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B Pedicle Screws With High Electrical Resistance
A Potential Source of Error With Stimulus-Evoked EMG
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Study Design. Clinically relevant aspects of pedicle
screws were subjected to electrical resistance testing.

Objectives. To catalog commonly used pedicle screws
in terms of electrical resistance, and to determine whether
polyaxial-type pedicle screws have the potential to create a
high-resistance circuit during stimulus-evoked electromyo-
graphic testing.

Summary of Background Data. Although stimulus-
evoked electromyography is commonly used to confirm
the accuracy of pedicle screw placement, no studies have
documented the electrical resistance of commonly used
pedicle screws.

Methods. Resistance measurements were obtained from
eight pedicle screw varieties (5 screws of each type) across the
screw shank and between the shank and regions of the screw
that would be clinically accessible to stimulus-evoked electro-
myographic testing with a screw implanted in a pedicle. To
determine measurement variability, resistance was measured
three times at each site and with the crown of the polyaxial-
type screw in three random positions.

Results. Resistance across the screw shank ranged
from 0 to 36.4 ohms, whereas resistance across the length
of the monoaxial-type screws ranged from 0.1 to 31.8
ohms. Resistance between the hexagonal port and shank
of polyaxial-type screws ranged from 0 to 25 ohms. In
contrast, resistance between the mobile crown and shank
of polyaxial-type screws varied widely, ranging from 0.1
ohms to an open circuit (no electrical conduction).
Polyaxial-type screws demonstrated an open circuit in 28
of 75 measurements (37%) and a high-resistance circuit
(exceeding 1000 ohms) in 5 of 75 measurements (7%).

Conclusions. Polyaxial-type pedicle screws have the
potential for high electrical resistance between the mobile
crown and shank, and therefore may fail to demonstrate
an electromyographic response during stimulus-evoked
electromyographic testing in the setting of a pedicle
breech. To avoid false-negative stimulus-evoked electro-
myographic testing, the cathode stimulator probe should
be applied to the hexagonal port or directly to the screw
shank, and not to the mobile crown. [Key words: EMG,
implant, lumbar, neurophysiology, pedicle, spine] Spine
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Pedicle screw systems have become an accepted adjuvant
to spinal reconstructive surgery. The vertebral pedicle is
the strongest site for fixation and allows correction and
maintenance of the spine in an optimal position, improv-
ing the rates of successful fusion.”? The vertebral pedicle,
however, is intimately associated with the adjacent neu-
ral elements, and thus leaves little margin for error with
pedicle screw placement. Pedicle screw insertion is a
technically demanding task with a steep learning
curve.” 8222528 Misplacement of a pedicle screw im-
plant can result in neurologic injury or pain.” Cadaveric
studies have demonstrated rates of malpositioned screws
as high as 21%.%* In clinical studies, irritation or injury
of adjacent nerve roots has been reported in 1.6% to 5%
of cases.””*>*% For this reason, a variety of techniques
have been developed to detect pedicle wall violation and
prevent pedicle screw misplacement,'-615-17:24

Stimulus-evoked electromyographic (stEMG) monitor-
ing has emerged as one of the most clinically useful means
for detecting a pedicle wall violation,?=*1%15:20:24:26 The
primary principle underlying stEMG monitoring is that
cortical bone has a high resistivity (low conductivity) to
electrical current flow, whereas soft tissue has a low elec-
trical resistivity. To perform stEMG monitoring, a sim-
ple circuit is created by applying a voltage potential be-
tween a stimulating cathode (used to stimulate the inner
surface of the pedicle) and an anode, usually a needle
electrode placed in exposed paraspinal muscle on the
contralateral side. The body tissue provides a current
path between these two respective electrodes. When the
pedicle wall is intact, the high electrical resistivity of cor-
tical bone will diffuse the current flow throughout the
bone. Thus, the flow of current reaching an adjacent
spinal nerve root will be at a level below that required to
provoke depolarization. If, on the other hand, there is a
break in the bony pedicle wall, sufficient electrical cur-
rent will flow through the soft tissue adjacent to the pedi-
cle to cause depolarization of a nearby nerve root. Such
depolarization will result in contraction of muscle tissue
supplied by the stimulated nerve root, which is easily
recorded as a compound action potential using commer-
cially available EMG instrumentation.

