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Abstract

Implant stability plays a critical role for successful osseointegration. Successful osseointegration is a
prerequisite for functional dental implants. Continuous monitoring in an objective and qualitative manner is
important to determine the status of implant stability. Implant stability is measured at two different stages:
Primary and secondary. Primary stability comes from mechanical engagement with cortical bone. Secondary
stability is developed from regeneration and remodeling of the bone and tissue around the implant after
insertion and affected by the primary stability, bone formation and remodelling. The time of functional
loading is dependent upon the implant stability. Historically the gold standard method to evaluate stability
were microscopic or histologic analysis, radiographs, however due to invasiveness of these methods and
related ethical issues various other methods have been proposed like cutting torque resistance, reverse
torque analysis, model analysis etc. It is, therefore, of an utmost importance to be able to access implant
stability at various time points and to project a long term prognosis for successful therapy. Therefore this
review focuses on the currently available methods for evaluation of implant stability.
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INTRODUCTION

stability is affected by bone quality and quantity, surgical technique

and implant geometry (length, diameter, surface characteristics).

Osseointegration is defined as a direct bone anchorage toan irnplant
body which can provide a foundation to support prosthesis."*
Implant stability is a requisite characteristic of osseointegration.
Without it, long-term success cannot be achieved. Continuous
monitoring in a quantitative and objective manner is important to
determine the status of implant stability. Osseointegration is also a
measure of implant stability which can occur in two stages: Primary
and secondary.m Primary stability rnostly occurs from mechanical
attachment with cortical bone. Secondary stability offers biological
stability through bone regeneration and remodeling.**! Primary
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Secondary stability is affected by primary stability.[él

Objective measurement of implant stability is a valuable tool

for achieving consistently good results that are influenced by: 7]

Good decisions about when to load

When a surgeon makes a decision about early loading, obj ective
measurement of implant stability can be valuable. A speciﬁed
degree of implant stability can serve as an inclusion criterion

for immediate loading.
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Advantageous protocol choice on a patient-to-patient
basis

With objective measurement of irnplant stability, surgeons
can make well-informed decisions about protocol choices on
a case-by-case basis. In other words, when low implant stability
measurements indicate that immediate loading will jeopardize
treatment outcome, a two-step protocol can be applied. In cases
where high irnplant stability measurements are recorded, the
implant could be immediately loaded.

Situations in which it is best to unload

Objective measurement of implant stability also supports
making the right decisions about unloading. Sennerby and
Meredith point out that when replacing an immediately
loaded temporatry prosthesis with a permanent prosthesis, “low
(secondary) values may be indicative of overload and ongoing
failure” To avoid failure, they suggest that surgeons should
consider unloading, perhaps placing additional implants, and
wait until stability values increase before loading the permanent
prosthesis.

SUPPORTS GOOD COMMUNICATION AND
INCREASED TRUST

Implant stability measurements can also help improve
communication between surgeons and patients. When a surgeon
refers to measurable values rather than subjective judgments
as the basis for decision-making, it is easier to explain the
treatment choices. The surgeons are also likely to appear more
professional to colleagues alike and imbibe patient confidence.

PROVIDES BETTER CASE DOCUMENTATION

Objective implant stability measurements can be used to
document the clinical outcome of implant treatments, which
can be useful at a later stage if a problem should arise.

This review focuses on various methods to evaluate irnplant

stability.

There are different methods to assess implant stability. They can
be grouped as invasive,/destructive methods and noninvasive,/

nondestructive methods.

Invasive/destructive methods
Following methods were included:

i Histologic/ histomorphologic analysis
*  Tensional test

*  Push-out/pull-out test and

*  Removal torque analysis.

Histomorphometric analysis
This is obtained by calculating the peri-implant bone quantity

and bone—irnplant contact (BlC) from a dyed specimen of the
implant and peri-implant bone. Accurate measurement is an
advantage, but due to the invasive and destructive procedure,
it is not appropriate for long-term studies. It is used in the
nonclinical studies and experiments. It is assessed at pre-, intra-,

and post—surgical time points.[gl

Tensional test

Tensional test was earlier measured by detaching the implant
plate from the supporting bone. It was later modified by
Brinemark by applying the lateral load to the implant fixture.
However, they also addressed the difficulties of translating the
test results to any area independent mechanical properties.”

