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ACKGROUND CONTEXT: Lumbar pedicle screw placement can be technically challenging.

Malpositioned screws occur in up to 15% of patients and could result in radiculopathy or instru-

mentation failure.

PURPOSE: To compare intraoperative electromyography (EMG) and image guidance using an

O-arm for identifying pedicle breach during elective lumbar fusion.

STUDY DESIGN: Prospective observational study.

PATIENT SAMPLE: All adult patients undergoing elective lumbar spinal fusion operations for

degenerative spine disorders (including adjacent segment degeneration, degenerative scoliosis,

and symptomatic spondylosis and spondylolisthesis) at a single institution from July 1, 2014, to

December 1, 2015, were prospectively tracked.

OUTCOMEMEASURES: Pedicle breach.

METHODS: Pedicle screws from L2�S1 were placed using C-arm assisted freehand

technique. All screws were stimulated with EMG and evaluated using the O-arm intrao-

perative imaging system. Electromyography data were compared with intraoperative

images to assess the accuracy of identifying pedicle breaches. No funding was received

for this work.

RESULTS: One thousand six lumbar pedicles screws were placed from L2 to S1 in 164 con-

secutive cases. The mean patient age was 59.2 years. Thirty-five breaches (15 lateral and 20

medial) were visualized with O-arm imaging and confirmed by palpation (3.5% of screws

placed). Of the breaches, 14 screws stimulated below the 12-mA threshold, nine screws stim-

ulated between 12 and 20 mA, and 12 screws did not generate an EMG response. Forty

screws stimulated below a 12-mA threshold but showed no breach on imaging. Using the 12-

mA threshold, the sensitivity of EMG was 40%, specificity was 96%, positive predictive

value was 26%, and negative predictive value was 98%. All 35 breached screws were cor-

rected during surgery. There were no postoperative symptoms caused by breached screws and

no patients required reoperation.

CONCLUSIONS: Our findings indicate that EMG may not be a highly reliable tool in determining

an anatomical breach during placement of lumbar pedicle screws. O-arm may be better for
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detecting either medial or lateral breaches than EMG stimulation if there are concerns about screw

placement or for confirmation of placement before leaving the operating room. © 2018 Elsevier

Inc. All rights reserved.
Keywords: B
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Introduction

Safe placement of lumbar pedicle screws is of obvious

importance to patients and physicians [1]. A meta-analysis

of studies published from 1966 to 2006 demonstrated the

median malposition rates for non-navigated and navigated

pedicle screws were 9.7% and 4.8%, respectively [2]. One

series reported a malposition rate of 18% [3]. Malposi-

tioned screws can result in postoperative radiculopathy sec-

ondary to medial breaches, pseudarthrosis due to poor

screw purchase, and instrumentation failure. Although most

breaches of the pedicle wall are clinically asymptomatic, in

the era of litigation and readily available imaging, con-

structs with poorly positioned screws are suboptimal.

Multiple methods of reducing malposition rates have

been described in the literature. Clinical and cadaveric stud-

ies have demonstrated that the use of intraoperative x-rays

to assess pedicle screw placement does not accurately

detect malpositioned screws [4�6]. Neurophysiologic mon-

itoring, specifically electromyography (EMG), was intro-

duced as a supplement to imaging techniques in identifying

malpositioned screws that may be impinging on transiting

neural structures [1]. Specifically, the use of EMG monitor-

ing with stimulation of the pedicle screw and subsequent

measurement of the compound muscle action potential

(CMAP) in the lower extremity has been proposed and

reported [7�10]. Previous studies have demonstrated the

potential utility of EMG in helping establish adequate

placement of pedicle screws [8,9]. However, the availabil-

ity of intraoperative computed tomography (CT) to assess

the placement of pedicle screws has brought the utility of

EMG assessment into question at our institution.

