouped as follows: 14 biomechanical, 7 biologic, 6 
biologic and biomechanical, and 2 clinical. Based on 
the study design, 12 of these comprised in vitro stud-
ies, 15 in vivo, and 2 clinical studies. An overview of 
the selected studies’ characteristics, including type of 
implant, number of implants placed, type of substrate, 
and type of outcome is shown in Table 2. Data on study 
groups, surgical protocol, implant-drill discrepancy, 
and results on biomechanical, biologic, and clinical 
studies are shown in Tables 3, 4, and 5, respectively.

Due to methodologic variations between studies, it 
was decided not to perform a meta-analysis.

Surgical Protocol
Studies included in the present review compared at 
least two surgical approaches, in which one was an un-
dersized drilling protocol, used as the test, and one was 
a nonundersized drilling protocol, used as the control. 
In most of the studies, the control treatment consisted 
of the conventional sequence drilling protocol, sug-
gested by the manufacturer (standard drilling proto-
col). The undersized approach was typically achieved 
by skipping the final drill from the suggested protocol. 
The implant-drill discrepancy for the nonundersized 
drilling protocol ranged from –5%74 to 18%,36 while 
the implant-drill discrepancy for the undersized pro-
tocol ranged from 15%75 to 32%.76 One article stated 
that 50% implant-drill discrepancy was reached at the 
apex level.77

In seven articles, the adopted surgical protocol in-
cluded countersinking and/or tapping prior to implant 
placement.34,77–81

Biomechanical Studies
Biomechanical study results are shown in Table 3.

The majority of the studies adopted an in vitro 
model, using synthetic or fresh animal cadaver bone. 
One study used a human cadaver ex vivo model.82 
Seven studies performed biomechanical analysis 
in an in vivo model, including goat, dog, and sheep 
models.36,75,79,81,83,84,96 All the selected studies used 
insertion torque as a biomechanical outcome, with 
the exception of one study, which used only removal 
torque.36 When implant insertion was performed into 
low-density substrates, several studies demonstrated 
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Table 1 Strategy and Algorithms for Electronic Search in Different Databases

MEDLINE (via PubMed)

#1 Population ((((((((“Dental Prosthesis”[Mesh]) OR dental prosthesis[Title/Abstract]) OR “Dental Implantation, 
Endosseous”[Mesh] OR “dental implantation”[Title/Abstract]) OR “dental implants”[Title/Abstract] OR dental 
implants[MeSH Terms]) OR osseointegr*[Title/Abstract]) OR “Osseointegration”[Mesh])))))

#2 
Intervention

(((((press-fit[Title/Abstract]) OR underprep*[Title/Abstract]) OR undersize*[Title/Abstract]) OR ((osteotomy[MeSH 
Terms]) OR osteotomy[Title/Abstract])) OR ((torque[MeSH Terms]) OR torque[Title/Abstract])))

#3 Outcome (((((((torque[MeSH Terms]) OR torque[Title/Abstract])) OR stabil*[Title/Abstract]) OR retention[Title/Abstract]) OR 
histologic*[Title/Abstract]) OR ((BIC[Title/Abstract]) OR “Bone to implant contact”[Title/Abstract]))

Final search #1 AND #2 AND #3

The Cochrane Library (Wiley)

#1 MeSH descriptor: [Dental Prosthesis, Implant-Supported] explode all trees
#2 MeSH descriptor: [Dental Implants] explode all trees
#3 MeSH descriptor: [Osseointegration] explode all trees
#4 press-fit
#5 underprep*
#6 undersize*
#7 MeSH descriptor: [Osteotomy] explode all trees
#8 MeSH descriptor: [Torque] explode all trees
#9 MeSH descriptor: [Dental Prosthesis Retention] explode all trees
#10 MeSH descriptor: [Prosthesis Retention] explode all trees
#11 MeSH descriptor: [Histological Techniques] explode all trees
#12 BIC
#13 bone to implant contact
Final search (#1 or #2 or #3) and (#4 or #5 or #6 or #7 or #8) and (#8 or #9 or #10 or #11 or #12 or #13)

Web of Science

#1 TOPIC: (dental implants) OR TOPIC: (osseointregration) OR TOPIC: (dental prosthesis)
#2 TOPIC: (press-fit) OR TOPIC: (undersiz*) OR TOPIC: (underprep*) OR TOPIC: (osteotomy) OR TOPIC: (torque)
#3 TOPIC: (torque) OR TOPIC: (stabil*) OR TOPIC: (retention) OR TOPIC: (histologic*) OR TOPIC: (BIC) OR TOPIC: 

(Bone to implant contact)
Final search #1 AND #2 AND #3

Potentially relevent titles identified by 
electronic and hand search: 

n = 1,655

Titles excluded after title screening: 
n = 1,434

Titles excluded after abstract analysis: 
n = 157

κ-score: 0.79

κ-score: 0.87

κ-score: 1.00

Titles excluded after full-text analysis: 
n = 39

Articles selected for abstract analysis: 
n = 221

Articles identified for full-text analysis: 
n = 64

Further related articles 
included from references: 

n = 4

Articles selected after full-text analysis: 
n = 29

Fig 2  Flow chart illustrating the search process.
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that implants inserted with an undersized drilling ap-
proach reached significantly higher insertion torque 
than conventional drilling.80,82,85–91 Regarding under-
sizing amounts, two studies compared the biome-
chanical outcome obtained using different undersized 
approaches. Degidi et al86 tested two levels of under-
sizing (implant-drill discrepancy: 21% and 34%, re-
spectively) into fresh trabecular bovine bone, where 
they demonstrated that no difference was present 
between the two undersized protocols. Elias et al87 
compared various drilling protocols, including two un-
dersized protocols (implant-drill discrepancy: 21% and 
26%), inserting implants of three different shapes in 
different substrates. Regardless of the implant shape 
and substrate density, implants inserted with 26% un-
dersized protocol reached significantly higher inser-
tion torque.

Two studies investigated the effect of the cortical 
layer.92,93 Tabassum et al93 investigated the effect of 
the cortical thickness when implants were inserted 
with an undersized protocol into synthetic bone. It was 
shown that underpreparation (implant-drill discrepan-
cy: 26%) had a significantly higher effect on insertion 
torque than standard drilling in specimens with a 0- or 
1-mm-thick cortical layer. However, the thicker the cor-
tical layer, the less the effect of the undersized surgical 
approach. For implant sites with a cortical thickness of 
2 mm or more, undersized drilling had no significant 
effect on insertion torque. Ahn et al92 investigated un-
dersized and conventional drilling placing implants in 
synthetic blocks simulating monocortical and bicorti-
cal fixation in maxillary posterior bone. The undersized 
group showed significantly higher values on insertion 
torque in both monocortical and bicortical models. 

No difference in insertion torque values between 
underdimensioned and standard protocols were not-
ed in Coelho et al,94 Campos et al,75 and Jimbo et al,95 
in which implants were placed in dog radius diaphysis, 
proximal tibia, and mandible, respectively, represent-
ing highly corticalized bone. 

With regards to removal torque values, there is no 
clear evidence on the effect of the undersized group 
compared to the control, as both a significant differ-
ence81,87 and a nonsignificant difference88,96 were 
found. Removal torque, when applied in an in vivo 
model, seems to vary with time, as demonstrated by 
Trisi et al81 and Jimbo et al.36 Trisi et al81 analyzed bi-
ologic and biomechanical events in the first 6 weeks 
of healing when implants were inserted into sheep 
mandibles. The undersized group showed significantly 
higher removal torque values for each week com-
pared with the control group. However, the interfa-
cial strength decreased to almost half of the insertion 
torque in the early healing period (week 2: 62.66 Ncm), 
and it remained constant until week 6 (61.33 Ncm). On 

Reasons for exclusion were: study on mini-implants,39 
comparison between different implant designs,40–43 
studies in which an undersized protocol was not per-
formed,44–47 studies that used radio frequency analysis 
as a unique outcome,48,49 studies in which only one 
protocol was perfomed,19,50,51 studies in which bone 
condensing or another nondrilling protocol was used 
as a comparison,52–57 and studies in which different 
protocols were not grouped and compared.15,18,28,58–73

Selected articles, based on the objectives, were 
grouped as follows: 14 biomechanical, 7 biologic, 6 
biologic and biomechanical, and 2 clinical. Based on 
the study design, 12 of these comprised in vitro stud-
ies, 15 in vivo, and 2 clinical studies. An overview of 
the selected studies’ characteristics, including type of 
implant, number of implants placed, type of substrate, 
and type of outcome is shown in Table 2. Data on study 
groups, surgical protocol, implant-drill discrepancy, 
and results on biomechanical, biologic, and clinical 
studies are shown in Tables 3, 4, and 5, respectively.

Due to methodologic variations between studies, it 
was decided not to perform a meta-analysis.

Surgical Protocol
Studies included in the present review compared at 
least two surgical approaches, in which one was an un-
dersized drilling protocol, used as the test, and one was 
a nonundersized drilling protocol, used as the control. 
In most of the studies, the control treatment consisted 
of the conventional sequence drilling protocol, sug-
gested by the manufacturer (standard drilling proto-
col). The undersized approach was typically achieved 
by skipping the final drill from the suggested protocol. 
The implant-drill discrepancy for the nonundersized 
drilling protocol ranged from –5%74 to 18%,36 while 
the implant-drill discrepancy for the undersized pro-
tocol ranged from 15%75 to 32%.76 One article stated 
that 50% implant-drill discrepancy was reached at the 
apex level.77

In seven articles, the adopted surgical protocol in-
cluded countersinking and/or tapping prior to implant 
placement.34,77–81

Biomechanical Studies
Biomechanical study results are shown in Table 3.

The majority of the studies adopted an in vitro 
model, using synthetic or fresh animal cadaver bone. 
One study used a human cadaver ex vivo model.82 
Seven studies performed biomechanical analysis 
in an in vivo model, including goat, dog, and sheep 
models.36,75,79,81,83,84,96 All the selected studies used 
insertion torque as a biomechanical outcome, with 
the exception of one study, which used only removal 
torque.36 When implant insertion was performed into 
low-density substrates, several studies demonstrated 
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Table 2 General Characteristics of the Included Studies

Study (year) Group
Study 
design Substrate Implant system

No. of 
implants Implant shape Surface

Follow- 
up

Biomechanical 
outcome

Biologic  
outcome

Clinical  
outcome

Sakoh et al (2006)88 Biomechanical In vitro Porcine iliac bone blocks Camlog n.a. Hybrid cylindric n.a. ITQ, RFA, perio-
test, pullout

Shalabi et al (2006)89 Biomechanical In vitro Femoral condyles, goat Biocomp 60 Conical Machined (n = 30),  
blasted/etched (n = 30)

ITQ, RTQ, BIC 
from mCT

Shalabi et al (2007)97 Biologic In vivo Goat (n = 6), femur condyle Biocomp 36 Conical Machined (n = 18), 
blasted/etched (n = 18)

12 wk BIC

Beer et al (2007)78 Biomechanical In vitro Porcine vertebrae Mk III (Nobel Biocare) 45 implants, 
141 sites

Cylindrical Machined ITQ

Shalabi et al (2007)96 Biomechanical In vivo Goat (n = 8), femur condyle Biocomp 48 Conical Machined (n = 24), 
blasted/etched (n = 24)

ITQ, RTQ, SEM 
analysis

Turkyilmaz et al 
(2008)77

Clinical Retrospective 
study

Posterior maxilla (n = 22) MkIII (Nobel  Biocare) 60 Cylindrical Anodized 3 ± 1 y ITQ, RFA Survival rate

Tabassum et al 
(2009)90

Biomechanical In vitro PTFU bone model with two densities Biocomp 80 Conical Machined,  
blasted/etched

ITQ, RTQ

Bilhan et al (2010) 85 Biomechanical In vitro Fresh cow ribs Osseospeed conical (Astra Tech), 
Laserlock TLX (BioHorizons)

90 Blasted, laser-treated ITQ, RFA

Pantani et al (2010)79 Biomechanical 
+ Biologic

In vivo Labrador dog (n = 6),  
mandibular premolar and molar

Outlink 2 (Sweden & Martina) 24 Cylindrical Blasted/etched 4 mo ITQ BIC

Tabassum et al 
(2010)80

Biomechanical In vitro Goat, iliac crest Biocomp 38 Conical Blasted/etched ITQ, BIC, mCT, 
Calcium

Tabassum et al 
(2010)93

Biomechanical In vitro PTFU bone models with 0, 1, 2,  
and 2.5 cortical layer

Biocomp 160 Conical Blasted/etched ITQ, RTQ

Toyoshima et al 
(2011)91

Biomechanical In vitro Porcine iliac bone blocks Straumann Bone Level, Straumann 
Tapered, Straumann Standard

30 Cylindrical n.a. ITQ, periotest, 
RFA, pullout

Al-Marshood et al 
(2011)99

Biologic In vivo Beagle dog (n = 12),  
mandibular premolars

SSII (Osstem) n.a. Cylindrical n.a. 3 mo BIC, BV, mbl,  
soft-tissue attachment

Tabassum et al 
(2011)98

Biologic In vivo Goat (n = 4), iliac crest Dyna Dental BV 24 Cylindrical Etched 3 wk BIC, new bone

Trisi et al (2011)81 Biomechanical 
+ Biologic

In vivo Sheep (n = 5), mandible Swiss Plus tapered (Zimmer) 40 Tapered Blasted/etched 1, 2, 4, 
6 wk

ITQ, RTQ, RFA BIC, BV

Alghamdi et al (2011)20 Clinical Prospective 
study

Maxilla and mandible (n = 29) ITI Standard Plus (Straumann) 52 Cylindrical Blasted/etched 1 y ITQ, RFA Survival rate, 
PI, BOP, PD

Elias et al (2012)87 Biomechanical In vitro PTFE, PU, swine ribs Master Screw, Conect Conic, Conect 
AR (Conexao Sistemas e Protese)

255 Cylindrical Machined, etched,  
and anodized

ITQ, RTQ

Ahn et al (2012)92 Biomechanical In vitro Monocortical and bicortical  
polyurethane block

Neobiothech 60 Tapered Blasted ITQ, RFA

Campos et al (2012)22 Biologic In vivo Beagle dog (n = 6), radius Colosso, Emfils 36 Cylindrical Blasted/etched 1 and  
3 wk

BIC, BAFO

Coelho et al (2013)94 Biomechanical In vivo Beagle dog (n = 6), radious diaphisis Colosso, Emfils 36 Cylindrical Blasted/etched ITQ
Jimbo et al (2014)36 Biomechanical 

+ Biologic
In vivo Sheep (n = 6), iliac crest Laser-Lok (BioHorizons) 96 Conical Laser-treated 

microgrooved
3, 6 wk ITQ, RTQ BIC, BAFO

Consolo et al (2013)76 Biologic In vivo Sheep (n = 2), mandible Screw Vent (Zimmer) 12 Tapered Blasted/etched 8 and  
12 wk

RTQ, RFA BIC

Duyck et al (2015)34 Biologic In vivo Rabbit (n = 5), tibia JNE (GC Int.) 20 Conical n.a. 2, 4 wk BIC, de novo BIC, host BIC, Peri-
implant bone area, Bone defect depth

Tabassum et al 
(2014)84

Biomechanical 
+ Biologic

In vivo Goat (n = 8), iliac crest Dyna Dental 48 Conical Acid etched 3 wk ITQ BIC, BV, m-CT BV fraction

Campos et al (2015)75 Biomechanical 
+ Biologic

In vivo Beagle dog (n = 10), proximal tibia Unitite (SIN) 30 Tapered Acid etched 2 wk ITQ BIC, BAFO

Jimbo  et al (2014)95 Biomechanical 
+ Biologic

In vivo Sheep (n = 6), mandible Implacil de Bortoli 48 Cylindrical  (n = 24)  
and conical (n = 24)

Blasted/etched 3, 6 wk ITQ BIC, BAFO

Rea et al (2015)74 Biologic In vivo Dog (n = 6), mandible GS III (Osstem) 24 Cylindrical n.a. 4 mo Mineralized BIC
Boustany et al (2015)82 Biomechanical Ex vivo Human cadaver, maxilla Screw-Vent (Zimmer) 22 Tapered n.a. ITQ, RFA, HU
Degidi et al (2015)86 Biomechanical In vitro Bovine fresh hip bone (no cortical) Xive (Dentsply) 60 Cylindrical n.a. ITQ, VTW, RFA

 ITQ = insertion torque; RFA = radio-frequency analysis; RTQ = removal torque; BIC = bone-to-implant contact; BV = bone volume; mbl = marginal 
bone loss; PI: Plaque Index; BOP: bleeding on probing; PD = pocket depth; HU = Hounsfield Unit; VTW = variable torque work; n.a. = not available. 
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Table 2 General Characteristics of the Included Studies

Study (year) Group
Study 
design Substrate Implant system

No. of 
implants Implant shape Surface

Follow- 
up

Biomechanical 
outcome

Biologic  
outcome

Clinical  
outcome

Sakoh et al (2006)88 Biomechanical In vitro Porcine iliac bone blocks Camlog n.a. Hybrid cylindric n.a. ITQ, RFA, perio-
test, pullout

Shalabi et al (2006)89 Biomechanical In vitro Femoral condyles, goat Biocomp 60 Conical Machined (n = 30),  
blasted/etched (n = 30)

ITQ, RTQ, BIC 
from mCT

Shalabi et al (2007)97 Biologic In vivo Goat (n = 6), femur condyle Biocomp 36 Conical Machined (n = 18), 
blasted/etched (n = 18)

12 wk BIC

Beer et al (2007)78 Biomechanical In vitro Porcine vertebrae Mk III (Nobel Biocare) 45 implants, 
141 sites

Cylindrical Machined ITQ

Shalabi et al (2007)96 Biomechanical In vivo Goat (n = 8), femur condyle Biocomp 48 Conical Machined (n = 24), 
blasted/etched (n = 24)

ITQ, RTQ, SEM 
analysis

Turkyilmaz et al 
(2008)77

Clinical Retrospective 
study

Posterior maxilla (n = 22) MkIII (Nobel  Biocare) 60 Cylindrical Anodized 3 ± 1 y ITQ, RFA Survival rate

Tabassum et al 
(2009)90

Biomechanical In vitro PTFU bone model with two densities Biocomp 80 Conical Machined,  
blasted/etched

ITQ, RTQ

Bilhan et al (2010) 85 Biomechanical In vitro Fresh cow ribs Osseospeed conical (Astra Tech), 
Laserlock TLX (BioHorizons)

90 Blasted, laser-treated ITQ, RFA

Pantani et al (2010)79 Biomechanical 
+ Biologic

In vivo Labrador dog (n = 6),  
mandibular premolar and molar

Outlink 2 (Sweden & Martina) 24 Cylindrical Blasted/etched 4 mo ITQ BIC

Tabassum et al 
(2010)80

Biomechanical In vitro Goat, iliac crest Biocomp 38 Conical Blasted/etched ITQ, BIC, mCT, 
Calcium

Tabassum et al 
(2010)93

Biomechanical In vitro PTFU bone models with 0, 1, 2,  
and 2.5 cortical layer

Biocomp 160 Conical Blasted/etched ITQ, RTQ

Toyoshima et al 
(2011)91

Biomechanical In vitro Porcine iliac bone blocks Straumann Bone Level, Straumann 
Tapered, Straumann Standard

30 Cylindrical n.a. ITQ, periotest, 
RFA, pullout

Al-Marshood et al 
(2011)99

Biologic In vivo Beagle dog (n = 12),  
mandibular premolars

SSII (Osstem) n.a. Cylindrical n.a. 3 mo BIC, BV, mbl,  
soft-tissue attachment

Tabassum et al 
(2011)98

Biologic In vivo Goat (n = 4), iliac crest Dyna Dental BV 24 Cylindrical Etched 3 wk BIC, new bone

Trisi et al (2011)81 Biomechanical 
+ Biologic

In vivo Sheep (n = 5), mandible Swiss Plus tapered (Zimmer) 40 Tapered Blasted/etched 1, 2, 4, 
6 wk

ITQ, RTQ, RFA BIC, BV

Alghamdi et al (2011)20 Clinical Prospective 
study

Maxilla and mandible (n = 29) ITI Standard Plus (Straumann) 52 Cylindrical Blasted/etched 1 y ITQ, RFA Survival rate, 
PI, BOP, PD

Elias et al (2012)87 Biomechanical In vitro PTFE, PU, swine ribs Master Screw, Conect Conic, Conect 
AR (Conexao Sistemas e Protese)

255 Cylindrical Machined, etched,  
and anodized

ITQ, RTQ

Ahn et al (2012)92 Biomechanical In vitro Monocortical and bicortical  
polyurethane block

Neobiothech 60 Tapered Blasted ITQ, RFA

Campos et al (2012)22 Biologic In vivo Beagle dog (n = 6), radius Colosso, Emfils 36 Cylindrical Blasted/etched 1 and  
3 wk

BIC, BAFO

Coelho et al (2013)94 Biomechanical In vivo Beagle dog (n = 6), radious diaphisis Colosso, Emfils 36 Cylindrical Blasted/etched ITQ
Jimbo et al (2014)36 Biomechanical 

+ Biologic
In vivo Sheep (n = 6), iliac crest Laser-Lok (BioHorizons) 96 Conical Laser-treated 

microgrooved
3, 6 wk ITQ, RTQ BIC, BAFO

Consolo et al (2013)76 Biologic In vivo Sheep (n = 2), mandible Screw Vent (Zimmer) 12 Tapered Blasted/etched 8 and  
12 wk

RTQ, RFA BIC

Duyck et al (2015)34 Biologic In vivo Rabbit (n = 5), tibia JNE (GC Int.) 20 Conical n.a. 2, 4 wk BIC, de novo BIC, host BIC, Peri-
implant bone area, Bone defect depth

Tabassum et al 
(2014)84

Biomechanical 
+ Biologic

In vivo Goat (n = 8), iliac crest Dyna Dental 48 Conical Acid etched 3 wk ITQ BIC, BV, m-CT BV fraction

Campos et al (2015)75 Biomechanical 
+ Biologic

In vivo Beagle dog (n = 10), proximal tibia Unitite (SIN) 30 Tapered Acid etched 2 wk ITQ BIC, BAFO

Jimbo  et al (2014)95 Biomechanical 
+ Biologic

In vivo Sheep (n = 6), mandible Implacil de Bortoli 48 Cylindrical  (n = 24)  
and conical (n = 24)

Blasted/etched 3, 6 wk ITQ BIC, BAFO

Rea et al (2015)74 Biologic In vivo Dog (n = 6), mandible GS III (Osstem) 24 Cylindrical n.a. 4 mo Mineralized BIC
Boustany et al (2015)82 Biomechanical Ex vivo Human cadaver, maxilla Screw-Vent (Zimmer) 22 Tapered n.a. ITQ, RFA, HU
Degidi et al (2015)86 Biomechanical In vitro Bovine fresh hip bone (no cortical) Xive (Dentsply) 60 Cylindrical n.a. ITQ, VTW, RFA

 ITQ = insertion torque; RFA = radio-frequency analysis; RTQ = removal torque; BIC = bone-to-implant contact; BV = bone volume; mbl = marginal 
bone loss; PI: Plaque Index; BOP: bleeding on probing; PD = pocket depth; HU = Hounsfield Unit; VTW = variable torque work; n.a. = not available. 
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Table 2 General Characteristics of the Included Studies

Study (year) Group
Study 
design Substrate Implant system

No. of 
implants Implant shape Surface

Follow- 
up

Biomechanical 
outcome

Biologic  
outcome

Clinical  
outcome

Sakoh et al (2006)88 Biomechanical In vitro Porcine iliac bone blocks Camlog n.a. Hybrid cylindric n.a. ITQ, RFA, perio-
test, pullout

Shalabi et al (2006)89 Biomechanical In vitro Femoral condyles, goat Biocomp 60 Conical Machined (n = 30),  
blasted/etched (n = 30)

ITQ, RTQ, BIC 
from mCT

Shalabi et al (2007)97 Biologic In vivo Goat (n = 6), femur condyle Biocomp 36 Conical Machined (n = 18), 
blasted/etched (n = 18)

12 wk BIC

Beer et al (2007)78 Biomechanical In vitro Porcine vertebrae Mk III (Nobel Biocare) 45 implants, 
141 sites

Cylindrical Machined ITQ

Shalabi et al (2007)96 Biomechanical In vivo Goat (n = 8), femur condyle Biocomp 48 Conical Machined (n = 24), 
blasted/etched (n = 24)

ITQ, RTQ, SEM 
analysis

Turkyilmaz et al 
(2008)77

Clinical Retrospective 
study

Posterior maxilla (n = 22) MkIII (Nobel  Biocare) 60 Cylindrical Anodized 3 ± 1 y ITQ, RFA Survival rate

Tabassum et al 
(2009)90

Biomechanical In vitro PTFU bone model with two densities Biocomp 80 Conical Machined,  
blasted/etched

ITQ, RTQ

Bilhan et al (2010) 85 Biomechanical In vitro Fresh cow ribs Osseospeed conical (Astra Tech), 
Laserlock TLX (BioHorizons)

90 Blasted, laser-treated ITQ, RFA

Pantani et al (2010)79 Biomechanical 
+ Biologic

In vivo Labrador dog (n = 6),  
mandibular premolar and molar

Outlink 2 (Sweden & Martina) 24 Cylindrical Blasted/etched 4 mo ITQ BIC

Tabassum et al 
(2010)80

Biomechanical In vitro Goat, iliac crest Biocomp 38 Conical Blasted/etched ITQ, BIC, mCT, 
Calcium

Tabassum et al 
(2010)93

Biomechanical In vitro PTFU bone models with 0, 1, 2,  
and 2.5 cortical layer

Biocomp 160 Conical Blasted/etched ITQ, RTQ

Toyoshima et al 
(2011)91

Biomechanical In vitro Porcine iliac bone blocks Straumann Bone Level, Straumann 
Tapered, Straumann Standard

30 Cylindrical n.a. ITQ, periotest, 
RFA, pullout

Al-Marshood et al 
(2011)99

Biologic In vivo Beagle dog (n = 12),  
mandibular premolars

SSII (Osstem) n.a. Cylindrical n.a. 3 mo BIC, BV, mbl,  
soft-tissue attachment

Tabassum et al 
(2011)98

Biologic In vivo Goat (n = 4), iliac crest Dyna Dental BV 24 Cylindrical Etched 3 wk BIC, new bone

Trisi et al (2011)81 Biomechanical 
+ Biologic

In vivo Sheep (n = 5), mandible Swiss Plus tapered (Zimmer) 40 Tapered Blasted/etched 1, 2, 4, 
6 wk

ITQ, RTQ, RFA BIC, BV

Alghamdi et al (2011)20 Clinical Prospective 
study

Maxilla and mandible (n = 29) ITI Standard Plus (Straumann) 52 Cylindrical Blasted/etched 1 y ITQ, RFA Survival rate, 
PI, BOP, PD

Elias et al (2012)87 Biomechanical In vitro PTFE, PU, swine ribs Master Screw, Conect Conic, Conect 
AR (Conexao Sistemas e Protese)

255 Cylindrical Machined, etched,  
and anodized

ITQ, RTQ

Ahn et al (2012)92 Biomechanical In vitro Monocortical and bicortical  
polyurethane block

Neobiothech 60 Tapered Blasted ITQ, RFA

Campos et al (2012)22 Biologic In vivo Beagle dog (n = 6), radius Colosso, Emfils 36 Cylindrical Blasted/etched 1 and  
3 wk

BIC, BAFO

Coelho et al (2013)94 Biomechanical In vivo Beagle dog (n = 6), radious diaphisis Colosso, Emfils 36 Cylindrical Blasted/etched ITQ
Jimbo et al (2014)36 Biomechanical 

+ Biologic
In vivo Sheep (n = 6), iliac crest Laser-Lok (BioHorizons) 96 Conical Laser-treated 

microgrooved
3, 6 wk ITQ, RTQ BIC, BAFO

Consolo et al (2013)76 Biologic In vivo Sheep (n = 2), mandible Screw Vent (Zimmer) 12 Tapered Blasted/etched 8 and  
12 wk