Push-out/pull-out test

Push-out/ pull-out test investigates the healing capabilities at the
bone irnplant interface.'”? It measures interfacial shear strength by
applying load parallel to the implant-bone interface. In the typical
push—out or pull—out test [Figure 1], a cylinder—type implant
is placed transcortically or intramedullarly in bone structures
and then removed by applying a force parallel to the interface.
The maximum load capability (or failure load) is defined as the
maximum force on the force displacernent plot, and the interfacial
stiffness is visualized as the slope of a tangent approximately
at the linear region of the force displacement curve before
breakpoint. It is assessed during the healing period. However, the
push-out and pull-out tests are only applicable for nonthreaded
cylinder type implants, whereas most of clinically available
fixtures are of threaded design, and their interfacial failures are
solely dependent on shear stress without any consideration for
either tensile or compressive stresses (Brunski et al. 2000, Chang
et al. 2010). It is also technique sensitive.

Removal torque analysis

Removal torque analysis implant is considered stable if the
reverse or unscrewing torque was >20 Necm. However, the
disadvantage is that at the time of abutment connection implant
surface in the process of osseointegration may fracture under
the applied torque stress.'"'?

Reverse torque assessment; pull-out and push-out techniques
are generally used only in preclinical applications and may be
of value as research techniques.The clinical usage of destructive
tests is limited due to ethical concerns associated with invasive

nature Of these methodologies.

Noninvasive/nondestructive methods for assessing
implant stability

These include the following:

*  The surgeon’s perception

* Radiographical analysis / imaging techniques

¢ Cutting torque resistance (for primary stability)
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* Insertion torque measurement

° Reverse torque

*  Seating torque test

*  Modal analysis and Implatest

®  Percussion test

*  Pulsed oscillation waveform (POWEF)

*  Periotest

* Resonance frequency analysis (RFA): Electronic
technology

*  Magnetic technology.

The surgeon’s perception

One method of trying to evaluate primary stability is quite
simply the perception of the surgeon. This is often based
on the cutting resistance and seating torque of the implant
during insertion. A perception of “good” stability may be
heightened by the sensation of an abrupt stop when the
implant is seated. An experienced surgeon’s perception is,
of course, invaluable and should under no circumstances
be discounted. One’s personal perception is difficult to
communicate to others. However, most importantly, this
type of measurement can only be made when the implant is
inserted, it cannot be used later, for example, before loading
the implant.

Imaging techniques

Imaging techniques are widely used to assess both quantity
and quality of the jawbone."* Following the surgery,
imaging methods are used to assess the health of the implant,
evaluating the bone quantity and quality changes, and
estimating the crestal bone loss, which is a consequence of
the osseointegration process. Numerous limitations exist
with the use of a conventional radiograph alone in making
an accurate, independent assessment of implant stability.
Conventional periapical or panoramic views do not provide
information on a facial bone level, and bone loss at this level
precedes mesiodistal bone loss."*] At last, neither bone quality
nor density can be quantified with this method. Even changes
in the bone mineral cannot be radiographically detected until
40% of demineralization had occurred."”’ Computer-assisted
measurement of crestal bone level change may prove to be
the most accurate radiographical information. However, this

method is not convenient to use in clinical practice.

Cutting torque vesistance analysis
This was developed by Johansson and Strid."® It was later

1718] The amount of unit volume of

improved by Friberg et al!
bone removed by current fed electric motor and is measured
by controlling the hand pressure during drilling at low speed.
It determines areas of low density bone and quantifies bone
hardness during implant osteotomy at the time of implant

placement. Clinical studies showed that the highest frequency

of implant failures was seen in jaws with advanced resorption
and poor bone quality, often seen in the maxilla."”) Therefore,
cutting resistance value may provide useful information in
determining an optimal healing period in a given arch location
with a certain bone quality.