There have been no reports comparing the reliability of

EMG with that of intraoperative imaging. The purpose of

this study was to compare EMG and O-arm intraoperative

CT imaging for pedicle screw placement in identifying ana-

tomical pedicle breach during elective lumbar fusion. The

hypothesis is that EMG stimulation will compare poorly

with intraoperative imaging techniques in identifying ana-

tomical breaches during placement of lumbar pedicle

screws.
Methods

This prospective observational study was performed at a

single institution from July 1, 2014, to December 1, 2015,

following institutional review board approval. During this

18-month period, all adult patients undergoing elective
lumbar spinal fusion operations for degenerative spine dis-

orders, including adjacent segment degeneration, degenera-

tive scoliosis, and symptomatic spondylosis and

spondylolisthesis, were prospectively enrolled and tracked.

Pedicle screws were placed from L2 to S1 using C-arm-

assisted freehand technique with anatomic landmarks. All

screws were stimulated with EMG and then evaluated using

the O-arm intraoperative imaging system. Electromyogra-

phy data and intraoperative images were used to assess ped-

icle breaches, which were confirmed by palpation. All

corrections were performed at the time of initial surgery.

All suspected breaches identified by EMG or imaging were

evaluated by removing the screw, palpating the entire screw

trajectory, and repositioning the screw using anteroposte-

rior and lateral radiographs in cases of confirmed pedicle

breaches.

Technique of placing pedicle screws

After completing a subperiosteal dissection in all

patients, pedicle fixation was performed using anterior or

posterior and lateral fluoroscopy to establish regional align-

ment. The pedicle entry point was identified using a trian-

gulation technique, using the facet joint and the transverse

process as landmarks. After the starting point was identified

with anatomic landmarks, a high-speed drill is used to

make a pilot hole, with the trajectory of the tract identified

using a Lenke pedicle finder. The screw trajectory was pal-

pated using a ball-point probe. After confirming four walls

and a floor of the pedicle, the pedicle trajectory was tapped

with an undersized tap. The trajectory was reprobed to con-

firm no breaches after tapping. The pedicle screw was

placed down the tapped trajectory manually.
Technique of stimulus evoked EMG

Induction and administration of anesthesia throughout

the case was coordinated for the proper collection of EMG,

somatosensory evoked potential (SSEP), and motor evoked

potential (MEP) data. This consisted of sedation without

paralytics using continuous infusions of propofol and fenta-

nyl. After placement of all screws and before stimulation, a

train of four tests was conducted to ensure that there was

minimal or no neuromuscular blockade. In cases where

MEPs were used, an MEP was also obtained to confirm no

neuromuscular junction blockade.

The technique for stimulation was based on the initial

report by Calancie et al. [7]. Briefly, constant-current pulses



Table 2

Baseline demographic information for patients enrolled

Variable Total number of patients (n=164)

Female 90/164 (55%)

Mean age (years) 59.2

Obese (BMI>30) 41%

Number of vertebral levels fused

2 67

3 52

4 12

5+ 33
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(0�20 mA in amplitude and 200 millisecond in duration)

