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Screw Loosening (SL), called also “Implant Loosening: (IL), is a com-
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mon complication after implant surgery when a screw (or screws are
inserted in a bone since it was (mainly) broken, partially replaced, or
cracked). Radiological approaches, both X-ray and Computed Tomogra-
phy (CT) scanning are used nowadays to follow and identify this con-
dition. Mechanical methods to study screw loosening are common in
some cases (like dentistry and orthopedics); while in others (like in spi-
nal pedicle screws) are not; Generally, these methods can be applied in
a laboratory (ex-vivo) research and while extracting the screw - where
screw’s condition is already known in most cases.

This paper reviews the various cases of SL as monitored by different
methods that already exist and were published in the scientific litera-
ture. In the second part we propose new Ultrasonic (US) monitoring
methods for in-vivo IL (or its counterpart, i.e.,” Implant Stability” (IS)

- that reflects an osseointegration case of an implant).

Introduction

The skeleton is an elastic construction that enables a human
(as well as an animal) to be in various static conditions (such as
standing, laying, sitting) and dynamic one - walking, running,
swimming, climbing, crawling, rowing a boat, pushing, lifting
and much more. These positions and activities are performed
in harmony with other parts of the body, like muscles, tendons,
joints, and others, including nerves - enabling the ‘condition” we
want to perform.

The skeleton is composed of ‘samples’-where each one of
them has a specific shape and constitutes, called bones. More-
over - their constituents are different, as described in [1], ac-
cording to the function they perform - like vertebras that con-
stitute the spine; long bones; articulations (like elbow, synovial
joint).

Anisotropy and heterogeneity, are characteristics belong-
ing to the human bone [1-Ch. 2], were improved with time,
and composite models were developed successfully [2,3]. At
present, the most complete validation of these models was

described by Cristofolini et al. [2,4], who compared synthet-
ic bone with the human one, emphasizing the mechanical prop-
erties, such as viscoelastic behavior, main deflection, and strain
distribution under axial loading, bending, and torsion for the
orthopedics area strength and elasticity. In such cases, there is
a requirement to improve the properties of this part (that in-
cludes the bone), or even properties of a ‘partial structure’ (i.e.,
that contains several parts/bones of the structure - so that it
re-enabled static and dynamic conditions to be as close to the
previous one.

To achieve this goal, screws are inserted in the bone -mainly
for fracture fusion, but also for other reasons, as will be ex-
plained later.

It turns out that till the bone (and the skeleton) can operate
again normally - as before, it requires time for healing/fusion.
During this period, the screw is integrated with its surround-
ing bone (osseointegration) - causing better stabilization of the
whole system.

It was also mentioned that the primary stability [5-7] is ob-
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tained at the surgical process, whereas the secondary one -
through osseointegration phenomena, of a complex multi-time
and multiscale nature (that strongly depends on the implant
primary stability). Osseointegration defines the direct struc-
tural and functional connection between a living bone and the
interface of a loaded carrying implant, as it was investigated by
Branemark [8-10]. It was also shown [11,12] that there is good
histological evidence showing that implant placement healing
occurs with the bone’s intimate contact with the implant sur-
face.

However, there are cases that the healing process does not
happen, or after it was initiated, an opposite process predomi-
nates -where the bone “refuses” to integrate with the screw
and it returns to its previous, failure condition (or even worse);
in these cases, there is a loosening process [13-15].

In 1965 was the 1 application using the Branemark’s meth-
od for the anchorage of the fixed bridge in an edentulous jaw.
Since then, millions of such and similar cases have been per-
formed worldwide. Monitoring of the loosening process fol-
lowed it.

Note: In static/rigid constructions, it is often related to
pseudarthrosis (false joint) - requiring revision. Excess loading in
a rigid fixation, without bone fusion, may cause implant break-
age.