The major limitation of cutting torque resistance analysis
(CRA) is that it does not give any information on bone
quality until the osteotomy site 1s prepared. CRA also cannot
identify the lower “critical” limit of cutting torque value
(ie, the value at which the implant would be at risk).[zol

Insertion torque measurement
Insertion torque values have been used to measure the
bone quality in various parts of the jaw during implant

2122] Tnsertion torque alone may be used as an

placement.
independent stability measurement, but it may also act as
a variable, affecting implant stability. In a different light,
insertion torque is a mechanical parameter generally affected
by a surgical procedure, implant design and bone quality at
the implant site.”*! However, it cannot assess the secondary
stability by new bone formation and remodel around the
implant. Hence, it cannot collect longitudinal data to assess
implant stability change after placement. Furthermore, an
increase In insertion torque may signify an increase in primary
stability, but maximum insertion torque is produced by the
pressure of implant neck on the dense cortical bone of the
alveolus. Furthermore, it has been reported that if maximum
insertion torque does not signify increased general bone
density, it may indicate the insertion torque itself during

tapping.

Reverse torque test

Reverse torque test was proposed by Roberts et al'***/ and
developed by Johansson and Alberktsson. It is used to assess the
secondary stability of the implant. Implants that rotate when
reverse torque is applied indicate that BIC could be destroyed.
Further, it cannot quantify the degree of osseointegration as
threshold limits vary among patients, implant material, bone
quality and quantity. The studies showed, the stress of the
applied torque may in itself be responsible for the failure.' Tt
also does not measure lateral stability that is a useful indicator

fOf successful treatment outcome.

Seating torque test

Like insertion torque, the final seating torque gives some
information about the primary stability of the implant when
the implant reaches its final apico-occlusal position. It is done
after implant placement.*

Modal analysis

Modal analysis also termed as vibration analysis, measures
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the natural frequency or displacement signal of a system in
resonance, which is initiated by external steady-state waves or
a transient impulse force. It can be performed in two models:
Theoretical and experimental.

The theoretical modal analysis includes finite element analysis.
It investigates vibrational characteristics of objects. It is done
to calculate stress and strain in various anticipated bone levels.
It is used in clinical studies and experiments. The experimental
modal analysis s a dynamic analysis. It measures natural
characteristic frequency, mode and attenuation-via vibration
testing. It is used in nonclinical studies in vitro approach. It
provides reliable measurement.[?”

Percussion test

A percussion test is one of the simplest methods that can
be used to estimate the level of osseointegration, This test is
based upon vibrational-acoustic science and impact response
theory. The clinical judgment on osseointegration is based on
the sound heard upon percussion with a metallic instrument.
A clearly ringing “crystal” sound indicates successful
osseointegration, whereas a “dull” sound may indicate no
osseointegration. However, this method heavily relies on the
clinician’s experience level and subjective belief. Therefore,

it cannot be used experimentally as a standardized testing
method 1323

Pulsed oscillation waveform

Kaneko!*®" described the use of a POWF to analyze the
mechanical vibrational characteristics of the implant-bone
interface using forced excitation of a steady-state wave.
POWE is based on estimation of frequency and amplitude
of the vibration of the implant induced by a small pulsed
force. This system consists of an acoustoelectric driver

(AED), acoustoelectric receiver (AER), pulse generator and
oscilloscope. Both the AED and AER consist of a piezoelectric
element and a puncture needle. A multifrequency pulsed force
of about I kHz is applied to an implant by lightly touching it
with two fine needles connected with piezoelectric elements.
Resonance and vibration generated from the bone-implant
interface of an excited implant are picked up and displayed on
an oscilloscope screen. It is used for in vitro and experimental
studies. An in vitro study showed that the sensitivity of the
POWE test depended on load directions and position.!”’

Periotest

Quantifies the mobility of an implant by measuring the reaction
of the peri-implant tissues to a defined impact load. The
Periotest was introduced by Schulte to perform measurements
of the damping characteristics of the periodontal ligament,
thus assessing the mobility of natural tooth.?”?) Periotest®
[Figures I and 2] uses an electro-magnetically driven and
electronically controlled tapping metallic rod in a handpiece.
Periotest value range from —8 (low mobility) to +50 (high
mobility). It can measure the bone density at the time of
implant placement and postsurgical placement of the implant.
Response to a striking or “barking” is measured by a small
accelerometer incorporated into the head. The reliability
of this method is questionable because of poor sensitivity,
susceptibility to many variables.””!