RTQ, RFA BIC

Duyck et al (2015)34 Biologic In vivo Rabbit (n = 5), tibia JNE (GC Int.) 20 Conical n.a. 2, 4 wk BIC, de novo BIC, host BIC, Peri-
implant bone area, Bone defect depth

Tabassum et al 
(2014)84

Biomechanical 
+ Biologic

In vivo Goat (n = 8), iliac crest Dyna Dental 48 Conical Acid etched 3 wk ITQ BIC, BV, m-CT BV fraction

Campos et al (2015)75 Biomechanical 
+ Biologic

In vivo Beagle dog (n = 10), proximal tibia Unitite (SIN) 30 Tapered Acid etched 2 wk ITQ BIC, BAFO

Jimbo  et al (2014)95 Biomechanical 
+ Biologic

In vivo Sheep (n = 6), mandible Implacil de Bortoli 48 Cylindrical  (n = 24)  
and conical (n = 24)

Blasted/etched 3, 6 wk ITQ BIC, BAFO

Rea et al (2015)74 Biologic In vivo Dog (n = 6), mandible GS III (Osstem) 24 Cylindrical n.a. 4 mo Mineralized BIC
Boustany et al (2015)82 Biomechanical Ex vivo Human cadaver, maxilla Screw-Vent (Zimmer) 22 Tapered n.a. ITQ, RFA, HU
Degidi et al (2015)86 Biomechanical In vitro Bovine fresh hip bone (no cortical) Xive (Dentsply) 60 Cylindrical n.a. ITQ, VTW, RFA

 ITQ = insertion torque; RFA = radio-frequency analysis; RTQ = removal torque; BIC = bone-to-implant contact; BV = bone volume; mbl = marginal 
bone loss; PI: Plaque Index; BOP: bleeding on probing; PD = pocket depth; HU = Hounsfield Unit; VTW = variable torque work; n.a. = not available. 
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Table 2 General Characteristics of the Included Studies

Study (year) Group
Study 
design Substrate Implant system

No. of 
implants Implant shape Surface

Follow- 
up

Biomechanical 
outcome

Biologic  
outcome

Clinical  
outcome

Sakoh et al (2006)88 Biomechanical In vitro Porcine iliac bone blocks Camlog n.a. Hybrid cylindric n.a. ITQ, RFA, perio-
test, pullout

Shalabi et al (2006)89 Biomechanical In vitro Femoral condyles, goat Biocomp 60 Conical Machined (n = 30),  
blasted/etched (n = 30)

ITQ, RTQ, BIC 
from mCT

Shalabi et al (2007)97 Biologic In vivo Goat (n = 6), femur condyle Biocomp 36 Conical Machined (n = 18), 
blasted/etched (n = 18)

12 wk BIC

Beer et al (2007)78 Biomechanical In vitro Porcine vertebrae Mk III (Nobel Biocare) 45 implants, 
141 sites

Cylindrical Machined ITQ

Shalabi et al (2007)96 Biomechanical In vivo Goat (n = 8), femur condyle Biocomp 48 Conical Machined (n = 24), 
blasted/etched (n = 24)

ITQ, RTQ, SEM 
analysis

Turkyilmaz et al 
(2008)77

Clinical Retrospective 
study

Posterior maxilla (n = 22) MkIII (Nobel  Biocare) 60 Cylindrical Anodized 3 ± 1 y ITQ, RFA Survival rate

Tabassum et al 
(2009)90

Biomechanical In vitro PTFU bone model with two densities Biocomp 80 Conical Machined,  
blasted/etched

ITQ, RTQ

Bilhan et al (2010) 85 Biomechanical In vitro Fresh cow ribs Osseospeed conical (Astra Tech), 
Laserlock TLX (BioHorizons)

90 Blasted, laser-treated ITQ, RFA

Pantani et al (2010)79 Biomechanical 
+ Biologic

In vivo Labrador dog (n = 6),  
mandibular premolar and molar

Outlink 2 (Sweden & Martina) 24 Cylindrical Blasted/etched 4 mo ITQ BIC

Tabassum et al 
(2010)80

Biomechanical In vitro Goat, iliac crest Biocomp 38 Conical Blasted/etched ITQ, BIC, mCT, 
Calcium

Tabassum et al 
(2010)93

Biomechanical In vitro PTFU bone models with 0, 1, 2,  
and 2.5 cortical layer

Biocomp 160 Conical Blasted/etched ITQ, RTQ

Toyoshima et al 
(2011)91

Biomechanical In vitro Porcine iliac bone blocks Straumann Bone Level, Straumann 
Tapered, Straumann Standard

30 Cylindrical n.a. ITQ, periotest, 
RFA, pullout

Al-Marshood et al 
(2011)99

Biologic In vivo Beagle dog (n = 12),  
mandibular premolars

SSII (Osstem) n.a. Cylindrical n.a. 3 mo BIC, BV, mbl,  
soft-tissue attachment

Tabassum et al 
(2011)98

Biologic In vivo Goat (n = 4), iliac crest Dyna Dental BV 24 Cylindrical Etched 3 wk BIC, new bone

Trisi et al (2011)81 Biomechanical 
+ Biologic

In vivo Sheep (n = 5), mandible Swiss Plus tapered (Zimmer) 40 Tapered Blasted/etched 1, 2, 4, 
6 wk

ITQ, RTQ, RFA BIC, BV

Alghamdi et al (2011)20 Clinical Prospective 
study

Maxilla and mandible (n = 29) ITI Standard Plus (Straumann) 52 Cylindrical Blasted/etched 1 y ITQ, RFA Survival rate, 
PI, BOP, PD

Elias et al (2012)87 Biomechanical In vitro PTFE, PU, swine ribs Master Screw, Conect Conic, Conect 
AR (Conexao Sistemas e Protese)

255 Cylindrical Machined, etched,  
and anodized

ITQ, RTQ

Ahn et al (2012)92 Biomechanical In vitro Monocortical and bicortical  
polyurethane block

Neobiothech 60 Tapered Blasted ITQ, RFA

Campos et al (2012)22 Biologic In vivo Beagle dog (n = 6), radius Colosso, Emfils 36 Cylindrical Blasted/etched 1 and  
3 wk

BIC, BAFO

Coelho et al (2013)94 Biomechanical In vivo Beagle dog (n = 6), radious diaphisis Colosso, Emfils 36 Cylindrical Blasted/etched ITQ
Jimbo et al (2014)36 Biomechanical 

+ Biologic
In vivo Sheep (n = 6), iliac crest Laser-Lok (BioHorizons) 96 Conical Laser-treated 

microgrooved
3, 6 wk ITQ, RTQ BIC, BAFO

Consolo et al (2013)76 Biologic In vivo Sheep (n = 2), mandible Screw Vent (Zimmer) 12 Tapered Blasted/etched 8 and  
12 wk

RTQ, RFA BIC

Duyck et al (2015)34 Biologic In vivo Rabbit (n = 5), tibia JNE (GC Int.) 20 Conical n.a. 2, 4 wk BIC, de novo BIC, host BIC, Peri-
implant bone area, Bone defect depth

Tabassum et al 
(2014)84

Biomechanical 
+ Biologic

In vivo Goat (n = 8), iliac crest Dyna Dental 48 Conical Acid etched 3 wk ITQ BIC, BV, m-CT BV fraction

Campos et al (2015)75 Biomechanical 
+ Biologic

In vivo Beagle dog (n = 10), proximal tibia Unitite (SIN) 30 Tapered Acid etched 2 wk ITQ BIC, BAFO

Jimbo  et al (2014)95 Biomechanical 
+ Biologic

In vivo Sheep (n = 6), mandible Implacil de Bortoli 48 Cylindrical  (n = 24)  
and conical (n = 24)

Blasted/etched 3, 6 wk ITQ BIC, BAFO

Rea et al (2015)74 Biologic In vivo Dog (n = 6), mandible GS III (Osstem) 24 Cylindrical n.a. 4 mo Mineralized BIC
Boustany et al (2015)82 Biomechanical Ex vivo Human cadaver, maxilla Screw-Vent (Zimmer) 22 Tapered n.a. ITQ, RFA, HU
Degidi et al (2015)86 Biomechanical In vitro Bovine fresh hip bone (no cortical) Xive (Dentsply) 60 Cylindrical n.a. ITQ, VTW, RFA

 ITQ = insertion torque; RFA = radio-frequency analysis; RTQ = removal torque; BIC = bone-to-implant contact; BV = bone volume; mbl = marginal 
bone loss; PI: Plaque Index; BOP: bleeding on probing; PD = pocket depth; HU = Hounsfield Unit; VTW = variable torque work; n.a. = not available. 
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Table 3 Surgical Procedure Details and Results of the Biomechanical Studies

Study (year)

Implant 
diameter 

(mm) Final drill Group IDD (%) Results Significance P value

Sakoh et al 
(2006)88

5 4.46 ST 11 ITQ conical: ST 11.00, UN 25.00, cylindric ST 5.75, UN 11.75 UN > ST < .05
5 3.76 UN 25
5 4.46 ST 11 UN > ST < .05
5 3.76 UN 25

Shalabi et al 
(2006)89

4.6 3.4 UN 26 ITQ: ST 70.8 ± 25.7, UN 115.2 ± 31.1 UN > ST < .05
4 ST 13 RTQ: ST 76.6 ± 24.4, UN 102.9 ± 36.4 No

Beer et al 
(2007)78

3.75 2.85 UN 24* ITQ values 17% higher in UN group, 21% lower in LO group compared to ST group n.a. n.a.
3.0 ST 20*
3.15 LO 16*

Shalabi et al 
(2007)96

4.6 4.0 ST 13 RTQ after 12 wk healing: no significant difference between UN and ST No –
3.4 UN 26

Tabassum et 
al (2009)90

4.6 3.4 UN 26 ITQ: significantly higher values for UN blasted/etched group in both model densities; 
RTQ: significantly higher values for UN blasted/etched group in both model densities

UN > ST (both surfaces, both densities) < .001

4.0 ST 13
Bilhan et al 
(2010)85

4.5 4.5/3.2 ST1 0 to 9 ITQ ST1: 15.37 ± 2.61, UN1: 41.87 ± 6.44; ST2: 11.62 ± 2.13, UN2: 21.50 ± 4.81 UN > ST .001
3.8 3.2 ST2 16*°
4.5 4.5/2.7 UN1 0 to 23
3.8 2.5 UN2 34*°

Pantani et al 
(2010)79

3.75 3.0 ST 20*° ITQ premolar: ST 15 ± 5.5, UN 35.8 ± 10.7; molar: ST 6.7 ± 4.2, UN 19.2 ± 7.4 UN > ST < .05
2.8 UN 25

Tabassum et 
al (2010)80

4 2.8 UN 30 ITQ ST: 30.13 ± 5.33, UN: 40.80 ± 9.23 UN > ST n.a.
3.4 ST 15

Tabassum et 
al (2010)93

4.6 3.4 UN 26* A correlation was found between the primary stability and the cortical thickness. At 
or above a cortical thickness of 2 mm, the effect of both an UN surgical approach, 
and also the presence of a roughened (etched) implant surface, had no extra effect.

No cortical: ITQ, RTQ: UN (etched) > ST (machined); 1 mm 
cortical: ITQ, RTQ: UN (etched) > ST (etched and 
machined); 2 mm cortical; RTQ: UN (etched) > ST 
(etched); 2.5-mm cortical: RTQ: UN (etched) > ST (etched)

4.0 ST 13*
Toyoshima et 
al (2011)91

4.1 3.5 ST 15 ITQ values of all three implants; UN higher than ST, although there were no 
significant differences between the groups

No –

3.5 t£o 2.8 UN 15 to 32
Trisi et al 
(2011)81

3.7 to 3 3.2 to 3.9 UN 25* ITQ LO < 10, UN 110 RTQ 2 wk: LO 16.67 ± 16.07, UN 60.17 ± 9.7; 6 wk: LO 
40 ± 10, UN 61.33 ± 12.06

–

3.9 to 3.1 LO 0
Elias et al 
(2012)87

3.75 3.31 ST1 12 ITQ: The preparation method had a significant effect on insertion and removal torque < .001
4 3.31 ST2 17
3.75 2.96 UN1 21
4 2.96 UN2 26

Ahn et al 
(2012)92

4.0 3.4 ST 15 ITQ monocortical fixation: ST 89.45 ± 10.03, UN 104.57 ± 18.16; Bicortical fixation: 
ST 76.98 ± 15.84, UN 104.62 ± 18.58

UN > ST < .05

3.2 UN 20 RTQ monocortical fixation ST 40.53 ± 12.17, UN 38.32 ± 7.60; bicortical fixation ST 
54.64 ± 12.04, UN 53.28 ± 11.86

No –

Coelho et al 
(2013)94

4 3.2 UN 20 Highest ITQ values were observed for ST and UN group compared with LO group ITQ: UN > LO; RTQ: UN > LO ITQ < .001; 
RTQ < .04

3.5 ST 13 ITQ: ST > LO; RTQ: ST > LO ITQ < .001; 
RTQ < .01

3.8 LO 5
Jimbo et al 
(2014)36

4.5 4.6 OV 
(Oversized)

–2 Estimated RTQ (Ncm), 3 wk: OV 56.83, LO 71.17,  ST 91.67, UN 107.83; 6 wk: OV 
92.67, LO 92.33, ST 98.67, UN 106.83

- –

4.1 L (LO) 9
3.7 M (ST) 18
3.2 T (UN) 29

Tabassum et 
al (2014)84

4.2 4.0 LO 5 ITQ (Ncm): LO 26.5 ± 5.8, ST 31.4 ± 8.5, UN 30.9 ± 10.3 ITQ ST > LO .046
3.6 ST 14 RTQ (Ncm): LO 44.39 ± 16.1, ST 39.4 ± 14, UN 35.03 ± 13.7 No –
3.2 UN 24
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the other hand, an increase of removal torque values 
was observed in the nonundersized group (2 weeks: 
16.67 Ncm; 6 weeks: 40.00 Ncm). Jimbo et al36 tested 
four different drilling protocols, based on the last drill 
used: 2% oversized than implant (“reamer”), 9% small-
er (“loose”), 18% smaller (“medium”), and 29% small-
er (“tight” or undersized) than the implant. Removal 
torque tests were performed at weeks 3 and 6. The 
undersized group presented a lower removal torque at 
week 6 compared with week 3. At week 3, the removal 
torque was significantly greater in the medium and 
tight groups than in the reamer and loose groups, but 
after 6 weeks, no significant differences were found 
between all groups. 

Biologic Studies
Biologic studies are shown in Table 4.

Studies that investigated biologic outcomes used 
different in vivo models. Animal models included: 
goat femur condyle,97 goat iliac crest,84,98 dog man-
dible,74,79,99 dog radius,22 dog proximal tibia,75 sheep 
mandible,76,81,95 sheep iliac crest,36 and rabbit tibia.34

Results obtained depicted an unclear scenario re-
garding the biologic effects of the undersized drilling 
protocol compared with the nonundersized protocol. 
No significant difference in BIC between groups was 
noted in the majority of the studies.22,36,74,75,79,84,97 
Significantly higher BIC values were obtained in three 
studies,34,81,99 while only one article observed signifi-
cantly lower BIC values for the undersized group.98 
However, it must be noted that in reports by Trisi et al81 
and Duyck et al,34 the significant difference was found 
in the shorter-term time point, while it no longer ap-
peared in the longer term. A distinction between con-
tact of the implant with the host bone (host-BIC) and 
newly formed bone (BIC-de novo) was made by Duyck 
and Vandamme.100 In the study, significantly higher 
host-BIC was detected in the undersized group com-
pared with the control group.

Regarding bone area fraction occupied, Jimbo et 
al36 obtained lower bone area fraction occupied in the 
undersized group compared with the control group.

Descriptive histology around implants placed with 
the undersized technique was assessed in different an-
imal models at different healing time points. However, 
findings from all the studies seem to follow a similar 
healing pathway. In the early phase of healing, Trisi et 
al81 observed an intimate contact between the native 
bone and the implant. Compression and distortion in 
the peri-implant bone occurs just after placement, with 
large cracks and microfractures in the coronal part of 
the cortex, and delamination of lamellar bone at the 
primary thread engagement area. Extensive bone ne-
crotic areas between the first threads were detected by 
other authors.22,26,75,94 The presence of bone particles 

Table 3 Surgical Procedure Details and Results of the Biomechanical Studies

Study (year)

Implant 
diameter 

(mm) Final drill Group IDD (%) Results Significance P value

Sakoh et al 
(2006)88

5 4.46 ST 11 ITQ conical: ST 11.00, UN 25.00, cylindric ST 5.75, UN 11.75 UN > ST < .05
5 3.76 UN 25
5 4.46 ST 11 UN > ST < .05
5 3.76 UN 25

Shalabi et al 
(2006)89

4.6 3.4 UN 26 ITQ: ST 70.8 ± 25.7, UN 115.2 ± 31.1 UN > ST < .05
4 ST 13 RTQ: ST 76.6 ± 24.4, UN 102.9 ± 36.4 No

Beer et al 
(2007)78

3.75 2.85 UN 24* ITQ values 17% higher in UN group, 21% lower in LO group compared to ST group n.a. n.a.
3.0 ST 20*
3.15 LO 16*

Shalabi et al 
(2007)96

4.6 4.0 ST 13 RTQ after 12 wk healing: no significant difference between UN and ST No –
3.4 UN 26

Tabassum et 
al (2009)90

4.6 3.4 UN 26 ITQ: significantly higher values for UN blasted/etched group in both model densities; 
RTQ: significantly higher values for UN blasted/etched group in both model densities

UN > ST (both surfaces, both densities) < .001

4.0 ST 13
Bilhan et al 
(2010)85

4.5 4.5/3.2 ST1 0 to 9 ITQ ST1: 15.37 ± 2.61, UN1: 41.87 ± 6.44; ST2: 11.62 ± 2.13, UN2: 21.50 ± 4.81 UN > ST .001
3.8 3.2 ST2 16*°
4.5 4.5/2.7 UN1 0 to 23
3.8 2.5 UN2 34*°

Pantani et al 
(2010)79

3.75 3.0 ST 20*° ITQ premolar: ST 15 ± 5.5, UN 35.8 ± 10.7; molar: ST 6.7 ± 4.2, UN 19.2 ± 7.4 UN > ST < .05
2.8 UN 25

Tabassum et 
al (2010)80

4 2.8 UN 30 ITQ ST: 30.13 ± 5.33, UN: 40.80 ± 9.23 UN > ST n.a.
3.4 ST 15

Tabassum et 
al (2010)93

4.6 3.4 UN 26* A correlation was found between the primary stability and the cortical thickness. At 
or above a cortical thickness of 2 mm, the effect of both an UN surgical approach, 
and also the presence of a roughened (etched) implant surface, had no extra effect.

No cortical: ITQ, RTQ: UN (etched) > ST (machined); 1 mm 
cortical: ITQ, RTQ: UN (etched) > ST (etched and 
machined); 2 mm cortical; RTQ: UN (etched) > ST 
(etched); 2.5-mm cortical: RTQ: UN (etched) > ST (etched)

4.0 ST 13*
Toyoshima et 
al (2011)91

4.1 3.5 ST 15 ITQ values of all three implants; UN higher than ST, although there were no 
significant differences between the groups

No –

3.5 t£o 2.8 UN 15 to 32
Trisi et al 
(2011)81

3.7 to 3 3.2 to 3.9 UN 25* ITQ LO < 10, UN 110 RTQ 2 wk: LO 16.67 ± 16.07, UN 60.17 ± 9.7; 6 wk: LO 
40 ± 10, UN 61.33 ± 12.06

–

3.9 to 3.1 LO 0
Elias et al 
(2012)87

3.75 3.31 ST1 12 ITQ: The preparation method had a significant effect on insertion and removal torque < .001
4 3.31 ST2 17
3.75 2.96 UN1 21
4 2.96 UN2 26

Ahn et al 
(2012)92

4.0 3.4 ST 15 ITQ monocortical fixation: ST 89.45 ± 10.03, UN 104.57 ± 18.16; Bicortical fixation: 
ST 76.98 ± 15.84, UN 104.62 ± 18.58

UN > ST < .05

3.2 UN 20 RTQ monocortical fixation ST 40.53 ± 12.17, UN 38.32 ± 7.60; bicortical fixation ST 
54.64 ± 12.04, UN 53.28 ± 11.86

No –

Coelho et al 
(2013)94

4 3.2 UN 20 Highest ITQ values were observed for ST and UN group compared with LO group ITQ: UN > LO; RTQ: UN > LO ITQ < .001; 
RTQ < .04

3.5 ST 13 ITQ: ST > LO; RTQ: ST > LO ITQ < .001; 
RTQ < .01

3.8 LO 5
Jimbo et al 
(2014)36

4.5 4.6 OV 
(Oversized)

–2 Estimated RTQ (Ncm), 3 wk: OV 56.83, LO 71.17,  ST 91.67, UN 107.83; 6 wk: OV 
92.67, LO 92.33, ST 98.67, UN 106.83

- –

4.1 L (LO) 9
3.7 M (ST) 18
3.2 T (UN) 29

Tabassum et 
al (2014)84

4.2 4.0 LO 5 ITQ (Ncm): LO 26.5 ± 5.8, ST 31.4 ± 8.5, UN 30.9 ± 10.3 ITQ ST > LO .046
3.6 ST 14 RTQ (Ncm): LO 44.39 ± 16.1, ST 39.4 ± 14, UN 35.03 ± 13.7 No –
3.2 UN 24
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Table 3 Surgical Procedure Details and Results of the Biomechanical Studies

Study (year)

Implant 
diameter 

(mm) Final drill Group IDD (%) Results Significance P value

Sakoh et al 
(2006)88

5 4.46 ST 11 ITQ conical: ST 11.00, UN 25.00, cylindric ST 5.75, UN 11.75 UN > ST < .05
5 3.76 UN 25
5 4.46 ST 11 UN > ST < .05
5 3.76 UN 25

Shalabi et al 
(2006)89

4.6 3.4 UN 26 ITQ: ST 70.8 ± 25.7, UN 115.2 ± 31.1 UN > ST < .05
4 ST 13 RTQ: ST 76.6 ± 24.4, UN 102.9 ± 36.4 No

Beer et al 
(2007)78

3.75 2.85 UN 24* ITQ values 17% higher in UN group, 21% lower in LO group compared to ST group n.a. n.a.
3.0 ST 20*
3.15 LO 16*

Shalabi et al 
(2007)96

4.6 4.0 ST 13 RTQ after 12 wk healing: no significant difference between UN and ST No –
3.4 UN 26

Tabassum et 
al (2009)90

4.6 3.4 UN 26 ITQ: significantly higher values for UN blasted/etched group in both model densities; 
RTQ: significantly higher values for UN blasted/etched group in both model densities

UN > ST (both surfaces, both densities) < .001

4.0 ST 13
Bilhan et al 
(2010)85

4.5 4.5/3.2 ST1 0 to 9 ITQ ST1: 15.37 ± 2.61, UN1: 41.87 ± 6.44; ST2: 11.62 ± 2.13, UN2: 21.50 ± 4.81 UN > ST .001
3.8 3.2 ST2 16*°
4.5 4.5/2.7 UN1 0 to 23
3.8 2.5 UN2 34*°

Pantani et al 
(2010)79

3.75 3.0 ST 20*° ITQ premolar: ST 15 ± 5.5, UN 35.8 ± 10.7; molar: ST 6.7 ± 4.2, UN 19.2 ± 7.4 UN > ST < .05
2.8 UN 25

Tabassum et 
al (2010)80

4 2.8 UN 30 ITQ ST: 30.13 ± 5.33, UN: 40.80 ± 9.23 UN > ST n.a.
3.4 ST 15

Tabassum et 
al (2010)93

4.6 3.4 UN 26* A correlation was found between the primary stability and the cortical thickness. At 
or above a cortical thickness of 2 mm, the effect of both an UN surgical approach, 
and also the presence of a roughened (etched) implant surface, had no extra effect.

No cortical: ITQ, RTQ: UN (etched) > ST (machined); 1 mm 
cortical: ITQ, RTQ: UN (etched) > ST (etched and 
machined); 2 mm cortical; RTQ: UN (etched) > ST 
(etched); 2.5-mm cortical: RTQ: UN (etched) > ST (etched)

4.0 ST 13*
Toyoshima et 
al (2011)91

4.1 3.5 ST 15 ITQ values of all three implants; UN higher than ST, although there were no 
significant differences between the groups

No –

3.5 t£o 2.8 UN 15 to 32
Trisi et al 
(2011)81

3.7 to 3 3.2 to 3.9 UN 25* ITQ LO < 10, UN 110 RTQ 2 wk: LO 16.67 ± 16.07, UN 60.17 ± 9.7; 6 wk: LO 
40 ± 10, UN 61.33 ± 12.06

–

3.9 to 3.1 LO 0
Elias et al 
(2012)87

3.75 3.31 ST1 12 ITQ: The preparation method had a significant effect on insertion and removal torque < .001
4 3.31 ST2 17
3.75 2.96 UN1 21
4 2.96 UN2 26

Ahn et al 
(2012)92

4.0 3.4 ST 15 ITQ monocortical fixation: ST 89.45 ± 10.03, UN 104.57 ± 18.16; Bicortical fixation: 
ST 76.98 ± 15.84, UN 104.62 ± 18.58

UN > ST < .05

3.2 UN 20 RTQ monocortical fixation ST 40.53 ± 12.17, UN 38.32 ± 7.60; bicortical fixation ST 
54.64 ± 12.04, UN 53.28 ± 11.86

No –

Coelho et al 
(2013)94

4 3.2 UN 20 Highest ITQ values were observed for ST and UN group compared with LO group ITQ: UN > LO; RTQ: UN > LO ITQ < .001; 
RTQ < .04

3.5 ST 13 ITQ: ST > LO; RTQ: ST > LO ITQ < .001; 
RTQ < .01

3.8 LO 5
Jimbo et al 
(2014)36

4.5 4.6 OV 
(Oversized)

–2 Estimated RTQ (Ncm), 3 wk: OV 56.83, LO 71.17,  ST 91.67, UN 107.83; 6 wk: OV 
92.67, LO 92.33, ST 98.67, UN 106.83

- –

4.1 L (LO) 9
3.7 M (ST) 18
3.2 T (UN) 29

Tabassum et 
al (2014)84

4.2 4.0 LO 5 ITQ (Ncm): LO 26.5 ± 5.8, ST 31.4 ± 8.5, UN 30.9 ± 10.3 ITQ ST > LO .046
3.6 ST 14 RTQ (Ncm): LO 44.39 ± 16.1, ST 39.4 ± 14, UN 35.03 ± 13.7 No –
3.2 UN 24
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the other hand, an increase of removal torque values 
was observed in the nonundersized group (2 weeks: 
16.67 Ncm; 6 weeks: 40.00 Ncm). Jimbo et al36 tested 
four different drilling protocols, based on the last drill 
used: 2% oversized than implant (“reamer”), 9% small-
er (“loose”), 18% smaller (“medium”), and 29% small-
er (“tight” or undersized) than the implant. Removal 
torque tests were performed at weeks 3 and 6. The 
undersized group presented a lower removal torque at 
week 6 compared with week 3. At week 3, the removal 
torque was significantly greater in the medium and 
tight groups than in the reamer and loose groups, but 
after 6 weeks, no significant differences were found 
between all groups. 

Biologic Studies
Biologic studies are shown in Table 4.

Studies that investigated biologic outcomes used 
different in vivo models. Animal models included: 
goat femur condyle,97 goat iliac crest,84,98 dog man-
dible,74,79,99 dog radius,22 dog proximal tibia,75 sheep 
mandible,76,81,95 sheep iliac crest,36 and rabbit tibia.34

Results obtained depicted an unclear scenario re-
garding the biologic effects of the undersized drilling 
protocol compared with the nonundersized protocol. 
No significant difference in BIC between groups was 
noted in the majority of the studies.22,36,74,75,79,84,97 
Significantly higher BIC values were obtained in three 
studies,34,81,99 while only one article observed signifi-
cantly lower BIC values for the undersized group.98 
However, it must be noted that in reports by Trisi et al81 
and Duyck et al,34 the significant difference was found 
in the shorter-term time point, while it no longer ap-
peared in the longer term. A distinction between con-
tact of the implant with the host bone (host-BIC) and 
newly formed bone (BIC-de novo) was made by Duyck 
and Vandamme.100 In the study, significantly higher 
host-BIC was detected in the undersized group com-
pared with the control group.