were applied at a rate of 5 Hz through the inserted pedicle

screw to evaluate each screw trajectory. Evoked EMG from

the muscles monitored at the levels of L2�S1 warned of per-

foration of the cortical bone and close apposition of the

screw with motor nerve fibers (Table 1). Compound muscle

action potentials were recorded using needle electrodes

placed bilaterally into the rectus femoris, tibialis anterior,

medial gastrocnemius, and peroneus longus muscles. Pedicle

screws placed above L2 level were not included because of

the difficulty in recording an appropriate CMAP for thoraco-

lumbar stimulation [1]. With the presence of an EMG

response, the thresholds were decreased until there was no

response. The constant-current pulses were then gradually

increased until a response was re-elicited. This was recorded

as the stimulus threshold for each screw. The minimum stim-

ulus amplitude needed to evoke EMG when stimulating

through the pedicle screw was determined. When screws

stimulated at a threshold of �12 mA, the screw was

removed and the tract was palpated in search of breach in

the medial, lateral, superior, and inferior quadrants.
O-arm

The clinical standard for evaluating screw position is CT

scan [11], but this equipment is not readily available in

most operating rooms. Additionally, once a malpositioned

screw is seen on postoperative CT [12,13], the decision to

re-operate or not becomes the question. Intraoperative CT

imaging (O-arm; Medtronic Navigation, Louisville, Colo-

rado) provides 3-D imaging information and has become

widely available for use [14]. Additionally, the O-arm has

been shown to be highly accurate in identifying screw mal-

position [15]. The use of this information during surgery

can allow for screw revision without having to return to the

operating room, subjecting the patient to additional operat-

ing room time, anesthetic risks, etc. In comparison with

postoperative CT imaging, the O-arm allows for real-time

gantry adjustment to allow for complete visualization of

screw placement along the axis of the pedicle. Intraopera-

tive CT images were interpreted by the attending spine

surgeon.
Statistical analysis

We compared EMG data and intraoperative CT findings

obtained with the O-arm. Electromyographic data were
Table 1

Nerve root distributions and the corresponding muscle groups

Muscle groups Nerve root

Quadriceps L2, L3, and L4

Hamstring L4 and L5

Tibialis anterior L4 and L5

Gastrocnemius S1

Abductor hallucis S1
grouped based on stimulation threshold, as <12 mA or

�12 mA; these values were derived from previous reports

of EMG thresholds used. Stimulation threshold data were

compared with screw location on CT scan. Presence or

absence of pedicle breach was determined by an attending

spine surgeon at the time of surgery. A comparison of

EMG and intraoperative CT scan findings was made for all

screws as a group.

Using intraoperative O-arm imaging as the gold standard

for comparison, we calculated sensitivity, specificity, posi-

tive predictive value, and negative predictive value of

EMG at detecting pedicle breach.
Results

Over 18 months, a total of 1,006 lumbar pedicles screws

were placed from L2 to S1 using a freehand technique with

anatomic landmarks observed on lateral radiographs to

establish regional sagittal alignment. The mean age of the

patients in these 164 consecutive cases was 59.2 years

(Table 2). The majority of the screws were placed at L5

(33%), L4 (31%), and S1 (23%) (Table 3).

Thirty-five anatomical breaches (15 lateral and 20

medial) were visualized during surgery with O-arm

imaging, and all were confirmed by palpation (3.5% of

all L2�S1 screws placed). With EMG, 14 screws stimu-

lated below the 12-mA threshold, nine screws stimulated

�12 and �20 mA, and 12 breached screws did not gen-

erate an EMG response. Forty screws stimulated below a

12-mA threshold but showed no breach on imaging or

direct palpation and were left in place. Using the 12-mA

threshold for our analysis, the sensitivity of EMG was

40%, specificity was 96%, positive predictive value was
Table 3

Frequency of screw placement by vertebral level

Screw location # of screws (%)

L2 52 (5.2%)

L3 82 (8.1%)

L4 308 (30.6%)

L5 330 (32.8%)

S1 234 (23.3%)

Total 1,006



Table 4

Contingency table comparing the standard (O-arm) with EMG with a cut-

off of 12 mA

O-Arm (gold standard)

Positive

breach

Negative

breach

Total

Stimulation threshold

(EMG)

<12 mA (positive) 14 40 54

�12 mA (negative) 21 931 952

Total 35 971 1,006

Sensitivity: 40%; specificity: 96%; positive predictive value: 26%; neg-

ative predictive value: 98%.

EMG, electromyography.
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26%, and negative predictive value was 98% (95% CI

15�40%) (Table 4). All 35 breached screws were cor-

rected during surgery. There were no postoperative

symptoms caused by breached screws and no patients

required re-operation.
Discussion

The risks of pedicle screw fixation and breach, either

lateral or medial, include nerve root irritation or perma-

nent nerve injury [1]. Known factors that may reduce the

incidence of violation and nerve injury include a thor-

ough knowledge of anatomy, experience, and if possible

via a laminectomy defect or decompression, exploration

of the foramen and manual palpation of the canal itself.

Electrophysiologic monitoring, which can be useful in

avoiding neurological injury when treating spinal defor-

mity [16], was advocated as an adjunct to assist with

identifying breaches when placing pedicle screws in the

lumbar spine. Somatosensory evoked potentials alone

have been shown to be ineffective in detecting nerve root

injuries [17,18]; however, dermatomal SSEPs may have

improved accuracy [18,19] for direct nerve root compres-

sion over traditional SSEPs. Calancie et al. [20] first

introduced evoked EMG monitoring with direct pedicle

screw stimulation and distal CMAP recording as a

method to identify pedicle violation.

