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Abstract: The objective of this study is to present a new coupling method in order to measure
the electrical properties of titanium alloy pedicle screws used in spinal surgery and to compare
it with other common methods of measurement. An experimental setup was devised to test the
electrical resistance of two specimens of pedicle screws using four methods for coupling the sensing
leads, including the use of multimeter probes, alligator clips, wrapped wires and encapsulation
with thermo-retractable sleeves. The electrical resistance of the pedicle screw under testing was
measured at a current of 10 mA for each coupling method, and the results compared. Our findings
show that although widely used in electrical analysis, the alligator clips do not perform as well as
the other methods, such as simple wrapping of wires around the screw or the direct application
of multimeter probes. The use of thermo-retractable sleeves provides the lowest resistance and
inter-quartile range and is closer to the tabled values for the screw’s titanium alloy. Additionally,
only this method allows the measurement of identical resistivity values between different screw
models manufactured with the same titanium alloy. We then concluded that the use of wrapped
wires encapsulated with thermo-retractable sleeves allow more accurate measurements of the pedicle
screw’s electrical properties.

Keywords: electrical resistance; pedicle screw; electrical stimulation; intraoperative monitoring;

spine surgery; pedicle instrumentation

1. Introduction

During spinal surgery requiring the instrumentation of the vertebral column, there
is a non-negligible risk of damaging the nervous structures [1]. In order to avoid such
undesired outcomes, intraoperative neuromonitoring (IONM) techniques may be used to
guarantee safety of procedures. Several methods are available, including intraoperative
fluoroscopy, trans-cranial stimulation, somatosensory evoked potentials and motor evoked
potentials [2].

In the specific case of intrapedicular instrumentation of the lumbar or thoracic verte-
bras, the electrical stimulation of either the pedicle track or the pedicle screw is a possible
IONM approach. This method is based on the principle that a medial pedicle breach
will provide a low-resistance path through which a given electrical current may flow and
stimulate a compound muscle potential of the muscles enervated by the neighbouring
nerve roots [3]. The electrical current stimulation threshold that would indicate a correct
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insertion was initially proposed to be 7.0 or 10.0 mA, depending if the pedicle track or the
pedicle screw was stimulated [3]. However, other authors have reported wider ranges [4-7].
While some systematic reviews have identified the current thresholds associated to higher
sensitivities of this IONM method [8-10], there is no complete explanation yet with respect
to the high levels of heterogeneity and lack of agreement between studies on the best
current stimulation threshold.

This is a multifactorial issue caused by the multiple situations that may alter the normal
nerve stimulation, which not only includes patient intrinsic aspects such as compressed
nerve roots [11] but also extrinsic ones, such as the properties of the pedicle screw [12].
Although pedicle screws have been extensively characterized and analysed in terms of their
biomechanical [13] and mechanical properties [14,15], the study of their electrical properties
is still scarce. The available studies have shown that electrical properties of screws can
differ due to factors such as the manufacturer [16], shaft’s hollowness [12] or the application
of special coatings such as hydroxyapatite [17]. However, these studies used different
coupling techniques to establish a contact between the pedicle screw and the measuring
devices’ leads, either by using unipolar probes [16], alligator clips [12,18,19] or conductive
epoxy glues [16]. Since contact resistance is a well-known issue that can increase measured
electrical resistance [20] and other contributing factors for increased electrical resistance can
also be present in each of the above mentioned methods, the identification or development
of an adequate coupling method is necessary. Such coupling is the first requisite to
enable accurate standardized measurements and the development of appropriate sensing
apparatus for laboratory-based studies of the pedicle screw’s electrical properties.

Therefore, the objective of this study is to (i) present the development of a new
coupling method between the pedicle screw and the measuring device’s leads by means
of thermo-retractable sleeves; (ii) to analyse its measurement accuracy by comparing it
with other common measurement methods and the tabled electrical properties of the
titanium alloy used to manufacture the pedicle screw; and (iii) to determine if it presents
the necessary discriminant ability to measure the titanium alloy electrical resistivity from
two different pedicle screws.

