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Abstract

There is no evaluation method currently available to assess intraoperative pedicle
screw fixation (PSF) strength. In this study, we established a laser-based resonance
frequency analysis (RFA) system with high-speed, noncontact, quantitative mea-
surements of PSF. Clinical investigations in the future can assess surgical failure risk
of implants. We investigated the characteristics of the laser RFA and compared
them with the conventional methods. We inserted a pedicle screw in the vertebral
pedicle of human cadaver or model bone, followed by screw pull-out, peak torque,
implant stability quotient (ISQ) value obtained by the magnetic dental RFA system,
and fixation force of laser RFA. We compared the outcomes using best-fit linear or
logarithmic approximations. For the model bone study, the resonance frequency
(RF) versus peak torque/pull-out force (POF) demonstrated strong correlations
using logarithmic approximation (vs. peak torque: R=0.931, p<.001, vs. POF:
R=0.931, p <.001). RF strongly correlated with the ISQ value using linear approx-
imation (R=0.981, p<.001). For the cadaveric vertebrae study, the correlation
coefficients between RF and the peak torque/POF were significant regardless of
approximation method (peak torque: logarithmic: R=0.716 vs. linear: R=0.811;
p <.001) (POF: logarithmic: R = 0.644 vs. linear: R = 0.548; p < .05). Thus, the results
of this study revealed a constant correlation between RFA and conventional
methods as a measurement validation, predicting favorable support for in-
traoperative PSF. RFA has the potential to be a new index for evaluating the implant

fixation force.
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1 | INTRODUCTION

The stability of an implant is an essential factor in orthopedic implant
surgery as it ensures anchorage to the bone.? With the aging po-
pulation, there has been an increase in the annual number of spinal
surgeries.>* However, one of the detrimental factors in spinal in-
strumentation surgery is pedicle screw loosening, and the prevalence
of implant failure is as high as ~12%.” The rate of revision spinal
surgery has been reported to be 40%,° and implant failure is one of
the contributing factors. To address these limitations, we should
evaluate the initial fixation of the implant and assess the risk factors
for loosening. To date, there have been no intraoperative methods to
quantitatively assess the initial stability of the pedicle screw on the
vertebra.

Pull-out force (POF)” and insertion torquel'8 are the tests to assess
fixation forces and evaluate the implant stability. POF is a parameter
that reflects the screw fixation strength and is measured destructively
via mechanical testing in the laboratory. POF is invasive and cannot be
measured intraoperatively. On the contrary, insertion torque can be
measured during operation; however, more than one measurement
after the screw has been fixed to the bone cannot be performed. As the
surgeon and the assistant routinely double-check with a sounder after
the tap; therefore, it is important to establish a system that enables
multiple checks. Hence, POF and insertion torque cannot be used for
performing intraoperative measurements.

Attempts have been made to develop an intraoperative implant
stability evaluation method, including studies to analyze the re-
sonance frequency (RF) by vibrating the implant with some external
force, followed by RF measurement. This method is referred to as
resonance frequency analysis (RFA). The most notable assessment,
which is used in the engineering field, is the percussion method
wherein the sound of a tunnel wall is determined by the sound of
hitting the wall with a hammer.

To date, the medical application of RFA has only been with
dental implants.”' Osstell ISQ® (Osstell, Integration Diagnostics)
has been used as an RFA for dental implants by vibrating the implant
with a magnetic pulse.’** Subsequently, the results are displayed
as a proprietary parameter, with the implant stability quotient (ISQ)
ranging from O (lowest level of stability) to 100 (highest level of
stability).'* The RF is about 3000 Hz when the 1SQ value is O and
about 8000 Hz when the 1SQ value is 100.> This noninvasive and
highly reproducible technique can reflect a multidirectional fixation
force.14'16'17

There are multiple studies in which noninvasive measurements of
orthopedic implant stability in orthopedic surgery have been per-
formed in the laboratory."® 2> A vibration-based method was pro-
posed by Lippmann?® in 1932 and has been studied by several
researchers. The vibration analysis of the femoral stem and acetabular
cup during total hip replacement has been studied with regard to hip
arthroplasty.?° 222 For knee arthroplasty, Leuridan et al.?° reported
the potential of the vibration-based method to evaluate knee pros-
thesis stability.?” Subcutaneous accelerometers can be used post-
operatively to detect vibrations from a device positioned on the
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skin.?® Despite several experiments, there have not been methods
that could be used in orthopedic clinical practice. There are several
limitations of the previous methods, that is, they require massive
vibrating units, including vibrator and acceleration sensors, and the
vibration methods can only be used to determine stability.?>???¢ The
unwieldy and complicated nature of this approach renders its clinical
use as quantitative methods impossible.