Regarding bone area fraction occupied, Jimbo et 
al36 obtained lower bone area fraction occupied in the 
undersized group compared with the control group.

Descriptive histology around implants placed with 
the undersized technique was assessed in different an-
imal models at different healing time points. However, 
findings from all the studies seem to follow a similar 
healing pathway. In the early phase of healing, Trisi et 
al81 observed an intimate contact between the native 
bone and the implant. Compression and distortion in 
the peri-implant bone occurs just after placement, with 
large cracks and microfractures in the coronal part of 
the cortex, and delamination of lamellar bone at the 
primary thread engagement area. Extensive bone ne-
crotic areas between the first threads were detected by 
other authors.22,26,75,94 The presence of bone particles 

Table 3 Surgical Procedure Details and Results of the Biomechanical Studies

Study (year)

Implant 
diameter 

(mm) Final drill Group IDD (%) Results Significance P value

Sakoh et al 
(2006)88

5 4.46 ST 11 ITQ conical: ST 11.00, UN 25.00, cylindric ST 5.75, UN 11.75 UN > ST < .05
5 3.76 UN 25
5 4.46 ST 11 UN > ST < .05
5 3.76 UN 25

Shalabi et al 
(2006)89

4.6 3.4 UN 26 ITQ: ST 70.8 ± 25.7, UN 115.2 ± 31.1 UN > ST < .05
4 ST 13 RTQ: ST 76.6 ± 24.4, UN 102.9 ± 36.4 No

Beer et al 
(2007)78

3.75 2.85 UN 24* ITQ values 17% higher in UN group, 21% lower in LO group compared to ST group n.a. n.a.
3.0 ST 20*
3.15 LO 16*

Shalabi et al 
(2007)96

4.6 4.0 ST 13 RTQ after 12 wk healing: no significant difference between UN and ST No –
3.4 UN 26

Tabassum et 
al (2009)90

4.6 3.4 UN 26 ITQ: significantly higher values for UN blasted/etched group in both model densities; 
RTQ: significantly higher values for UN blasted/etched group in both model densities

UN > ST (both surfaces, both densities) < .001

4.0 ST 13
Bilhan et al 
(2010)85

4.5 4.5/3.2 ST1 0 to 9 ITQ ST1: 15.37 ± 2.61, UN1: 41.87 ± 6.44; ST2: 11.62 ± 2.13, UN2: 21.50 ± 4.81 UN > ST .001
3.8 3.2 ST2 16*°
4.5 4.5/2.7 UN1 0 to 23
3.8 2.5 UN2 34*°

Pantani et al 
(2010)79

3.75 3.0 ST 20*° ITQ premolar: ST 15 ± 5.5, UN 35.8 ± 10.7; molar: ST 6.7 ± 4.2, UN 19.2 ± 7.4 UN > ST < .05
2.8 UN 25

Tabassum et 
al (2010)80

4 2.8 UN 30 ITQ ST: 30.13 ± 5.33, UN: 40.80 ± 9.23 UN > ST n.a.
3.4 ST 15

Tabassum et 
al (2010)93

4.6 3.4 UN 26* A correlation was found between the primary stability and the cortical thickness. At 
or above a cortical thickness of 2 mm, the effect of both an UN surgical approach, 
and also the presence of a roughened (etched) implant surface, had no extra effect.

No cortical: ITQ, RTQ: UN (etched) > ST (machined); 1 mm 
cortical: ITQ, RTQ: UN (etched) > ST (etched and 
machined); 2 mm cortical; RTQ: UN (etched) > ST 
(etched); 2.5-mm cortical: RTQ: UN (etched) > ST (etched)

4.0 ST 13*
Toyoshima et 
al (2011)91

4.1 3.5 ST 15 ITQ values of all three implants; UN higher than ST, although there were no 
significant differences between the groups

No –

3.5 t£o 2.8 UN 15 to 32
Trisi et al 
(2011)81

3.7 to 3 3.2 to 3.9 UN 25* ITQ LO < 10, UN 110 RTQ 2 wk: LO 16.67 ± 16.07, UN 60.17 ± 9.7; 6 wk: LO 
40 ± 10, UN 61.33 ± 12.06

–

3.9 to 3.1 LO 0
Elias et al 
(2012)87

3.75 3.31 ST1 12 ITQ: The preparation method had a significant effect on insertion and removal torque < .001
4 3.31 ST2 17
3.75 2.96 UN1 21
4 2.96 UN2 26

Ahn et al 
(2012)92

4.0 3.4 ST 15 ITQ monocortical fixation: ST 89.45 ± 10.03, UN 104.57 ± 18.16; Bicortical fixation: 
ST 76.98 ± 15.84, UN 104.62 ± 18.58

UN > ST < .05

3.2 UN 20 RTQ monocortical fixation ST 40.53 ± 12.17, UN 38.32 ± 7.60; bicortical fixation ST 
54.64 ± 12.04, UN 53.28 ± 11.86

No –

Coelho et al 
(2013)94

4 3.2 UN 20 Highest ITQ values were observed for ST and UN group compared with LO group ITQ: UN > LO; RTQ: UN > LO ITQ < .001; 
RTQ < .04

3.5 ST 13 ITQ: ST > LO; RTQ: ST > LO ITQ < .001; 
RTQ < .01

3.8 LO 5
Jimbo et al 
(2014)36

4.5 4.6 OV 
(Oversized)

–2 Estimated RTQ (Ncm), 3 wk: OV 56.83, LO 71.17,  ST 91.67, UN 107.83; 6 wk: OV 
92.67, LO 92.33, ST 98.67, UN 106.83

- –

4.1 L (LO) 9
3.7 M (ST) 18
3.2 T (UN) 29

Tabassum et 
al (2014)84

4.2 4.0 LO 5 ITQ (Ncm): LO 26.5 ± 5.8, ST 31.4 ± 8.5, UN 30.9 ± 10.3 ITQ ST > LO .046
3.6 ST 14 RTQ (Ncm): LO 44.39 ± 16.1, ST 39.4 ± 14, UN 35.03 ± 13.7 No –
3.2 UN 24
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No significant differences in mean probing depth be-
tween groups were found.

DISCUSSION

The purpose of the present systematic review was to 
collect and compile the current evidence on biome-
chanical, biologic, and clinical effect of undersized 
drilling protocol prior to implant placement.

The major limitation of this study is that large meth-
odologic differences between the studies were noted; 
therefore, the results between studies could not be 
directly compared. For this reason, meta-analysis was 
not performed. Moreover, a study selection based on 
methodologic assessment was not possible because 
of the scarcity of clinical trials. In vitro and animal 
study methodologic quality assessment was also not 
performed.

To evaluate the biomechanical effects, most of the 
papers used insertion torque as the outcome to evalu-
ate primary stability. Insertion torque is a measure 
of the maximum friction rotational resistance of the 
bone when the implant is inserted, and it is affected 
by a combination of factors, including bone density, 
implant features (macrodesign  and microdesign), 
and surgical technique.20,21,24,87,94 Insertion torque is 
a purely mechanical parameter, perceived by the clini-
cian as a good estimator for primary stability, although 
studies have shown that an inverse relationship be-
tween insertion torque and implant primary stability 
may occur due to cutting groove design alterations.19

Insertion torque, however, seems not to be an ab-
solute parameter for primary stability, especially when 
comparing different implant systems, as it is largely af-
fected by implant design parameters.101–103 In the pres-
ent review, removal torque was used as an additional 

was also distinguished.81,84,98 Bone resorption activ-
ity was observed both around cortical81 and trabecu-
lar bone.98 Remodeling lacunae, with the presence of 
osteoclasts and osteoblasts and new bone apposition 
was a common finding.22,26,75,97,98,99 Extensive integra-
tion into mature lamellar bone was revealed in studies 
that investigated long-term healing.76,79

Clinical Studies
Only two clinical studies, including 82 implants, ful-
filled the inclusion/exclusion criteria (Table 5). Mar-
ginal bone loss was not calculated in the two studies.

A retrospective clinical study77 evaluated the effect 
of undersized drilling preparation in the posterior max-
illa. Twenty-two patients were recruited for this pro-
spective study, and a total of 60 implants were placed, 
with two different lengths. Control group implants 
were inserted after 20% implant-drill discrepancy. Test 
group 1 implants were inserted after 25% discrepancy 
preparation, and test group 2 implants after stepped 
preparation 25% to 50% implant-drill discrepancy at 
the apex. Countersink drills were used for all implants. 
Maximum insertion torque was higher for test groups 
than the control. The difference was statistically sig-
nificant between the control and test 1 group, regard-
less of implant length. Two control implants were lost 
within the first month of healing. 

A prospective study20 compared the 1-year survival 
rate and stability of 26 implants placed using the un-
dersized technique in soft bone (posterior maxilla) 
with 26 implants placed using the standard technique 
in normal bone. A total of 52 implants were inserted 
in 29 patients. For the test group, a 32% implant-drill 
discrepancy was achieved, while those in the control 
group were inserted with a 15% implant-drill discrep-
ancy. Insertion torque was similar for both groups, 
and 100% of the 1-year survival rate was achieved. 

Table 3 continued Surgical Procedure Details and Results of the Biomechanical Studies

Study (year)

Implant 
diameter 

(mm) Final drill Group IDD (%) Results Significance P value

Campos et al 
(2015)75

4.1 3.75 ST 9 ITQ: LO 17.0 ± 7.9, ST 40.0 ± 6.2, UN 73.0 ± 10.9 UN > ST > LO .005
3.5 UN 15
4.0 LO 2

Jimbo  et al 
(2015)95

4 3.2 UN 20 ITQ decreased nonsignificantly (P > .65) as a function of drilling Diameter from 3.2 
mm to 3.5 mm for both designs

No –

3.5 ST 13
Boustany et al 
(2015)82

3.7 3.4 ST 8 ITQ ST 15.9, UN 26.8 ITQ: UN > ST .001
3.4 2.8 2.3 UN 24

Degidi et al 
(2015)86

3.4 3.0 ST 12 Peak torque (Ncm) ST: 11.3 ± 4.44, UN1: 20.26 ± 7.03, UN2: 17.15 ± 10.39 ITQ: UN > ST < .001
3.8 UN1 21
4.5 UN2 34

 IDD = implant-drill discrepancy; ST = standard drilling protocol; UN = undersized drilling protocol; LO = loose drilling protocol; * = countersinking; ° = tapping.
 ITQ and RTQ results are expressed in Ncm
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been speculated that undersized drilling creates an ex-
cessive pressure on dense bone, reaching values that 
go beyond the yield point, so that plastic deformation 
and microcracks will mask the effect of underprepara-
tion compared with standard drilling, due to a deterio-
ration of bone properties.49,110

For the present review, relative discrepancy was 
calculated for each study, and it was used to compare 
different groups. The limitation of such a parameter is 
recognized by the authors, as the dimensions of the 
outer implant diameter and last drill size do not pro-
vide enough information to estimate the degree of 
compression created in the peri-implant bone, since 
multiple implant features have to be taken into ac-
count for such an estimation. In the current literature, 
such information is seldom provided and is not often 
provided by implant manufacturers. Thus, when con-
sidering two implants with the same diameter placed 
into two identical sites (which would have the same 
percent of discrepancy in the present review), different 
biomechanical and biologic events may occur, if other 
implant features, such as cutting capacity and inner di-
ameter, are different. Due to the limitation of the avail-
able information, these aspects were not considered in 
the present review.

Implant cutting capacity and macrodesign are ma-
jor aspects to be considered. Different mechanical and 
biologic responses are expected if implants with the 
same macrogeometry provided with or without self-
cutting features are inserted into the same drilled site. 
Cutting features allow displacement of bone volume 
occupied by the threads during implant placement. If 
an implant is deprived of cutting features, it creates di-
rect bone compression while being inserted.45 Higher 
bone compression and delayed biologic responses 
were observed when non–self-cutting tapered im-
plants were inserted into underdimensioned sites, 
compared with self-cutting implants.54 The efficacy of 
implant cutting capacity is questionable, as it seems to 
rely on thread geometry.21,40,111

Implant macrodesign has a remarkable impact 
on rotational stability. Conical and tapered implants 
achieve higher insertion torque compared with cylin-
drical implants even in poor bone sites, as demonstrat-
ed by several studies.21,26,40 A mechanical explanation 
would be that the tapering effect induces a higher de-
gree of compression to the cortical bone.40

Furthermore, inner diameter is another implant fea-
ture that determines bone compression, given the last 
drill diameter. If the last drill diameter is narrower than 
the implant inner diameter, a great amount of com-
pression is created along the bone-implant interface. 

From a biologic point of view, when implants are 
inserted into living bone, the initial mechanical in-
terlocking goes through major changes due to bone 

biomechanical outcome. Removal torque is a useful 
parameter when it is performed in in vivo studies since 
it measures the primary and secondary stability.104 In 
fact, removal torque in animal models is the result of 
initial interlocking between the implant and the bone 
(primary stability) and the osseointegration process af-
ter healing, remodeling, and bone apposition (second-
ary stability).105

The present review demonstrates a large body of 
evidence that the undersized drilling protocol is effec-
tive in enhancing insertion torque for soft bone. This 
procedure induces intense modification of peri-im-
plant bone anatomy. During implant insertion into an 
underdimensioned site, the cavity diameter increases, 
cutting and compressing the bone walls. In particu-
lar, reduced trabecular separation, increased relative 
bone volume, and increased trabecular number were 
noted in peri-implant bone within 1 mm.57 This proce-
dure results in static strain to the peri-implant bone, 
in which the magnitude depends on the implant ge-
ometry, osteotomy preparation, bone anatomy, and 
surgical technique.45 The static strain creates a press-fit 
situation that stabilizes the implant during the initial 
phases of healing. 

If the bone strain produced lies below the yield 
point, elastic behavior is expected, which means that 
the initial interlocking between the bone and the im-
plant is linearly related to the strain.2,36,75,106 When the 
strain generated is higher than the yield point, plastic 
deformation and numerous microcracks alter pristine 
bone mechanical properties due to extensive remod-
eling.45,107 Smaller cracks (less than 100 µm) can also 
be detected during drilling procedures,108 and longer 
cracks are often detected when the implant is placed 
into an undersized site.109 The results of the present 
review showed that the undersized protocol has a lim-
ited effect on insertion torque in dense bone. It has 

Table 3 continued Surgical Procedure Details and Results of the Biomechanical Studies

Study (year)

Implant 
diameter 

(mm) Final drill Group IDD (%) Results Significance P value

Campos et al 
(2015)75

4.1 3.75 ST 9 ITQ: LO 17.0 ± 7.9, ST 40.0 ± 6.2, UN 73.0 ± 10.9 UN > ST > LO .005
3.5 UN 15
4.0 LO 2

Jimbo  et al 
(2015)95

4 3.2 UN 20 ITQ decreased nonsignificantly (P > .65) as a function of drilling Diameter from 3.2 
mm to 3.5 mm for both designs

No –

3.5 ST 13
Boustany et al 
(2015)82

3.7 3.4 ST 8 ITQ ST 15.9, UN 26.8 ITQ: UN > ST .001
3.4 2.8 2.3 UN 24

Degidi et al 
(2015)86

3.4 3.0 ST 12 Peak torque (Ncm) ST: 11.3 ± 4.44, UN1: 20.26 ± 7.03, UN2: 17.15 ± 10.39 ITQ: UN > ST < .001
3.8 UN1 21
4.5 UN2 34

 IDD = implant-drill discrepancy; ST = standard drilling protocol; UN = undersized drilling protocol; LO = loose drilling protocol; * = countersinking; ° = tapping.
 ITQ and RTQ results are expressed in Ncm
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No significant differences in mean probing depth be-
tween groups were found.

DISCUSSION

The purpose of the present systematic review was to 
collect and compile the current evidence on biome-
chanical, biologic, and clinical effect of undersized 
drilling protocol prior to implant placement.

The major limitation of this study is that large meth-
odologic differences between the studies were noted; 
therefore, the results between studies could not be 
directly compared. For this reason, meta-analysis was 
not performed. Moreover, a study selection based on 
methodologic assessment was not possible because 
of the scarcity of clinical trials. In vitro and animal 
study methodologic quality assessment was also not 
performed.

To evaluate the biomechanical effects, most of the 
papers used insertion torque as the outcome to evalu-
ate primary stability. Insertion torque is a measure 
of the maximum friction rotational resistance of the 
bone when the implant is inserted, and it is affected 
by a combination of factors, including bone density, 
implant features (macrodesign  and microdesign), 
and surgical technique.20,21,24,87,94 Insertion torque is 
a purely mechanical parameter, perceived by the clini-
cian as a good estimator for primary stability, although 
studies have shown that an inverse relationship be-
tween insertion torque and implant primary stability 
may occur due to cutting groove design alterations.19

Insertion torque, however, seems not to be an ab-
solute parameter for primary stability, especially when 
comparing different implant systems, as it is largely af-
fected by implant design parameters.101–103 In the pres-
ent review, removal torque was used as an additional 

was also distinguished.81,84,98 Bone resorption activ-
ity was observed both around cortical81 and trabecu-
lar bone.98 Remodeling lacunae, with the presence of 
osteoclasts and osteoblasts and new bone apposition 
was a common finding.22,26,75,97,98,99 Extensive integra-
tion into mature lamellar bone was revealed in studies 
that investigated long-term healing.76,79

Clinical Studies
Only two clinical studies, including 82 implants, ful-
filled the inclusion/exclusion criteria (Table 5). Mar-
ginal bone loss was not calculated in the two studies.

A retrospective clinical study77 evaluated the effect 
of undersized drilling preparation in the posterior max-
illa. Twenty-two patients were recruited for this pro-
spective study, and a total of 60 implants were placed, 
with two different lengths. Control group implants 
were inserted after 20% implant-drill discrepancy. Test 
group 1 implants were inserted after 25% discrepancy 
preparation, and test group 2 implants after stepped 
preparation 25% to 50% implant-drill discrepancy at 
the apex. Countersink drills were used for all implants. 
Maximum insertion torque was higher for test groups 
than the control. The difference was statistically sig-
nificant between the control and test 1 group, regard-
less of implant length. Two control implants were lost 
within the first month of healing. 

A prospective study20 compared the 1-year survival 
rate and stability of 26 implants placed using the un-
dersized technique in soft bone (posterior maxilla) 
with 26 implants placed using the standard technique 
in normal bone. A total of 52 implants were inserted 
in 29 patients. For the test group, a 32% implant-drill 
discrepancy was achieved, while those in the control 
group were inserted with a 15% implant-drill discrep-
ancy. Insertion torque was similar for both groups, 
and 100% of the 1-year survival rate was achieved. 

Table 3 continued Surgical Procedure Details and Results of the Biomechanical Studies

Study (year)

Implant 
diameter 

(mm) Final drill Group IDD (%) Results Significance P value

Campos et al 
(2015)75

4.1 3.75 ST 9 ITQ: LO 17.0 ± 7.9, ST 40.0 ± 6.2, UN 73.0 ± 10.9 UN > ST > LO .005
3.5 UN 15
4.0 LO 2

Jimbo  et al 
(2015)95

4 3.2 UN 20 ITQ decreased nonsignificantly (P > .65) as a function of drilling Diameter from 3.2 
mm to 3.5 mm for both designs

No –

3.5 ST 13
Boustany et al 
(2015)82

3.7 3.4 ST 8 ITQ ST 15.9, UN 26.8 ITQ: UN > ST .001
3.4 2.8 2.3 UN 24

Degidi et al 
(2015)86

3.4 3.0 ST 12 Peak torque (Ncm) ST: 11.3 ± 4.44, UN1: 20.26 ± 7.03, UN2: 17.15 ± 10.39 ITQ: UN > ST < .001
3.8 UN1 21
4.5 UN2 34

 IDD = implant-drill discrepancy; ST = standard drilling protocol; UN = undersized drilling protocol; LO = loose drilling protocol; * = countersinking; ° = tapping.
 ITQ and RTQ results are expressed in Ncm
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been speculated that undersized drilling creates an ex-
cessive pressure on dense bone, reaching values that 
go beyond the yield point, so that plastic deformation 
and microcracks will mask the effect of underprepara-
tion compared with standard drilling, due to a deterio-
ration of bone properties.49,110

For the present review, relative discrepancy was 
calculated for each study, and it was used to compare 
different groups. The limitation of such a parameter is 
recognized by the authors, as the dimensions of the 
outer implant diameter and last drill size do not pro-
vide enough information to estimate the degree of 
compression created in the peri-implant bone, since 
multiple implant features have to be taken into ac-
count for such an estimation. In the current literature, 
such information is seldom provided and is not often 
provided by implant manufacturers. Thus, when con-
sidering two implants with the same diameter placed 
into two identical sites (which would have the same 
percent of discrepancy in the present review), different 
biomechanical and biologic events may occur, if other 
implant features, such as cutting capacity and inner di-
ameter, are different. Due to the limitation of the avail-
able information, these aspects were not considered in 
the present review.

Implant cutting capacity and macrodesign are ma-
jor aspects to be considered. Different mechanical and 
biologic responses are expected if implants with the 
same macrogeometry provided with or without self-
cutting features are inserted into the same drilled site. 
Cutting features allow displacement of bone volume 
occupied by the threads during implant placement. If 
an implant is deprived of cutting features, it creates di-
rect bone compression while being inserted.45 Higher 
bone compression and delayed biologic responses 
were observed when non–self-cutting tapered im-
plants were inserted into underdimensioned sites, 
compared with self-cutting implants.54 The efficacy of 
implant cutting capacity is questionable, as it seems to 
rely on thread geometry.21,40,111

Implant macrodesign has a remarkable impact 
on rotational stability. Conical and tapered implants 
achieve higher insertion torque compared with cylin-
drical implants even in poor bone sites, as demonstrat-
ed by several studies.21,26,40 A mechanical explanation 
would be that the tapering effect induces a higher de-
gree of compression to the cortical bone.40

Furthermore, inner diameter is another implant fea-
ture that determines bone compression, given the last 
drill diameter. If the last drill diameter is narrower than 
the implant inner diameter, a great amount of com-
pression is created along the bone-implant interface. 

From a biologic point of view, when implants are 
inserted into living bone, the initial mechanical in-
terlocking goes through major changes due to bone 

biomechanical outcome. Removal torque is a useful 
parameter when it is performed in in vivo studies since 
it measures the primary and secondary stability.104 In 
fact, removal torque in animal models is the result of 
initial interlocking between the implant and the bone 
(primary stability) and the osseointegration process af-
ter healing, remodeling, and bone apposition (second-
ary stability).105

The present review demonstrates a large body of 
evidence that the undersized drilling protocol is effec-
tive in enhancing insertion torque for soft bone. This 
procedure induces intense modification of peri-im-
plant bone anatomy. During implant insertion into an 
underdimensioned site, the cavity diameter increases, 
cutting and compressing the bone walls. In particu-
lar, reduced trabecular separation, increased relative 
bone volume, and increased trabecular number were 
noted in peri-implant bone within 1 mm.57 This proce-
dure results in static strain to the peri-implant bone, 
in which the magnitude depends on the implant ge-
ometry, osteotomy preparation, bone anatomy, and 
surgical technique.45 The static strain creates a press-fit 
situation that stabilizes the implant during the initial 
phases of healing. 

If the bone strain produced lies below the yield 
point, elastic behavior is expected, which means that 
the initial interlocking between the bone and the im-
plant is linearly related to the strain.2,36,75,106 When the 
strain generated is higher than the yield point, plastic 
deformation and numerous microcracks alter pristine 
bone mechanical properties due to extensive remod-
eling.45,107 Smaller cracks (less than 100 µm) can also 
be detected during drilling procedures,108 and longer 
cracks are often detected when the implant is placed 
into an undersized site.109 The results of the present 
review showed that the undersized protocol has a lim-
ited effect on insertion torque in dense bone. It has 

Table 3 continued Surgical Procedure Details and Results of the Biomechanical Studies

Study (year)

Implant 
diameter 

(mm) Final drill Group IDD (%) Results Significance P value

Campos et al 
(2015)75

4.1 3.75 ST 9 ITQ: LO 17.0 ± 7.9, ST 40.0 ± 6.2, UN 73.0 ± 10.9 UN > ST > LO .005
3.5 UN 15
4.0 LO 2

Jimbo  et al 
(2015)95

4 3.2 UN 20 ITQ decreased nonsignificantly (P > .65) as a function of drilling Diameter from 3.2 
mm to 3.5 mm for both designs

No –

3.5 ST 13
Boustany et al 
(2015)82

3.7 3.4 ST 8 ITQ ST 15.9, UN 26.8 ITQ: UN > ST .001
3.4 2.8 2.3 UN 24

Degidi et al 
(2015)86

3.4 3.0 ST 12 Peak torque (Ncm) ST: 11.3 ± 4.44, UN1: 20.26 ± 7.03, UN2: 17.15 ± 10.39 ITQ: UN > ST < .001
3.8 UN1 21
4.5 UN2 34

 IDD = implant-drill discrepancy; ST = standard drilling protocol; UN = undersized drilling protocol; LO = loose drilling protocol; * = countersinking; ° = tapping.
 ITQ and RTQ results are expressed in Ncm
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during implant placement, a compression of bone 
structures occurs, along with biomechanical events, 
namely, microcracks.39 Plastic bone deformation with 
spotted ischemic necrosis is expected in areas where 
a greater degree of compression is achieved. This situ-
ation will lead to rapid bone resorption, which results 

healing through the modeling-remodeling processes. 
As results showed, it is evident that the undersized 
protocol presents higher degrees of different osseo-
integration indicators in the short term. Arguably, two 
bone healing patterns after implant placement have 
been described. When a press-fit situation is present 

Table 4 Surgical Procedure Details and Results of the Biologic Studies

Study (year)

Implant 
diameter 

(mm)
Final drill 

(mm) Group
IDD 
(%) BIC (%) Significance

P 
value

Shalabi et al 
(2007)97

4.6 4 ST 13 BIC: ST, machined: 20 ± 11; UN, machined: 24 
± 11; ST, blasted/etched: 28 ± 12; UN,blasted/
etched: 38 ± 9

No –

3.4 UN 26

Pantani et al 
(2010)79

3.75 3 ST 20*° Total BIC premolar: ST 48.6 ± 8.8, UN 59 ± 14.7; 
Molar: ST 54.1 ± 15.1, UN 51.7 ± 16.2

No –

2.8 UN 25

Al-Marshood 
et al (2011)99

4.1 3.3 UN 20 ST: 47.5 ± 11.7, UN: 60.6 ± 14.2 BIC: UN > ST .0118
3.8 ST 7

Tabassum et 
al (2011)98

4.2 4 LO 5 LO 47.78 ± 11.13, ST 47.5 ± 9.57, UN 32.1 ± 9.73 LO = ST > UN < .05
3.6 ST 14
3.2 UN 24

Trisi et al 
(2011)81

3.7 to 3.0 3.2 to 3.9 UN 25* 2 wk total BIC: LO 8.70 ± 5.55, UN 39.11 ± 9.47; 6 
wk total BIC: LO 44.90 ± 8.80, UN 50.29 ± 18.42

BIC: UN > ST (1, 2, 3, 4 wk) –

3.9 to 3.1 LO 0

Campos et al 
(2012)22

4.0 3.2 UN 20 BIC and BAFO: No significant differences between 
groups

 No –

3.5 ST 13
3.8 LO 5

Consolo et al 
(2013)76

3.8 2.8 UN 32 8 wk: ST 38.62, UN 46.06; 12 wk: ST 58.75, UN 
45.94

No statistical analysis –

3.4 ST 11

Duyck et al 
(2015)34

3.9 3.8 LO 3 2 wk total BIC (%): ST 38.78 ± 4.65, UN 54.84 ± 
6.58; 4 wk de novo BIC (%): ST 44.55 ± 16.96, UN 
29.84 ± 13.85

2 wk: total BIC: UN > ST .0001

3.2 UN 18*

Jimbo et al 
(2014)36

4.5 4.6 Reamer 
(OV)