Clinical studies have previously supported the use of

pedicle screw stimulation for assessing or verifying place-

ment into the pedicle [8�10]. Glassman et al. [1] found

that stimulus EMG provided guidance in lumbar pedicle

screw placement, which was confirmed using postopera-

tive CT scanning. The reliability of this method was corre-

lated as a function of stimulation threshold and

postoperative neurological examination; however, this

method of verification is subject to bias. In the current

investigation, we compared intraoperative EMG findings

with intraoperative O-arm imaging. We chose O-arm

imaging for our comparison because of its availability and

versatility as well as its ability to detect malposition dur-

ing surgery and make corrections intraoperatively.
Although there is metallic artifact, CT scanning has been

established as a reasonable measure of pedicle screw posi-

tion in relationship to the lumbar pedicle [21].

In a direct comparison between EMG and intraoperative

CT imaging (O-arm) for identifying breaches after pedicle

screw fixation and placement, we found that EMG is subop-

timal (sensitivity 40%, positive predictive value 26%) for

identification of anatomical pedicle breach and should not

be used as the only method to identify pedicle violation if

other methods of assessment are available. Although the

sensitivity was low (40%), we found the specificity of stim-

ulation <12 mA was 96%, indicating that stimulation

below this threshold could be used to rule in a pedicle

breach and subsequent nerve root irritation. Similarly, the

high-negative predictive value (98%) can be used to infer

that stimulation �12 mA is suggestive that there is no pedi-

cle breach. The high false-positive rate, however, makes

the sole use of EMG for this purpose difficult. Additionally,

low sensitivity is not desirable for a screening test and did

not compare well with O-arm imaging. Based on these find-

ings, we would recommend that EMG should not be relied

upon as the sole method of verification of lumbar pedicle

screw placement and detection of a potential anatomical

breach, in either the medial or the lateral direction, if other

tools are available.

Similar to the findings of Parker et al. [22], we found a

high specificity (>95%) with a low sensitivity for EMG

findings. In addition, we found a high rate of false positives

as they did. They used a lower threshold and concluded that

stimulation below 5 mA warranted intraoperative investiga-

tion, whereas higher thresholds were less reliable. In our

investigation, we used a threshold of 12 mA as cut-off point

but still found an alarmingly high rate of false positives.

Raynor et al. [23] reported a failure of intraoperative

monitoring (SSEPs, descending neurogenic-evoked poten-

tials, transcranial MEPs, dermatomal SSEPs, and spontane-

ous and triggered EMG) to identify 45/12,375 (0.36%)

patients with false-negative neurologic deficits; of those,

eight had permanent neurologic deficits. The authors con-

cluded that there is a risk of undetected neurologic deficit

despite the proper use of intraoperative monitoring. In a

subsequent publication using the same data, however, they

identified 386 (3.1%) patients with degradation of EMG

signal intraoperatively, but with intervention (repositioning

of hardware) 93.3% had improved EMG signal and no neu-

rological deficits [24]. This was a reduction from potential

injury in 3.1% of patients to a permanent neurological defi-

cit rate of 0.12%, confirming the use of intraoperative mon-

itoring as an adjunct. Based on a series of 4857 pedicle

screws placed, Raynor et al. [25] determined that a thresh-

old of 2.8 mA had a specificity of 100% with sensitivity of

8.4% and that a threshold of 8.0 mA had a 94% specificity

and 85% sensitivity. On the basis of this information, they

concluded that triggered electromyographic stimulation

should be used in conjunction with palpation and radiogra-

phy to optimize safe pedicle screw placement; however,



210 V.M. Ravindra et al. / The Spine Journal 19 (2019) 206�211
intraoperative CT imaging was not used as an adjunct in

evaluating screw placement and compared with EMG in

that study.