Methods for measuring/monitoring
Mechanical measurements- Pull-out and Torque

Measuring devices: The mechanical behavior of implants,
inserted in a substrate, is obtained by measuring the pullout
strength and the relative stiffness, where the insertion torque
assesses only the conditions at the time of implant installation.
For measuring the insertion torque (N.cm) of a screw, a Kratos
torque meter (digital) is applied, while the ‘pullout tester’ (N) is
applied for its pull-out force measurements. The axial traction
force moves (2 mm/min) toward the long axis of the implant
through a mount implant device, which is attached to a piece
adapted to a load cell.

The mobility absence of the implant during a surgical pro-
cedure is defined as “primary stability”. To obtain “the primary
stability”, data on insertion torque and maximum pullout force
are introduced.

For testing over time, it includes a statistical model (like one-
way ANOVA*) and an inequality test, as developed by Bonfer-
roni [16]. From these tests, one obtains materials stiffnesses
with the highest values.

*One-Way ANOVA (“analysis of variance”) compares the
means of two or more independent groups, to determine
whether there is statistical evidence that the associated popu-
lation means are significantly different.

This is essential for the maintenance of the peri-implant hard
and soft tissues [17-20] and, for this reason, it is a ‘determining
factor’ for complete osseointegration [21-26,28-30], but it was
not found as a method to determine loosening.

Non-invasive (existing) methods

Radiography (x-ray) and Computer Tomography (CT): Let
us assume that an x-ray imaging (usually from two orthogonal
sides) is performed on a bone. This bone contains an implanted
screw. While observing the obtained radiographic image, an ini-
tial halo sign (radiolucent line around the implant >1 mm wide)
is obtained. This is followed by a double halo sign on later ra-
diographs or CT scans - defined as screw loosening [2,13,25-27].

In AP (Antero-Posterior) views (An X-ray picture, in which the
beams are passing from front-to-back), a lucent ring surround-
ing the screw is considered a halo zone. It is confirmed in lateral
view as a tracking line along part or the entire length of the
screw.

A double-halo sign is used for the diagnosis of loosening in
screws. Double-halo was described as a radiolucent rim sur-
rounding the implanted screw, framed by a rim of radio-opaque
dense bone (of trabeculae).

Both signs are sensitive for the diagnosis; however, the
double halo sign has more specificity for the diagnosis of loose
screws than the halo zone sign.

The formation of lucency is thought to be a gap, developed
by the decreased fit between the screw and the bone. When
the increase of lucency spreads, it leads to decreased screws
fixation.

Radiolucent zones around pedicle screws have been consid-
ered to indicate loss of fixation, delayed union, or pseudoar-
throsis.

Quantifying the lucency is another challenge. Sande, et al.
[31] used 1 mm width to differentiate thin and wide radiolu-
cent zones, disregarding the length of the lucency. Tokuhashi
et al. [32] used 1 mm or greater circumferential lucency around
a screw from two or more digitalized plain radiographic direc-
tions.

The scientific basis for choosing 1 mm as a cut-off point is
not clear.

Radiolucency along the entire length of the screw is under-
standingly more important than isolated lucency around the tip
of the screw, where a cancellous vertebral bone accounts for
not more than 20% of screw strength in the lumbar vertebra.

The key factor regarding the investigation of screw loosening
is the assessment of whether a screw is loosened or not, which
is traditionally based on radiological approaches.

The diagnostic criteria for loosening developed by X-ray
include the radiolucent area (thicker than 1 mm) around the
screw [20,33-37] and the “double halo” [20,21] defined as the
presence of radiolucent area and radiopaque rim at the same
X-ray.

Nevertheless, the specific details regarding X-ray criteria for
loosening were not described in most papers, suggesting that
the subjective viewpoints of surgeons and radiologists played
an important role. In general, both X-ray and CT scans lack uni-
form and explicit standards.
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Screw loosening, which may lead to fixation failure and
therefore require a surgery revision [38].

It was found that radiographic methods are very useful; how-
ever, they are ex-vivo measurements and they strongly depend
on the persons performing and analyzing the images. Therefore,
there may be great differences between the measured results,
and experience is a critical factor here.

Periotest: Periotest is an electronic measuring device that
was developed in Germany by Siemens AG in Bensheim. It per-
forms quantitative measurements of damping characteristics of
the periodontal ligament that surrounds a tooth and therefore,
the established value for its mobility [39] seems unreasonable.