2. Materials and Methods
2.1. Testing Samples

Two solid uniaxial titanium-aluminium-vanadium alloy (Ti-6Al-4V; approximated
weight proportion: 90% Ti, 6% Al, 4% V) pedicle screws, one from the Spinelock and another
from the Spinecall sets manufactured by Spine Implantes (Sao Paulo, Brazil) according
to the ASTM F136 standard, were selected for this study. Both screws presented a blue
colour resulting from an anodization process at 27 V. The Spinelock screw had 4.5 mm
diameter and 50.0 mm length from the top of the crown to the tip of the threaded body,
while the Spinecall screw was 5.0 mm in diameter and 75.0 mm length. A representation
of both screws and a summary of their physical dimensions is available in Figure 1. Both
screws were cleaned with isopropyl alcohol in order to remove any grease or dirt before
measurements of their electrical resistance.

2.2. Testing Setup

A testing circuit was established with a BK Precision 1672 (BK Precision, CA, USA)
power supply connected in series with the pedicle screw under analysis, an Agilent U1251B
(Agilent, CA, USA) ammeter and a 1.0 k() variable resistance. This resistance acted as
a trimmer that allowed the fine tuning of the desired current value flowing through the
circuit. Additionally, in order to measure the voltage drop caused by the pedicle screw, an
Agilent 34405A (Agilent, CA, USA) was applied in parallel to the screw and connected to
its measurement region. A representation of this circuit can be observed in Figure 2.
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Figure 1. Representation of the (a) Spinelock and (b) Spinecall pedicle screws specimens used in this
study, their physical dimensions and relevant current application and measuring points.
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Figure 2. Schematic of the testing circuit designed to measure the pedicle screw resistance.

With the Spinelock screw, the power supply anode was connected to one of the crown’s
faces and the cathode to the screw’s tip. When testing the Spinecall, the cathode was also
connected to the screw’s tip, but the anode was connected to the most distal portion of the
locking thread segment. These power connection points are described in Figure 1.

2.3. Coupling Methods

The voltage across a 10 mm length section around the midpoint of the threaded
body of each screw was measured with four different methods of coupling, including the
use of the following: (a) a pair of multimeter probes manually held in contact with the
screw (PROBE); (b) a pair of 35.0 mm alligator clips (CLIPS); (c) a pair of insulated copper
stranded wires with 0.07 mm? cross-section area wrapped around the screw’s body and
held in place with hot glue to form a tight contact ring (WRAP); and (d) the insertion of
the pedicle screw with the contact rings used in (c) but with no glue application into a
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transparent thermo-retractable sleeve and the application of heat to conform it (CAPSULE).
A representation of these coupling methods is illustrated in Figure 3.
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Figure 3. Illustration of the coupling methods applied to measure the voltage across the pedicle screw
with the use of (a) multimeter probes, (b) alligator clips, (¢) wrapped wires and (d) encapsulated
wires within a thermo-retractable sleeve.

2.4. Data Collection Procedures

All measurements were performed with the power supply set at 5 V and a constant
current output of 10 mA. This current was confirmed before each measurement and
adjusted with the trimmer if needed. Between measurements, the voltmeter probes and
alligator clips were removed and reapplied during the PROBE and CLIPS conditions, while
the connection leads were disconnected and connected to the voltmeter during the WRAP
and CAPSULE conditions. A total of 50 trials were collected for each coupling method on a
single day at a room temperature of 25 °C. The resistance of the pedicle screw was then
calculated according to Ohm’s Law.

The resistivity was also calculated in order to allow the comparison between pedicle
screws since the specimens used in this study presented different diameters; therefore, the
resistance values were expected to differ as well. The calculation of resistivity also allows
the comparison of results with those reported by other authors. Resistivity was calculated
using the following equation:

p= ¥ )
where p is the resistivity in (2-m, R denotes the resistance in Ohm, A denotes the screw’s
cross-sectional area in square meters and / denotes the length between the contact points of
the measuring leads in meters.