The magnetic RFA (the ISQ value) already in use in dentistry
requires a smart peg to be attached before measurement, thus
making it difficult to use deep within the body, other than in the oral
cavity where it can easily access the implant.?’ > We developed an
RFA system using a pulse laser and laser Doppler vibrometer, which
is completely contactless and does not involve the attachment of
devices, such as magnets, directly to the implant. Laser RFA is used
to inspect internal defects in concrete structures, such as tunnels. It
has been used as a laser remote-sensing approach.®>**

The basic principle involves the irradiation of an evaluation
sample with a pulse laser to induce vibration on the surface through
the laser ablation process and the subsequent detection of the in-
duced vibration using a laser Doppler vibrometer. The scheme of
laser RFA is similar to that of a hammering inspection, and it can
provide high-speed, noncontact, and quantitative measurements. The
advantages of an impact scheme using laser pulse irradiation have
been previously reported and shown to be massless and remote laser
sensing is comparable to physical excitation measurements.>*

In this study, we sought to investigate the characteristics of laser
RFA using biomechanical test materials (artificial bone) and human
cadaveric vertebrae and compare the technique with mechanical test
forces (insertion torque and POF) and the 1SQ value.

2 | MATERIALS AND METHODS

2.1 | Biomechanical test materials

Five types of solid rigid polyurethane forms and one type of cellular
polyurethane form (biomechanical test materials) (SAWBONES,
Pacific Research Laboratory, Inc.) were prepared as test materials to
represent diverse human vertebrae (Table 1). Five test materials of

each type were prepared for a total of 30.

TABLE 1 Biomechanical test materials

Catalog no. Density (Ib/ft%) Sensitivity (g/cm?)

Solid rigid polyurethane forms (five blocks per type prepared)

#1522-23 5 0.08
#1522-01 10 0.16
#1522-48 12 0.192
#1522-03 20 0.32
#1522-03 30 0.48

Cellular polyurethane forms (prepared five blocks)
#1522-10 10 0.16
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These biomechanical test materials were homogeneous and
consistent with human cancellous bone.** They were stacked
60 mm x 60 mm x 40 mm and conformed to the American Society for
Testing and Materials (ASTM) standard.

2.2 | Human cadaveric vertebrae

For the experimental use of fresh, nonfrozen human cadavers, written
informed consent was obtained from each donor as per the ethical
guidelines of Keio University School of Medicine. The cadavers were
stored at <4°C shortly after death and dissected within seven days of
death. The discs and ligaments were removed from the spine to obtain
the vertebrae (Figure 1A). All experiments were approved by our in-
stitution's ethics committee (approval number: 20150385). Two hu-
man lumbar spinal sections (L1-L5, 10 vertebrae) were used in this
study (donor age, 89 and 76; one male and one female). The inter-
vertebral discs and ligaments were dissected from the vertebrae. One
vertebra that was damaged during preparation was excluded. The
remaining vertebrae were visually inspected and diagnosed by a spinal
surgeon (13 years of experience), and there were no vertebrae
showing fractures or spinal metastases. We used nine vertebrae and
two pedicle screws were placed per vertebrae for a total of 18.

2.3 | Pedicle screw insertion

We prepared single-threaded, non-cannulated, titanium alloy (Ti-6Al-4V
[ELI], ASTM F136), monoaxial pedicle screws (Catalog no. CMS05135;
Kyocera Medical Corporation) with lengths of 45 mm, an outer threaded
diameter of @ 5.5 mm, an inner thread diameter start point of @ 3.8 mm
(an endpoint of @ 4.6 mm), and a screw pitch of 2.5 mm. Using an awl, we

made a small hole in the target area where a model bone or vertebra

FIGURE 1

OSSTELL

screw was to be inserted at the center of the 60 mm x 60 mm material
and the entry point of the vertebral pedicle.