–2 Estimated BIC (%) 3 wk: OV 34.50, LO 46.01, ST 
50.53, UN 51.03; 6 wk: LO 39.02, LO 42.99, ST 
60.99, UN 64.56

BIC (3 wk) R < T,M,L < .05

4.1 Loose 
(LO)

9 BIC (6 wk) T,M > L,R < .05

3.7 Medium 
(ST)

18 BAFO (3 wk): no difference –

3.2 Tight (UN) 29 BAFO (6 wk): T,M > L,R < .05

Tabassum et 
al (2014)99

4.2 4 LO 5 No difference No –
3.6 ST 14
3.2 UN 24

Campos et al 
(2015)75

4.1 3.75 ST 9 BIC LO 17.5 ± 6.6, ST 36.3 ± 11.3, UN 30.3 ± 10.1 ST = UN > LO < .01
3.5 UN 15
4 LO 2

Jimbo  et al 
(2014)95

4.0 3.2 UN 20 No differences in BIC were observed between 
implants placed in different diameter sites at 3 wk

No –

3.5 ST 13 BAFO (6 wk): ST > UN < .01

Rea et al 
(2015)74

4.0 3.0 UN 25 Mineralized BIC (%): OV 55.2 ± 12.2, ST 62.1 ± 
20.9, UN 59.2 ± 9.7 and 60.8 ± 19.4

MBIC: No differences –

4.2 Oversized –5
3.3 ST 18

IDD = implant-drill discrepancy; ST = standard drilling protocol; UN = undersized drilling protocol; LO = loose drilling protocol; * = countersinking; ° 
= tapping.
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bone walls and implant surface; namely, implant-drill 
discrepancy is lower. This healing scenario has been 
coined as a “healing chamber” by Berglundh et al.115 
The empty space is filled by a blood clot, which is the 
start-point for new bone formation through an intra-
membranous-like ossification. From the very first days 
after insertion, osteogenic cells gather along the im-
plant surface and start to create an extracellular matrix 
(osteoid tissue), which then ossifies (woven bone).116 
The chamber structure does not contribute to implant 
primary stability, as initially, no contact is present be-
tween the pristine bone and the implant; however, it 
provides secondary stability as it is rapidly filled with 
new bone, without undergoing the more time-de-
manding remodeling process, where bone first resorbs 
to subsequently integrate with the implant.23,110,118

Bone remodeling after implant insertion represents 
the shifting period from primary to secondary stabil-
ity. From theoretical, experimental, and clinical stand-
points, it results in implant stability loss, also known 
as stability dip. Thereafter, implant stability tends to 
increase due to new bone apposition.9,119–123 It has 
been suggested that surgical techniques could impact 
this delicate process, influencing stability changes and 
bone healing time. It has been suggested that an ideal 
surgical technique is when implants are inserted with 
high initial stability (not necessarily high insertion 
torque), followed by a rapid and stable onset of sec-
ondary stability.110

in an accelerated bone remodeling process. This kind 
of healing reflects the main remodeling pathway in 
the living bone, named primary bone healing, through 
the mechanosensitive cell-mediated response to mi-
crodamage.81,112–114 From histologic observations, 
extensive osteoclastic activity takes place during re-
modeling along with microcracks and bone debris; 
the empty areas along the implant surface are then 
partially filled with new bone. This bone replacement 
is typically described as gradual interfacial remodeling 
in the area of contact between the pristine bone wall 
and implant surface.57,115,116 This is the type of healing 
pathway to be expected after undersized implant in-
sertion, as several studies have noted.22,75,81,84,94,95,97–99 
It has been suggested that bone could tolerate certain 
levels of compressive strain, even beyond the yield 
point without having negative bone reactions.44,75,117 
On the other hand, if this threshold is exceeded, nega-
tive biologic responses are expected, with massive 
bone necrosis and resorption. In a recent paper, Cha 
et al39 observed that undersized preparation in a rat 
femur model adversely affected osseointegration with 
significantly more dead osteocytes in peri-implant tis-
sue. In addition, peri-implant tissue proliferation and 
osteogenetic differentiation were disfavored. Never-
theless, there was little evidence reported of clinical 
failure due to bone over-compression.32

Different from the interfacial remodeling healing 
scenario, an alternate healing pattern is observed 
when empty spaces are created between the pristine 

Table 5 Surgical Procedure Details and Results of the Clinical Studies

Study 
(year)

No. 
patients Bone

Implant 
diameter 

(mm)

Implant 
length 
(mm)

Final drill 
(mm) Group IDD

Failed 
Implants ITQ (Ncm) Significance

P 
value

Turkyilmaz 
et al 
(2008)77

22 Posterior 
maxilla

3.75 10 3.0 ST1 18 (apex)* ST1 n = 1,  
ST2 n = 1

ST1 29.71 ± 8, UN1 35.91 
± 6, UN2 37.21 ± 7, ST2 
30.91 ± 7, UN 338.51 ± 7,  
UN4 41.11 ± 6

ITQ: UN1 =  
UN2 > ST

< .05

4 10 3.0 UN1 25 (apex)*

4 10 2.0 (apex)/ 
3.0 (body)

UN2 50 (apex)*

3.75 11.5 3.0 ST2 18 (apex)*

4 11.5 3.0 UN3 25 (apex)*

4 11.5 2.0 (apex)/ 
3.0 (body)

UN4 50 (apex)*

Alghamdi 
et al 
(2011)20

29 1–2 
Leckholm 
and Zarb

4.1 10 3.5 ST 15 n = 0 ITQ: ST 34.62 ± 5.82;  
UN 35.19 ± 4.79;  
Failed implants: ST 0;  
UN 0; PD: ST 2.87 ± 0.79; 
UN 2.75 ± 0.75

No –

3–4 
Leckholm 
and Zarb

10 2.8 UN 32

 IDD = implant-drill discrepancy; ST = standard drilling protocol; UN = undersized drilling protocol; * = countersinking.
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during implant placement, a compression of bone 
structures occurs, along with biomechanical events, 
namely, microcracks.39 Plastic bone deformation with 
spotted ischemic necrosis is expected in areas where 
a greater degree of compression is achieved. This situ-
ation will lead to rapid bone resorption, which results 

healing through the modeling-remodeling processes. 
As results showed, it is evident that the undersized 
protocol presents higher degrees of different osseo-
integration indicators in the short term. Arguably, two 
bone healing patterns after implant placement have 
been described. When a press-fit situation is present 

Table 4 Surgical Procedure Details and Results of the Biologic Studies

Study (year)

Implant 
diameter 

(mm)
Final drill 

(mm) Group
IDD 
(%) BIC (%) Significance

P 
value

Shalabi et al 
(2007)97

4.6 4 ST 13 BIC: ST, machined: 20 ± 11; UN, machined: 24 
± 11; ST, blasted/etched: 28 ± 12; UN,blasted/
etched: 38 ± 9

No –

3.4 UN 26

Pantani et al 
(2010)79

3.75 3 ST 20*° Total BIC premolar: ST 48.6 ± 8.8, UN 59 ± 14.7; 
Molar: ST 54.1 ± 15.1, UN 51.7 ± 16.2

No –

2.8 UN 25

Al-Marshood 
et al (2011)99

4.1 3.3 UN 20 ST: 47.5 ± 11.7, UN: 60.6 ± 14.2 BIC: UN > ST .0118
3.8 ST 7

Tabassum et 
al (2011)98

4.2 4 LO 5 LO 47.78 ± 11.13, ST 47.5 ± 9.57, UN 32.1 ± 9.73 LO = ST > UN < .05
3.6 ST 14
3.2 UN 24

Trisi et al 
(2011)81

3.7 to 3.0 3.2 to 3.9 UN 25* 2 wk total BIC: LO 8.70 ± 5.55, UN 39.11 ± 9.47; 6 
wk total BIC: LO 44.90 ± 8.80, UN 50.29 ± 18.42

BIC: UN > ST (1, 2, 3, 4 wk) –

3.9 to 3.1 LO 0

Campos et al 
(2012)22

4.0 3.2 UN 20 BIC and BAFO: No significant differences between 
groups

 No –

3.5 ST 13
3.8 LO 5

Consolo et al 
(2013)76

3.8 2.8 UN 32 8 wk: ST 38.62, UN 46.06; 12 wk: ST 58.75, UN 
45.94

No statistical analysis –

3.4 ST 11

Duyck et al 
(2015)34

3.9 3.8 LO 3 2 wk total BIC (%): ST 38.78 ± 4.65, UN 54.84 ± 
6.58; 4 wk de novo BIC (%): ST 44.55 ± 16.96, UN 
29.84 ± 13.85

2 wk: total BIC: UN > ST .0001

3.2 UN 18*

Jimbo et al 
(2014)36

4.5 4.6 Reamer 
(OV)

–2 Estimated BIC (%) 3 wk: OV 34.50, LO 46.01, ST 
50.53, UN 51.03; 6 wk: LO 39.02, LO 42.99, ST 
60.99, UN 64.56

BIC (3 wk) R < T,M,L < .05

4.1 Loose 
(LO)

9 BIC (6 wk) T,M > L,R < .05

3.7 Medium 
(ST)

18 BAFO (3 wk): no difference –

3.2 Tight (UN) 29 BAFO (6 wk): T,M > L,R < .05

Tabassum et 
al (2014)99

4.2 4 LO 5 No difference No –
3.6 ST 14
3.2 UN 24

Campos et al 
(2015)75

4.1 3.75 ST 9 BIC LO 17.5 ± 6.6, ST 36.3 ± 11.3, UN 30.3 ± 10.1 ST = UN > LO < .01
3.5 UN 15
4 LO 2

Jimbo  et al 
(2014)95

4.0 3.2 UN 20 No differences in BIC were observed between 
implants placed in different diameter sites at 3 wk

No –

3.5 ST 13 BAFO (6 wk): ST > UN < .01

Rea et al 
(2015)74

4.0 3.0 UN 25 Mineralized BIC (%): OV 55.2 ± 12.2, ST 62.1 ± 
20.9, UN 59.2 ± 9.7 and 60.8 ± 19.4

MBIC: No differences –

4.2 Oversized –5
3.3 ST 18

IDD = implant-drill discrepancy; ST = standard drilling protocol; UN = undersized drilling protocol; LO = loose drilling protocol; * = countersinking; ° 
= tapping.
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bone walls and implant surface; namely, implant-drill 
discrepancy is lower. This healing scenario has been 
coined as a “healing chamber” by Berglundh et al.115 
The empty space is filled by a blood clot, which is the 
start-point for new bone formation through an intra-
membranous-like ossification. From the very first days 
after insertion, osteogenic cells gather along the im-
plant surface and start to create an extracellular matrix 
(osteoid tissue), which then ossifies (woven bone).116 
The chamber structure does not contribute to implant 
primary stability, as initially, no contact is present be-
tween the pristine bone and the implant; however, it 
provides secondary stability as it is rapidly filled with 
new bone, without undergoing the more time-de-
manding remodeling process, where bone first resorbs 
to subsequently integrate with the implant.23,110,118

Bone remodeling after implant insertion represents 
the shifting period from primary to secondary stabil-
ity. From theoretical, experimental, and clinical stand-
points, it results in implant stability loss, also known 
as stability dip. Thereafter, implant stability tends to 
increase due to new bone apposition.9,119–123 It has 
been suggested that surgical techniques could impact 
this delicate process, influencing stability changes and 
bone healing time. It has been suggested that an ideal 
surgical technique is when implants are inserted with 
high initial stability (not necessarily high insertion 
torque), followed by a rapid and stable onset of sec-
ondary stability.110

in an accelerated bone remodeling process. This kind 
of healing reflects the main remodeling pathway in 
the living bone, named primary bone healing, through 
the mechanosensitive cell-mediated response to mi-
crodamage.81,112–114 From histologic observations, 
extensive osteoclastic activity takes place during re-
modeling along with microcracks and bone debris; 
the empty areas along the implant surface are then 
partially filled with new bone. This bone replacement 
is typically described as gradual interfacial remodeling 
in the area of contact between the pristine bone wall 
and implant surface.57,115,116 This is the type of healing 
pathway to be expected after undersized implant in-
sertion, as several studies have noted.22,75,81,84,94,95,97–99 
It has been suggested that bone could tolerate certain 
levels of compressive strain, even beyond the yield 
point without having negative bone reactions.44,75,117 
On the other hand, if this threshold is exceeded, nega-
tive biologic responses are expected, with massive 
bone necrosis and resorption. In a recent paper, Cha 
et al39 observed that undersized preparation in a rat 
femur model adversely affected osseointegration with 
significantly more dead osteocytes in peri-implant tis-
sue. In addition, peri-implant tissue proliferation and 
osteogenetic differentiation were disfavored. Never-
theless, there was little evidence reported of clinical 
failure due to bone over-compression.32

Different from the interfacial remodeling healing 
scenario, an alternate healing pattern is observed 
when empty spaces are created between the pristine 

Table 5 Surgical Procedure Details and Results of the Clinical Studies

Study 
(year)

No. 
patients Bone

Implant 
diameter 

(mm)

Implant 
length 
(mm)

Final drill 
(mm) Group IDD

Failed 
Implants ITQ (Ncm) Significance

P 
value

Turkyilmaz 
et al 
(2008)77

22 Posterior 
maxilla

3.75 10 3.0 ST1 18 (apex)* ST1 n = 1,  
ST2 n = 1

ST1 29.71 ± 8, UN1 35.91 
± 6, UN2 37.21 ± 7, ST2 
30.91 ± 7, UN 338.51 ± 7,  
UN4 41.11 ± 6

ITQ: UN1 =  
UN2 > ST

< .05

4 10 3.0 UN1 25 (apex)*

4 10 2.0 (apex)/ 
3.0 (body)

UN2 50 (apex)*

3.75 11.5 3.0 ST2 18 (apex)*

4 11.5 3.0 UN3 25 (apex)*

4 11.5 2.0 (apex)/ 
3.0 (body)

UN4 50 (apex)*

Alghamdi 
et al 
(2011)20

29 1–2 
Leckholm 
and Zarb

4.1 10 3.5 ST 15 n = 0 ITQ: ST 34.62 ± 5.82;  
UN 35.19 ± 4.79;  
Failed implants: ST 0;  
UN 0; PD: ST 2.87 ± 0.79; 
UN 2.75 ± 0.75

No –

3–4 
Leckholm 
and Zarb

10 2.8 UN 32

 IDD = implant-drill discrepancy; ST = standard drilling protocol; UN = undersized drilling protocol; * = countersinking.
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outcome, there is strong evidence that the undersized 
drilling protocol has a significant effect on insertion 
torque in low-density bone; there is no certainty if 
there is a biomechanical limit in the entity of undersiz-
ing; undersized drilling compared with conventional 
drilling might have a limited effect on insertion torque 
in dense bone, provided with a thick cortical layer; and 
initial high rotational stability obtained with under-
sized technique seems to decrease over time, in in vivo 
models. For the biologic outcome, it is not clear if the 
undersized drilling protocol has a significant biologic 
effect in terms of BIC in short-term healing; undersized 
and nonundersized have a similar biologic response, 
in terms of BIC in long-term healing; and the healing 
pathway around the implant placed in an undersized 
site includes extensive bone compression necrosis, 
followed by resorption and remodeling. For the clini-
cal outcome, the undersized drilling protocol seems 
to have a favorable survival rate when applied in the 
soft bone; clinical evidence of the undersized protocol 
is sparse and inconclusive; and no evidence on the ef-
fect of the undersized protocol on marginal bone loss 
is present in the current literature. 
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outcome, there is strong evidence that the undersized 
drilling protocol has a significant effect on insertion 
torque in low-density bone; there is no certainty if 
there is a biomechanical limit in the entity of undersiz-
ing; undersized drilling compared with conventional 
drilling might have a limited effect on insertion torque 
in dense bone, provided with a thick cortical layer; and 
initial high rotational stability obtained with under-
sized technique seems to decrease over time, in in vivo 
models. For the biologic outcome, it is not clear if the 
undersized drilling protocol has a significant biologic 
effect in terms of BIC in short-term healing; undersized 
and nonundersized have a similar biologic response, 
in terms of BIC in long-term healing; and the healing 
pathway around the implant placed in an undersized 
site includes extensive bone compression necrosis, 
followed by resorption and remodeling. For the clini-
cal outcome, the undersized drilling protocol seems 
to have a favorable survival rate when applied in the 
soft bone; clinical evidence of the undersized protocol 
is sparse and inconclusive; and no evidence on the ef-
fect of the undersized protocol on marginal bone loss 
is present in the current literature. 
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The use of osseointegrated implants has become a 
successful treatment option for the prosthetic re-

habilitation of partial and full edentulism, since the 
implants are capable of restoring both function and 
esthetics.1–3 Marginal bone maintenance is essential for 
long-term implant success. Albrektsson et al1 reported 
that the surgical procedure is one major factor that af-
fects osseointegration. In addition, in a 5-year clinical 

study, Cochran et al4 reported that 86% of the marginal 
bone resorption occurred during the early phase before 
loading. It has been reported that early bone resorption 
around implants is due to surgical trauma.5,6 An optimal 
surgical technique of osteotomy preparation should 
ideally provide adequate initial implant stability and, at 
the same time, prevent excessive heating or compres-
sive trauma.7 Initial stability is achieved through me-
chanical interlocking between the implant and the wall 
of the osteotomy.8 It has been reported that a micromo-
tion of 150 µm is a critical threshold.9,10

One of the most common clinical parameters 
to quantify initial implant stability is the insertion 
torque value (ITV), which measures the rotational 
friction and cutting resistance of the bone during 
implant insertion. ITV is affected by a combination of 
factors, such as bone anatomy (ie, quality and quanti-
ty), implant design (macrogeometry and microgeom-
etry), and surgical technique.11–15 However, from an 
engineering and biologic perspective, the ITV is not 
directly related to initial stability.16 Furthermore, it is 
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debatable whether ITV can influence osseointegra-
tion, since good results in terms of clinical outcomes 
have been reported for implants inserted both at ex-
tremely high ITV17 and extremely low ITV.18 Neverthe-
less, clinicians often demand high values of insertion 
torque, especially when performing an immediate 
loading protocol.19

The most commonly used technique to enhance 
ITV is the undersized drilling protocol. Such a drilling 
protocol creates an osteotomy that is narrower than 
recommended for the specific implant used.20 Dur-
ing implant insertion into an under-dimensioned site, 
compressive and tensile stresses in the bone are in-
duced. Some concerns have been raised over whether 
this technique may be harmful to the surrounding 
bone. Numerous studies demonstrate that excessive 
compression and tension in the cortical layer causes 
an interruption of the blood supply as well as genera-
tion of microcracks.21–23 Hence, the clinician should be 
aware that high stresses might result in delayed bone 
healing and early marginal bone resorption.24,25

In selection of the final osteotomy dimension, a 
different degree of bone compression and primary 
stability at implant placement can be obtained. The 
proper final osteotomy dimension may be modu-
lated on bone characteristics, obtaining the so-called 
adapted drilling.26 This choice is often based on the 
operator’s perception of the bone quality at the time 
of surgery. However, clinical evidence on how differ-
ent osteotomy preparation based on the clinicians’ 
perception could influence implant initial stability and 
bone response is sparse.27

Thus, the aim of this retrospective multicenter study 
was to evaluate ITV and early marginal bone response, 
before loading, of an implant system after a clinically 
perceived bone quality–adapted drilling.

MATERIALS AND METHODS

Inclusion/Exclusion Criteria
Patients included in this retrospective study were 
treated with implant rehabilitations from June 2014 to 
April 2016 at three private practice–based clinics. All 
patients signed informed consent prior to the implant 
treatment. To be included in the study, all cases must 
have fulfilled the following inclusion criteria: 

• Treated with OsseoSpeed EV (Astra Tech Implant 
System, Dentsply Sirona Implants)

• Radiographs recorded at the time of implant 
placement and at the time of permanent restoration

• Information recorded regarding implant drilling 
protocol and implant characteristics in terms of 
length and diameter

• Bone type recorded, according to Hämmerle 
classification28 and bone quality according to 
Lekholm and Zarb classification29

• ITV of the complete implant placement recorded 
using SA-310 W&H Elcomed implant unit (W&H)

The following exclusion criteria were applied:

• Implants placed in postextractive sockets (Classes I, 
II, and III according to Hämmerle classification) 

• Implants placed in regenerated site or with bone 
augmentation procedures

• Implants placed with computer-aided surgery
• Failed implants at the time of second surgery
• Immediately loaded implants
• Implants placed with a manual torque wrench
• Patient with soft tissue borne complete or partial 

denture as provisional restoration
• Subjects smoking more than 10 cigarettes/day

Surgical Procedures
Prior to implant placement, clinical and radiographic 
evaluations were performed to obtain a proper treat-
ment plan. In each center, surgical and prosthetic 
procedures were performed by a single operator with 
more than 10 years of experience in implant dentistry 
(M.T., E.C., D.C.). 

Patients received antibiotic prophylaxis (Amoxicillin 
1 g), 1 hour prior to surgery and after the completion of 
implant placement until suture removal, with 1 g twice 
a day. The surgical treatment was performed under lo-
cal anesthesia. A full-thickness flap was raised to ex-
pose the implant site. Implants were placed according 
to the manufacturer guidelines, using a two-stage pro-
tocol.30 Bone type was assigned based on presurgical 
cone beam computed tomography (CBCT) scan and 
clinical perception during implant placement. The op-
eration was finalized by the insertion of a cover screw 
followed by careful adaptation of the flaps by means of 
an accurate suture to obtain full periosteal coverage. 

Postoperative care and instructions were given to 
the patients.

Drilling Protocol and Implant Placement
The implant drilling protocol of OsseoSpeed EV is 
designed to achieve initial implant stability, avoid-
ing excessive bone compression.31 A combination of 
stepped drills (S), cortical bone refinement (A and B), 
and a wider osteotomy preparation drill (X) was used 
when the surgeries were performed (Fig 1). The final 
drilling protocol was selected based on tactile percep-
tion during initial osteotomy. All drilling procedures 
were performed at a maximum of 1,500 rpm using pro-
fuse external irrigation with a saline solution. Implant 
placement was performed at 25 rpm under abundant 
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irrigation using the surgical unit. The final position was 
achieved at bone-crestal or slightly subcrestal level.

Radiographic Evaluation
Standardized radiographs were taken with an X-ray ap-
paratus supplied with a long cone at each visiting time. 
Rinn Universal Collimator (Dentsply RINN) was used to 
ensure image reproducibility.

Radiographs were measured using image processor 
software (ImageJ, National Institutes of Health) to eval-
uate the marginal bone loss (MBL). The length and di-
ameter of the implant were used for the calibration of 
the bone level measurements. The distance between 
the reference point (implant bevel) and the first visible 
bone-to-implant contact was measured both at a me-
sial and distal site (Fig 2). In cases where the implant 
reference point was below the margin of the crestal 
bone, that is, subcrestal, the value was considered as 
± 0. The mean of mesial and distal values was calculat-
ed at implant placement and permanent restoration. 

MBL, before loading, was calculated as a difference be-
tween the two time points.

The radiographic analysis was performed in a blind 
manner by one experienced examiner not involved in 
the study. Intraexaminer measure variability was deter-
mined by re-examining 10% of all measures randomly 
selected, and the measurement error was calculated.

Data Collection
A dataset was created with the following variables: pa-
tient age and sex; implant diameter and length; bone 
quality (based on Lekholm and Zarb classification29); 
arch (mandible/maxilla); and drilling protocol (S, SA, 
SB, SX, SXB) as reported in Fig 1. 

Outcome variables were:

• ITV: Calculated as final ITV from Elcomed implant 
drill unit .csv file created at implant placement and 
stored in USB stick 

• MBL: Calculated as previously described
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Fig 1  Schematic picture of drilling protocols. Discrepancy between osteotomy and implant diameter at different levels are shown 
in mm. S = stepped body preparation, which creates an undersized osteotomy;  SA = body preparation followed by thin cortical bone 
drill; SB = body preparation followed by thick cortical bone drill; SX = stepped body preparation followed by additional body and apical 
drill (X); SXB = stepped body preparation followed by additional body and apical drill and by thick cortical bone drill.

Fig 2  Radiographs involving multiple im-
plant reconstruction in the mandible and a 
single implant reconstruction in the max-
illa at (a, c) implant placement and (b, d) 
permanent restoration, respectively.

a b

c d
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clinical perception during implant placement. The op-
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Statistical Analysis
Implant was used as the statistical unit, and the analyses 
were performed using statistical software (IBM SPSS Sta-
tistics for Mac, v.22). Continuous variables are presented 
by means of number of observations, mean and stan-
dard deviation, minimum, median, maximum, and lower 
and higher quartile. Discrete variables are presented by 
frequency and percentage. The normality of outcome 
variables distribution was tested. Mean outcome values 
were compared with one-way analysis of variance (ANO-
VA) test for normally distributed variables, whereas the 
Kruskal-Wallis test was used to compare non-normally 
distributed data. Bonferroni and Dunn/Bonferroni post 
hoc tests were used for multiple comparisons. 

Multiple regression models were applied to study 
the interaction of independent variables on the out-
comes of main interest (ITV and MBL). In these com-
plex models, the biologic interactions between those 
variables that resulted in influencing the outcome 
were included when considering the simple additive 
regression models. Accordingly, the possible influence 
of the joined effect of two variables on the outcome of 
interest was examined.

RESULTS

Intraexaminer Variability
Eighty measurements were randomly repeated at 6 
months after the first evaluation. 

Seventy-five (93.75%) measurement errors were 
less than 0.2 mm; 2 (2.5%) were between 0.21 and 
0.4 mm; 2 (2.5%) were between 0.41 and 0.6 mm; only 
one measurement error was higher than 0.6 mm.

Demographic Outcome
From an initial inclusion of 248 implants and 131 patients, 
the final case series population encountered was 188 im-
plants in 87 patients (50.6% males), with a mean age of 
60.8 ± 13.3 years according to the exclusion criteria.

The mean healing time from implant placement to 
permanent restoration was 144 ± 59 days. Implant di-
ameter and length frequency distribution are summa-
rized in Table 1. Relative frequency of drilling protocol 
based on bone quality is displayed in Fig 3 and Table 2. 

ITV
The mean ITV was 30.8 ± 15.1 Ncm (Table 3). It was 
significantly lower in the maxilla than in the man-
dible (P  =  .001), resulting in 25.3 ± 12.9 Ncm and 
33.2 ± 15.5 Ncm, respectively. Based on bone qual-
ity, ITV showed statistically significantly different 
values among groups (P < .001) (Table 3) (Fig 4). A 
Bonferroni post hoc test was performed (Table 4). 
Based on implant diameter, a significant difference 
was noted among the groups (P = .032), but the 
post hoc comparison did not reach significance. A 
significant difference was obtained on ITV based on 
drilling protocol (P  =  .019). A significant difference 
between the S and SXB protocols was revealed by 

Table 1  Summary of Implant Diameter and 
Length Frequency (n)

Length (mm)

6 8 9 11 13 15 Total

Diameter (mm)
 3.0 1 0 0 0 0 1
 3.6 8 16 23 9 4 0 60
 4.2 7 16 20 14 11 1 69
 4.8 6 11 15 5 0 1 38
 5.4 0 6 9 5 0 0 20
Total 21 50 67 33 15 2 188
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Fig 3  Relative frequency of drilling protocol based on bone 
quality.

Table 2  Frequency, ITV (Ncm), and MBL (mm) Results of Drilling Protocols Based on Bone Quality

Site 
preparation

1 2 3 4

N ITV MBL N ITV MBL N ITV MBL N ITV MBL

S 0 17 30.0 0.15 20 26.0 0.12 18 29.2 0.17
SA 0 8 36.6 0.00 11 28.6 0.09 3 13.5 0.19
SB 5 47.1 0.13 20 33.9 0.12 12 29.7 0.12 1 11.5 0.47
SX 2 46.4 0.09 4 29.7 0.19 2 35.3 0.14 0
SXB 12 45.8 0.00 44 33.0 0.00 8 22.4 0.01 1 5 0.00 
ITV is displayed as mean and MBL as median.
ITV = insertion torque value; MBL = marginal bone loss; S = stepped body preparation, which creates an undersized osteotomy; SA = body 
preparation followed by thin cortical bone drill; SB = body preparation followed by thick cortical bone drill; SX = stepped body preparation followed 
by additional body and apical drill (X); SXB = stepped body preparation followed by additional body and apical drill and by thick cortical bone drill.  
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the post hoc test (P = .010) (Table 4). ITV did not dif-
fer significantly among the centers.