2.5. Statistical Analysis

After checking data distribution conditions using the Kolmogorov-Smirnov normality
test, a Kruskal-Wallis test was conducted to test the null hypothesis that there is no differ-
ence between coupling methods by using the previously calculated electrical resistance and
resistivity. Follow-up Mann-Whitney comparisons were performed with the significance
level adjustment according to the Bonferroni correction. The resulting effect sizes (1) were
calculated by using Rosenthal’s formula [21] and interpreted according to Cohen [22] as
large (r = 0.5), medium (r = 0.3) and small (r = 0.1). All statistical tests were performed
using IBM SPSS Statistics, version 27 (IBM, New York, NY, USA), with a significance level
of o = 0.05.

3. Results

When measuring the resistance of the Spinelock screw, the CLIPS method returned the
highest median and inter-quartile range (2.302 (0.576)), followed by the WRAP (2.199 (0.184)),
PROBE (1.899 (0.198)) and CAPSULE (1.502 (0.096)) methods. During the resistance
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measurement of the Spinecall screw, CLIPS (2.302 (0.691)) also presented the highest
electrical resistance and CAPSULE (1.150 (0.327)) the lowest. However, for this screw,
the second and third highest resistances were recorded with PROBE (1.702 (0.202)) and
WRAP (1.606 (0.222)), respectively.

The measured voltage, current, calculated electrical resistance and resistivity for each
coupling method and pedicle screw are presented in Table 1.

Table 1. Values of voltage and current measured with each coupling method and the corresponding calculated electrical

resistance and resistivity, presented as median (interquartile range).

Spinelock Screw Spinecall Screw
Method Voltage Current Resistance  Resistivity Voltage Current Resistance  Resistivity

(1V) (mA) (mQ) (uQ-m) (1V) (mA) (mQ) (uQ-m)

PROBE 19.0 10.00 1.899 3.020 17.0 9.99 1.702 3.341
(2.0) (0.01) (0.198) (0.315) (2.0) (0.01) (0.202) (0.397)

CLIPS 23.0 10.01 2.302 3.662 23.0 9.99 2.302 4521
(6.0 (0.02) (0.576) (0.917) (7.0) (0.12) (0.691) (1.356)

WRAP 21.0 9.99 2.199 3.497 16.0 10.03 1.606 3.154
(2.0) (0.04) (0.184) (0.291) (2.3) (0.20) (0.222) (0.437)

15.0 10.00 1.502 2.388 115 10.00 1.150 2.258
CAPSULE (1.0) (0.02) (0.096) (0.152) (3.3) (0.02) (0.327) (0.642)

Statistically significant differences were found between measuring methods on the
Spinelock (x?(3) = 145.570, p < 0.001) and Spinecall (x*(3) = 141.367, p < 0.001) screws, both
in terms of resistance and resistivity.

The results from the sequential Mann-Whitney tests comparing the different coupling
methods for each pedicle screw are depicted in Table 2. Since the statistical results from the
electrical resistance and resistivity were the same, a single table is presented.

Table 2. Results of the statistical comparison of electrical resistance and resistivity obtained from each coupling method.

Screw Type Method 1 Method 2 Mann-Whitney U V4 Adjusted p Value r
CLIPS 366.500 6.094 <0.001 0.609
PROBE WRAP 149.000 7.595 <0.001 0.760
CAPSULE 52.000 8.273 <0.001 0.827
Spinelock CLIPS WRAP 1039.500 1.452 0.882 0.145
CAPSULE 0.000 8.627 <0.001 0.863
WRAP CAPSULE 0.000 8.628 <0.001 0.863
CLIPS 352.50 6.191 <0.001 0.619
PROBE WRAP 851.00 2.752 0.036 0.275
CAPSULE 43.00 8.325 <0.001 0.833
Spinecall CLIPS WRAP 213.50 7.147 <0.001 0.715
CAPSULE 9.50 8.554 <0.001 0.855
WRAP CAPSULE 89.50 8.002 <0.001 0.800