Before insertion, a 1.5 mm drill bit was used to drill a pilot hole in the
material. A pedicle screw was inserted at its 40-mm length, and the root
of the screw was left 5 mm (Figure 2B). Paik et al.>° reported that if the
screw head is inserted until it comes into contact with bone, the screw
head causes bone destruction and reduces the fixation force. Therefore,
the technique used in our study did not allow the screw head to come
into contact with the specimen, similar to clinical situations. All screws
were inserted at the same depth (40 mm) using a consistent depth gauge.
The detailed implant stability measurements (POF and insertion torque)
procedures were as previously described.*!

2.4 | |Insertion torque measurement

A digital torque gage HTGA-5N (IMADA Co., Ltd.) was used to measure
the insertion torque (peak torque)®*”*¢ at the 40-mm insertion. The
specifications of this torque gage were as follows: accuracy + 0.5% full-
scale = 1 digit and sampling rate 2000 data/s. We measured the inser-
tion torque (Nm) while advancing the screw into the material, was it
was reported to progressively increase with an increase in the number
of penetrating screw threads as the screw advanced. Thus, maximum
torque was achieved when the screw was inserted to the appropriate
length. The surgeon felt the maximum torque to be the strength of the

screw fixation, defined as the peak torque.>**"2?

2.5 | Resonance frequency analysis with an osstell
apparatus

Magnetic RFA was performed using a specific device (Osstell 15Q,

Osstell) after the pedicle screw insertion was complete and without

=1
=

Materials and test forces for pedicle screw fixation. A, Human cadaveric vertebra. B, The implant stability quotient value

measured by the Osstell apparatus. C, Pull-out force set up: The material is pulled with a special fixture without being pushed from the side.
The base plate moves freely and combines the vise at a freely determined angle (yellow allows); instead of directly sandwiching the
material in a vise, it is structured to support the top surface of the material with a plate. Pedicle screw, **biomechanical test material, ***base

plate [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Schematic representation of the set up used for laser resonance frequency analysis for pedicle screw stability, raw
waveform data, and the analyses of resonance frequency. A, The layout of the laser system. B, Pedicle screw insertion and irradiation scheme of
both laser systems to pedicle screw samples. The screw is inserted 40 mm and the root of the screw part is left 5 mm. C, The laser system
with a pulse laser and a laser Doppler vibrometer. The beam profile of the Nd:YLF laser at a focus point that is, irradiation pattern for the
pedicle screw. D, Waveform raw data. E, Data ranging from 0.0045 s to 0.1s after laser irradiation were purged to obtain a clear signal

for the analysis. F, Frequency spectra of laser-induced vibration of the pedicle screw. The resonance frequency is defined as the frequency of
the highest magnitude in the range of 1000-5000 Hz [Color figure can be viewed at wileyonlinelibrary.com]
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contacting the screw, per previous reports.>! During measurements,
the material was placed on a standard laboratory table rather than
being held in a fixture (Figure 1B). We did not use a fixture in this
study because the pressure of the fixture could change the 1SQ value.
The ISQ value was obtained from the Osstell ISQ®. The range was
from O to 100 depending on the RF (Hz) of the pedicle screws. The

higher the 1SQ value, the more stable the implant.*°

The pedicle
screws were vibrated via a micro-electromagnetic wave, which
generated inertial forces due to the mass of the magnets in a plane
radial to the axis of the screw. The size of the magnet was scaled
according to the size of the pedicle screw relative to the dental