This stEMG monitoring paradigm has been widely
used as a simple, rapid method for detecting pedicle vi-
olation when metallic pedicle screws are implanted. Sev-
eral important factors, however, have been identified
that interfere with the conduction of electrical current or
elevate the nerve root depolarization threshold, and may
lead to an erroneous stEMG testing result. Neuromuscu-
lar blocking agents have been shown to raise the thresh-
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Table 1. Properties of the Pedicle Screws Used in This Study

Screw Monoaxial or Screw Size
Screw Manufacturer Screw Type Material Polyaxial (mm)
Depuy Acromed Inc. Isola Stainless Mono 7X40
steel
Depuy Acromed Inc. Moss-Miami Titanium alloy Poly 7 X 40
Medtronic Sofmor Multiaxial Titanium alloy Poly 7 X 40
Danek Inc.
Stryker Spine Inc. Xia Titanium alloy Poly 7.5 x40
Spinal Concepts Inc. BacFix—Multiaxial Titanium alloy Poly 7X40
Spinal Concepts Inc. BacFix—Flexible Titanium alloy Mono 7 x40
angle
Synthes Inc. UsSs Titanium alloy Mono 7 X 40
Synthes Inc. Click'x Titanium alloy Poly 7 X 40

old for nerve root stimulation and may produce a false-
negative stEMG test.”>'* In addition, chronically
compressed nerve roots may have an elevated threshold
for depolarization and thus fail to produce EMG activity
within the standard stimulation voltages.'! Both of these
nonsurgical factors have the potential to diminish the
sensitivity of stEMG, leading to a false-negative result in
the setting of a pedicle wall violation.

Another possible variable that may lead to a false-
negative stEMG result is high resistance of a pedicle
screw implant. Electrical resistance is a property that
impedes current flow and results in the dissipation of
power. Resistance values can vary as a function of the
material properties, size, or structural form of an object.
Standard voltage thresholds commonly used in clinical
stEMG monitoring assume a low or negligible resistance
value for the pedicle screw implant. High resistance, on
the other hand, will increase the voltage potential that
must be applied to achieve current flow and thus stimu-
late and depolarize an adjacent nerve root in the setting
of a pedicle wall breech. Clinically, the authors have
observed that pedicle screw implants with mobile con-
nections between the screw crown and shank, commonly
referred to as polyaxial screws, may demonstrate high
resistance values or even an open circuit when subjected
to resistance testing.

This study aimed to measure and catalog the resis-
tance values across clinically relevant regions of com-
monly used monoaxial- and polyaxial-type pedicle screw
models. In addition, this study was intended to confirm
whether there was indeed the potential for high electrical
resistance between the mobile crown and shank of
polyaxial-type pedicle screws that ultimately could cause
failure of stEMG testing to detect a misplaced pedicle
screw implant.

H Methods

Direct current electrical resistance measurements were ob-
tained from eight commonly used monoaxial and polyaxial
pedicle screws with a commercially available Fluke multimeter
(Model 12; John Fluke Manufacturing, Everett, WA). The spe-
cific screw types tested are listed in Table 1.

Five different screws of each type were selected for resistance
testing. Resistance measurements were obtained by securing

each screw in a nonconductive jig and placing alligator clip
electrodes at specific locations so as to test the resistance across
clinically relevant regions of the screw. Resistance was mea-
sured across the screw shank and across the length of the screw
in the case of monoaxial screws, or across the screw shank,
between crown and shank, and between the hexagonal port
and shank in the case of polyaxial screws. The location of
electrode placement is shown in Figures 1 and 2.

Each portion of the screw was tested three times. Between
each screw measurement, the multimeter was zeroed (at the
contact points of the anode and cathode electrode to ensure
that a zero resistance value was obtained). The crown-to-shank
measurements for polyaxial screws were obtained with the mo-
bile crown in three random positions. The mobile crowns were
not fixed in any way so that they would most closely simulate
intraoperative testing conditions after implantation of the
screw.

H Results

Resistance values measured for the monoaxial and
polyaxial screws are summarized in Tables 1 and 2. The
shank resistance for all the tested screws fell within the
range of 0 to 36.4 ohms. The proximal-to-distal resis-
tance of the monoaxial screws had a range of 0.1 to 31.8
ohms, whereas the hexagonal port-to-shank resistance of
polyaxial screws was found to range between 0 and 25
ohms. In contrast, the crown-to-shank resistance of the

Shank Resistance

Proximal-to-Distal
Resistance

Figure 1. Diagram of a monoaxial pedicle screw showing the
location of electrode placement during electrical resistance
testing.
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Figure 2. Diagram of a polyaxial
pedicle screw showing the loca-
tion of electrode placement dur-

Shank Resistance

Hexagonal Port-to-Shank
Resistance

R Crown-to-Shank Resistance

ing electrical resistance testing.

polyaxial screws demonstrated wide variability, ranging
from 0.1 ohms to an open circuit (no electrical conduc-
tion). Overall, an open circuit was found with crown-to-
shank resistance testing in 28 of 75 measurements
(37%), and a high resistance circuit (exceeding 1000
ohms) was found in § of 75 measurements (7%).