The handpiece of the Periotest contains an accelerated me-
tallic slug which is directed toward the tooth under test, using
an electromagnet for that purpose. The instrument measures
the contact duration of the slug with the tooth, using an accel-
erometer, where the instrument measures ‘contact time’ versus
tooth mobility. The results are displayed audibly and digitally,
using a scale of (-8) for low mobility to (+50) for high mobility.

There were performed many clinical observations with
Periotest, many of them are described in [44].

It was mentioned also that 6 months of Periotest measure-
ments may indicate implant stability; it is unclear what param-
eters can be related to osseointegration, or vice versa to loos-
ening.

Although the Periotest made an advantage over the existing
methods at that time, including radiographic one [39], a healthy
implant surrounded by a bone, will exhibit quite different stiff-
ness characteristics and effective mass, in comparison with a
tooth supported by a periodontal ligament and should appear
much stiffer than shown by Periotest values.

High frequency induced mechanical vibration: Kaneko
[40,41] and Kaneko, et al. [42] suggested a different, non-inva-
sive method, for testing the integrity of the implant-tissue inter-
face. High frequency mechanical vibrations were applied to the
tested implant. This method required penetration of puncture
needles through the mucosa to the implant, for transmitting the
signals to it. However, it was found that the sensitivity was low
to interfacial changes.

It was also stated [40] that their mechanical vibrations may
provide information on the mechanical bone interface; howev-
er, the pulsed oscillations are sensitive to the direction of load-
ing as well as to its position, which reduced in most cases their
amplitude.

Resonance Frequency Analysis (RFA): Resonance Frequency
Analysis (RFA) is also a non-invasive testing method that per-
forms quantitative stability measurements of the implant-tissue
interface. This method can operate in-vitro, as well as in-vivo.

The transducer in RFA is attached to the implant directly, or
using a transmucosal abutment screw [43-46]. The transducer
used here, behaves like a cantilever beam that vibrates freely
and is supported at its end - where it is attached to the implant.
For a fixed length of the transducer, the resonance frequency of
the whole system depends on the length of the abutment and
the bone level surrounding the implant fixture.

The resonance frequency is given [47] by:

1/2

1 | 3ET

:E P’m

S

where: f_ = resonance frequency [Hz], / = effective length of
the beam [m]

m = mass of the beam [Kg], E = Young’s modulus [GNm™],
and | = moment of inertia [Kg m?].

From the above equation, it follows that f, varies with the
implant’s stiffness in the surrounding tissue.

Generally, it is considered that there is a union between the
surface of an implant surrounding the bone [43]. The term ‘os-
seointegration” was defined by Branemark, et al. [8,9], where it
defines a direct structural and functional connection between
an ordered living bone tissue and the surface of a loaded carry-
ing implant. Sennerby, et al. [11,12] showed that there is good
histological evidence for that assumption, following implant
placements, for healing of bone in contact with the implant sur-
face.

The implant may fail due to several reasons, including trau-
ma, infection, placement in compromised tissue, or due to
overloading.

Failure is expressed usually as: (a) increasing, progressive
mobility of the implant; (b) decrease in height of the surround-
ing marginal bone; and (c) fracture of one or more implant com-
ponents.

RFA can analyze in-vivo the bone formation around an in-
serted implant, by using a small transducer that is attached to
the fixture’s implant. The resonance frequency is changing and
represents changes in the implant-tissue interface and the bone
surrounding the implant fixture.

As described in many publications, the RFA method was
found suitable for monitoring osseointegration. However, when
considering a loosening process, the peaks of resonance be-
come flat -as described in [5]. Thus, even if it was followed by a
numerical detailed analysis and simulation- it was not possible
to determine the conditions that follow the loosening process.

The resonance frequency f, [Hz] in RFA is obtained by using
a small transducer, attached to the implant under consideration
and headed at different heights of an Al block. A high correla-
tion was found between f_and the height of the exposed im-
plant fixture. It was also observed that during the healing pro-
cess, there was a change in stiffness, expressed in a significant
increase of f,.