From the multiple regression analysis, the most sta-
tistically significant model to evaluate the influence 
on ITV included bone quality, diameter, and the bio-
logic interaction of bone quality*diameter (P < .0001; 
adjusted R2 = 21.8%). The model confirmed that ITV 
was significantly higher in group 1 in comparison to 
group 3 (P = .04) and group 4 (P = .004). In addition, in 
group 4, a greater diameter determined a greater ITV 
(P = .02) (Fig 5).

MBL
The mean MBL was 0.16 ± 0.27 mm. Median, lower 
quartile, and upper quartile for MBL were 0.05, 0.00, 
and 0.24 mm, respectively (Table 3). The maximum 
value was 2.45 mm. MBL did not show any significant 
difference among bone quality groups (Table 3). A sig-
nificant difference was found between the mandible 
and maxilla (P = .008), and between drilling protocols 
(P = .011). In particular, significant greater MBL was 
found in Protocol S compared with SXB, as showed by 
post hoc test (P = .010). MBL did not differ significantly 
among the centers.

From the multiple regression analysis, bone qual-
ity, diameter, ITV, and the biologic interaction of bone 
quality*ITV influenced MBL according to the most 
statistically significant model (P < .0001; adjusted 
R2 = 14.4%). MBL was significantly higher in bone qual-
ity group 1 vs groups 2, 3, and 4 (P < .0001), and there 
was mild evidence that it increases with the incre-
ment of ITQ (P < .0001). The biologic interaction bone 
quality*ITV was statistically significant (P < .0001), and 
MBL was further enhanced by the joined increase of 
ITV in bone quality group 1 vs group 2 vs group 3, and 
vs group 4. A scatter plot showing MBL vs ITV accord-
ing to different drilling protocols is displayed in Fig 5.

DISCUSSION

The present retrospective study aimed to evaluate 
ITV and early marginal bone response of an implant 
system after an adapted drilling. Based on presurgi-
cal radiographic assessment, and on perception of 
bone density, the operators could select the drilling 
protocol to achieve initial stability. Particular care was 
taken to avoid excessive stresses on cortical bone, by 

Table 3  Results for ITV (Ncm) and MBL (mm)

N

ITV MBL

Mean (SD) P Median (Q1; Q3) P

Arch .001 .008

 Mandible 131 33.2 (15.5) 0.00 (0.00; 0.21)

 Maxilla 57 25.3 (12.9) 0.16 (0.00; 0.28)

Bone quality < .001 .116

 1 19 46.2 (9.5) 0.00 (0.00; 0.19)

 2 93 32.8 (13.7) 0.00 (0.00; 0.21)

 3 53 27.2 (14.2) 0.09 (0.00; 0.25)

 4 23 18.3 (14.3) 0.16 (0.00; 0.44)

Diameter .032 .519

 3.0 1 40.6 0.00

 3.6 61 29.2 (14.8) 0.00 (0.00; 0.18)

 4.2 68 28.2 (15.7) 0.10 (0.00; 0.28)

 4.8 38 34.3 (14.1) 0.07 (0.00; 0.23)

 5.4 20 37.6 (14.3) 0.00 (0.00; 0.27)

Drilling protocol .019 .011

 S 55 25.4 (14.0) 0.15 (0.00; 0.31)

 SA 22 29.5 (13.0) 0.00 (0.00; 0.18)

 SB 38 33.7 (13.2) 0.13 (0.00; 0.24)

 SX 8 35.2 (14.4) 0.16 (0.01; 0.25)

 SXB 65 33.6 (16.9) 0.00 (0.00; 0.12)

 Total 188 30.8 (15.2) 0.05 (0.00; 0.24)  

N = frequency; Q1 = first quartile; Q3 = third quartile. 
Bold numbers indicate statistically significant differences.

Fig 4  ITV (Ncm) with relative standard deviations in 
different bone qualities, according to Lekholm and Zarb 
classification. ITV was significantly different among 
groups (P < .001).

Table 4  Multiple Comparison at Post 
Hoc Test for ITV with Relative 
Significance 

Variable P

Bone quality
 1 vs 2 .001

vs 3 < .001
vs 4 < .001

 2 vs 4 < .001
Drilling protocol
 S SXB .027

Only significant differences are displayed. Bonferroni test 
was used.
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Statistical Analysis
Implant was used as the statistical unit, and the analyses 
were performed using statistical software (IBM SPSS Sta-
tistics for Mac, v.22). Continuous variables are presented 
by means of number of observations, mean and stan-
dard deviation, minimum, median, maximum, and lower 
and higher quartile. Discrete variables are presented by 
frequency and percentage. The normality of outcome 
variables distribution was tested. Mean outcome values 
were compared with one-way analysis of variance (ANO-
VA) test for normally distributed variables, whereas the 
Kruskal-Wallis test was used to compare non-normally 
distributed data. Bonferroni and Dunn/Bonferroni post 
hoc tests were used for multiple comparisons. 

Multiple regression models were applied to study 
the interaction of independent variables on the out-
comes of main interest (ITV and MBL). In these com-
plex models, the biologic interactions between those 
variables that resulted in influencing the outcome 
were included when considering the simple additive 
regression models. Accordingly, the possible influence 
of the joined effect of two variables on the outcome of 
interest was examined.

RESULTS

Intraexaminer Variability
Eighty measurements were randomly repeated at 6 
months after the first evaluation. 

Seventy-five (93.75%) measurement errors were 
less than 0.2 mm; 2 (2.5%) were between 0.21 and 
0.4 mm; 2 (2.5%) were between 0.41 and 0.6 mm; only 
one measurement error was higher than 0.6 mm.

Demographic Outcome
From an initial inclusion of 248 implants and 131 patients, 
the final case series population encountered was 188 im-
plants in 87 patients (50.6% males), with a mean age of 
60.8 ± 13.3 years according to the exclusion criteria.

The mean healing time from implant placement to 
permanent restoration was 144 ± 59 days. Implant di-
ameter and length frequency distribution are summa-
rized in Table 1. Relative frequency of drilling protocol 
based on bone quality is displayed in Fig 3 and Table 2. 

ITV
The mean ITV was 30.8 ± 15.1 Ncm (Table 3). It was 
significantly lower in the maxilla than in the man-
dible (P  =  .001), resulting in 25.3 ± 12.9 Ncm and 
33.2 ± 15.5 Ncm, respectively. Based on bone qual-
ity, ITV showed statistically significantly different 
values among groups (P < .001) (Table 3) (Fig 4). A 
Bonferroni post hoc test was performed (Table 4). 
Based on implant diameter, a significant difference 
was noted among the groups (P = .032), but the 
post hoc comparison did not reach significance. A 
significant difference was obtained on ITV based on 
drilling protocol (P  =  .019). A significant difference 
between the S and SXB protocols was revealed by 

Table 1  Summary of Implant Diameter and 
Length Frequency (n)

Length (mm)

6 8 9 11 13 15 Total

Diameter (mm)
 3.0 1 0 0 0 0 1
 3.6 8 16 23 9 4 0 60
 4.2 7 16 20 14 11 1 69
 4.8 6 11 15 5 0 1 38
 5.4 0 6 9 5 0 0 20
Total 21 50 67 33 15 2 188
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Fig 3  Relative frequency of drilling protocol based on bone 
quality.

Table 2  Frequency, ITV (Ncm), and MBL (mm) Results of Drilling Protocols Based on Bone Quality

Site 
preparation

1 2 3 4

N ITV MBL N ITV MBL N ITV MBL N ITV MBL

S 0 17 30.0 0.15 20 26.0 0.12 18 29.2 0.17
SA 0 8 36.6 0.00 11 28.6 0.09 3 13.5 0.19
SB 5 47.1 0.13 20 33.9 0.12 12 29.7 0.12 1 11.5 0.47
SX 2 46.4 0.09 4 29.7 0.19 2 35.3 0.14 0
SXB 12 45.8 0.00 44 33.0 0.00 8 22.4 0.01 1 5 0.00 
ITV is displayed as mean and MBL as median.
ITV = insertion torque value; MBL = marginal bone loss; S = stepped body preparation, which creates an undersized osteotomy; SA = body 
preparation followed by thin cortical bone drill; SB = body preparation followed by thick cortical bone drill; SX = stepped body preparation followed 
by additional body and apical drill (X); SXB = stepped body preparation followed by additional body and apical drill and by thick cortical bone drill.  
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the post hoc test (P = .010) (Table 4). ITV did not dif-
fer significantly among the centers.

From the multiple regression analysis, the most sta-
tistically significant model to evaluate the influence 
on ITV included bone quality, diameter, and the bio-
logic interaction of bone quality*diameter (P < .0001; 
adjusted R2 = 21.8%). The model confirmed that ITV 
was significantly higher in group 1 in comparison to 
group 3 (P = .04) and group 4 (P = .004). In addition, in 
group 4, a greater diameter determined a greater ITV 
(P = .02) (Fig 5).

MBL
The mean MBL was 0.16 ± 0.27 mm. Median, lower 
quartile, and upper quartile for MBL were 0.05, 0.00, 
and 0.24 mm, respectively (Table 3). The maximum 
value was 2.45 mm. MBL did not show any significant 
difference among bone quality groups (Table 3). A sig-
nificant difference was found between the mandible 
and maxilla (P = .008), and between drilling protocols 
(P = .011). In particular, significant greater MBL was 
found in Protocol S compared with SXB, as showed by 
post hoc test (P = .010). MBL did not differ significantly 
among the centers.

From the multiple regression analysis, bone qual-
ity, diameter, ITV, and the biologic interaction of bone 
quality*ITV influenced MBL according to the most 
statistically significant model (P < .0001; adjusted 
R2 = 14.4%). MBL was significantly higher in bone qual-
ity group 1 vs groups 2, 3, and 4 (P < .0001), and there 
was mild evidence that it increases with the incre-
ment of ITQ (P < .0001). The biologic interaction bone 
quality*ITV was statistically significant (P < .0001), and 
MBL was further enhanced by the joined increase of 
ITV in bone quality group 1 vs group 2 vs group 3, and 
vs group 4. A scatter plot showing MBL vs ITV accord-
ing to different drilling protocols is displayed in Fig 5.

DISCUSSION

The present retrospective study aimed to evaluate 
ITV and early marginal bone response of an implant 
system after an adapted drilling. Based on presurgi-
cal radiographic assessment, and on perception of 
bone density, the operators could select the drilling 
protocol to achieve initial stability. Particular care was 
taken to avoid excessive stresses on cortical bone, by 

Table 3  Results for ITV (Ncm) and MBL (mm)

N

ITV MBL

Mean (SD) P Median (Q1; Q3) P

Arch .001 .008

 Mandible 131 33.2 (15.5) 0.00 (0.00; 0.21)

 Maxilla 57 25.3 (12.9) 0.16 (0.00; 0.28)

Bone quality < .001 .116

 1 19 46.2 (9.5) 0.00 (0.00; 0.19)

 2 93 32.8 (13.7) 0.00 (0.00; 0.21)

 3 53 27.2 (14.2) 0.09 (0.00; 0.25)

 4 23 18.3 (14.3) 0.16 (0.00; 0.44)

Diameter .032 .519

 3.0 1 40.6 0.00

 3.6 61 29.2 (14.8) 0.00 (0.00; 0.18)

 4.2 68 28.2 (15.7) 0.10 (0.00; 0.28)

 4.8 38 34.3 (14.1) 0.07 (0.00; 0.23)

 5.4 20 37.6 (14.3) 0.00 (0.00; 0.27)

Drilling protocol .019 .011

 S 55 25.4 (14.0) 0.15 (0.00; 0.31)

 SA 22 29.5 (13.0) 0.00 (0.00; 0.18)

 SB 38 33.7 (13.2) 0.13 (0.00; 0.24)

 SX 8 35.2 (14.4) 0.16 (0.01; 0.25)

 SXB 65 33.6 (16.9) 0.00 (0.00; 0.12)

 Total 188 30.8 (15.2) 0.05 (0.00; 0.24)  

N = frequency; Q1 = first quartile; Q3 = third quartile. 
Bold numbers indicate statistically significant differences.

Fig 4  ITV (Ncm) with relative standard deviations in 
different bone qualities, according to Lekholm and Zarb 
classification. ITV was significantly different among 
groups (P < .001).

Table 4  Multiple Comparison at Post 
Hoc Test for ITV with Relative 
Significance 

Variable P

Bone quality
 1 vs 2 .001

vs 3 < .001
vs 4 < .001

 2 vs 4 < .001
Drilling protocol
 S SXB .027

Only significant differences are displayed. Bonferroni test 
was used.
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using wider (B) or thinner (A) cortical drills. In the case 
of dense bone, an additional wider drill (X) was used. 
Conversely, when the clinician predicted an inade-
quate level of initial stability, no cortical or additional 
drills were used, which resulted in an undersized drill-
ing (protocol S).

Several studies reported the successful use of modi-
fied drilling protocols with undersized osteotomy in order 
to enhance initial stability in low-density bone for conven-
tional11,26,32–34 or immediate loading protocols.35–37

The results of the present study presented a mean 
ITV of 30.8 ± 15.1 Ncm. ITV was higher in the mandible, 
which was in accordance with a recent report in which 
the same implant system was used.31

Multiple regression analysis revealed a robust model 
in which ITV was significantly influenced by bone type 
and diameter, among others. Analyzing the main factors 
affecting ITV, higher values were shown in bone quality 
class 1 vs 3 and 4. As previously observed,26,38,39 these 
findings indicate that bone quality is the critical factor 
affecting ITV, regardless of the adapted drilling protocol. 

The present study data presented a median MBL 
value of 0.05 mm (Table 3). The time for radiographic 
assessment for MBL was selected at prosthetic deliv-
ery, so that potential influence of prosthetic structure 
was avoided. Reportedly, MBL during the first healing 
phase is considered to be caused by surgical trauma, 

among few other factors.5 The results obtained are 
comparable to studies that investigated early bone loss 
around similarly designed implants. Guljé et al40 ob-
served a mean marginal bone change of –0.24 ± 0.21 
and –0.45 ± 0.43 mm around 6-mm and 11-mm–length 
implants, respectively, 6 months after implant place-
ment. In a prospective study on narrow-diameter im-
plants,41 the 6-month MBL was –0.439 ± 0.893 mm. 
Donati et al42 reported a mean marginal bone level 
change between –0.2 and –0.33 mm 3 months after im-
plant placement. In a recent publication, Stanford et al 
reported a mean MBL of 0.33 mm (median: 0.15 mm).31

Although the median value for MBL resulted in clini-
cally irrelevant values, the maximum value (2.45 mm) 
should be taken into consideration. Interestingly, the 
findings of the present study showed that there was 
a significantly different value of MBL around implants 
inserted with different drilling protocols. In particu-
lar, MBL was lower after a wider preparation (SXB) 
compared with an undersized technique (S). When 
undersized drilling is performed, the stresses in the 
bone occur along the entire implant length or only in 
some of its regions, based on the final osteotomy di-
mension and implant design.43 Bone cell necrosis and 
resorption activity are expected in the peri-implant 
bone.21 A healthy bone can withstand this surgical 
trauma by a healing pathway known as interfacial 
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Fig 5  Scatter plot of ITV (Ncm) versus MBL (mm) according to drilling protocol.
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using wider (B) or thinner (A) cortical drills. In the case 
of dense bone, an additional wider drill (X) was used. 
Conversely, when the clinician predicted an inade-
quate level of initial stability, no cortical or additional 
drills were used, which resulted in an undersized drill-
ing (protocol S).

Several studies reported the successful use of modi-
fied drilling protocols with undersized osteotomy in order 
to enhance initial stability in low-density bone for conven-
tional11,26,32–34 or immediate loading protocols.35–37

The results of the present study presented a mean 
ITV of 30.8 ± 15.1 Ncm. ITV was higher in the mandible, 
which was in accordance with a recent report in which 
the same implant system was used.31

Multiple regression analysis revealed a robust model 
in which ITV was significantly influenced by bone type 
and diameter, among others. Analyzing the main factors 
affecting ITV, higher values were shown in bone quality 
class 1 vs 3 and 4. As previously observed,26,38,39 these 
findings indicate that bone quality is the critical factor 
affecting ITV, regardless of the adapted drilling protocol. 

The present study data presented a median MBL 
value of 0.05 mm (Table 3). The time for radiographic 
assessment for MBL was selected at prosthetic deliv-
ery, so that potential influence of prosthetic structure 
was avoided. Reportedly, MBL during the first healing 
phase is considered to be caused by surgical trauma, 

among few other factors.5 The results obtained are 
comparable to studies that investigated early bone loss 
around similarly designed implants. Guljé et al40 ob-
served a mean marginal bone change of –0.24 ± 0.21 
and –0.45 ± 0.43 mm around 6-mm and 11-mm–length 
implants, respectively, 6 months after implant place-
ment. In a prospective study on narrow-diameter im-
plants,41 the 6-month MBL was –0.439 ± 0.893 mm. 
Donati et al42 reported a mean marginal bone level 
change between –0.2 and –0.33 mm 3 months after im-
plant placement. In a recent publication, Stanford et al 
reported a mean MBL of 0.33 mm (median: 0.15 mm).31

Although the median value for MBL resulted in clini-
cally irrelevant values, the maximum value (2.45 mm) 
should be taken into consideration. Interestingly, the 
findings of the present study showed that there was 
a significantly different value of MBL around implants 
inserted with different drilling protocols. In particu-
lar, MBL was lower after a wider preparation (SXB) 
compared with an undersized technique (S). When 
undersized drilling is performed, the stresses in the 
bone occur along the entire implant length or only in 
some of its regions, based on the final osteotomy di-
mension and implant design.43 Bone cell necrosis and 
resorption activity are expected in the peri-implant 
bone.21 A healthy bone can withstand this surgical 
trauma by a healing pathway known as interfacial 
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remodeling.22,44,45 New bone apposition occurs after 
resorption of damaged tissue supported by new vas-
cularization and migration of undifferentiated cells and 
regulatory factors.46 Conversely, this biologic process 
may be impeded in patients with reduced remodeling 
due to aging or clinical conditions. Immediate or early 
loading may also play a negative role in the remodel-
ing process. In a recent animal study,47 compromised 
osseointegration was observed around immediately 
loaded implants inserted with underpreparation. The 
authors assumed that immediate loading condition 
together with the surgical procedure could have im-
paired the reparatory process of bone remodeling dur-
ing the early healing. 

Besides, when early MBL exposes the implant sur-
face, microbial biofilm accumulation is capable of 
breaking down the adjacent bone tissues.48 

A multiple regression model showed that the 
main factors influencing MBL were bone quality and 
ITV. Larger MBL is predictable in bone quality 1 com-
pared with bone qualities 2, 3, and 4. Moreover, MBL 
is more greatly enhanced by the biologic interaction 
between bone quality 1 and the increase of ITV. This 
finding is in accordance with a recent study by Barone 
et al,49 which aimed to compare implants placed with 
high and regular ITV; high ITV provoked higher bone 
resorption during the early healing. Furthermore, a 
greater MBL was recorded in the mandible than in the 
maxilla for the high ITV group. It may be argued that 
a poorly vascularized tissue, such as cortical bone, is 
more susceptible to resorption after compression.

A limitation of the present study was the bone 
quality assessment, which was obtained by means of 
Lekholm and Zarb classification. One may argue that 
such a subjective assessment could vary based on 
surgeon tactile sensitivity and experience. However, 
it was shown that this clinical-based assessment is ca-
pable of determining the bone mineral density and 
microarchitecture,50–52 and it is the most commonly 
utilized classification. The retrospective nature of the 
study introduced a large number of variables, which 
could act as confounding factors. Nonetheless, the use 
of multiple regression analysis gave the possibility to 
create models where all factors were considered and 
adjusted for their influence on the outcomes.

From the present findings, the correct custom-
ized drilling protocol based on bone perception 
provides optimal ITV and reduced early MBL. An 
accurate bone quality assessment is suggested in 
the presurgical planning in order to select the most 
optimal drilling protocol. Furthermore, it is a prereq-
uisite for success to not result in high ITV in dense 
bone in order to avoid harmful stresses in the cor-
tical area, which is the most susceptible region for 
bone response. It is suggested that a more gentle 

preparation is necessary to avoid biologic complica-
tions. Wider drilling, including cortical bone prepara-
tion together with additional body preparation (ie, 
SXB) seems to grant good initial stability in terms of 
ITV and a minimized early MBL.

CONCLUSIONS

The surgical procedure of adapting the drilling proto-
col based on bone quantity and quality as described in 
the present paper resulted in sufficient initial rotation-
al stability (ITV) with minimized early marginal bone 
resorption in the first healing phase. ITV, however, is 
mainly influenced by bone quality. Excessive ITV in 
dense bone has to be avoided; thus, a drilling protocol 
including a cortical and additional wider osteotomy is 
suggested. A presurgical bone quality assessment is 
recommended to choose the proper drilling protocol 
and to minimize the surgical trauma. 
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Abstract

Objective:	The	aim	of	this	study	was	to	investigate	the	extent	of	cortical	bone	re-

modeling	between	two	different	drilling	protocols	by	means	of	histomorphometric,	
µ‐CT,	and	biomechanical	analyses.
Material and methods:	A	total	of	48	implants	were	 inserted	into	the	mandible	of	six	
sheep	following	two	drilling	protocols:	Group	A	(Test,	n	=	24),	undersized	preparation;	
Group	B	(Control,	n	=	24),	non‐undersized	preparation.	The	animals	were	euthanatized	
to	obtain	5	and	10	weeks	of	implantation	time.	Removal	torque	(RTQ)	was	measured	on	
12	implants	of	each	group	and	the	peri‐implant	bone	was	µ‐CT	scanned.	Bone	volume	
density	 (BV/TV)	was	calculated	 in	pre‐determined	cylindrical	volumes,	up	to	1.5	mm	
from	implant	surface.	Non‐decalcified	histology	was	prepared	on	the	remaining	12	im-

plants	from	each	group,	where	total	bone‐to‐implant	contact	(totBIC)	and	newly‐formed	
BIC	(newBIC)	was	measured.	Bone	Area	Fraction	Occupancy	(BAFO)	was	determined	in	
pre‐determined	 areas	 up	 to	 1.5	mm	 from	 implant	 surface.	 Paired	 sample	 t	 test	 or	
Wilcoxon	signed‐rank	test	was	used	to	investigate	differences	between	the	groups.
Results:	Group	A	presented	significantly	increased	RTQ	value	at	5	weeks,	while	no	
difference	was	observed	at	10	weeks.	Group	B	presented	increased	BV/TV	value	at	
5	weeks.	 Both	 groups	 showed	 comparable	 values	 for	 totBIC	 at	 both	 time‐points.	
However,	Group	A	presented	significantly	lower	newBIC	at	5	weeks.	Higher	BAFO	
was	observed	in	Group	B	at	5	weeks.
Conclusions:	Implants	inserted	into	undersized	sites	has	an	increased	biomechanical	
performance,	but	provoked	major	remodeling	of	the	cortical	bone	during	the	early	
healing	period	compared	to	non‐undersized	preparations.	After	10	weeks,	no	differ-
ence	was	observed.

K E Y W O R D S

bone	remodeling/regeneration,	dental	implant(s),	osseointegration,	osteotomy,	torque,	x‐ray	
microtomography

1  | INTRODUC TION

Initial	 mechanical	 engagement	 of	 a	 dental	 implant	 placed	 in	 bone,	
known	as	primary	stability	is	necessary	from	the	time	of	installation	

and	throughout	the	healing	phase	(Albrektsson,	Jansson,	&	Lekholm,	
1986).	The	osseointegration	process	offers	biological	stability,	known	
as	secondary	stability,	which	is	a	direct	contact	between	vital	bone	
and	implant	surface	(Berglundh,	Abrahamsson,	Lang,	&	Lindhe,	2003).
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Objective:	The	aim	of	this	study	was	to	investigate	the	extent	of	cortical	bone	re-

modeling	between	two	different	drilling	protocols	by	means	of	histomorphometric,	
µ‐CT,	and	biomechanical	analyses.
Material and methods:	A	total	of	48	implants	were	 inserted	into	the	mandible	of	six	
sheep	following	two	drilling	protocols:	Group	A	(Test,	n	=	24),	undersized	preparation;	
Group	B	(Control,	n	=	24),	non‐undersized	preparation.	The	animals	were	euthanatized	
to	obtain	5	and	10	weeks	of	implantation	time.	Removal	torque	(RTQ)	was	measured	on	
12	implants	of	each	group	and	the	peri‐implant	bone	was	µ‐CT	scanned.	Bone	volume	
density	 (BV/TV)	was	calculated	 in	pre‐determined	cylindrical	volumes,	up	to	1.5	mm	
from	implant	surface.	Non‐decalcified	histology	was	prepared	on	the	remaining	12	im-

plants	from	each	group,	where	total	bone‐to‐implant	contact	(totBIC)	and	newly‐formed	
BIC	(newBIC)	was	measured.	Bone	Area	Fraction	Occupancy	(BAFO)	was	determined	in	
pre‐determined	 areas	 up	 to	 1.5	mm	 from	 implant	 surface.	 Paired	 sample	 t	 test	 or	
Wilcoxon	signed‐rank	test	was	used	to	investigate	differences	between	the	groups.
Results:	Group	A	presented	significantly	increased	RTQ	value	at	5	weeks,	while	no	
difference	was	observed	at	10	weeks.	Group	B	presented	increased	BV/TV	value	at	
5	weeks.	 Both	 groups	 showed	 comparable	 values	 for	 totBIC	 at	 both	 time‐points.	
However,	Group	A	presented	significantly	lower	newBIC	at	5	weeks.	Higher	BAFO	
was	observed	in	Group	B	at	5	weeks.
Conclusions:	Implants	inserted	into	undersized	sites	has	an	increased	biomechanical	
performance,	but	provoked	major	remodeling	of	the	cortical	bone	during	the	early	
healing	period	compared	to	non‐undersized	preparations.	After	10	weeks,	no	differ-
ence	was	observed.
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1  | INTRODUC TION

Initial	 mechanical	 engagement	 of	 a	 dental	 implant	 placed	 in	 bone,	
known	as	primary	stability	is	necessary	from	the	time	of	installation	

and	throughout	the	healing	phase	(Albrektsson,	Jansson,	&	Lekholm,	
1986).	The	osseointegration	process	offers	biological	stability,	known	
as	secondary	stability,	which	is	a	direct	contact	between	vital	bone	
and	implant	surface	(Berglundh,	Abrahamsson,	Lang,	&	Lindhe,	2003).
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Insufficient	 implant	 stability	 could	 hamper	 the	 implant	 osteo-
conductive	capacity,	resulting	in	impaired	healing,	and	implant	loss	
(Brunski,	1992;	Szmukler‐Moncler,	Salama,	Reingewirtz,	&	Dubruille,	
1998).	Many	 factors	 could	 affect	 primary	 stability,	 including	 bone	
quantity	and	quality,	implant	macro‐	and	micro‐geometry,	and	surgi-
cal	technique	(Boustany,	Reed,	Cunningham,	Richards,	&	Kanawati,	
2015;	O’Sullivan,	Sennerby,	&	Meredith,	2000).

Undersized	drilling	 is	one	of	 the	most	common	surgical	proce-
dures	to	improve	implant	primary	stability.	With	this	technique,	the	
implant	osteotomy	is	substantially	narrower	than	the	implant	diam-
eter	(Friberg	et	al.,	1999).	It	has	been	reported	that	increased	lateral	
bone	compression	during	implant	placement	into	an	undersized	site	
results	in	higher	insertion	torque	(ITQ),	which	may	be	an	indicator	for	
improved	primary	stability	(Tabassum,	Walboomers,	Wolke,	Meijer,	
&	Jansen,	2010).