As a whole, the literature supporting the use of EMG has

been sparse. In fact, the 2005 Guidelines for the Perfor-

mance of Fusion Procedures for Degenerative Disease of

the Lumbar Spine concluded there was no substantial evi-

dence for the use of intraoperative monitoring to provide

useful information to the surgeon [26]. Interestingly, the

2014 Guidelines gave the same recommendations stating:

“There is no evidence that conflicts with the previous rec-

ommendations regarding electrophysiological monitoring

published in the original version...” [27]. Thus, in the

9 years in between, there was no supporting evidence for

the use of EMG. The current investigation not only pro-

vides evidence against the sole use of EMG for pedicle

screw placement but also provides evidence for the use of

intraoperative CT when available to verify and avoid place-

ment of malpositioned screws.

Limitations

There are limitations to the current investigation. The

primary limitation of this study is that we are only able to

assess the ability of EMG to detect pedicle screw perfora-

tions in either the medial or the lateral direction. Because

of our study methods, this is a purely anatomic finding,

which is confirmed by O-arm imaging and direct palpation.

Our methods limited us from determining the utility of

EMG to detect clinically significant breaches. In this inves-

tigation, we did not grade the breaches, nor did we differen-

tiate between medial and lateral breaches because all

breaches may compromise the biomechanical integrity of

lumbar constructs [28]. Although the use of CT is an

accepted method of verifying lumbar pedicle screw place-

ment [21], we used the O-arm imaging system as a compar-

ison, which is not of the same quality as standard 64-slice

CT. The diagnostic accuracy of EMG compared with O-

arm as a gold standard must be considered in light of these

limitations. O-arm was used as the standard in this investi-

gation because of its widespread availability and accepted

use [15,29], although it should be noted that O-arm imaging

is not universally available, and EMG may be more accessi-

ble when compared with O-arm. This is further supported

by the fact that no patients required postoperative CT imag-

ing or reoperation for persistent neurological symptoms

secondary to malpositioned instrumentation. In addition,

EMG may not be reliable in identifying all breaches, partic-

ularly breaches that do not risk neurological injury, as may

happen in a lateral breach. However, it is likely that screws

that breach the pedicle in any position have suboptimal bio-

mechanical integrity and may lead to construct failure, and

thus merit identification. It may be that the 14 cases of true-

positive EMG represented all cases in which there was

actual contact or near approximation of malpositioned

screw to a nerve root, in which case the clinical utility of
EMG may have been more beneficial than suggested by our

study methods. However, it is true that cortical breaches in

general portend suboptimal placement of the pedicle screw

and even those that do not risk nerve root injury or irritation

may compromise biomechanical integrity. Lastly, it should

be noted that our method to assess and correct every ana-

tomic breach detected on O-arm imaging resulted in a 0%

rate of clinically detected neurological harm. Therefore, it

can be concluded from our data that O-arm more accurately

detects cortical breaches and when O-arm findings are used

intraoperatively to detect and correct malpositioned screws,

the incidence of neurological symptoms or reoperation for

screw malposition can be brought to zero. However, O-arm

would not be able to provide real-time physiological infor-

mation regarding nerve root injury occurring during the

preparation and placement of pedicle screws, which could

be detected by continuous EMG monitoring. Injury that

could be detected by EMG could lead to permanent deficits

that are not reversible by screw repositioning. Thus, the

ultimate clinical utility of EMG in the setting of lumbar

pedicle screw instrumentation may still be unresolved.
Conclusion

Our data suggest that the EMG modality for identifying

anatomical pedicle breaches may be unreliable. In the mod-

ern era of intraoperative imaging, lumbar screws could be

evaluated for anatomical breaches with O-arm rather than

relying on EMG stimulation alone if there are doubts about

the position. Direct visualization of the pedicle and palpa-

tion of the entire trajectory confirm that O-arm is highly

accurate in assessing pedicle breaches.
References

[1] Glassman SD, Dimar JR, Puno RM, Johnson JR, Shields CB, Linden

RD. A prospective analysis of intraoperative electromyographic mon-

itoring of pedicle screw placement with computed tomographic scan

confirmation. Spine (Phila Pa 1976) 1995;20:1375–9.