Rittel D. et al. [5] analyzed by simulation the RFA method and
indicated that it operates properly when there exists osseointe-
gration, where are obtained sharp resonance peaks. However,
when loosening starts to appear, the sharp peaks become flat
curves -where there is no possibility to define the loosening sta-
tus. Accordingly, RFA operates properly only for healthy condi-
tions -where osseointegration is part of the healing process.
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Applications
Dental

It is interesting to note that the dental methods for testing
implant stability and therefore osseointegration, were the pio-
neering ones. They are popular among dentists performing im-
plantations. Naturally, in the beginning, the mechanical meth-
ods (pull-out and torque) were used mainly; however, as the
Periotest arrived on the market, it started to be used in more
cases. It was used, as in the mechanical method, together with
the 1SQ (Implant Stability Quotation) [50] method [12] which
defines and indicated the stability level (and therefore the os-
seointegration on dental implants). The 1SQ [50] scale range
was defined from 1 to 100, where higher values indicate better
stability. For dental implants, the acceptable stability ranges be-
tween 55 and 85 of these units. Despite its success, the evalua-
tion of a loosening process was almost impossible.

This is even though Periotest provided for the first time the
advantage of in-vivo measurements (in comparison to mechani-
cal ones).

As the radiographic methods were developed more, they
started to be applied for implantations: (a) before the Implanta-
tion Surgery (IS) -for its detailed planning; (b) During the sur-
gery (intra-operatively) — for verifying that the planned and ob-
tained implant conditions within the inserted bone, are similar
- if not the same. For such a purpose, there may be taken two
perpendicular images, or from two angles which are as close
as possible to 90° and (c) During the healing process. In this
case, there was the first time that thin halos were observed in
both radiographic projected images. These halos were just in
the thin soft material, located between the implant (screw) and
the trabecular bone (which is described and presented in [5]
and many others). The advantage in this method that it is pos-
sible to follow after the mentioned halos, by performing such
radiograph images at defined times and measuring the halos.
If they become thinner with time -there is an osseointegration;
however, if they become wider -there is a loosening.

There are some disadvantages related to this method: (a)
The patient receives a relatively high dose of x-ray radiation
over time; (b) the interpretation of the results is dependable on
the person that provides the measurements on the radiographs
- his skills and experience; (c) although it is a non-invasive meth-
od, and can be used in some cases in-vivo, it is not an intraop-
erative one, i.e. the surgery has to be stopped to perform the
radiograph.

A different method was developed by Meredith N. et al.
[43-46], in which quantitative stability of the implant-tissue
interface was obtained, using the RFA measuring principle. To
perform this kind of measurement, it is required to attach to
the implant a metallic bar and according to its vibrations define
the resonance frequencies — thus the implant stability and the
status of osseointegration. It was found that the accuracy of this
method is a function of the width of the peak in the resonance;
i.e., sharp for high stability. However, as the stability is lower,
the peak of the resonance frequency is broader, thus defining
it becomes almost impossible in most cases. This problem was
demonstrated already in [5].

This method can be applied in-vivo and does not require spe-
cial training for its application and most importantly - the re-
sults are reproducible and independent of the person perform-
ing the measurement [48].

There were developed also other RFA methods, as described
by Valderma [49], and the calculation of the ISQ for a laser scan-
ning vibrometer system - by Debtiyne S. et al. [50].

Craniofacial and bone-anchored hearing aids (BAHA) and
particular prosthesis: In craniofacial implant surgeries, there is
a concern, among others, with the following subjects: tempo-
ral bone, periorbital bone, and nose, as well as Bone-Anchored
Hearing Aids (BAHA) and articular prostheses.

In the past, mechanical methods were applied, followed by
Periostat measurements; nowadays RFA is mostly applied in
these cases, as it provides the in-vivo measured information of
the implant’s stability. As mentioned, implant stability is corre-
lated with the osseointegration stage of the bone surrounding
it.