Resonance frequency analysis

It was suggested by Meredith in 1998.°°! It is a noninvasive
diagnostic method that measures implant stability and bone
density at various time points using vibration and a principle
of structural analysis. RFA [Figure 3] utilizes a small L-shaped
transducer that is tightened to the implant or abutment by a
screw. The transducer comprises of two ceramic elements, one

InsertionaVRemoval Torgque

Push-out

Pull-out

Figure 1: Stability analysis for oral implant osseointegration from clinical oral implants research (a-Tensional test, b- Pushout method, c-Pull out
method, d-Insertiona/removal method, e-Periotest, f-Resonance frequency analysis) 2010;21:1-12
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of which is vibrated by a sinusoidal Signal (5—1 5kHz) while the
other serves as a receptor. The transducer is screwed directly to
the implant body and shakes the implant at a constant input and
amplitude, starting at a low frequency and increasing in pitch
until the implant resonates. High frequency resonance indicates
stronger bone-implant interface. It also provides baseline
reading for future comparison and postsurgical placement of
the implant. RFA has been widely used for clinically assessing
osseointegration, as well as for prognostic evaluation. However,

the latter aspect still has to be questioned.

The most recent version of RFA is a wireless gadget. A metal
rod is attached to the implant with a screw connection. The
rod has a small magnet attached to its top that is stimulated
by magnetic irnpulses from a handheld electronic device. The
rod mounted on the implant has two fundamental resonance
frequencies; it vibrates in two directions, perpendicular to
each other. One of the vibrations is in the direction where the
implant is most stable and the other is in the direction where
the implant is least stable.

Currently, two RFA machines are in clinical use: [Figure 4]
Osstell® (integration diagnostics) and Implomates® (Bio

TechOne).

ELECTRONIC TECHNOLOGY RESONANCE
FREQUENCY ANALYSIS (OSSTELL")

It was the first commercially available product for measuring
implant stability. The electronic technology combines the
transducer, computerized analysis and the excitation source
into one machine. Implant stability quotient (ISQ) is
the measurement unit (ISQ of 0 to 100) used. When used at
the time of implant placement it provides baseline reading for
future comparison and postsurgical placement of the implant.
Currently, Osstell (Integration Diagnostic AB, Goteborg,
Sweden), a commercialized product utilizing the concept of
RFA, has translated the resonance frequency ranging from 3000
to 8500 Hz as the ISQ of 0-100.31

MAGNETIC TECHNOLOGY RESONANCE
FREQUENCY ANALYSIS (OSSTELL" MENTOR)

The transducer has a magnetic peg on top and is fixed to
implant or abutment [Figure 4]. On activation by magnetic
resonance frequency probe the peg is activated, which vibrates
and induces electric volt sampled by magnetic resonance
frequency analyzer. Values are expressed as ISQ of 0 to 100. At
the time of implant placement, it provides baseline reading for
future comparison and postsurgical placement of the implant.
However, this method is expensive and technique sensitive as
it requires respective transducer and magnetic peg. It should
maintain a distance of I-3 mm, angle of 90°, and should be

Figure 2: Periotest® (Siemens AG, Benshein, Germany) measures
tooth mobility and implant stability by Periotest value. (a) Periotest®,
(b) Periotest®™M

Hegs

Sullaowy

Figure 3: Picture showing the principle of electronic resonance
frequency analyzer cited from Osstell website, www.osstell.com,
April, 2011

\ O8S1LL

Figure 4: Principle of the Osstell Mentor™. Magnetic peg (smart peg™)
works like a tuning fork and Osstell ISQ™ www.osstell.com, April 2011

3 mm above the soft tissue otherwise the measured value will
be affected. Valderrama et al. reported in a study experimenting
Osstell and Osstell Mentor that the two devices had high

significant correlation.**!
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Newer methods under research and development
Implatest conventional impulse testing

Conventional impulse testing of an implant requires fastening
an accelerometer with associated wires and connectors to
the implant, striking it with a calibrated hammer, and then
recording and interpreting the data. The objective of testing
implants with electrical impulse methods is to characterize,

analyze and monitor their signatures.