[2] Kosmopoulos V, Theumann N, Binaghi S, Schizas C. Observer reli-

ability in evaluating pedicle screw placement using computed tomog-

raphy. Int Orthop 2007;31:531–6.

[3] Tang J, Zhu Z, Sui T, Kong D, Cao X. Position and complications of

pedicle screw insertion with or without image-navigation techniques

in the thoracolumbar spine: a meta-analysis of comparative studies. J

Biomed Res 2014;28:228–39.

[4] Matsuzaki H, Tokuhashi Y, Matsumoto F, Hoshino M, Kiuchi T, Tor-

iyama S. Problems and solutions of pedicle screw plate fixation of

lumbar spine. Spine (Phila Pa 1976) 1990;15:1159–65.

[5] Steinmann JC, Herkowitz HN, el-Kommos H, Wesolowski DP. Spi-

nal pedicle fixation. Confirmation of an image-based technique for

screw placement. Spine (Phila Pa 1976) 1993;18:1856–61.

[6] Weinstein JN, Spratt KF, Spengler D, Brick C, Reid S. Spinal pedicle

fixation: reliability and validity of roentgenogram-based assessment

and surgical factors on successful screw placement. Spine (Phila Pa

1976) 1988;13:1012–8.

[7] Calancie B, Lebwohl N, Madsen P, Klose KJ. Intraoperative

evoked EMG monitoring in an animal model. A new technique

for evaluating pedicle screw placement. Spine (Phila Pa 1976)

1992;17:1229–35.

http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0001
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0001
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0001
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0001
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0002
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0002
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0002
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0003
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0003
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0003
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0003
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0004
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0004
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0004
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0005
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0005
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0005
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0006
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0006
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0006
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0006
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0007
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0007
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0007
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0007


V.M. Ravindra et al. / The Spine Journal 19 (2019) 206�211 211
[8] Clements D, Morledge D, Spence J, Betz R. Efficacy of motor

evoked potentials in evaluating lumbosacral pedicle screw place-

ment. Dublin, Ireland: Scoliosis Research Society annual meet-

ing; September 18�23, 1993.

[9] Darden B, Wood K, Hatley M, Skelly J, Owen J, Kostuik J. Evalua-

tion of pedicle screw insertion monitored by intraoperative evoked

electromyography. J Spinal Disord 1996;9:8–16.

[10] Owen J, Kostuik J. The use of spontaneous EMG measures to protect

nerve roots during surgery for spinal degeneration. October 14�16, 1993

North American Spine Society annual conference, San Diego, California.

[11] Rao G, Brodke DS, Rondina M, Dailey AT. Comparison of computer-

ized tomography and direct visualization in thoracic pedicle screw

placement. J Neurosurg 2002;97:223–6.

[12] Farber GL, Place HM, Mazur RA, Jones DE, Damiano TR. Accuracy

of pedicle screw placement in lumbar fusions by plain radiographs

and computed tomography. Spine (Phila Pa 1976) 1995;20:1494–9.

[13] Choma TJ, Denis F, Lonstein JE, et al. Stepwise methodology for plain

radiographic assessment of pedicle screw placement: a comparison with

computed tomography. J Spinal Disord Tech 2006;19:547–53.

[14] Holly LT, Foley KT. Image guidance in spine surgery. Orthop Clin

North Am 2007;38:451–61. abstract viii.

[15] Santos ER, Ledonio CG, Castro CA, Truong WH, Sembrano JN. The

accuracy of intraoperative O-arm images for the assessment of pedi-

cle screw postion. Spine (Phila Pa 1976) 2012;37:E119–25.

[16] Scoliosis Reesarch Society. Position statement: Somatosensory

evoked potential monitoring of neurologic spinal cord function during

spinal surgery 1992.

[17] Hormes JT, Chappuis JL. Monitoring of lumbosacral nerve roots dur-

ing spinal instrumentation. Spine (Phila Pa 1976) 1993;18:2059–62.

[18] Toleikis JR, Carlvin AO, Shapiro DE, Schafer MF. The use of dermatomal

evoked responses during surgical procedures that use intrapedicular fixa-

tion of the lumbosacral spine. Spine (Phila Pa 1976) 1993;18:2401–7.