However,	a	recent	systematic	review	(Stocchero	et	al.,	2016)	sug-
gests	that	higher	lateral	bone	compression	does	not	always	result	in	
enhanced	mechanical	stability	and	enhanced	osseointegration.	One	
study	pointed	out	that	implant	insertion	in	underprepared	sites	pro-
vokes	ischemia,	osteocytes	necrosis,	and	generates	micro‐fractures	
in	the	bone	(Cha	et	al.,	2015).	It	is	well	known	that	damaged	cortical	
bone	is	replaced	by	the	remodeling	healing	pathway	via	the	action	of	
Basic	Multicellular	Units	(BMUs).	Resorption	process	creates	tempo-
rary	pores	in	the	peri‐implant	bone	known	as	the	remodeling	space	
(Martin,	2000).

Remodeling	occurs	at	the	implant	interface	and	at	peri‐implant	
bone	presumably	being	affected	by	static	strain	(Slaets,	Carmeliet,	
Naert,	&	Duyck,	2006).	However,	the	extent	of	this	process	com-
paring	 different	 drilling	 protocols	 using	 implants	 with	 the	 same	
macro‐	and	micro‐design	was	never	assessed.	It	might	be	assumed	
that	a	poorly	vascularized	tissue,	as	in	dense	cortical	bone,	could	
undergo	a	vast	structural	rearrangement	after	a	great	amount	of	
compression.

Thus,	the	aim	of	this	pre‐clinical	study	was	to	investigate	the	
extent	of	cortical	bone	remodeling	and	its	influence	on	osseointe-
gration	in	sheep	mandible	between	two	different	drilling	protocols	
by	means	of	histomorphometric,	micro‐morphometric,	and	biome-
chanical	 analyses.	 This	 animal	 model	 has	 been	 previously	 used,	
as	 it	 resembles	 bone‐remodeling	 process	 in	 humans	 (Atkinson,	
Spence,	Aitchison,	&	Sykes,	1982;	Calcagno,	2011;	Turner,	2002).

2  | MATERIAL S AND METHODS

2.1 | Surgical procedures

This	 animal	 study	has	been	approved	by	 the	ethical	 committee	of	
the	 Ecole	 Nationale	 Vétérinaire	 d’Alfort,	 Paris,	 France	 (reference	
number:	 B940462)	 and	 is	 reported	 according	 to	 ARRIVE	 (Animal	
Research:	Reporting	of	In	Vivo	Experiments)	guidelines.

Six	 female	 Finnish	 Dorset	 sheep	 (mean	 age	 of	 5	years	 and	
4	months;	 mean	 weight	 of	 60.9	kg)	 were	 acquired	 and	 housed	
together	 in	 the	 animal	 research	 facility	 stable	 for	 1	week	 prior	
to	 surgery.	 48	 AstraTech	 Implant	 System	 EV	 (3.6	mm	×	6	mm,	

DentsplySirona,	Mölndal,	 Sweden)	 were	 inserted	 into	 the	 inferior	
border	 of	 the	 mandible	 body,	 which	 consisted	 of	 approximately	
3–4	mm	of	cortical	bone.

Surgical	procedures	were	performed	under	general	anesthesia.	
Animal	sedation	was	induced	by	means	of	ketamine	(Imalgene	ND	by	
Merial,	Merial	SAS,	Villeurbanne,	France)	and	diazepam	(Valium	ND	
by	Roche,	Roche,	Boulogne‐Billancourt,	France).	After	endotracheal	
intubation,	anesthesia	was	maintained	by	inhalation	of	2.5%	isoflu-
rane	 (Forane®/Forene®,	 Drägerverk	 AG,	 Lübeck,	 Germany).	 The	
surgical	field	was	shaved	and	disinfected	with	ethanol	40%	alcohol	
and	0.5%	chlorhexidine	solution.

After	 skin	 incision	 and	 dissection	 of	 the	 muscular	 plane,	 the	
inferior	and	lateral	border	of	the	mandibular	body	and	ramus	was	
exposed	with	a	periosteal	elevator.	Implant	sites	were	prepared	at	
a	 distance	 of	 10	mm	 according	 to	 two	 drilling	 cortical	 protocols,	
which	differed	for	the	coronal	portion.	The	maximum	bone	strains	
were	approximated	by	the	ratio	between	undersized	dimension	and	
the	diameter	of	the	drill	hole.	Drilling	sequence	was	performed	as	
follows:

•	 Group	 A	 (test):	 undersized	 preparation.	 1.9	mm	 twist	 drill	 was	
followed	by	2.5/3.1	mm	step	drill.	2.5	mm	length	of	the	coronal	
cortical	bone	was	prepared	to	3.3	mm	(0.3	mm	undersized	prepa-
ration	induced	approximately	a	bone	strain	of	0.09).

•	 Group	B	(control):	non‐undersized	preparation	1.9	mm	twist	drill	
was	followed	by	2.5/3.1	mm	step	drill.	2.5	mm	length	of	the	cor-
onal	 cortical	 bone	 was	 prepared	 to	 3.6	mm	 (0	mm	 undersized	
preparation	induced	0	bone	strain).

Each	 side	 of	 the	mandible	 received	 two	 test	 and	 two	 control	
osteotomies	 after	 computer‐generated	 randomization	 (Figure	1a).	
Right	 side	 of	 the	mandible	was	 operated	 first	with	 four	 implants	
(two	test	and	two	control),	and	after	5	weeks,	the	left	side	was	op-
erated	using	the	same	implant	drilling	protocols.	This	approach	re-
sulted	in	balanced	surgical	procedures	that	allowed	the	comparison	
of	the	same	number	of	implant	per	group,	per	time	in	vivo	and	per	
animal.

The	 bone	 preparation,	 underneath	 the	 coronal	 2.5	mm	
micro‐threaded	 portion	 had	 0.5	 and	 0.8	mm	 discrepancy	 be-
tween	the	external	diameter	of	the	implant	and	the	osteotomy	
in	 both	 groups.	 All	 drilling	 procedures	 followed	 manufacturer	
recommended	 drilling	 speed	 (1,500	rpm)	 under	 abundant	 irri-
gation	 with	 sterile	 saline.	 Implant	 installation	 was	 carried	 out	
at	25	rpm	with	profuse	irrigation.	Implants	were	installed	at	the	
level	 of	 the	 crestal	 bone.	 Both	 drilling	 procedure	 and	 implant	
installation	were	performed	with	SA‐310	W&H	Elcomed	implant	
unit	 (W&H,	 Burmoos,	 Austria).	 Implants	 which	 ITQ	 exceeded	
80	Ncm	during	 insertion	were	manually	 installed	using	manual	
torque	wrench.

After	 implant	 installation	 and	 ITQ	 recording,	 the	 flap	 was	
closed	in	two	layers	using	a	resorbable	suture	(Vicryl™,	Ethicon®,	
Sommerville,	New	Jersey,	USA)	for	the	 internal	 layer	and	a	non‐
absorbable	 (Ethilon,	 Ethicon®,	 Sommerville,	 New	 Jersey,	 USA)	
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for	 the	 external	 layer.	 Post‐operatively,	 Meloxicam,	 0.4	mg/
kg	 (Metacam®,	 Boehringer	 Ingelheim	 Vetmedica,	 Ingelheim,	
Germany),	was	 given	 for	 3	days	 as	 a	 pain	 relief.	 Benzylpenicillin	
114	mg,	 dihydrostreptomycin	 164	mg,	 and	 procaine	 13	mg	
(Peni	Dhs	Coophavet,	M.C.	 Santé	Animale,	Mohammedia	28810	
Morocco)	 were	 administered	 as	 antibiotic	 therapy	 post‐opera-
tively	for	5	days.

All	 animals	 were	 euthanized	 with	 a	 combination	 of	 4,000	mg	
embutramide,	538.4	mg	mebezonium,	and	87.8	mg	tetracaine	(T61,	
Intervet	 International,	 Unterschleißheim,	 Germany).	 Mandibular	
bone	blocks	containing	the	implants	were	retrieved.

2.2 | Biomechanical analysis

Removal	torque	(RTQ)	measurements	of	24	implants,	equally	dis-
tributed	 per	 group	 and	 time‐point	 were	 performed	 in	 the	 fresh	
specimen.	 After	 firmly	 fixing	 the	 bone	 samples,	 the	 reverse	
torque,	 time	 and	 angle	 of	 rotation	 were	 registered	 with	 a	 cali-
brated	torque	measurement	device	(DR‐2112	Lorenz	Messtechnik	
GmbH	Germany),	 using	 constant	 speed	of	 0.03	rpm.	 The	 torque	
device	was	calibrated	in	the	range	of	80–1,800	Nmm	with	1	Nmm	
accuracy.

After	RTQ	measurements,	the	implants	were	unscrewed	from	
the	 bone.	 All	 implant	 sites	 were	 separated	 into	 individual	 bone	
blocks.	 Bone	 blocks	 were	 thereafter	 immersed	 in	 10%	 buffered	
formalin	 solution	and	dehydrated	 in	 a	 series	of	 alcohol	 solutions	
ranging	 from	70%	to	100%	ethanol.	Following	dehydration,	sam-
ples	were	embedded	in	a	methacrylate‐based	resin.

2.3 | µ‐CT analysis

The	 bone	 blocks	 from	 the	 RTQ	 test	 were	 examined	 using	 µ‐CT	
(Skyscan	 1176,	 Brucker,	 Kontich,	 Belgium)	 to	 evaluate	 tissue	
micro‐architecture.

Scans	were	acquired	at	50	kV	and	500	µA,	using	aluminum	fil-
ter.	 The	 pixel	 size	was	 set	 at	 17.59	µm	 and	 the	 exposure	 time	 at	
225	ms.	Images	were	rotated	so	that	the	axis	of	the	implant	site	was	
perpendicular	 to	 cross‐section	 plane.	 Three‐dimensional	 images	
were	reconstructed,	using	NRecon	(Bruker,	Kontich,	Belgium)	pro-
cessed	with	Data	Viewer	 (Bruker,	Kontich,	Belgium)	and	analyzed	
with	CTAn	(Bruker,	Kontich,	Belgium).	Morphometric	analysis	was	
performed	on	binary	images	after	segmenting	the	original	micro‐CT	
volume.	Due	to	the	high	contrast	between	cortical	bone	and	soft	
tissues,	a	simple	threshold‐based	segmentation	was	performed.	In	
all	 samples,	 the	 lower	 level	 of	 the	 signal	 intensity	 of	 bone	 in	 the	
gray‐scale	histogram	was	selected	to	85/256.	Bone	segmentation	
was	calculated	considering	the	coronal	2.5	mm	only,	which	corre-
sponded	to	145	µCT	slices	 (Figure	1b).	The	entire	volume	consid-
ered	was	comprised	in	the	cortical	layer.	Volume	of	interests	(VOI)	
were	calculated	to	assess	bone	volume	(BV)	and	total	tissue	volume	
(TV).	BV	was	calculated	as	the	amount	of	mineralized	bone	tissue.	
TV	is	the	volume	of	the	whole	selected	VOI.	Three	cylindrical	VOI	
of	the	surrounding	bone	were	calculated	in	the	regions	of	0–1.5	mm	
from	implant	outer	diameter	as	showed	in	Figure	1c.	Each	VOI	had	
a	 thickness	 of	 0.5	mm.	 The	 following	 volumes	 were	 considered:	
VOI1	(inner),	VOI2	(middle),	and	VOI3	(outer).	VOItot	was	calculated	
as	 the	 total	 volume	 of	 the	 three	 regions	 (range	 0–1.5	mm).	 Bone	

F I G U R E  1   (a)	Overview	of	the	
surgical	field	after	implant	installation.	
Macro‐cracks	of	the	cortical	bone	can	
be	observed	along	mandible	longitudinal	
direction.	(b)	Three‐dimensional	
reconstruction	of	the	peri‐implant	cortical	
bone.	The	geometry	selected	for	the	
analysis	was	a	hollow	cylinder	2.5	mm	
height	and	1.5	mm	thick	(inner	radius	of	
3.6	mm,	corresponding	to	the	implant	
size).	(c)	Cross‐sectional	view	of	a	bone	
block	after	segmentation.	VOI1,	VOI2,	
and	VOI3	were	considered	at	a	distance	
of	0.5,	1.0,	and	1.5	mm	from	implant	
external	line.	VOItot	was	considered	as	
the	total	volume.	(d)	One	side	peri‐implant	
bone	area	from	one	histologic	section.	
ROI1,	ROI2,	and	ROI3	were	considered	
at	a	distance	of	0.5,	1.0,	and	1.5	mm	
from	implant	external	line.	ROItot	was	
considered	as	the	total	volume.	Both	sides	
were	considered,	and	average	value	was	
calculated.	Original	magnification	20×

(a) (b)

(c) (d)
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Insufficient	 implant	 stability	 could	 hamper	 the	 implant	 osteo-
conductive	capacity,	resulting	in	impaired	healing,	and	implant	loss	
(Brunski,	1992;	Szmukler‐Moncler,	Salama,	Reingewirtz,	&	Dubruille,	
1998).	Many	 factors	 could	 affect	 primary	 stability,	 including	 bone	
quantity	and	quality,	implant	macro‐	and	micro‐geometry,	and	surgi-
cal	technique	(Boustany,	Reed,	Cunningham,	Richards,	&	Kanawati,	
2015;	O’Sullivan,	Sennerby,	&	Meredith,	2000).

Undersized	drilling	 is	one	of	 the	most	common	surgical	proce-
dures	to	improve	implant	primary	stability.	With	this	technique,	the	
implant	osteotomy	is	substantially	narrower	than	the	implant	diam-
eter	(Friberg	et	al.,	1999).	It	has	been	reported	that	increased	lateral	
bone	compression	during	implant	placement	into	an	undersized	site	
results	in	higher	insertion	torque	(ITQ),	which	may	be	an	indicator	for	
improved	primary	stability	(Tabassum,	Walboomers,	Wolke,	Meijer,	
&	Jansen,	2010).

However,	a	recent	systematic	review	(Stocchero	et	al.,	2016)	sug-
gests	that	higher	lateral	bone	compression	does	not	always	result	in	
enhanced	mechanical	stability	and	enhanced	osseointegration.	One	
study	pointed	out	that	implant	insertion	in	underprepared	sites	pro-
vokes	ischemia,	osteocytes	necrosis,	and	generates	micro‐fractures	
in	the	bone	(Cha	et	al.,	2015).	It	is	well	known	that	damaged	cortical	
bone	is	replaced	by	the	remodeling	healing	pathway	via	the	action	of	
Basic	Multicellular	Units	(BMUs).	Resorption	process	creates	tempo-
rary	pores	in	the	peri‐implant	bone	known	as	the	remodeling	space	
(Martin,	2000).

Remodeling	occurs	at	the	implant	interface	and	at	peri‐implant	
bone	presumably	being	affected	by	static	strain	(Slaets,	Carmeliet,	
Naert,	&	Duyck,	2006).	However,	the	extent	of	this	process	com-
paring	 different	 drilling	 protocols	 using	 implants	 with	 the	 same	
macro‐	and	micro‐design	was	never	assessed.	It	might	be	assumed	
that	a	poorly	vascularized	tissue,	as	in	dense	cortical	bone,	could	
undergo	a	vast	structural	rearrangement	after	a	great	amount	of	
compression.

Thus,	the	aim	of	this	pre‐clinical	study	was	to	investigate	the	
extent	of	cortical	bone	remodeling	and	its	influence	on	osseointe-
gration	in	sheep	mandible	between	two	different	drilling	protocols	
by	means	of	histomorphometric,	micro‐morphometric,	and	biome-
chanical	 analyses.	 This	 animal	 model	 has	 been	 previously	 used,	
as	 it	 resembles	 bone‐remodeling	 process	 in	 humans	 (Atkinson,	
Spence,	Aitchison,	&	Sykes,	1982;	Calcagno,	2011;	Turner,	2002).

2  | MATERIAL S AND METHODS

2.1 | Surgical procedures

This	 animal	 study	has	been	approved	by	 the	ethical	 committee	of	
the	 Ecole	 Nationale	 Vétérinaire	 d’Alfort,	 Paris,	 France	 (reference	
number:	 B940462)	 and	 is	 reported	 according	 to	 ARRIVE	 (Animal	
Research:	Reporting	of	In	Vivo	Experiments)	guidelines.

Six	 female	 Finnish	 Dorset	 sheep	 (mean	 age	 of	 5	years	 and	
4	months;	 mean	 weight	 of	 60.9	kg)	 were	 acquired	 and	 housed	
together	 in	 the	 animal	 research	 facility	 stable	 for	 1	week	 prior	
to	 surgery.	 48	 AstraTech	 Implant	 System	 EV	 (3.6	mm	×	6	mm,	

DentsplySirona,	Mölndal,	 Sweden)	 were	 inserted	 into	 the	 inferior	
border	 of	 the	 mandible	 body,	 which	 consisted	 of	 approximately	
3–4	mm	of	cortical	bone.

Surgical	procedures	were	performed	under	general	anesthesia.	
Animal	sedation	was	induced	by	means	of	ketamine	(Imalgene	ND	by	
Merial,	Merial	SAS,	Villeurbanne,	France)	and	diazepam	(Valium	ND	
by	Roche,	Roche,	Boulogne‐Billancourt,	France).	After	endotracheal	
intubation,	anesthesia	was	maintained	by	inhalation	of	2.5%	isoflu-
rane	 (Forane®/Forene®,	 Drägerverk	 AG,	 Lübeck,	 Germany).	 The	
surgical	field	was	shaved	and	disinfected	with	ethanol	40%	alcohol	
and	0.5%	chlorhexidine	solution.

After	 skin	 incision	 and	 dissection	 of	 the	 muscular	 plane,	 the	
inferior	and	lateral	border	of	the	mandibular	body	and	ramus	was	
exposed	with	a	periosteal	elevator.	Implant	sites	were	prepared	at	
a	 distance	 of	 10	mm	 according	 to	 two	 drilling	 cortical	 protocols,	
which	differed	for	the	coronal	portion.	The	maximum	bone	strains	
were	approximated	by	the	ratio	between	undersized	dimension	and	
the	diameter	of	the	drill	hole.	Drilling	sequence	was	performed	as	
follows:

•	 Group	 A	 (test):	 undersized	 preparation.	 1.9	mm	 twist	 drill	 was	
followed	by	2.5/3.1	mm	step	drill.	2.5	mm	length	of	the	coronal	
cortical	bone	was	prepared	to	3.3	mm	(0.3	mm	undersized	prepa-
ration	induced	approximately	a	bone	strain	of	0.09).

•	 Group	B	(control):	non‐undersized	preparation	1.9	mm	twist	drill	
was	followed	by	2.5/3.1	mm	step	drill.	2.5	mm	length	of	the	cor-
onal	 cortical	 bone	 was	 prepared	 to	 3.6	mm	 (0	mm	 undersized	
preparation	induced	0	bone	strain).

Each	 side	 of	 the	mandible	 received	 two	 test	 and	 two	 control	
osteotomies	 after	 computer‐generated	 randomization	 (Figure	1a).	
Right	 side	 of	 the	mandible	was	 operated	 first	with	 four	 implants	
(two	test	and	two	control),	and	after	5	weeks,	the	left	side	was	op-
erated	using	the	same	implant	drilling	protocols.	This	approach	re-
sulted	in	balanced	surgical	procedures	that	allowed	the	comparison	
of	the	same	number	of	implant	per	group,	per	time	in	vivo	and	per	
animal.

The	 bone	 preparation,	 underneath	 the	 coronal	 2.5	mm	
micro‐threaded	 portion	 had	 0.5	 and	 0.8	mm	 discrepancy	 be-
tween	the	external	diameter	of	the	implant	and	the	osteotomy	
in	 both	 groups.	 All	 drilling	 procedures	 followed	 manufacturer	
recommended	 drilling	 speed	 (1,500	rpm)	 under	 abundant	 irri-
gation	 with	 sterile	 saline.	 Implant	 installation	 was	 carried	 out	
at	25	rpm	with	profuse	irrigation.	Implants	were	installed	at	the	
level	 of	 the	 crestal	 bone.	 Both	 drilling	 procedure	 and	 implant	
installation	were	performed	with	SA‐310	W&H	Elcomed	implant	
unit	 (W&H,	 Burmoos,	 Austria).	 Implants	 which	 ITQ	 exceeded	
80	Ncm	during	 insertion	were	manually	 installed	using	manual	
torque	wrench.

After	 implant	 installation	 and	 ITQ	 recording,	 the	 flap	 was	
closed	in	two	layers	using	a	resorbable	suture	(Vicryl™,	Ethicon®,	
Sommerville,	New	Jersey,	USA)	for	the	 internal	 layer	and	a	non‐
absorbable	 (Ethilon,	 Ethicon®,	 Sommerville,	 New	 Jersey,	 USA)	
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for	 the	 external	 layer.	 Post‐operatively,	 Meloxicam,	 0.4	mg/
kg	 (Metacam®,	 Boehringer	 Ingelheim	 Vetmedica,	 Ingelheim,	
Germany),	was	 given	 for	 3	days	 as	 a	 pain	 relief.	 Benzylpenicillin	
114	mg,	 dihydrostreptomycin	 164	mg,	 and	 procaine	 13	mg	
(Peni	Dhs	Coophavet,	M.C.	 Santé	Animale,	Mohammedia	28810	
Morocco)	 were	 administered	 as	 antibiotic	 therapy	 post‐opera-
tively	for	5	days.

All	 animals	 were	 euthanized	 with	 a	 combination	 of	 4,000	mg	
embutramide,	538.4	mg	mebezonium,	and	87.8	mg	tetracaine	(T61,	
Intervet	 International,	 Unterschleißheim,	 Germany).	 Mandibular	
bone	blocks	containing	the	implants	were	retrieved.

2.2 | Biomechanical analysis

Removal	torque	(RTQ)	measurements	of	24	implants,	equally	dis-
tributed	 per	 group	 and	 time‐point	 were	 performed	 in	 the	 fresh	
specimen.	 After	 firmly	 fixing	 the	 bone	 samples,	 the	 reverse	
torque,	 time	 and	 angle	 of	 rotation	 were	 registered	 with	 a	 cali-
brated	torque	measurement	device	(DR‐2112	Lorenz	Messtechnik	
GmbH	Germany),	 using	 constant	 speed	of	 0.03	rpm.	 The	 torque	
device	was	calibrated	in	the	range	of	80–1,800	Nmm	with	1	Nmm	
accuracy.

After	RTQ	measurements,	the	implants	were	unscrewed	from	
the	 bone.	 All	 implant	 sites	 were	 separated	 into	 individual	 bone	
blocks.	 Bone	 blocks	 were	 thereafter	 immersed	 in	 10%	 buffered	
formalin	 solution	and	dehydrated	 in	 a	 series	of	 alcohol	 solutions	
ranging	 from	70%	to	100%	ethanol.	Following	dehydration,	sam-
ples	were	embedded	in	a	methacrylate‐based	resin.

2.3 | µ‐CT analysis

The	 bone	 blocks	 from	 the	 RTQ	 test	 were	 examined	 using	 µ‐CT	
(Skyscan	 1176,	 Brucker,	 Kontich,	 Belgium)	 to	 evaluate	 tissue	
micro‐architecture.

Scans	were	acquired	at	50	kV	and	500	µA,	using	aluminum	fil-
ter.	 The	 pixel	 size	was	 set	 at	 17.59	µm	 and	 the	 exposure	 time	 at	
225	ms.	Images	were	rotated	so	that	the	axis	of	the	implant	site	was	
perpendicular	 to	 cross‐section	 plane.	 Three‐dimensional	 images	
were	reconstructed,	using	NRecon	(Bruker,	Kontich,	Belgium)	pro-
cessed	with	Data	Viewer	 (Bruker,	Kontich,	Belgium)	and	analyzed	
with	CTAn	(Bruker,	Kontich,	Belgium).	Morphometric	analysis	was	
performed	on	binary	images	after	segmenting	the	original	micro‐CT	
volume.	Due	to	the	high	contrast	between	cortical	bone	and	soft	
tissues,	a	simple	threshold‐based	segmentation	was	performed.	In	
all	 samples,	 the	 lower	 level	 of	 the	 signal	 intensity	 of	 bone	 in	 the	
gray‐scale	histogram	was	selected	to	85/256.	Bone	segmentation	
was	calculated	considering	the	coronal	2.5	mm	only,	which	corre-
sponded	to	145	µCT	slices	 (Figure	1b).	The	entire	volume	consid-
ered	was	comprised	in	the	cortical	layer.	Volume	of	interests	(VOI)	
were	calculated	to	assess	bone	volume	(BV)	and	total	tissue	volume	
(TV).	BV	was	calculated	as	the	amount	of	mineralized	bone	tissue.	
TV	is	the	volume	of	the	whole	selected	VOI.	Three	cylindrical	VOI	
of	the	surrounding	bone	were	calculated	in	the	regions	of	0–1.5	mm	
from	implant	outer	diameter	as	showed	in	Figure	1c.	Each	VOI	had	
a	 thickness	 of	 0.5	mm.	 The	 following	 volumes	 were	 considered:	
VOI1	(inner),	VOI2	(middle),	and	VOI3	(outer).	VOItot	was	calculated	
as	 the	 total	 volume	 of	 the	 three	 regions	 (range	 0–1.5	mm).	 Bone	

F I G U R E  1   (a)	Overview	of	the	
surgical	field	after	implant	installation.	
Macro‐cracks	of	the	cortical	bone	can	
be	observed	along	mandible	longitudinal	
direction.	(b)	Three‐dimensional	
reconstruction	of	the	peri‐implant	cortical	
bone.	The	geometry	selected	for	the	
analysis	was	a	hollow	cylinder	2.5	mm	
height	and	1.5	mm	thick	(inner	radius	of	
3.6	mm,	corresponding	to	the	implant	
size).	(c)	Cross‐sectional	view	of	a	bone	
block	after	segmentation.	VOI1,	VOI2,	
and	VOI3	were	considered	at	a	distance	
of	0.5,	1.0,	and	1.5	mm	from	implant	
external	line.	VOItot	was	considered	as	
the	total	volume.	(d)	One	side	peri‐implant	
bone	area	from	one	histologic	section.	
ROI1,	ROI2,	and	ROI3	were	considered	
at	a	distance	of	0.5,	1.0,	and	1.5	mm	
from	implant	external	line.	ROItot	was	
considered	as	the	total	volume.	Both	sides	
were	considered,	and	average	value	was	
calculated.	Original	magnification	20×

(a) (b)

(c) (d)
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Volume	Density	(BV/TV)	was	calculated	for	each	volume.	This	pa-
rameter	measures	the	ratio	of	the	mineralized	tissue	in	the	VOI.

2.4 | Histology and histomorphometric analysis

On	the	remaining	24	samples,	histologic	preparation	was	carried	out.	
The	 samples	were	 cut	 en-bloc and	placed	 in	 4%	 formaldehyde	 for	
24	hr;	thereafter,	they	were	placed	in	a	series	of	dehydration	and	in-

filtration	baths	and	embedded	in	light‐curing	resin	(Technovit	7200	
VLC;	Heraeus	Kulzer	Wehrheim,	Germany).	 The	 blocks	 then	were	
cut	 into	 slices	with	 a	 precision	 diamond	 saw	 (Exakt	 Apparatebau,	
Norderstedt,	Germany),	aiming	at	the	central	portion	of	the	implant.	
The	section	was	glued	to	acrylic	plates	with	an	acrylate‐based	ce-

ment	and	then	reduced	to	a	final	thickness	of	approximately	30	µm	
by	means	of	a	series	of	abrasive	papers.

The	sections	were	observed	using	a	light	microscope	with	a	digi-
tal	imaging	system	(BZ‐9000	KEYENCE,	Osaka,	Japan)	and	examined	
using	an	image‐analysis	software	(Image	J	v.	1.43u;	National	Institute	
of	Health).	All	sections	were	stained	with	toluidine	blue	and	pyronin	
G	staining.	With	this	dye	technique,	newly‐formed	bone	can	be	iden-

tified,	as	it	stains	dark	blue,	while	old	bone	stains	light	blue	(Schwarz	
et	al.,	2006).	Only	the	most	coronal	2.5	mm	of	the	bone	was	consid-

ered.	 The	 percentage	 of	 total	 bone‐to‐implant	 contact	 (totBIC)	 and	
percentage	of	newly‐formed	bone‐to‐implant	 contact	 (newBIC)	was	
measured.	Additionally,	three	Regions	of	Interest	(ROI)	with	the	width	
of	0.5	mm	were	selected	 in	 the	peri‐implant	 tissues	0–1.5	mm	from	
implant	surface,	similarly	to	3D	regions.	 In	this	manner,	ROI1,	ROI2,	
ROI3,	 and	ROItot	were	 considered	 (Figure	 1d).	 Bone	Area	 Fraction	
Occupancy	 (BAFO)	 was	 determined	 in	 all	 regions	 of	 interest.	 This	
parameter	 is	 influenced	by	presence	of	bone	 lacunae	 (Slaets,	Naert,	
Carmeliet,	&	Duyck,	2009).