Statistically significant differences were found between all coupling methods (p < 0.001)
but not between CLIPS and WRAP (p = 0.882) on the Spinelock screw. In both screws, the
larger effect sizes were observed when comparing the CAPSULE with any other method. In
the Spinelock screw, this occurs when comparing CAPSULE with WRAP (r = 0.863), CLIPS
(r = 0.863) and PROBE (r = 0.827), while the larger effect sizes occurred between CAPSULE
and CLIPS (r = 0.855), PROBE (r = 0.833) and WRAP (r = 0.800) for the Spinecall screw.

When comparing the resistivity of each pedicle screw, measured with the same method
(i.e., Spinelock CLIPS vs. Spinecall CLIPS), differences are found between screws, as
depicted in Table 3. The only exception is found when comparing the resistivity obtained
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Resistivity (©2-m)

from CAPSULE (p = 0.019) where no difference between screws was identified, although
presenting a small effect size.

Table 3. Comparison of the resistivity of each pedicle screw according to the measuring method.

Mann-Whitney U V4 p Value r
PROBE 491.000 5237 <0.001 0.524
CLIPS 559.500 4.761 <0.001 0.476
WRAP 544.000 4.868 <0.001 0.487
CAPSULE 910.500 2.343 0.019 0.234

A graphical representation of the electrical resistivity values and differences between
methods can be observed in Figure 4.

PROBE

| | | | | ]
CLIPS WRAP CAPSULE PROBE CLIPS WRAP CAPSULE
Spinelock Spinecall

Figure 4. Electrical resistivity measured by each coupling method for each analyzed pedicle screw. Coupling methods with
no statistical difference (p > 0.05) within (*) and between (#) screws are denoted, as well as the existence of outliers (+).

4. Discussion

The electrical properties of pedicle screws have been reported in the scientific literature
as measured with different coupling methods. However, not all methods are the same
when ensuring an adequate coupling between the pedicle screw and measuring leads. The
actual resistance of the screw is a recurrent concern and suspected of being one the causes
of false-negatives in intra-operative electrical stimulation [19]; thus, the use of adequate
coupling methods while characterizing the pedicle screws is of utmost importance.

This study explored a selection of coupling methods to measure the electrical proper-
ties of pedicle screws and tested it on two screw models of the same material and anodiza-
tion process. The electrical resistivity of the Ti-6Al-4V alloy is known to be 1.71 uQ)-m [23],
meaning that the expected resistance considering the screws’ diameter and measurement
region length is 1.075 m(Q) for the Spinelock and 0.871 m() for the Spinecall. Since electrical
resistance and resistivity are intrinsic to the material and, as such, should remain constant
across different coupling methods, a method that provides results closer to these tabled
values should be the most adequate for pedicle screw electrical characterization.

The application of multimeter probes to the pedicle screw is probably the easiest
method for measuring its electrical properties, and the comparatively small probe diameter
allows accurate placement over a given section of the screw. While this method provided
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the second lowest resistance measurements on the Spinelock screw, there was a need to
apply a considerable amount of force to ensure contact between the probes and the pedicle
screw. If an insufficient amount of force was applied, the voltmeter values would not
stabilize. This is probably the result of the reduced contact area between the probe and the
screw due to both structures presenting a round surface.