[19] Robinson LR, Slimp JC, Anderson PA, Stolov WC. The efficacy of

femoral nerve intraoperative somatosensory evoked potentials during

surgical treatment of thoracolumbar fractures. Spine (Phila Pa 1976)

1993;18:1793–7.
[20] Calancie B, Madsen P, Lebwohl N. Stimulus-evoked EMG monitor-

ing during transpedicular lumbosacral spine instrumentation. Initial

clinical results. Spine (Phila Pa 1976) 1994;19:2780–6.

[21] Gertzbein SD, Robbins SE. Accuracy of pedicular screw placement in

vivo. Spine (Phila Pa 1976) 1990;15:11–4.

[22] Parker SL, Amin AG, Farber SH, et al. Ability of electromyographic

monitoring to determine the presence of malpositioned pedicle screws

in the lumbosacral spine: analysis of 2450 consecutively placed

screws. J Neurosurg Spine 2011;15:130–5.

[23] Raynor BL, Padberg AM, Lenke LG, et al. Failure of Intraoperative

Monitoring to Detect Postoperative Neurologic Deficits: A 25-year

Experience in 12,375 Spinal Surgeries. Spine (Phila Pa 1976)

2016;41:1387–93.

[24] Raynor BL, Bright JD, Lenke LG, et al. Significant change or loss of

intraoperative monitoring data: a 25-year experience in 12,375 spinal

surgeries. Spine (Phila Pa 1976) 2013;38:E101–8.

[25] Raynor BL, Lenke LG, Bridwell KH, Taylor BA, Padberg AM. Cor-

relation between low triggered electromyographic thresholds and

lumbar pedicle screw malposition: analysis of 4857 screws. Spine

(Phila Pa 1976) 2007;32:2673–8.

[26] Resnick DK, Choudhri TF, Dailey AT, et al. Guidelines for the per-

formance of fusion procedures for degenerative disease of the lumbar

spine. Part 15: electrophysiological monitoring and lumbar fusion. J

Neurosurg Spine 2005;2:725–32.

[27] Sharan A, Groff MW, Dailey AT, et al. Guideline update for the per-

formance of fusion procedures for degenerative disease of the lumbar

spine. Part 15: electrophysiological monitoring and lumbar fusion. J

Neurosurg Spine 2014;21:102–5.

[28] Stauff MP, Freedman BA, Kim JH, Hamasaki T, Yoon ST, Hutton

WC. The effect of pedicle screw redirection after lateral wall breach

� a biomechanical study using human lumbar vertebrae. Spine J

2014;14:98–103.

[29] Sembrano JN, Polly Jr. DW, Ledonio CG, Santos ER. Intraoperative

3-dimensional imaging (O-arm) for assessment of pedicle screw posi-

tion: does it prevent unacceptable screw placement? Int J Spine Surg

2012;6:49–54.

http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0008
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0008
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0008
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0008
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0008
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0009
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0009
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0009
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0011
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0011
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0011
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0012
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0012
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0012
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0013
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0013
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0013
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0014
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0014
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0015
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0015
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0015
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0016
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0016
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0016
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0017
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0017
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0018
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0018
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0018
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0019
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0019
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0019
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0019
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0020
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0020
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0020
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0021
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0021
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0022
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0022
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0022
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0022
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0023
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0023
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0023
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0023
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0024
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0024
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0024
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0025
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0025
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0025
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0025
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0026
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0026
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0026
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0026
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0027
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0027
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0027
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0027
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0028
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0028
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0028
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0028
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0029
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0029
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0029
http://refhub.elsevier.com/S1529-9430(18)30632-6/sbref0029

	Electromyography stimulation compared with intraoperative O-arm imaging for evaluating pedicle screw breaches in lumbar spine surgery: a prospective analysis of 1006 screws in 164 patients
	Introduction
	Methods
	Technique of placing pedicle screws
	Technique of stimulus evoked EMG
	O-arm
	Statistical analysis

	Results
	Discussion
	Limitations

	Conclusion
	References