Implatest (Q Labs Inc., Providence, R.I.) incorporates all of
the features of a conventional impulse test into a compact,
portable, self-contained probe. Data can be gathered in seconds
and is operator independent (independent of the direction or
position of test application on the implant). Complications
may arise when attempting to test an implant with an attached
multifixture prosthesis, owing to their splinting effect. The
dynamic signature of a multifixture prosthesis is extremely
complex owing to the supporting influence of all implants
or natural teeth or a combination of these at the particular
testing site.34]

Implomates was developed by Huang, This device utilizes
impact force from a transducer to excite the resonance of
implant. The received signal is transferred to computer for
frequency spectrum analysis (2—20 kHz) Higher frequency
and sharp peak indicates stable implant while wider frequency
and low peak indicates implant failure. At the time of implant
placement provides baseline reading for future comparison and

the most surgical placement of implant.

Electro-mechanical impedance method

This test®! utilizes the electro-mechanical impedance of
piezoelectric materials (work as both sensors and actuators)
which is directly related to the mechanical impedance of the
host structure. Piezoelectric zirconate titanate (PZT) is coupled
to the monitored structure. After applying a voltage in 1V
in the kHz range, the PZT start to vibrate and any change
of structural characteristics such as stiffness, damping, mass
distribution, would influence the reading electrical admittance

of PZT as read by impedance analyzer.

Micro motion detecting device

A customized loading device, consisting of a digital
micrometer (Mitutoyo Absolute Digimatic, Mitutoyo America
Corporation, Aurora, IL, USA) and a digital force gauge
(Chatillon E-DFE-028, Chatillon Force Measurement Systems,
Largo, FL, USA) (range of 10-2500 N 0.25% resolution over
range ) was used to determine implant micromotion. The forces
were achieved by turning a dial, which controlled the height of
the force gauge.This dialed in force was applied to the abutment
via a lever. The digital micrometer was placed tangent to the
crown of the abutment and detected the displacement after

the load application.l%l

Highly nonlinear solitary waves method

HNSWs (highly nonlinear solitary waves) are compactly
supported lumps of energy, which are formed by a balance
between nonlinear and dispersive effects in intrinsically
nonlinear media, such as granular materials. They are
characterized by unique physical properties, such as high
acoustic energy and remarkable robustness, which make them
eXtremely useful as information carriers in nondestructive
evaluation (NDE) applications. To generate and propagate
HNSW, a granular crystal to function as a combined sensor
and actuator, which is composed of a chain of spherical
particles in contact with each other with a piezoelectric gauge
embedded in selected locations. Using the granular crystal,
the surface of an orthopaedic implant with a single HNSW,
and record the signals reflected from the interface between the
granular crystal and the implant specimen under inspection.

Here, granular crystal actuator consisting of a one-dimensional
tightly packed array of spherical particles, to generate acoustic
solitary waves are assembled through direct contact with the
specimen. Acoustic solitary waves into a biomedical prosthesis
are injected, nondestructively evaluating the mechanical integrity
of the bone-prosthesis interface, studying the properties of the
waves reflected from the contact zone between the granular
crystal and the implant. The granular crystal contains a
piezoelectric sensor to measure the traveling solitary waves,

which allows it to function also as a sensor.

Thena sequence of harsh mechanical loading on the samples 1s
imposed to degrade the mechanical integrity at the stem-cement
interfaces, using simulator that simulates aggressive, accelerated
physiological loading. Implant stability is investigated via
the granular crystal sensor-actuator during testing. Results
showed that the reflected waves respond sensitively to the
degree of implant fixation. In particular, the granular crystal
sensor-actuator successfully detects implant loosening at the
stem-cement interface following violent cyclic loading. This
technique®”) suggests that the granular crystal sensor and
actuator has the potential to detect metal-cement defects in a
nondestructive manner for orthopedic applications.

SUMMARY AND CONCLUSION

Evidence from the presented literature indicates that the advanced
tests and equipment may play a greater role in the evaluation
of implant stability compared to conventional methods. The
ability to monitor osseointegration and the life expectancy of
an implant is a valuable diagnostic and clinical tool that has far-
reaching consequences on implant dentistry. RFA has attracted
considerable scientific interest in recent years; it can also be
used to evaluate the effect of early and delayed loading, assess
stability over a period of time and early diagnosis of implant
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failure. However, information should be established from many

different diagnostic aids to assure long—term implant stability.
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