2.5 | Statistical analysis

Data	 management	 and	 statistical	 analysis	 were	 performed	 using	
IBM	SPSS	Statistics	for	Mac,	v.	22	on	the	following	outcomes:	RTQ,	
TotBIC,	newBIC,	BV/TV,	BAFO.	Implant	site	was	used	as	unit.	Same	
healing	period	data	from	test	and	control	were	analyzed	with	paired	
t	test	and	Wilcoxon	signed‐rank	to	reduce	the	effect	of	the	animal.	
The	data	were	verified	if	it	could	be	assumed	to	fit	normal	distribu-

tion.	newBIC	did	not	 resulted	normally	distributed,	 thus	Wilcoxon	
signed‐rank	 test	was	applied.	Paired	 t	 test	was	performed	 for	 the	
remaining	 variables.	 Changes	 in	RTQ	over	 time	were	 tested	 using	
paired	t	tests.	The	level	of	significance	was	set	at		=	0.05.	Bonferroni	
correction	 for	multiple	 comparisons	 (factor	 of	 4)	was	 adopted	 ac-
cording	to	the	number	of	subgroups	for	BAFO	and	BV/TV.

3  | RESULTS

3.1 | Implant placement, ITQ, and general healing

Insertion	 torque	 of	 21	 of	 24	 test	 implants	 exceeded	 80	Ncm	 and	
the	 implant	 unit	 stopped	 before	 reaching	 the	 final	 position.	 Thus	

finalization	 with	 manual	 torque	 wrench	 was	 necessary.	 Only	 two	
control	implants	reached	an	ITQ	value	over	80	Ncm.	At	implant	sur-
gery,	macro‐cracks	of	the	mandible	were	observed	originating	from	
the	test	implants	after	final	positioning	(Figure	1a).

All	 animals	 survived	during	surgical	procedures	and	 the	exper-
imental	period.	No	clinical	 signs	of	 infection	were	observed.	Bone	
healing	progressed	uneventfully	without	any	loss	of	placed	implants.

3.2 | RTQ

Removal	torque	values	are	presented	in	Figure	3.	At	5	weeks,	Group	
A	 had	 significant	 higher	 RTQ	 values	 than	 Group	 B	 (paired	 t	 test,	
p	=	0.047)	and	at	10	weeks	no	difference	was	obtained	(paired	t	test,	
p	=	0.907).	 Removal	 torque	 value	 increased	 significantly	 between	
week	5	and	week	10	(paired	t	test,	p	=	0.033)	in	Group	B.

3.3 | Histomorphometric results

Descriptions	of	histologic	observations	are	given	in	Figure	2.	Results	
of	 the	 histomorphometry	 are	 shown	 in	 Figure	 3	 and	 Table	 1.	 No	
difference	 in	 totBIC	 was	 observed	 between	 Group	 A	 and	 Group	
B	at	both	 time‐points	 (paired	 t	 test,	p = 0.162 and p	=	0.505	 for	5	
and	10	weeks,	respectively).	Group	B	presented	increased	newBIC	
value	 at	 5	weeks	 (Wilcoxon	 signed‐rank	 test,	 p	=	0.046),	 while	 no	
difference	 was	 present	 at	 10	weeks	 (Wilcoxon	 signed‐rank	 test,	
p	=	0.893).	Higher	BAFO	value	(paired	t	test)	was	observed	in	ROItot	
(p	=	0.028)	at	5	weeks	(Table	2).

3.4 | µ‐CT analysis

Results	from	µ‐CT	analysis	are	shown	in	Table	2.	At	5	weeks,	Group	
B	presented	higher	BV/TV	(paired	t	test)	value	at	VOI2	(p = 0.012) 

and	VOI3	 (p	=	0.004)	and	VOItot	 (p	=	0.008).	No	differences	were	
noted	at	10	weeks	(paired	t	test).

4  | DISCUSSION

In	the	present	study,	undersized	drilling	was	compared	with	non‐un-

dersized	 drilling	 in	 terms	 of	 biological	 cortical	 bone	 response	 and	
implant	removal	torque.

Besides	 established	 parameters	 for	 osseointegration,	 such	 as	
BIC	and	RTQ,	 the	present	 study	examined	how	peri‐implant	bone	
was	affected	by	the	remodeling	activity.	For	this	scope,	a	quantifica-
tion	of	mineralized	bone	present	in	standardized	three‐dimensional	
(VOI)	and	two‐dimensional	(ROI)	spaces	in	the	proximity	of	the	im-

plant	was	performed.	According	to	the	results,	it	could	be	suggested	
that	the	drilling	technique	has	a	significant	impact	both	on	the	inter-
facial	cellular	reactions	and	on	the	circumferential	peri‐implant	bone	
tissue.	Nevertheless,	the	osseointegration	process	was	not	compro-

mised	by	undersized	preparation	procedure.
Total	BIC	was	similar	in	undersized	and	non‐undersized	groups;	

however,	a	distinction	from	a	qualitative	point	of	view	has	to	be	made	
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between	the	two	groups.	It	is	known	that	the	instrumentation	tech-
nique	has	significant	influence	on	bone	healing	pattern	(Campos	et	
al.,	2012;	Coelho,	Jimbo,	Tovar,	&	Bonfante,	2015;	Tabassum,	Meijer,	
Walboomers,	&	Jansen,	2014).	Accordingly,	Group	B	showed	higher	
newBIC	at	5‐Weeks,	as	chamber	between	micro‐threads	were	grad-
ually	filled	with	woven	bone	(Figure	2d).	The	formation	of	this	highly‐
cellular	 with	 relative	 low‐mineral	 content	 tissue	 took	 place	 from	
the	time	of	implant	installation	and	evolved	into	a	more	organized	
lamellar	mature	structure	at	10	weeks.	The	great	amount	of	com-
pression	generated	during	 implant	 insertion	of	Group	A	provoked	
bone	 diffuse	 damage	 resulting	 in	 large	 necrotic	 areas	 in	 contact	
with	implant	surface	still	present	at	5	weeks	of	healing	(Figure	2c).	
Previous	studies	have	indicated	that	there	exists	a	narrow	zone	of	

dead	osteocytes	in	peri‐implant	bone	after	bone	drilling	preparation	
and	 implant	 insertion	 (Futami	et	al.,	2000;	Shirakura	et	al.,	2003).	
Besides,	 this	 zone	 of	 dead	 osteocytes	 is	 significantly	 increased	 if	
undersized	technique	is	applied	(Cha	et	al.,	2015).

As	 indicated	 by	 the	 presence	 of	 osteoclasts	 and	 osteoblasts	
(Figure	2c),	this	tissue	was	replaced.	As	a	consequence,	only	limited	
areas	of	dead	bone	were	observed	at	10	weeks.

The	 secondary	 stability	 was	 evaluated	 with	 removal	 torque,	
which	 considered	 the	 biomechanical	 interlocking	 along	 the	 entire	
implant	surface	in	contact	with	cortical	bone.	The	stresses	created	
in	Group	A	can	be	only	partially	dissipated	with	 the	generation	of	
bone	diffuse	damage	(Diab	&	Vashishth,	2005;	Martin	&	Burr,	1982).	
Moreover,	the	appearance	of	micro‐cracks	could	have	impaired	bone	
mechanical	properties,	thus	reducing	implant	stability	and	viscoelas-
tic	stress	relaxation	of	bone	(Halldin	et	al.,	2014).	The	presence	of	
a	remarkable	ongoing	remodeling	process	at	5	weeks	indicates	that	
BMUs	were	activated	to	replace	damaged	pre‐stressed	bone	(Perren	
et	al.,	1969).	When	the	resorption	occurs	at	bone‐to‐implant	 inter-
face,	the	stability	is	expected	to	decrease.	However,	the	higher	RTQ	
value	observed	in	Group	A	at	5	weeks	might	be	explained	by	the	re-
sidual	compression	present	in	the	bone.	The	remodeling	process	was	
still	ongoing	and	damaged	pre‐stressed	bone	was	not	completely	re-
moved.	At	10	weeks	of	healing,	no	difference	on	RTQ	was	present	
between	groups	indicating	that	pre‐stressed	bone	was	replaced	with	
non‐pre‐stressed	bone.	At	 the	same	time,	a	significant	 increase	of	

F I G U R E  2  Histologic	sections	of	cortical	bone.	(a)	Group	A	
5	weeks:	Numerous	micro‐cracks	are	present	(black	harrow),	
proceeding	from	the	implant	surface	(thread	crest)	along	lamellar	
direction.	Several	remodeling	lacunae	(red	arrow)	could	be	
observed	along	micro‐cracks.	More	lacunae	were	likely	to	be	found	
in	the	proximity	of	the	implant;	however,	they	could	be	observed	
even	at	great	distance	from	implant	surface.	Scale	bar,	200	µm.	
Original	magnification	20×.	(b)	Group	B	5	weeks:	Pristine	peri‐
implant	bone	presented	few	micro‐cracks	and	lacunae	(red	arrow).	
Overall	bone	architecture	seems	to	maintain	a	mature	lamellar	
structure.	Scale	bar,	200	µm.	Original	magnification	20×.	(c)	Group	
A	5	weeks.	Areas	of	necrotic	bone	can	be	spotted	in	contact	with	
implant	surface	(yellow	asterisk).	Active	bone	resorption	occurs	in	
remodeling	lacunae	at	implant	surface	(red	arrow)	and	along	micro‐
cracks	(yellow	arrow).	Scale	bar,	100	µm.	Original	magnification	
60×.	(d)	Group	B	5	weeks.	New	bone	apposition	appears	along	
the	osteotomy	line	(green	lines).	Bone	chamber	structures	are	
present	between	micro‐threads	(orange	asterisk).	Scale	bar,	
100	µm.	Original	magnification	60×.	(e)	Group	A,	5	weeks.	Basic	
Multicellular	Unit	(BMU)	in	the	proximity	of	implant	surface.	
Resorption	is	promoted	by	osteoclasts	(red	arrow),	while	osteoid	
matrix	is	deposited	by	aligned	osteoblasts	(black	arrow).	Scale	bar,	
100	µm.	Original	magnification	60×.	(f)	Group	B,	5	weeks.	New	
bone	is	formed	along	the	osteotomy	line.	Cement	line	between	
the	secondary	osteon	under	formation	and	native	bone	can	be	
spotted	(red	arrow).	Scale	bar,	100	µm.	Original	magnification	60×.	
(g)	Group	A,	10	weeks:	bone‐remodeling	lacunae	are	still	present.	
Secondary	osteons	can	be	observed.	Scale	bar,	200	µm.	Original	
magnification	20×.	(h)	Group	B,	10	weeks:	cortical	bone	has	a	
mature	structure	with	lamellar	bone.	However,	bone	lacunae	can	
still	be	spotted.	Scale	bar,	200	µm.	Original	magnification	20×

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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Volume	Density	(BV/TV)	was	calculated	for	each	volume.	This	pa-
rameter	measures	the	ratio	of	the	mineralized	tissue	in	the	VOI.

2.4 | Histology and histomorphometric analysis

On	the	remaining	24	samples,	histologic	preparation	was	carried	out.	
The	 samples	were	 cut	 en-bloc and	placed	 in	 4%	 formaldehyde	 for	
24	hr;	thereafter,	they	were	placed	in	a	series	of	dehydration	and	in-

filtration	baths	and	embedded	in	light‐curing	resin	(Technovit	7200	
VLC;	Heraeus	Kulzer	Wehrheim,	Germany).	 The	 blocks	 then	were	
cut	 into	 slices	with	 a	 precision	 diamond	 saw	 (Exakt	 Apparatebau,	
Norderstedt,	Germany),	aiming	at	the	central	portion	of	the	implant.	
The	section	was	glued	to	acrylic	plates	with	an	acrylate‐based	ce-

ment	and	then	reduced	to	a	final	thickness	of	approximately	30	µm	
by	means	of	a	series	of	abrasive	papers.

The	sections	were	observed	using	a	light	microscope	with	a	digi-
tal	imaging	system	(BZ‐9000	KEYENCE,	Osaka,	Japan)	and	examined	
using	an	image‐analysis	software	(Image	J	v.	1.43u;	National	Institute	
of	Health).	All	sections	were	stained	with	toluidine	blue	and	pyronin	
G	staining.	With	this	dye	technique,	newly‐formed	bone	can	be	iden-

tified,	as	it	stains	dark	blue,	while	old	bone	stains	light	blue	(Schwarz	
et	al.,	2006).	Only	the	most	coronal	2.5	mm	of	the	bone	was	consid-

ered.	 The	 percentage	 of	 total	 bone‐to‐implant	 contact	 (totBIC)	 and	
percentage	of	newly‐formed	bone‐to‐implant	 contact	 (newBIC)	was	
measured.	Additionally,	three	Regions	of	Interest	(ROI)	with	the	width	
of	0.5	mm	were	selected	 in	 the	peri‐implant	 tissues	0–1.5	mm	from	
implant	surface,	similarly	to	3D	regions.	 In	this	manner,	ROI1,	ROI2,	
ROI3,	 and	ROItot	were	 considered	 (Figure	 1d).	 Bone	Area	 Fraction	
Occupancy	 (BAFO)	 was	 determined	 in	 all	 regions	 of	 interest.	 This	
parameter	 is	 influenced	by	presence	of	bone	 lacunae	 (Slaets,	Naert,	
Carmeliet,	&	Duyck,	2009).

2.5 | Statistical analysis

Data	 management	 and	 statistical	 analysis	 were	 performed	 using	
IBM	SPSS	Statistics	for	Mac,	v.	22	on	the	following	outcomes:	RTQ,	
TotBIC,	newBIC,	BV/TV,	BAFO.	Implant	site	was	used	as	unit.	Same	
healing	period	data	from	test	and	control	were	analyzed	with	paired	
t	test	and	Wilcoxon	signed‐rank	to	reduce	the	effect	of	the	animal.	
The	data	were	verified	if	it	could	be	assumed	to	fit	normal	distribu-

tion.	newBIC	did	not	 resulted	normally	distributed,	 thus	Wilcoxon	
signed‐rank	 test	was	applied.	Paired	 t	 test	was	performed	 for	 the	
remaining	 variables.	 Changes	 in	RTQ	over	 time	were	 tested	 using	
paired	t	tests.	The	level	of	significance	was	set	at		=	0.05.	Bonferroni	
correction	 for	multiple	 comparisons	 (factor	 of	 4)	was	 adopted	 ac-
cording	to	the	number	of	subgroups	for	BAFO	and	BV/TV.

3  | RESULTS

3.1 | Implant placement, ITQ, and general healing

Insertion	 torque	 of	 21	 of	 24	 test	 implants	 exceeded	 80	Ncm	 and	
the	 implant	 unit	 stopped	 before	 reaching	 the	 final	 position.	 Thus	

finalization	 with	 manual	 torque	 wrench	 was	 necessary.	 Only	 two	
control	implants	reached	an	ITQ	value	over	80	Ncm.	At	implant	sur-
gery,	macro‐cracks	of	the	mandible	were	observed	originating	from	
the	test	implants	after	final	positioning	(Figure	1a).

All	 animals	 survived	during	surgical	procedures	and	 the	exper-
imental	period.	No	clinical	 signs	of	 infection	were	observed.	Bone	
healing	progressed	uneventfully	without	any	loss	of	placed	implants.

3.2 | RTQ

Removal	torque	values	are	presented	in	Figure	3.	At	5	weeks,	Group	
A	 had	 significant	 higher	 RTQ	 values	 than	 Group	 B	 (paired	 t	 test,	
p	=	0.047)	and	at	10	weeks	no	difference	was	obtained	(paired	t	test,	
p	=	0.907).	 Removal	 torque	 value	 increased	 significantly	 between	
week	5	and	week	10	(paired	t	test,	p	=	0.033)	in	Group	B.

3.3 | Histomorphometric results

Descriptions	of	histologic	observations	are	given	in	Figure	2.	Results	
of	 the	 histomorphometry	 are	 shown	 in	 Figure	 3	 and	 Table	 1.	 No	
difference	 in	 totBIC	 was	 observed	 between	 Group	 A	 and	 Group	
B	at	both	 time‐points	 (paired	 t	 test,	p = 0.162 and p	=	0.505	 for	5	
and	10	weeks,	respectively).	Group	B	presented	increased	newBIC	
value	 at	 5	weeks	 (Wilcoxon	 signed‐rank	 test,	 p	=	0.046),	 while	 no	
difference	 was	 present	 at	 10	weeks	 (Wilcoxon	 signed‐rank	 test,	
p	=	0.893).	Higher	BAFO	value	(paired	t	test)	was	observed	in	ROItot	
(p	=	0.028)	at	5	weeks	(Table	2).

3.4 | µ‐CT analysis

Results	from	µ‐CT	analysis	are	shown	in	Table	2.	At	5	weeks,	Group	
B	presented	higher	BV/TV	(paired	t	test)	value	at	VOI2	(p = 0.012) 

and	VOI3	 (p	=	0.004)	and	VOItot	 (p	=	0.008).	No	differences	were	
noted	at	10	weeks	(paired	t	test).

4  | DISCUSSION

In	the	present	study,	undersized	drilling	was	compared	with	non‐un-

dersized	 drilling	 in	 terms	 of	 biological	 cortical	 bone	 response	 and	
implant	removal	torque.

Besides	 established	 parameters	 for	 osseointegration,	 such	 as	
BIC	and	RTQ,	 the	present	 study	examined	how	peri‐implant	bone	
was	affected	by	the	remodeling	activity.	For	this	scope,	a	quantifica-
tion	of	mineralized	bone	present	in	standardized	three‐dimensional	
(VOI)	and	two‐dimensional	(ROI)	spaces	in	the	proximity	of	the	im-

plant	was	performed.	According	to	the	results,	it	could	be	suggested	
that	the	drilling	technique	has	a	significant	impact	both	on	the	inter-
facial	cellular	reactions	and	on	the	circumferential	peri‐implant	bone	
tissue.	Nevertheless,	the	osseointegration	process	was	not	compro-

mised	by	undersized	preparation	procedure.
Total	BIC	was	similar	in	undersized	and	non‐undersized	groups;	

however,	a	distinction	from	a	qualitative	point	of	view	has	to	be	made	
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between	the	two	groups.	It	is	known	that	the	instrumentation	tech-
nique	has	significant	influence	on	bone	healing	pattern	(Campos	et	
al.,	2012;	Coelho,	Jimbo,	Tovar,	&	Bonfante,	2015;	Tabassum,	Meijer,	
Walboomers,	&	Jansen,	2014).	Accordingly,	Group	B	showed	higher	
newBIC	at	5‐Weeks,	as	chamber	between	micro‐threads	were	grad-
ually	filled	with	woven	bone	(Figure	2d).	The	formation	of	this	highly‐
cellular	 with	 relative	 low‐mineral	 content	 tissue	 took	 place	 from	
the	time	of	implant	installation	and	evolved	into	a	more	organized	
lamellar	mature	structure	at	10	weeks.	The	great	amount	of	com-
pression	generated	during	 implant	 insertion	of	Group	A	provoked	
bone	 diffuse	 damage	 resulting	 in	 large	 necrotic	 areas	 in	 contact	
with	implant	surface	still	present	at	5	weeks	of	healing	(Figure	2c).	
Previous	studies	have	indicated	that	there	exists	a	narrow	zone	of	

dead	osteocytes	in	peri‐implant	bone	after	bone	drilling	preparation	
and	 implant	 insertion	 (Futami	et	al.,	2000;	Shirakura	et	al.,	2003).	
Besides,	 this	 zone	 of	 dead	 osteocytes	 is	 significantly	 increased	 if	
undersized	technique	is	applied	(Cha	et	al.,	2015).

As	 indicated	 by	 the	 presence	 of	 osteoclasts	 and	 osteoblasts	
(Figure	2c),	this	tissue	was	replaced.	As	a	consequence,	only	limited	
areas	of	dead	bone	were	observed	at	10	weeks.

The	 secondary	 stability	 was	 evaluated	 with	 removal	 torque,	
which	 considered	 the	 biomechanical	 interlocking	 along	 the	 entire	
implant	surface	in	contact	with	cortical	bone.	The	stresses	created	
in	Group	A	can	be	only	partially	dissipated	with	 the	generation	of	
bone	diffuse	damage	(Diab	&	Vashishth,	2005;	Martin	&	Burr,	1982).	
Moreover,	the	appearance	of	micro‐cracks	could	have	impaired	bone	
mechanical	properties,	thus	reducing	implant	stability	and	viscoelas-
tic	stress	relaxation	of	bone	(Halldin	et	al.,	2014).	The	presence	of	
a	remarkable	ongoing	remodeling	process	at	5	weeks	indicates	that	
BMUs	were	activated	to	replace	damaged	pre‐stressed	bone	(Perren	
et	al.,	1969).	When	the	resorption	occurs	at	bone‐to‐implant	 inter-
face,	the	stability	is	expected	to	decrease.	However,	the	higher	RTQ	
value	observed	in	Group	A	at	5	weeks	might	be	explained	by	the	re-
sidual	compression	present	in	the	bone.	The	remodeling	process	was	
still	ongoing	and	damaged	pre‐stressed	bone	was	not	completely	re-
moved.	At	10	weeks	of	healing,	no	difference	on	RTQ	was	present	
between	groups	indicating	that	pre‐stressed	bone	was	replaced	with	
non‐pre‐stressed	bone.	At	 the	same	time,	a	significant	 increase	of	

F I G U R E  2  Histologic	sections	of	cortical	bone.	(a)	Group	A	
5	weeks:	Numerous	micro‐cracks	are	present	(black	harrow),	
proceeding	from	the	implant	surface	(thread	crest)	along	lamellar	
direction.	Several	remodeling	lacunae	(red	arrow)	could	be	
observed	along	micro‐cracks.	More	lacunae	were	likely	to	be	found	
in	the	proximity	of	the	implant;	however,	they	could	be	observed	
even	at	great	distance	from	implant	surface.	Scale	bar,	200	µm.	
Original	magnification	20×.	(b)	Group	B	5	weeks:	Pristine	peri‐
implant	bone	presented	few	micro‐cracks	and	lacunae	(red	arrow).	
Overall	bone	architecture	seems	to	maintain	a	mature	lamellar	
structure.	Scale	bar,	200	µm.	Original	magnification	20×.	(c)	Group	
A	5	weeks.	Areas	of	necrotic	bone	can	be	spotted	in	contact	with	
implant	surface	(yellow	asterisk).	Active	bone	resorption	occurs	in	
remodeling	lacunae	at	implant	surface	(red	arrow)	and	along	micro‐
cracks	(yellow	arrow).	Scale	bar,	100	µm.	Original	magnification	
60×.	(d)	Group	B	5	weeks.	New	bone	apposition	appears	along	
the	osteotomy	line	(green	lines).	Bone	chamber	structures	are	
present	between	micro‐threads	(orange	asterisk).	Scale	bar,	
100	µm.	Original	magnification	60×.	(e)	Group	A,	5	weeks.	Basic	
Multicellular	Unit	(BMU)	in	the	proximity	of	implant	surface.	
Resorption	is	promoted	by	osteoclasts	(red	arrow),	while	osteoid	
matrix	is	deposited	by	aligned	osteoblasts	(black	arrow).	Scale	bar,	
100	µm.	Original	magnification	60×.	(f)	Group	B,	5	weeks.	New	
bone	is	formed	along	the	osteotomy	line.	Cement	line	between	
the	secondary	osteon	under	formation	and	native	bone	can	be	
spotted	(red	arrow).	Scale	bar,	100	µm.	Original	magnification	60×.	
(g)	Group	A,	10	weeks:	bone‐remodeling	lacunae	are	still	present.	
Secondary	osteons	can	be	observed.	Scale	bar,	200	µm.	Original	
magnification	20×.	(h)	Group	B,	10	weeks:	cortical	bone	has	a	
mature	structure	with	lamellar	bone.	However,	bone	lacunae	can	
still	be	spotted.	Scale	bar,	200	µm.	Original	magnification	20×

(a) (b)
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(g) (h)
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RTQ	value	was	observed	in	Group	B	between	5	and	10	weeks,	due	
to	the	complete	maturation	of	the	newly‐formed	bone.

One	 of	 the	 initiating	 factors	 for	 bone	 remodeling	 is	 excessive	
strain	 (Burr,	Martin,	Schaffler,	&	Radin,	1985).	 In	 this	experimental	
setup,	 Group	 A	 bone	 strain	 was	 approximately	 0.09,	 thus	 exert-
ing	beyond	 the	cortical	ultimate	bone	 strain	 limit	before	 substrate	
breakage,	which	 is	 around	 0.02	 (Halldin	 et	 al.,	 2014).	 Accordingly,	

micro‐cracks	were	evident	in	the	histologic	preparations	(Figure	2a).	
With	the	process	of	remodeling,	damaged	osteocytes	promote	cells	
activation	 and	 guide	 the	 movement	 of	 BMUs	 through	 the	 cortex	
(Eriksen,	 2010).	Osteoclasts	 resorption	 is	 directed	 to	 the	 principal	
stress	 direction,	 but	 also	 toward	 micro‐damage,	 depending	 on	 its	
proximity	(Martin,	2007).	Resorption	occurs	in	linear	planes,	creating	
elongated	tunnels—known	as	remodeling	spaces—which	constitutes	
the	Haversian	canal	formation	for	secondary	osteons.	(Martin,	2000).

With	the	µCT	evaluation,	an	accurate	three‐dimensional	model	of	
the	specimen	can	be	obtained	(Gramanzini	et	al.,	2016).	Reconstructions	
of	remodeling	spaces	appeared	to	be	directed	along	longitudinal	direc-
tion	 (Figure	4),	supposedly	due	to	 inter‐lamellar	debonding	 (Mohsin,	
O’Brien,	&	Lee,	2006;	Prendergast	&	Huiskes,	1996).	These	cavities	
are	 allegedly	 composed	 by	 BMUs	 provided	 by	 large	 vascular	 com-
partments	(Slaets	et	al.,	2006).	Interestingly,	the	direction	of	lacunar	
spaces	lies	perpendicularly	to	implant	axis,	according	to	stress	trajec-
tories	of	force	(Ralph,	1975).	The	relationship	between	the	direction	of	
stress	lines,	bone	anatomy,	and	surgical	technique	might	influence	the	
osseointegration	process.	Supposedly,	unfavorable	cracks	after	under	
drilling	might	be	expected	in	jaw	regions,	in	which	stress	lines	are	ver-
tical,	thus	parallel	to	implant	axis.	In	such	areas,	which	are	portions	of	
the	maxilla	(Lehman,	1973),	bone	resorption	might	follow,	leading	to	
unsuccessful	outcome	from	aesthetical	point	of	view.	However,	 fur-
ther	studies	are	needed	for	a	deeper	knowledge	in	this	topic.

From	both	two‐dimensional	and	three‐dimensional	analyses,	un-
dersized	drilling	caused	the	presence	of	lower	bone	quantity	in	the	
peri‐implant	tissue	at	5	weeks.	The	lower	bone	quantity	is	a	conse-
quence	of	increased	presence	of	large	lacunae,	and	a	greater	amount	
of	bone	that	was	undergoing	remodeling	compared	to	control.	It	is	
noticeable	that	even	the	most	distant	volume	from	implant	surface	
(VOI3)	was	 influenced	 by	 undersizing.	 Evaluation	 on	more	 distant	
bone,	beyond	1.5	mm	was	not	possible	due	to	the	dimensional	lim-
itation	of	the	samples.	Since	5	weeks,	bone	ratio	resulted	to	be	sim-
ilar	 between	 group	A	 and	B	 in	 the	 implants	most	 adjacent	 region	
(VOI1	 and	ROI1),	 it	 is	 reasonable	 to	 suppose	 that	 surgical	 trauma	
have	had	a	predominant	effect	on	bone	healing	at	such	vicinity	from	
the	implant,	regardless	of	the	drilling	protocol	(Cha	et	al.,	2015).