B Discussion

The rate of neurologic injury after pedicle instrumenta-
tion has been shown to be 0% to 15% in various stud-
ies.®13:18,:24,25,26,27.28 Ty yrevent nerve root injury, in-
vestigators have sought ways to ensure that pedicle
screws are confined within the bony cortex of the pedicle.
Based on the impedance differences between cortical
bone (16,000 ohm/cm) and soft tissue,'® Myers et al
proposed using electrical impedence measurements to
determine whether a pedicle implant is surrounded by
intact cortical bone. In a porcine model, they found this
technique to have an accuracy of 95%."'¢ In a follow-up
study on humans, however, Darden et al® were unable to
correlate measured impedance with the presence of a
pedicle wall breech.

Neurophysiologic monitoring has become standard
for scoliosis surgery and has lowered the risk of cata-
strophic neurologic injury during deformity correc-
tion.®1?20-21 Calancie et al* was the first to describe the
use of stEMG for the detection of pedicle integrity. First
in a porcine model, and then in human testing, the tech-
nique was shown to have high sensitivity, specificity, and
predictive value for detecting pedicle cortex fracture.

Table 2. Resistance Data for Monoaxial Pedicle Screws

Calancie et al>? reported no clinical nerve root injuries,
despite a 32% incidence of pedicle wall violation, in 18
patients receiving 102 pedicle screws.® Other investiga-
tors have subsequently validated the efficacy of sStEMG
testing for detecting improperly placed pedicle
implants.*!12°

Stimulus-evoked EMG testing for a pedicle breech
depends on the ability of the pedicle implant to con-
duct an applied electrical current. Electrical conduc-
tance is the inverse of resistance and represents a mea-
sure of a material’s ability to conduct electricity. The
conductance of various materials is shown in Figure 3.
Note that the conductance of stainless steel and of
titanium alloy are similar, but lower than that of other
common metals.

Both titanium and stainless steel screws tested in this
study demonstrated relatively low resistance across all
regions of the screw except across the mobile crowns.
Certain screw models, such as the Synthes USS, the Syn-
thes Click’x, and the Danek multiaxial, demonstrated
more variability in resistance testing than other models
(Table 3). This may be due to anodized coatings on these
implants, which can variably impede the conductivity of
electrical current between the applied electrode and the
metallic core of the screw. Because an alligator clip elec-
trode was used in testing of the implants, the authors do
not believe that the observed variability was due to dif-
ferences in contact pressure between the implant and
electrode. However, excluding resistance across the mo-
bile crown—shank connection, the highest resistance

Test Shank Resistance of 5 Screws Tested Proximal-to-Distal Resistance of 5 Screws Tested

Manufacture/Screw Type Trial ohms ohms
Depuy Acromed/Isola 1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
2 0 0.2 0.1 0.1 0 0.1 0.1 0.1 0.1 0.1
3 0 0.2 0.1 0.1 0 0.1 0.1 0.1 0.1 0.1
Spinal Concepts/Flexible 1 0.1 0.1 0.3 0.3 0.1 0.5 0.5 0.1 0.5 0.6
Angle 2 0.1 0.1 0.2 0.1 0.1 0.5 0.5 0.1 8.7 0.2
3 0.1 0.1 0.2 0.1 0.1 0.4 0.4 0.3 2.6 0.3
Synthes/USS 1 14 0.7 5.5 24 4.2 0.9 5 24 31.8 17.2
2 0.9 0.7 9.5 36.4 215 5.8 1.1 15 215 34
3 1.8 1 4.2 2.6 6.2 20.1 0.9 1.2 8.4 2.1
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Copper Aluminum

Figure 3. Conductance of com-
mon metals.