implant.®*

2.6 | Laser resonance frequency analysis
The experimental layout of the laser system is shown in Figure 2A,B.
The laser spot size of the impact laser pulse was adjusted by a beam
expander. The adjusted beam was then focused with a focusing lens.
The beam diameters of the focusing spot were 0.65 mm (horizontal)
and 0.50 mm (vertical). These values were defined as the 1/e? values
from the peak values of the Gaussian fitting for the bean profile
(Figure 2C). The wavelength and pulse width of the impact laser was
1053 nm and 10ns (full width at half maximum), respectively. The
irradiation pulse energy was set to 46 mJ and was evaluated with an
energy meter (QE25LP-H-MB-QED, Gentec Electro-Optics, Inc.).
The laser used in this study had less than 1/1000th of the
average power compared to incisional devices, such as the laser
scalpel. However, because it is a class 3B laser device, according to
International Electrotechnical Commission standards, laser protec-
tion glasses were required for the surgeon. The pulse laser system
was operated at a repetition rate of 10 Hz. The laser Doppler vib-
rometer was continuously irradiated to detect the induced vibration.
Both lasers were irradiated on the neck of the pedicle screw sample
(Figure 2B). The irradiation points between the pulse laser and laser
Doppler vibrometer had a displacement of 1 mm to inhibit external
noises, such as a laser ablation plume and plasma emission. The signal
measurement from the laser Doppler vibrometer was captured with
a multi-function measuring system (RioNote, RION Co., Ltd.). It was
synchronized with the timing of laser pulse irradiation (Q-switch
operation signal), and it was saved for 1.6 s, that is, data of 16 pulse
irradiations. The signal obtained included laser-induced vibrations
with 16 laser pulses, divided into individual pulse irradiation and
averaged with all divided data. Data acquired until 4.5 ms after laser
irradiation among the analysis data were purged to obtain a clear
signal of the fundamental and low-order coefficient of variations
(CVs) in the sound area. With a short period of impact, a laser pulse
width (10 ns) has the potential to induce a wide spectrum of vibra-
tions until ultrasonic vibration (~ MHz) (Figure 2D,E). Finally, the
purged analysis data were analyzed by fast Fourier transform to
obtain a frequency spectrum with a rectangular window function
(Figure 2F).

2.7 | Pull-out force measurement

POF measurements were conducted as per the ASTM-F543-07
testing standards.” The materials were set on a specially designed
fixture with a self-aligning function to keep a vertical pull-out
alignment (Figure 1C). The AG-1S 10kN (Shimadzu Corporation)
was used to measure the maximum POF at a testing speed of

5 mm/min.*?

2.8 | Statistical data analysis

The correlation analyses among the four fixation-force measure-
ments (peak torque, ISQ value, RF, and POF) were performed. We
described two types of best-fit approximations: linear and
0.3-0.7,
and >0.7 were defined as weak, moderate, and strong relation-

logarithmic. Correlation coefficient values<0.3,
ship, respectively. Statistical analyses were performed using
SPSS statistics software version 26 (International Business
Machines Corporation). The significance level of all tests was set

at p <.05.

3 | RESULTS

The primary purpose of this study was to investigate the char-
acteristics of Laser RFA; therefore, results not obtained with the
Laser RFA are described in Figure S1.

We used linear and logarithmic analyses to compare RF and
conventional methods (peak torque, POF, and the 1SQ value)
(Figure 3). The RF versus peak torque and POF showed strong po-
sitive correlations regardless of the type of approximation. However,
the logarithmic approximation showed stronger correlations (peak
torque: R=0.931, p <.001; POF: R=931, p<.001) compared to the
linear approximation (peak torque: R=0.842, p<.001; POF:
R=0.840, p<.001) (Figure 3A,B). Furthermore, only a linear ap-
proximation was performed for RF versus the 1SQ value (Figure 3C).
The result showed that the RF strongly correlated with the ISQ value
(R=0.981, p <.001).

In the comparison between RF and peak torque in the cadaveric
vertebrae study, the linear approximation was more strongly corre-
lated than the logarithmic approximation (linear: R=811, p <.001;
logarithmic: R=0.716, p <.01) (Figure 3D). Nevertheless, the com-
parison between RF and POF showed that the correlation coefficient
was stronger for the logarithmic approximation compared to the
linear approximation (logarithmic: R = 0.644, p <.01; linear: R = 548,
p <.05) (Figure 3E). Finally, the correlation analysis between the RF
and the ISQ value showed a strong correlation (R =0.825, p <.001)
(Figure 3F). RF and the 1SQ values showed similar behavior in both,
model bones and cadaveric vertebrae. Table 2 summarizes the
comparison of the correlation coefficients between the four test

forces.
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FIGURE 3 Linear and logarithmic correlation analyses among the four fixation force measures (resonance frequency, peak torque,
pull-out force, and the implant stability quotient value). A and D, Resonance frequency (Hz) versus peak torque (Nm). B and E, Resonance
frequency (Hz) versus pull-out force (N). C and F, resonance frequency versus implant stability quotient (ISQ) value (a.u.). The left-hand column
indicates the study using biomechanical test materials. The right-hand column indicates the study using cadaveric vertebrae. a.u., arbitrary
units; N, Newton, Nm, Newton meter
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TABLE 2 Correlation coefficients of resonance frequency and
the 1SQ value with respect to other test forces

The ISQ value Peak torque Pull-out force

Resonance frequency 0.981 (linear)™ 0.931 (log)** 0.931 (log)**

The 1SQ value - 0.921 (log)** 0.777 (linear)**

Peak torque - - 0.920 (linear)**

pull-out force - - -

Resonance frequency 0.825 (linear)*™* 0.811 (log)** 0.644 (log)*

The 1SQ value - 0.726 (log)* ns.