At	 10	weeks,	 no	 further	 differences	 in	 the	 remodeling	 spaces	
could	be	observed.	This	may	be	a	part	of	the	biological	process	as	
total	remodeling	time	for	bone	in	sheep	has	been	shown	to	complete	
in	approximately	12	weeks	(Calcagno,	2011),	hence	the	minimum	re-
modeling	activity	is	understandable.

F I G U R E  3  Removal	Torque	(RTQ),	total	BIC	(totBIC),	and	
newly‐formed	BIC	(newBIC)	comparing	Group	A	and	Group	B	at	5	
and	10	weeks.	RTQ	results	are	displayed	as	mean	(Ncm);	error	bar	
represents	the	standard	deviation.	RTQ	resulted	significantly	higher	
in	Group	A	at	5	weeks	(p	=	0.047);	paired	t	test.	No	difference	was	
noted	at	10	weeks.	totBIC	results	are	displayed	as	mean;	error	bar	
represents	the	standard	deviation.	No	differences	were	noted	for	
totBIC	at	5	and	10	weeks.	newBIC	results	are	represented	with	
box‐plots.	newBIC	was	significantly	lower	in	Group	A	at	5	weeks	
(p	=	0.046);	Wilcoxon	signed‐rank	test.	No	difference	was	noted	at	
10	weeks
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One	of	the	limitations	of	the	present	study	was	that	remov-

ing	the	 implants	before	taking	the	µCT	could	have	generated	
additional	bone	damage,	thus	creating	artifacts.	Nevertheless,	
this	 procedure	 seemed	 not	 to	 affect	 the	 results,	 as	 previ-
ously	reported	(Slaets	et	al.,	2006,	2007).	In	effect,	histologic	
analysis—whose	 implants	 were	 not	 removed—showed	 similar	
results.

Moreover,	it	should	be	kept	in	mind	that	a	single	type	of	implant	
was	used	in	this	study.	Thus,	the	exact	combination	between	implant	
design	and	drilled	site	may	be	different	with	other	 implant	 systems.	
However,	 the	 effects	 obtained	 in	 the	 test	 group	 may	 be	 observed	

whenever	 an	 excessive	 circumferential	 compression	 is	 dispensed	 to	
the	cortical	layer.

The	findings	of	the	present	study	might	be	of	clinical	relevance,	
as	a	decreased	ratio	of	mineralized	bone	could	affect	the	mechani-
cal	properties	and	thus	loadbearing	capacity	of	the	implant.	A	loss	
of	tissue	heterogeneity	in	patients	with	reduced	remodeling	due	to	
aging	or	clinical	condition	can	cause	micro‐damage	accumulation	
and	 diminished	 fracture	 resistance	 (Seref‐Ferlengez,	 Kennedy,	 &	
Schaffler,	2015).	Considering	that	the	experiment	was	conducted	
extra‐orally,	 influential	 factors	 such	 as	 implant	 contamination	by	
the	saliva	and	oral	bacteria,	or	implant	loading	could	be	excluded.	

TA B L E  1  Mean	and	standard	deviation	(SD)	values	for	bone	area	
fraction	occupied	(BAFO)	at	each	region	of	interest	(ROI).	Statistical	
analysis	between	Group	A	and	Group	B	was	performed	with	paired	
t	test	and	Bonferroni	correction	(α = 0.05)

5 weeks 10 weeks

ROI1

Group	A

Mean 0.777 0.820

SD 0.048 0.039

Group	B

Mean 0.826 0.852

SD 0.020 0.038

p-value 0.061 0.144

ROI2

Group	A

Mean 0.875 0.883

SD 0.027 0.053

Group	B

Mean 0.945 0.917

SD 0.035 0.037

p-value 0.108 0.224

ROI3

Group	A

Mean 0.940 0.961

SD 0.037 0.014

Group	B

Mean 0.968 0.962

SD 0.026 0.028

p-value 0.112 0.923

ROITOT

Group	A

Mean 0.882 0.875

SD 0.012 0.017

Group	B

Mean 0.916 0.913

SD 0.022 0.009

p-value 0.028 0.520

Bold	numbers	indicate	statistically	significant	differences.

TA B L E  2  Mean	and	standard	deviation	(SD)	values	for	Bone	
volume	density	(BV/TV)	at	each	Volume	of	Interest	(VOI).	Statistical	
analysis	between	Group	A	and	Group	B	was	performed	with	paired	
t	test	and	Bonferroni	correction	(α = 0.05)

5 weeks 10 weeks

VOI1

Group	A

Mean 0.750 0.809

SD 0.075 0.059

Group	B

Mean 0.782 0.813

SD 0.055 0.050

p-value 0.249 0.713

VOI2

Group	A

Mean 0.841 0.832

SD 0.059 0.049

Group	B

Mean 0.926 0.851

SD 0.045 0.038

p-value 0.012 0.202

VOI3

Group	A

Mean 0.820 0.820

SD 0.053 0.086

Group	B

Mean 0.905 0.835

SD 0.068 0.061

p-value 0.004 0.544

VOITOT

Group	A

Mean 0.800 0.822

SD 0.036 0.049

Group	B

Mean 0.879 0.835

SD 0.033 0.040

p-value 0.008 0.295

Bold	numbers	indicate	statistically	significant	differences.
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RTQ	value	was	observed	in	Group	B	between	5	and	10	weeks,	due	
to	the	complete	maturation	of	the	newly‐formed	bone.
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However,	the	major	remodeling	process	did	not	hamper	the	osse-

ointegration,	as	all	implants	healed	uneventfully.

5  | CONCLUSIONS

Within	the	limitations	of	the	present	animal	study,	the	results	indi-
cated	that	dental	 implants	 inserted	 into	undersized	sites	provoked	
major	remodeling	of	the	cortical	bone	compared	to	non‐undersized	
preparations.	A	greater	amount	of	remodeling	spaces	is	detectable	
even	at	1.5	mm	of	distance	 from	 implant	 surface	after	5	weeks	of	
healing.	However,	in	the	absence	of	negative	factors,	the	large	cor-
tical	composition,	as	 in	this	study,	has	the	capacity	to	compensate	
the	mechanical	damage	after	undersized	implant	placement	and	thus	
maintaining	rotational	stability	and	loadbearing	capacity.	Moreover,	
rotational	 stability	 is	 maintained	 throughout	 the	 healing	 period.	
After	10	weeks,	the	remodeling	activity	is	almost	completed	and	no	
differences	were	observed.
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5  | CONCLUSIONS

Within	the	limitations	of	the	present	animal	study,	the	results	indi-
cated	that	dental	 implants	 inserted	 into	undersized	sites	provoked	
major	remodeling	of	the	cortical	bone	compared	to	non‐undersized	
preparations.	A	greater	amount	of	remodeling	spaces	is	detectable	
even	at	1.5	mm	of	distance	 from	 implant	 surface	after	5	weeks	of	
healing.	However,	in	the	absence	of	negative	factors,	the	large	cor-
tical	composition,	as	 in	this	study,	has	the	capacity	to	compensate	
the	mechanical	damage	after	undersized	implant	placement	and	thus	
maintaining	rotational	stability	and	loadbearing	capacity.	Moreover,	
rotational	 stability	 is	 maintained	 throughout	 the	 healing	 period.	
After	10	weeks,	the	remodeling	activity	is	almost	completed	and	no	
differences	were	observed.
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Abstract  

Purpose: The aim of this multi-scale in silico study was to evaluate the mechanical 

properties and load distribution of peri-implant cortical bone model with and without 

resorption cavities.  

Methods: Two different micro-scale bone structures were assessed: cortical bone 

models with cavities (test) and without cavities (control) were designed from µCT 

data. In a macro-scale model, representing a mandibular ridge, oblique load of 100N 

was applied on the implant-abutment. Maximum principal stress/strain, and shear 

stress/strain were calculated in the macro- and micro-scale models.  

Results: Test presented anisotropic material properties. In tests, greater maximum 

values of Maximum principal stress/strain was calculated, both in macro- and micro-

scale models. These values were located at the implant neck area and in the proximity 

of cavities respectively. Greater values of shear stress/strain were found in the test 

along the mandibular longitudinal plane.  

Conclusions: Cortical bone with resorption cavities following undersized drilling 

showed an impaired load distribution compared with bone without cavities. 

Subsequently, stress/strain distribution suggests that this bone model is more prone to 

microdamage, thus delaying the healing process.  

  

Key   words: dental implant, undersized osteotomy, multi-scale analysis, resorption 

cavities, material properties, biomechanics 

  

	  

	  

1. Introductions  

Surgical technique is considered one of the key-factors for successful osseointegration 

[1]. At the time of implant placement, the initial mechanical engagement with the 

bone, known as primary stability, has to be maintained throughout the healing process 

[2]. 

Undersized drilling is a common surgical technique to increase primary stability by 

installing the implant in a substantially smaller osteotomy than its diameter [3]. In this 

manner, compression to the bone walls of the osteotomy is created [4]. Interestingly, 

data from clinical studies seems to suggest that an increased compression during 

implant placement might result in a higher marginal bone resorption [5-7]. When the 

local pressure to the cortical layer is excessive, ischemia [8], diffuse damage [9], 

microcracks [10] and ultimately an extensive area of apoptic osteocytes [11] is 

provoked. Subsequently, an extensive cell-mediated osteoclastic activity, through the 

recruitment of basic multicellular units (BMUs), is up-regulated to remove necrotic 

and damaged bone. This process, called targeted remodeling, creates temporary 

porosity, in cortical layer and is followed by new bone apposition, which gradually 

fills the resorption spaces [12]. In the establishment of osseointegration, an interfacial 

remodeling is expected when a tight interlocking between the implant and the bone is 

created [13]. This type of healing pathway is delayed compared with a de novo bone 

formation [14-16]. 

In a previous study, the authors demonstrated an increased remodeling activity after 

undersized drilling in the peri-implant mandibular cortical bone in sheep [17]. At 5 

weeks of healing, a microstructure characterized by resorption cavities was observed 

up to 1.5 mm from implant surface. A greater relative volume of cavities was 
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assessed, compared to a non-undersized drilling scenario, which did not present such 

micro-structure.  

A large body of evidence suggests that bone remodeling is triggered by mechanical 

loading and induced strains [18,19]. Finite element models have shown that the 

highest stress concentration is around the implant neck when non-axial loading is 

applied [20-22]. High stress concentration at bone-implant interface has been 

addressed as one of the main causes of marginal bone resorption [23]. Cortical bone 

characterized by resorption cavities may present impaired mechanical properties at 

the time of the implant loading, thus providing unfavorable occlusal load distribution. 

However, due to its complex geometry, the microstructure of cortical bone with 

resorption cavities was never applied in previous analyses. 

In silico multi-scale analysis is a coupled method for analysis of physical properties 

and behaviors among different scales. It has been recently introduced to predict 

mechanical properties of composites [24], porous ceramics [25] and titanium [26]. 

This novel approach enables the assessment of the influence of complex micro-

structures as cortical bone with resorption cavities on the physical properties at the 

macro-scale.  

It is hypothesized that the mechanical properties of cortical bone with resorption 

cavities in the mandible, created by vast remodeling after undersized drilling, is 

compromised compared to cortical bone with no large cavities, thus being more prone 

to bone resorption when load is imposed. 

The aim of this study was to compare the mechanical properties and biomechanical 

behavior of peri-implant cortical bone model, with and without resorption cavities. 

 

 

	  

	  

2. Materials  and  Methods  

In silico models 

Micro-scale voxel models of cortical bone were designed by a computer-aided 

engineering software (VOXELCON2015, Quint Corporation, Fuchu, Japan) from 

µCT data from a previous study, in which implants were inserted with undersized and 

non-undersized drilling into sheep mandible [17]. A significant greater relative 

volume of resorption cavities was present at undersized sites (Test Group) compared 

to non-undersized sites (Control Group) up to a distance of 1.5 mm from implant 

surface. Peri-implant bone was selected in a pre-determined position within a radius 

of 1.5 mm from the implant. Three cuboid voxel models representing Test Group and 

three representing Control Group were constructed (Figure 1a). The presence of bone 

cavities was visually assessed.  

A macro-scale model was designed using a CAD software (Solidworks Simulation 

2011, Dassault Systèmes Solidworks Corporation, Massachusetts, USA). The model 

(20×10×20 mm) representing a mandibular ridge consisted of 1-mm cortical layer and 

trabecular bone. A 3.6×6 mm OsseoSpeed™ EV (Astra Tech Implant System, 

Dentsply Sirona Implants, Mölndal, Sweden) with abutment (Temp Abutment EV, 

Dentsply Sirona Implants, Mölndal, Sweden) was designed and positioned at bone-

crestal level.  Moreover, a 1.5 mm wide cortical bone volume from implant surface 

was selected as peri-implant cortical bone (Figure 1b). 

X, Y, and Z axes for macro-scale models were defined along to bucco-lingual 

direction, mandible longitudinal direction and implant longitudinal direction, 

respectively. 
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the time of the implant loading, thus providing unfavorable occlusal load distribution. 

However, due to its complex geometry, the microstructure of cortical bone with 

resorption cavities was never applied in previous analyses. 

In silico multi-scale analysis is a coupled method for analysis of physical properties 

and behaviors among different scales. It has been recently introduced to predict 

mechanical properties of composites [24], porous ceramics [25] and titanium [26]. 

This novel approach enables the assessment of the influence of complex micro-

structures as cortical bone with resorption cavities on the physical properties at the 

macro-scale.  

It is hypothesized that the mechanical properties of cortical bone with resorption 

cavities in the mandible, created by vast remodeling after undersized drilling, is 

compromised compared to cortical bone with no large cavities, thus being more prone 

to bone resorption when load is imposed. 

The aim of this study was to compare the mechanical properties and biomechanical 

behavior of peri-implant cortical bone model, with and without resorption cavities. 

 

 

	  

	  

2. Materials  and  Methods  

In silico models 

Micro-scale voxel models of cortical bone were designed by a computer-aided 

engineering software (VOXELCON2015, Quint Corporation, Fuchu, Japan) from 

µCT data from a previous study, in which implants were inserted with undersized and 

non-undersized drilling into sheep mandible [17]. A significant greater relative 

volume of resorption cavities was present at undersized sites (Test Group) compared 

to non-undersized sites (Control Group) up to a distance of 1.5 mm from implant 

surface. Peri-implant bone was selected in a pre-determined position within a radius 

of 1.5 mm from the implant. Three cuboid voxel models representing Test Group and 

three representing Control Group were constructed (Figure 1a). The presence of bone 

cavities was visually assessed.  

A macro-scale model was designed using a CAD software (Solidworks Simulation 

2011, Dassault Systèmes Solidworks Corporation, Massachusetts, USA). The model 

(20×10×20 mm) representing a mandibular ridge consisted of 1-mm cortical layer and 

trabecular bone. A 3.6×6 mm OsseoSpeed™ EV (Astra Tech Implant System, 

Dentsply Sirona Implants, Mölndal, Sweden) with abutment (Temp Abutment EV, 

Dentsply Sirona Implants, Mölndal, Sweden) was designed and positioned at bone-

crestal level.  Moreover, a 1.5 mm wide cortical bone volume from implant surface 

was selected as peri-implant cortical bone (Figure 1b). 

X, Y, and Z axes for macro-scale models were defined along to bucco-lingual 

direction, mandible longitudinal direction and implant longitudinal direction, 

respectively. 

 

 



	  

	  

Homogenization and Localization analyses 

Cortical bone material properties taken from previous studies [27] were initially 

applied to the micro-scale models (Table 1). Then, elastic modulus (EM) and 

Poisson’s ratio (PR) for each model was calculated by the homogenization analysis 

(VOXELCON2015). EM and PR average values and standard deviation were 

calculated for Test Group and Control Group respectively and applied to the peri-

implant cortical bone area in the macro-scale model. Cortical bone, trabecular bone 

and implant material parameters are shown in Table 1.  

A static load of 100 N with an inclination of 45° from bucco-lingual direction was 

impressed on top of the abutment.  

The maximal principal stress (MPStress) and maximum principal strain (MPStrain) 

distribution in the macro-scale model was assessed and maximum values were 

calculated. 

The MPStress and MPStrain distribution in micro-scale models was obtained by 

localization analysis (VOXELCON2015). The calculation was achieved at the 

location in the macro-scale model where the maximum values of MPStress and 

MPStrain were observed and compared.  

Values of shear stress and shear strain were calculated in the micro-scale models 

along XY, XZ, and YZ planes. 

  

Statistical Analysis 

EM and PR were compared based on group and axis with repeated measurement 

ANOVA with Bonferroni post-hoc pairwise comparison. For micro-scale analysis, 

maximum values of MPStress and MPStrain were compared with repeated 

measurement ANOVA. Values of shear stress and shear strain were compared based 

	  

	  

on the group and plane using repeated measurement ANOVA with Bonferroni post-

hoc pairwise comparison. Statistical analysis was performed with IBM SPSS 

Statistics for Mac, v.22. Level of significance was set at α=.05. 

  

3. Results  

Material Properties 

EM and PR values of peri-implant cortical bone obtained by the homogenization 

analysis is presented in Table 1. Different values were observed based on axis and 

group. Test Group showed anisotropic material properties. EM values differed based 

on the axis (p=.047), however, pairwise comparisons did not show a statistically 

significant difference in EM values among X, Y and Z axes. A tendency of statistical 

difference was observed for PR values based on the axis (p=.056). Control Group 

exhibited isotropic material properties, so that similar values were observed for EM 

and PR.  

Based on group, statistically significant lower EM values were present for Test Group 

compared with Control Group for X (p<.001), Y (p<.001) and Z (p<.001) axis. 

Statistically significant lower PR value for X axis was observed in Test Group 

(p=.002).  

 

Macro-scale analysis 

Maximum values of MPStress in the test and control were 0.84 MPa and 0.46 MPa, 

respectively and they were located at the buccal side of the bone-to-implant interface. 

A wider area of high MPStress values were observed in test compared with control 

(Figure 2a). 
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Maximum values of MPStrain in test and control were 11,260 and 5,075, respectively 

and were located at the most coronal bone-to-implant interface, along the bone 

longitudinal axis (Figure 2b). 

 

Micro-scale analysis 

Mean maximum value of MPStress in the micro-scale models for Test Group and 

Control Group was 38.3 (SD=7.74) MPa and 5.92(SD=0.56) MPa, respectively. Mean 

maximum value of MPStrain in the micro-scale models for Test Group and Control 

Group was 4509 (SD=513) and 726 (SD=137), respectively. The difference between 

the two groups resulted statistically significant both for MPStress (p=.002) and 

MPStrain (p=.001). The localization of such values in each model was positioned 

around cavities (Figure 3). 

Shear stress and shear strain mean values along each plane are presented in Figure 4. 

Regarding shear stress values, statistically significant greater values were observed 

for test compared with control along planes YZ (p= .004), ZX (p= .002) and XY (p= 

.001). In the same manner, for what concerning shear strain, statistically significant 

greater values were observed for test compared with control along planes YZ (p= 

.004), ZX (p= .002) and XY (p= .001). Shear stress and strain values differed based 

on the axis in Test groups (p= .027,). In Test group, shear stress and strain along YZ 

plane showed the greatest values (Figure 4).  

  

4. Discussion  

Finite element analysis (FEA) in implant dentistry research allows calculating how 

loads are transferred to the implant and the surrounding bone [28]. The investigation 

of stress and strain distribution, is aimed to predict biological responses, such as 

	  

	  

undesirable bone disruption when excessive load is applied [29]. The behavior of 

cortical bone is therefore of crucial importance to understand the mechanism of 

marginal bone resorption [30]. In several FEA studies, cortical bone appears as a 

homogeneous layer with isotropic properties. However, in fact the structure and 

behavior of the bone may be more complex [31] and is subjected to structural 

modifications, especially during the healing phase [32,33]. Histological and µCT 

analyses from a previous in vivo study [17], revealed an intra-cortical cavities, 

directed parallel to the longitudinal direction of the bone, in the vicinity of the sites 

prepared with undersized drilling. 

With the multi-scale analyses used in the present study, two types of cortical-bone 

structures were compared (Figure 1). The analysis of the micro-scale bone models 

revealed anisotropic properties for Test Group. Average values of EM differed 

significantly based on the axis, showing the lowest value for the bucco-lingual 

direction. Similarly, the lowest value of PR was observed along the same axis. In 

addition, significantly lower EM value was observed in test compared with control in 

each direction. Taken these results into account, it can be said that the anisotropic 

behaviour of an undersized group can be explained by the presence and the direction 

of the cavities. On the contrary the lack of large resorption cavities in the non-

undersized group, presented higher material strength.  

The direction of the cavities is established by the initial micro-damage [34], namely 

micro-cracks, which can easily occur due to interlamellar splitting [35]. It is generally 

accepted that the orientation of cracks propagation is intrinsically related to the 

structure of the bone [36]. According to stress trajectories of force, the direction of the 

cracks are parallel to the longitudinal axis in the body of the mandible [37]. However, 
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a completely different scenario may be present in the maxilla [38]. Further studies are 

required to investigate different bone macro-architectures.  

The analysis at the macro-scale model showed that the MPStress occurred at the 

implant neck area for both groups. This finding is in accordance with previous 

studies, in which it was hypothesized that a certain degree of marginal resorption 

around the implant may be a result of biomechanical adaptation to stress [22,29]. Yet, 

higher values were found in the undersized group, compared with the non-undersized. 

The maximum value of MPStress, which is a tensile stress, was located along the 

bucco-lingual axis, thus corresponding with the load direction. A larger area was 

subjected to high values of MPStress in test, including the entire cortical layer at the 

buccal side (Figure 2a). This finding suggests that this region of large tensile stresses 

might be more prone to marginal bone resorption. 

Interestingly, the maximum value of MPStrain was located along the longitudinal 

direction, in the most superficial area of bone-to-implant interface. Again, greater 

values were observed for the undersized group, demonstrating that higher deformation 

occurs in this group in the mesial and distal sides.  

From the micro-scale analysis of load transferring, highly heterogeneous stress and 

strain patterns were observed. Stress and strain were concentrated into the bone facing 

the resorption cavities, while relatively low stress and strain were noticed in the bone 

area between the cavities (Figure 3). From a previous study, it is known that bone is 

more susceptible to shear strength than compressive and tensile strength [39]. 

Noticeably, greater shear stress and strain were observed in the plane along the 

longitudinal direction and parallel to the implant long axis. Those results suggest that 

fatigue and consequent micro-damage is likely to occur in the bone around the 

resorption cavities, acting as a stimulus for the continuation of the bone remodeling 

	  

	  

process. In fact, a revision of the Wolff’s law hypothesized that bone remodeling is 

controlled by an inhibitory signal triggered by mechanical stimuli, such as load [19]. 

According to this theory, the remodeling process is restrained when load lies into the 

physiologic threshold. On the contrary, remodeling is increased when load is 

extremely low or excessively high, due to tissue damage. In a previous study, which 

analyzed the strain and stress distribution within a single bone trabecular [40], the 

authors observed how elevated stress localized in the pit of the cavities could trigger a 

continuation of the resorbing activity beyond the original damaged bone. Similarly, 

according to the findings in the present study, the application of the occlusal load 

would generate further local enlargement of resorption cavities along the longitudinal 

direction. It can be said that in the undersized scenario, being the peak stress and 

strain significantly higher, excessive load could easily be reached compared with the 

non-undersized scenario, thus triggering an increased osteoclastic activity. Arguably, 

further resorption would delay the healing process and possibly disturb the bone-to 

implant interface. On the contrary, a preserved cortical bone model is more suitable to 

sustain occlusal load with a more homogeneous mechanical distribution; this would 

act as stimulation for new bone formation.  

In order to run the present simulation, a number of assumptions had to be made, 

which represent the limitations of this type of study. The cortical and trabecular bone 

are assumed to be fully in contact with the implant. However, this condition is seldom 

reported and it may represent an oversimplification of the clinical reality [41]. 

Moreover, previous studies showed that residual strain could remain in the peri-

implant bone after implant insertion into undersized sites, due to press-fit 

phaenomena [42,43]; this aspect was not considered in the present model. 
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The novel voxel-based multi-scale method allowed introducing the influence of the 

local micro topography in the simulation. Differently from the conventional mesh-

based finite element analysis, this method can solve geometrical problems for 

biological complex and irregular structures. It is acknowledged that the extent of 

resorption cavities may be different based on the vicinity of the implant site and on 

the location along the bucco-lingual axis. The size of the micro-models selected, 

though, was sufficiently large to accurately represent each scenario.  

From the results of this multi-scale simulation, it can be said that the bone structure 

following undersized drilling in the mandible might not represent an optimal healing 

stage for the application of the occlusal loading. The intra-cortical resorption cavities 

are capable of altering the load bearing capacity of the peri-implant bone. From this 

simulation, it is therefore recommended to postpone the loading until the completion 

of the remodeling process with a reduction of the intra-cortical cavities. Present 

findings need to be confirmed by future in vivo studies. 

  

5. Conclusions  

This in silico multi-scale simulation showed that the cortical bone with resorption 

cavities following undersized drilling technique has anisotropic material properties 

and compromised biomechanical behavior compared with cortical bone without 

resorption cavities.  

When the load was imposed, higher peak values of stress and strain were found both 

in macro- and micro-scale models in bone with resorption cavities. Wider areas of 

stress and strain were concentrated at coronal bone-to-implant interface and around 

cavities in the macro- and micro-model respectively. Moreover, higher shear stress 

and strain were found in the mandibular longitudinal plane. In conclusion, the present 

	  

	  

simulation suggests that cortical bone model with resorption cavities due to 

undersized drilling is likely to be more prone to the continuation of microdamage and 

consequent remodeling, thus delaying the healing process. 
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Table 1. Material properties applied to the macro-scale model. Peri-implant cortical 
bone values were obtained with the homogenization analysis. 

Material Group Axis	  Elastic modulus 
(MPa) Poisson's ratio 

Cortical bone   14,000 [27] 0.300 [27] 
Peri-implant 
cortical bone Test Group X 8,448 0.221 

  Y 9,089 0.274 

  Z 10,788 0.287 

 Control Group X 113,701 0.297 

  Y 13,690 0.298 

  Z 13,780 0.287 
Trabecular bone   620 [27] 0.300 [27] 
Fixture 	  	  105,000 [44] 0.360 [44] 
 

  

	  

	  

Figure 1.  

a) Voxel models for micro-scale cortical bone structure. Cavities can be observed in 

the Test Group models, while Control Group models showed a preserved structure. b) 

Macro-scale CAD model of the mandibular ridge with implant and abutment. 1.5 mm 

wide peri-implant cortical bone was selected. A static load of 100 N with an 

inclination of 45° from bucco-lingual direction was impressed on top of the abutment 

(red arrow).  

X: bucco-lingual axis, Y: mandible longitudinal axis; Z: implant longitudinal axis. 

 

Figure 2. 

a) MPStress distribution at the peri-implant cortical bone in the macro-scale model. 

Wider area of MPStress can be observed in the test group at the buccal side of bone-

implant interface. b) MPStrain distribution at the peri-implant cortical bone in the 

macro-scale model. Peak values were located in the most coronal part of bone-implant 

interface along the bone longitudinal axis.  

X: bucco-lingual axis, Y: mandible longitudinal axis; Z: implant longitudinal axis. 

 

Figure 3. 

MPStress (a) and MPStrain (b) distribution in micro-scale model section. The location 

of the maximum value of MPStress/MPStrain is facing the cavity. More 

heterogeneous stress/strain distribution can be observed in test compared to control. 

X: bucco-lingual axis, Y: mandible longitudinal axis; Z: implant longitudinal axis. 
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Figure 4. 

Histograms representing mean values of maximum shear stress (a) and shear strain (b) 

along each plane. Bars represent standard deviation. 

X: bucco-lingual axis, Y: mandible longitudinal axis; Z: implant longitudinal axis. 
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