1000 600
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Table 3. Resistance Data for Polyaxial Pedicle Screws

Hexagonal Port-to-Shank

Shaft Resistance of 5 Screws Crown-to-Shank Resistance of 5 Screws Resistance of 5 Screws

MANUFACTURER/SCREW TYPE Trial ohms ohms ohms
DePuy Acromed/Moss- 1 02 02 01 01 01 0.3 Open 5.5 26 0.2 0.3 04 03 0.4 0
Miami 2 02 0.1 0.1 0.1 0.1 0.3 2 39 0.1 2 0.4 04 02 0.3 0
3 03 01 01 01 O 0.6 Open n 0.2 12 0.3 04 02 0.4 0.1
Sofmor Danek/Multiaxial 1 14 27 06 75 4 57 2.7M Open  Open  Open 1.1 92 17 1.7 1.5
2 02 47 1 1.1 1.9 7.9 1M Open Open Open 13 19 25 2.1 1.9
3 13 14 08 11 55 Open Open 0.7K Open  Open 18 18 25 25 1.6
Stryker/Xia 1 01 0 01 02 0.1 6.2 0.4 0.7 14 0.4 0 0 0.2 0.1 0.1
2 0.1 0 0 0.1 0 0.4 0.9 0.3 4 1 0 0 0.2 0.1 0.1
3 01 0 0 01 0 0.7 1.5 7 5.1 0.2 0 0 0.2 0.2 0.1
Spinal Concepts/BacFix 1 01 01 01 02 01 13 52K Open 76 Open 05 04 02 0.5 2
Multiaxial 2 01 02 03 2 0.2 Open Open 3M Open 13 0.5 05 08 2.1 1.3
3 01 03 01 01 01 Open  Open 21 Open 4 0.4 04 07 0.2 0.4
Synthes/Click’x 1 04 34 09 13 14 0.9 Open  Open 76 32 0.5 96 15 26 12
2 04 29 1.2 05 04 94 20K Open 5K Open 5.4 72 6.7 " 2
3 03 33 1 1.2 11 Open  Open 35 Open Open 64 25 14 45 1.2

measured was 36.4 ohms. This level of resistance is not
clinically significant because most constant-current stim-
ulators are able to provide adequate current flow for
clinical accuracy up to a circuit resistance of at least 1000
ohms. However, circuit resistances greater than 1000
ohms may exceed the limits of accuracy for stEMG
stimulators.'?

This is the first study to demonstrate that the resis-
tance of a pedicle implant can vary significantly if the
testing electrode is applied to the mobile crown. In this
study, the resistance varied from negligible to an open
circuit (infinite resistance) depending on the position of
the crown. High resistance apparently is the byproduct
of poor contact between the crown and shank in certain
positions. Unfortunately, the mobile crown is the most
accessible site for stimulator placement during testing of
an inserted screw, and thus may be used by surgeons
unaware of the potential for a high-resistance circuit.
Ultimately, this may lead to a false-negative result, with
failure to recognize a misplaced screw. To avoid the pos-
sibility of false-negative testing results, the authors rec-
ommend testing polyaxial pedicle screws by applying the
cathode stimulator to the hexagonal port or the screw

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

shank and not to the mobile crown when stEMG is
performed.'®*"*?

B Key Points

o Although pedicle screw resistance can vary, tita-
nium and stainless steel screws demonstrate similar
resistance values.

e Polyaxial-type pedicle screws may have very high
resistance across the mobile connection between
the crown and shank of the screw.

o In performing stEMG, stimulation of the mobile
crown of a polyaxial-type pedicle screw may lead
to false-negative testing results.

e The polyaxial-type pedicle screw should be
tested by placing the probe in contact with the hex-
agonal port or directly with the screw shank.

References

1. Boachie-Adjei O, Girardi FP, Bansal M, et al. Safety and efficacy of pedicle
screw placement for adult spinal deformity with a pedicle-probing conven-
tional anatomic technique. J Spinal Disord 2000;13:496-500.



Pedicle Screws With High Electrical Resistance * Anderson et al

1581

10.

11.

12.

13.
14.
15.

16.

17.

18.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

. Calancie B, Lebwohl N, Madsen P, et al. Intraoperative evoked EMG mon-

itoring in an animal model: A new technique for evaluating pedicle screw
placement. Spine 1992;17:1229-35.

. Calancie B, Madsen P, Lebwohl N. Stimulus-evoked EMG monitoring dur-

ing transpedicular lumbosacral spine instrumentation: Initial clinical results.
Spine 1994;19:2780-6.

. Clements DH, Morledge DE, Martin WH, et al. Evoked and spontaneous

electromyography to evaluate lumbosacral pedicle screw placement. Spine
1996;21:600-4.

. Coscia MF, Trammell TR, Popp B, et al. Effect of anesthetic variables on

dermatomal somatosensory-evoked potential monitoring in elective lumbar
spinal surgery. J Spinal Disord 1995;8:451-6.