Peak torque - - 0.726 (log)*

Pull-out force - - -
Abbreviations: 1SQ, implant stability quotient; linear, linear fitting; log,
logarithmic fitting.

*p<.01.
**p <.001.

4 | DISCUSSION

This study is the first to investigate the strength of pedicle screw
installation using the Laser RFA method. In the study of the bio-
mechanical test materials, the RF is strongly correlated with the 1ISQ
value (Figure 3C), and it was confirmed that it is possible to perform
the same measurement using the existing RFA system (Osstell ap-
paratus). We describe two types of approximation lines (linear and
logarithmic) for the correlation study between RF and mechanical
test forces (peak torque and POF) (scatter plots in Figure 3A,B). The
results demonstrate that both approximations are highly correlated,
but the logarithmic approximation shows a slightly higher correlation
coefficient than the linear approximation.

Amerini et al.** attempted to evaluate the fixation force using
the acoustic moment method in a study using industrial bolts. The
results show that the acoustic moment method does not increase at
a certain level of torque force. In this study, we adopted a logarithmic
fitting to simplify the fitting of the above report. In mechanical en-
gineering, the test of bolt loosening using percussion shows that the
region where the mechanical test forces are low and the RF increases
rapidly (e.g., the region between 0 and 1 peak torque in Figure 3A)
reflects the frictional force between the bolt and the bolt insertion
object; the region where the mechanical test forces are high and the
RF increase is weak (e.g., the area where the peak torque is 1 or
higher in Figure 3A), reflects frictional force and the axial force of the
bolt added to the frictional force as it continues to increase.”” In
other words, the RFA may show a different fixation force from the
mechanical method.

In the future use of laser RFA, it will be necessary to analyze the
effects of these two forces (frictional force and axial force) on the
screw during fixation by combining clinical data/screw mechanics

|31

testing and finite element analysis. Nakashima et al.”" reported that

the ISQ value reflects the resistance against a force in the radial

direction of the screw, unlike the mechanical test forces, which re-
flect axial load.

In the dentistry field, the ISQ value has negatively correlated
with the displacement of an implant after the application of a lateral
load.’** This suggests that the 1SQ value reflected screw stability
against loading in the tangential plane, that is, screw toggle. In vivo,
stress forces against the implant were applied in various directions,

1.*° Therefore, the mechanical fixation force mea-

and not just axia
suring inserted torque and POF do not necessarily reflect the stress
forces in vivo.”®> Thus, the 1SQ value represents a multidirectional
fixation force.'”

RF, such as the 1SQ value, was indicated to be a type of index
that had different characteristics from those of the mechanical
fixation force measures. As described above, peak torque and POF
may represent different phenomena from RF and ISQ. However, as a
logarithmic fitting was used in this study, it is possible to say that
RFA and ISQ are sensitive in the region of low peak torque and POF,
while RF is not sensitive in the region of high peak torque and POF.
In future, there should be investigations to increase the sensitivity of
the RFA, particularly in the region of high peak torque and POF.

In the study using cadaveric vertebrae, the comparison with the
I1SQ value showed the same high correlation with linear approxima-
tion as the studies using the biomechanical (artificial bone model)
test materials (Figure 3F). However, there was no significant differ-
ence between the two approximation methods compared with the
peak torque and POF (Figure 3D,E). When assessing the cadaveric
study's test force values, it is possible that only a linear approx-
imation is sufficient because we could obtain only low-test force
values defining frictional force in the biomechanical test materials
experiment. Furthermore, although the RF has a constant and suf-
ficient correlation with peak torque and POF, it is more variable than
the results obtained with the biomechanical test materials experi-
ments. This may be because peak torque and POF reflect the
strength only in the axial direction, whereas the RF reflects the
strength in the lateral tilt direction radial to the axis. Thus they may
contain bone information from vertebral bones with greater diversity
than biomechanical test materials.