Alternatively, alligator clips are commonly reported as the chosen coupling method
in this type of study [12,18,19]. The jagged shape of the clip’s teeth and the bracing force
provided by the spring allow an apparent good grip to the screw’ threads. However, the
gripping force exerted will vary according to the screw’s diameter, and the teeth may
not conform to the thread’s shape, resulting in reduced contact surfaces and hence higher
electrical resistance. The intrinsic instability of this coupling was also noted by Zyss, Bernat,
Wolff, Riouallon and Pascal-Moussellard [18], who reported that rotating the screw under
the clips or increasing its pressure resulted in electrical resistance changes. These assertions
are corroborated by our results, with the overall increase in resistance and the higher
inter-quartile range due to the reapplication of the clips or rotation of the screws, being
observed in both screws specimens. These attributes make the CLIPS a poorly reliable
coupling method for resistance measurements.

If the contact area and the conformation to the shape of the screw are critical aspects
of a good coupling, wrapping a thigh conductive ring around its shaft should provide
better results. Indeed, a significantly lower median resistance and inter-quartile range
was observed at the Spinecall screw when using this method but not at the Spinelock
screw, which did not provide significant differences with the CLIPS methods. This different
outcome between screws may be related to specimen preparation, which could have
resulted in a less tight conductive ring in the Spinelock screw and, therefore, a lower
contact area. Similarly, more robust methods such as the use of conductive epoxy [16] are
available, which transforms any contact imperfection between the conductive ring and the
screw into a conductive medium while keeping the leads in place. However, such materials
are often expensive, and removal is not practical.

The CAPSULE method is very similar to WRAP, as the coupling is performed by a
conductive ring. However, instead of using a glue to keep the ring in place, a thermo-
retractable sleeve was used. This allows the application of an almost uniform pressure
around all sides of the conductive ring, thus ensuring a more homogenous large contact
surface. This coupling also better mimics real use conditions where the pedicle screw will
be tightly surrounded by tissue during its electrical stimulation. With this coupling, a
lower resistance and resistivity was achieved in both screw models, and although they are
not as low as the reported for Ti-6Al-4V alloys [23], it is the method with the closest results,
thus being the most accurate coupling tested in this study.

The differences with respect to the tabled electrical properties of Ti-6Al-4V may be
due to testing conditions, namely ambient temperature, surface features and measuring
equipment characteristics. However, the study of Davis, Tadlock, Bernbeck, Fung and
Molinares [17], using more complex apparatus in a material testing laboratory, showed
resistivity values identical to those of CAPSULE. Screw resistivity and the accuracy of its
measurement are also important for understanding the effect of the anodization as it may
influence the overall resistance of the screw [19]. In this study, only the CAPSULE method
allowed the measurement of identical resistivity values between pedicle screw models.
This is particularly significant, as this is a material dependent property, and both pedicle
screw specimens were manufactured with the same titanium alloy and anodization process.
This demonstrates that the CAPSULE, when compared to the other coupling methods of
this study, is the only method accurate enough to ensure the measurement of pedicle screw
electrical properties.

It should be noted that the results of this study present some limitations. First, these
methods were not tested with pedicle screws from different manufacturers or with different
models, such as poliaxial screws, which have been reported to have higher electrical
resistance due to the mobile crown [19]. While the specimens used in this study were
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submitted to the same anodization procedure, it was not verified if they had an identical
layer of titanium oxide, which can also contribute to different resistivity. Additionally, it
is worthy to mention that this study was a laboratory-based development of a coupling
method to measure resistance of pedicle screws. However, once inserted into living tissue,
other interactions may happen; therefore, the study of the electrical properties on animal
models should be considered as a next step for further characterization of pedicle screws.

5. Conclusions

The results of this study have shown that couplings with a larger surface area and
adequate stabilization will allow more accurate measurements. The methods presented
in this study do not exhaust the measuring possibilities insofar as other methods may
be devised. For instance, the machining of matching nuts, with adequate conductive
properties and lead connections, may be a more robust and reproducible method for
analysing the pedicle screw’s electrical properties. However, the methods presented here
can be easily reproduced in most laboratory settings.

The use of thermo-retractable sleeves to keep the contact leads in contact with the
pedicle screw may be used in further studies of the electrical characterization of screws
where small differences in resistance need to be measured.
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