When there is an interest in providing the sensitivity and
monitoring changes in implant stability, a follow-up is required,
including stability measurements of the implant at every mea-
suring condition. It was suggested [51,52] that these measuring
observations should be performed at defined periods - to mini-
mize the statistical error.

In clinical-implant-surgery-studies, where there is a follow-
up for many years (up tol15 years) of hundreds of patients, are
applied definitions that help to arrive at conclusions, on the
same statistical basis and the statistical error, while assessing
stability during each stage of analysis. This is even if there was
performed in a different follow-up (whereas in many cases Stu-
dent’s t-test is used for the statistical analysis).

Accordingly, a ‘worst case scenario’ assumes that all patients
lost to follow-up, deceased patients, and those who left the
study were failures are also included.

All these terms are according to [53,54] and are deemed as
follows:

(1) Failure. Implants lost due to loss of integration or due to
direct trauma towards the implant.

(2) Implants in dead patients. The number of implants in pa-
tients who died during a specific time after the insertion of the
implant.

(3) Number of implants lost to follow-up. Implants in pa-
tients who have not taken part in the out-patient follow-up
schedule.

(4) Number of implants who have left the study. Patients
who removed their implants for some reason during the study.

(5) Number of implants withdrawn. The sum of implants
lost to follow-up, plus implants in diseased patients, plus im-
plants in patients who have left the study.

(6) Annual failure rate. The number of failures divided by the
number of inserted implants minus half of the implants with-
drawn.

(7) Annual success rate. 100 minus annual failure rates.
(8) Survival rate. The cumulative annual success rate.

(9) ‘Worst case’ success rate. Number of implants minus
failures minus implants withdrawn divided by the number of
implants.

(10) ‘Worst case’ cumulative success rate. The cumulative
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‘worst case’ success rate.

Final remarks: (a) It was found that early and late implant
failures occurred often in patients that received irradiation in
the region where implants were placed [69]. (b) It was also
found that implants placed in maxillary and periorbital bone for
many years (can achieve even 15 years), a lower success was
obtained than in the temporal bone [70-72], due to different
bone quality.

In conclusion: by longer healing of the implanted soft bone,
better stability was achieved. Similar results were obtained, for
dense bones, with short healing.

Orthopedics

Implants are frequently used in orthopedics when a bone, or
a part of it, has to be replaced, or due to a fracture (or a crack)
of it. In most cases, the implants in orthopedics are of larger di-
mensions than those used in other parts of the body. Therefore,
it is important for the osseointegration process to control their
stability during the insertion, as well as with time (which may
turn, in some cases, to loosening).

At the beginning, the mechanical tests [29,30,54] were ap-
plied (pull-out and insertion torque). These are invasive meth-
ods, dependent on the person that performs the measurement
and requires also an 1SQ [50] interpretation. After Ostell instru-
ment [55] was introduced and followed by the RFA method (de-
veloped by Meredith N. et al. [44-46]), they were mainly applied
in various implant surgery applications and follow-ups. In paral-
lel, the radiographic and CT non-invasive methods continued to
provide the required information, in spite their drawbacks, as
mentioned earlier.

Following the Meredith N. investigation, Mikami K. et al.
[55,56] developed a laser pulsed system (several Joules per
pulse, based on an Nd-YAG laser), providing short pulses of 50
nsec with a PRF=50 Hz. The detection of the resonance frequen-
cy was performed by a ‘laser Doppler analyzer’. The measuring
results were similar to those obtained with other non-invasive
existing methods. These short and high-power laser pulses in-
duced a ‘radiation pressure’ [58] on the screw’s elastic vibra-
tions that enabled amplitude measurements, especially at its
resonance frequencies.

Pelvis and its parts

The methods described above are used these days; however
new directions are shown more frequently, due to the size and
construction of the various parts in the pelvis.

The RFA remained the major analytical tool, but more ap-
plications appeared, showing the high-power pulsed laser as
the preferable source of impact excitation. As mentioned, this
approach was initiated by Mikami K. et al. [56,57] and further
developed by him and his collaborators [59,60]. Kikuchi S. et
al. [61] developed in 2019 a laser-RFA method for acetabular
cup stability during surgery. It is interesting to note, that for the
same purpose, but less efficiently, Henysh P. et al. [62] applied
the conventional RFA.