Nakashima et al. investigated the correlation between the three
test forces of peak torque, POF and ISQ values, and imaging para-
meters (bone density and bone morphometry with microcomputed
tomography (CT)/multidetector CT).*? In another study, the char-
acteristics of the three test forces were investigated using a bone
model with progressively increased degrees of loosening.*! In this
loosening model, the degree of interdigitation is gradually reduced
by intensifying the loosening. The former study shows that peak
torque and POF correlate most strongly with a type of bone mor-
phometry parameter: bone surface/total volume (BS/TV), and the
I1SQ value correlates with a similar type of parameter: number of
nodes (branch points) of the cancellous bone network/total volume
(NNd/TV).% The latter study concluded that the 1SQ value shows a
different method of decreasing with enhanced loosening and by re-
ducing the degree of interdigitation compared to mechanical test
forces (insertion torque and POF).>' Because laser RFA correlated
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FIGURE 4 Adaptation of a future resonance frequency analysis system for a series of pedicle screw insertion procedures. A, First, the
vertebral cortex is pierced at the entry point with an awl. B, Second, probing is conducted using a pedicle probe. C, After confirming the pedicle
integrity by a sounder, tapping is performed. D, After re-confirming the pedicle integrity, a pedicle screw was inserted. The resonance
frequency is then acquired by a pen-type resonance frequency analysis (RFA) device. E and F, RFA can be implemented not only for pedicle
screws but also by incorporating the equipment into probes and taps. G, The laser is guided by a hollow structure of probes and taps with
an optical fiber inside (a bundle of optical fibers is placed inside the probe or tap, and the laser emitted from the tip of the bundle fiber reaches
the blind end of the hollow structure). H, In this study, we used the vibrating and measurement types of lasers; in the actual system, we
used three types of lasers in addition to the vibrating and measurement lasers. [Color figure can be viewed at wileyonlinelibrary.com]

strongly with the 1SQ value in this study, it is expected that laser RFA
will behave similarly to the ISQ value. Future detailed bone in-
formation in clinical studies and frequency analysis may allow for a
more specific assessment of the fixation force.

In addition to insertion torque and POF, there are other methods of
measuring implant fixation force, such as the toggle test,** which is a
fixation force test for cyclic motion that has different characteristics from
the above methods. There are also attempts to predict from imaging
parameters, and there are studies that attempt to define fixation force
from dual-energy X-ray absorptiometry*> and CT imaging values.” In
addition to the above, the fixation force depends on the design of the
screw itself (diameter®® and Iength47), the direction of insertion, and the

position of placement.*®

To complicate matters, the required fixation
force varies depending on the number of fixed vertebra and the level of
vertebrae,”’ especially for the pedicle screw. As described above, there
are various factors that define the fixation force. On the other hand,
among these indices for evaluating fixation force, none of these fixation
force evaluation indices have yet been used with full consensus from
surgeons. The reasons for this may include the complexity, invasiveness,
and lack of validity of the measurement methods, which prevents the

availability of large amounts of data for research.

Laser RFA has several advantages over previous pedicle screw
fixation evaluation systems. First, the laser system is a noncontact
system and requires short steps to perform RFA. Laser RFA requires
only 10s from laser irradiation to frequency spectrum analysis. How-
ever, the hammer method is more complex as it needs 16 impacts to
obtain sufficient data for analysis.>> Second, the laser system can be
used to irradiate a narrow area repeatedly. The impact force with
the hammer is different with each strike,>®> whereas the laser has the
same energy in each irradiation. This is an advantage for obtaining
precise data by averaging. The benefits of laser RFA are particularly
important when applied to pedicle screw stability during surgeries,
which are performed in the limited working space of the human body.
These features may be advantageous in the future when large amounts
of fixation force data are acquired. Comparisons between laser RFA and
the other three test forces are summarized in Table S1.