. Darden BV, Owen JH, Hatley MK, et al. A comparison of impedance and

electromyogram measurements in detecting the presence of pedicle wall
breakthrough. Spine 1998;23:256-62.

. Ebraheim NA, Xu R, Darwich M, et al. Anatomic relationships between the

lumbar pedicles and the adjacent neural structures. Spine 1997;22:2338-41.

. Ecker ML, Dormans JP, Schwartz DM, et al. Efficacy of spinal cord moni-

toring in scoliosis surgery in patients with cerebral palsy. J Spinal Disord
1996;9:159-64.

. Esses SI, Sachs BL. Complications of pedicle screw fixation. Orthop Trans

1992;16:160.

Geddes LA, Baker LE. The specific resistance of biologic material: A com-
pendium of data for the biomedical engineer and physiologist. Med Biol Eng
1967;5:271-93.

Holland NR, Lukaczyk TA, Riley LH, et al. Higher electrical stimulus inten-
sities are required to activate chronically compressed nerve roots: Implica-
tions for intraoperative electromyographic pedicle screw testing. Spine 1998;
23:224-7.

Maguire J, Wallace S, Madiga R, et al. Evaluation of intrapedicular screw
position using intraoperative evoked electromyography. Spine 1995;20:
1068-74.

Matsuzaki H, Tokuhashi Y, Matsumoto F, et al. Problems and solutions of
pedicle screw plate fixation of lumbar spine. Spine 1990;15:1159-65.
Minahan RE, Riley LH III, Lukaczyk T, et al. The effect of neuromuscular
blockade on pedicle screw stimulation thresholds. Spine 2000;25:2526-30.
Moller AR. Intraoperative Neurophysiologic Monitoring. Luxembourg:
Harwood Academic Publisher, 1995:286-7.

Myers, BS, Hasty CC, Floberg DR, et al. Measurement of vertebral cortical
integrity during pedicle exploration for intrapedicular fixation. Spine 1995;
20:144-8.

Roberts RM, Bernhard M. Accuracy of fluoroscopic-guided pedicle screw
placement in the lumbosacral spine. Orthop Trans 1993;17:108-9.

Rose RD, Welch WC, Balzer JR, et al. Persistently electrified pedicle stimu-

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

lation instruments in spinal instrumentation: Technique and protocol devel-
opment. Spine 1997;22:334-43.

Roy-Camille R, Saillant G, Mazel C. Internal fixation of the lumbar spine
with pedicle screw plating. Clin Orthop Rel Res 1988;203:7-17.

Schwartz DM, Drummond DS, Hahn M, et al. Prevention of positional
brachial plexopathy during surgical correction of scoliosis. ] Spinal Disord
2000;13:178-82.

Schwartz DM, Sestokas K, Wierzbowski R. Intraoperative neurophysiologic
monitoring during surgery for spinal instability. Semin Spine Surg 1991;8:
318-31.

Toleikis JR, Skelly JP, Carlvin AO, et al. The usefulness of electrical stimu-
lation for assessing pedicle screw placements. J Spinal Disord 2000;13:
283-9.

Vaccaro AR, Garfin SR. Internal fixation (pedicle screw fixation) for fusion
of the lumbar spine. Spine 1995;20(24 Suppl):1575-65S.

Weinstein JN, Spratt KF, Spengler D, et al. Spinal pedicle fixation: Reliability
and validity of roentgenogram-based assessment and surgical factors on
successful screw placement. Spine 1988;13:1012-18.

Welch WC, Rose RD, Balzer JR, et al. Evaluation with evoked and sponta-
neous electromyography during lumbar instrumentation: A prospective
study. ] Neurosurg 1997;87:397-402.

West JL, Ogilvie JW, Bradford PS. Complications of variable screw plate
pedicle fixation. Spine 1991;16:576-9.

Whitecloud TS, Skalley TL, Cook SD. Complications with the variable spinal
plating system. Spine 1989;14:472-6.

Whitecloud TS, Skalley TL, Cook SD, et al. Roentgenographic measurement
of pedicle screw penetration. Clin Orthop 1989;24:57-68.

Young WF, Morledge DE, Martin W, et al. Intraoperative stimulation of
pedicle screws: A new method for verification of screw placement. Surg
Neurol 1995;44:544-7.

Address reprint requests to

D. Greg Anderson, MD

Department of Orthopaedic Surgery,
University of Virginia, School of Medicine
P.O. Box 800159

400 Ray C. Hunt Dr., Suite 330
Charlottesville, VA 22903

E-main: dga3k@uirginia.edu