HIP

The hip is categorized as another large bone. When there is
a necessity to insert an implant, the conventional methods to
follow the healing process were not adequate, and people were
looking for better methods.

For example, Georgio AP, et al. 2001 [63] followed by Qi G.
et al. 2003 [64] applied acoustical vibrations in the case of ‘total
hip replacement’. They were interested to learn more about the
loosening process that may occur in such surgeries.

Another approach to obtain implant stability of a cementless
hip prosthesis was performed by producing a short mechanical
impact followed by its frequency response function [65], where
it was also been able to apply intra-operatively and measure the
‘primary stability’ [66].

A different approach was described in [67], for monitor-
ing loosening in a hip prosthesis, by measuring in parallel: (1)
the ‘acoustic emission’ from it and (2) a pulsed signal that was
transmitted from an oscillating device, inserted in the hip. (This
device was turned to operate by an external trigger).

Spine/vertebra

Mechanical methods (pull-out and torque) were used in
this case as well [26-28] -similar to other methods mentioned
above.

In radiologic and CT measurements, it was found that when
there exists around a screw on plain radiographs from 2 or more
directions a circumferential lucency of 1 mm or greater [31,32],
the patient was judged as ‘clear-zone positive’.

The course of ‘clear-zone positivity’ was analyzed and the
relationships between it and the following items were investi-
gated accordingly:

(1) number of fused levels; (2) bone union; (3) posterior-lat-
eral lumbar fusion versus posterior lumbar interbody fusion; (4)
clinical results; (5) bone mineral density; and (6) screw types.

It was found that clear zones persisting for 2 years or longer
after surgery are a great risk of pseudarthrosis. Therefore, care-
ful observation of clear zones around pedicle screws is of great
significance as an evaluation of bone union.

Although, the presence of clear zones does not necessarily
indicate the presence of pseudarthrosis; as it was found that
clear zones disappeared with time in many patients, showing
that the extension or disappearance of clear zones after their
generation is more important than clear-zone presence.

However, as clear zones were observed in more than 90% of
patients with pseudarthrosis, clear zones persisting for 2 years
or longer after surgery, are highly predictive signs of pseudar-
throsis.

Studies reporting on RFA applications, similar to those in
dental implantology and auditory Osseo integrated implants
were also identified for spine/vertebra cases and similarly,
methods of monitoring.

Conclusion

This review describes the evolution of loosening measure-
ment and monitoring and the way that they were applied to the
different parts of the human skeleton. As can be seen above,
there are nowadays, in some cases, more than one method to
monitor loosening; however, each one has its drawback that
prevents obtaining reliable results ex-vivo, or require a high
dosage of accumulated x-ray (for following the loosening pro-
cess over a long period, of years). Interesting to note that there
is no ultrasonic method for this purpose. Such methods we
have investigated and will be described in our next paper.
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ds is applied for loosening.

Table 1: Summarizes the existing methods for measuring loosening, as described in this paper, and points out where each of these meth- ]

Measuring methods and their applications for Loosening & Osseo integration.
Measuring Mechanical Periotest Radiography RFA Meredith N. | Ostel Laser Acoustical | Mechanical
*Pre Suraer (Resonance
Method (Pull-out & Torque) % g .y Frequency Method Pulsed | Vibrations Impact+
Intraoperative R
Analysis)
*On Healing
* Non-invasive System Frequency
*Accumulative Response
dose of radiation P
Dental yes yes yes yes yes
Ex-vivo In-vivo Follow-ip while Implant Stability
healing
Requires 1SQ (Implant *In-vivo status of
Stability Quotation) osseointegration
Cranial, es es es es es
BAHA & y y y y y
Artificial * In-vivo implant
Prosthesis P
stability
Orthopedic yes yes (Nowadays) yes yes yes yes yes
* Pelvis and es es es es es es es
its parts ¥ 4 4 4 4 4 4
* Hip yes yes yes yes yes yes yes yes
Spine/
vertebra yes yes yes
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