In dentistry, the ISQ values correlate with the percentage of the
implant in contact with the bone (i.e., bone-to-implant contact ra-
ti0).>?>* Using this property, the 1SQ value has been used to mea-
sure, in vivo, the temporal changes in implant stability that
accompany the changes in bone structure around the implant and
provide a diagnosis of implant loosening.’*¢ Therefore, this device
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will have exploratory use in clinical applications to investigate
characteristics exhibited in the pedicle screws and will add value to
the investigation of the association of pedicle screw fixation with
long-term implant failure. Finally, it may be possible to set the fixa-
tion threshold using laser RFA by obtaining results, such as no screw
loosening even in long-term follow-ups when the RF is above a
certain value.

Two important factors for ensuring final stability have been re-
ported, primarily in dentistry using the 1SQ value: initial fixation at
the time of implant placement and postoperative osseointegration.’”
Unfortunately, there are no such studies in the field of spinal surgery,
partly because there are no solid intraoperative implant fixation
force assessment methods to build upon. In spine surgery as well as
in dentistry, two factors can be expected to play a role in the final
stability: initial fixation at the time of implant placement and post-
operative osseointegration. This device can be the beginning of such
implant research.

A future RFA system for a series of pedicle screw insertion
procedures is shown in Figure 4. Currently, we are considering not
only the use of pedicle screws but also the measurement of probing
and tapping, which can be used to select the type of screw, de-
termined by the number of fixed vertebrae. This measurement
technique determines whether or not to use the S2-ara-iliac screw
implantation®® or the augmentation screw,*® which is currently un-
der development. Our RFA system may also make it possible to vi-
sualize the soundness of the local bone structure by irradiating the
bone itself. If the underlying bone is inadequate for screw insertion
due to osteoporosis, another method of stabilization could be used
rather than a pedicle screw. The initial clinical significance of laser
RFA is that it provides the surgeon with an objective fixation force of
the placed pedicle screw. In the next stage, laser RFA can be per-
formed on the tap to determine the actual size (length and diameter)
of the pedicle screw to be placed. In addition to the above, the
accumulation of clinical data would enable surgeons to predict the
prognosis of implant surgery based on intraoperative data, which
may lead to new implant treatment strategies.

This study has the following limitations: First, we used cadaveric
vertebrae with conditions that differed from those of living bone and
were different from clinical conditions. In contrast to the cadaveric
bone, in actual surgery, the vertebrae are connected to each other by
ligaments and intervertebral discs, and paravertebral muscles are
present around them. Therefore, the results may differ from this
study. Further, in vivo studies are warranted. Second, the RF was
evaluated under dry conditions. In particular, the effect of blood
exposure to the implant needs to be considered, but the current
assumption is that the effect of blood and other light-mass materials
on vibration is expected to be small. For future high-precision diag-
nosis, it is necessary to examine the effects of the wet environment
caused by biological fluids and blood. Third, the current laser system
involves reflection by fixed mirrors making the irradiation range
nonflexible.

Because the current system does not allow the direction of laser

irradiation to be changed freely, the pedicle screw needs to be placed

in a fixture to make it easier to irradiate with the laser. Therefore,
the position of the human body needs to be altered vertically and
horizontally to evaluate pedicle screw stability. The free movement
of the human body in the operating room is not possible rendering
assessment difficult. The use of an optical fiber system to enable the
operator to irradiate an arbitrary point can help overcome this
problem owing to its flexibility. Fourth, although there exists a cyclic
test value as well as torque and POF for implant fixation force, this
test was not performed in this study. This test may be close to the
multidirectional force reflected by the RF and needs to be in-
vestigated in the future.

Fifth, we did not examine the difference in direction and location
of laser irradiation. Since the RF obtained by laser RFA is the char-
acteristic vibration of the implant, it can be induced regardless of the
direction of excitation. Therefore, it is thought that the RF fluctua-
tions because of the direction and location of irradiation do not
occur. In this study, laser irradiation was performed from the side of
the screw by raising the root of the screw by 5 mm, but if the entire
screw was inserted and irradiated from the longitudinal direction, no
change in RF was expected. Further research is warranted to in-
vestigate the differences in irradiation location and direction.

The experimental subjects were examined in a uniform and re-
producible manner. We believe that this study provides a new per-
spective on the definition of implant fixation force and presents
useful information for implant placement strength research and de-
sign developments and improved clinical outcomes. In conclusion,
laser RFA has the potential to be a new evaluation index for implant
fixation force with excellent reproducibility and usability, replacing
the conventional test forces.
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