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Abstract

Study Design: Systematic review and meta-analysis.

Objectives: Malposition of pedicle screws during instrumentation in the lumbar spine is associated with complications secondary
to spinal cord or nerve root injury. Intraoperative triggered electromyographic monitoring (t-EMG) may be used during instru-
mentation for early detection ofmalposition. The association between lumbar pedicle screws stimulated at low EMG thresholds and
postoperative neurological deficits, however, remains unknown. The purpose of this study is to assess whether a low threshold
t-EMG response to lumbar pedicle screw stimulation can serve as a predictive tool for postoperative neurological deficit.

Methods: The present study is a meta-analysis of the literature from PubMed, Web of Science, and Embase identifying
prospective/retrospective studies with outcomes of patients who underwent lumbar spinal fusion with t-EMG testing.

Results: The total study cohort consisted of 2,236 patients and the total postoperative neurological deficit rate was 3.04%.
10.78% of the patients incurred at least 1 pedicle screw that was stimulated below the respective EMG alarm threshold
intraoperatively. The incidence of postoperative neurological deficits in patients with a lumbar pedicle screw stimulated below
EMG alarm threshold during placement was 13.28%, while only 1.80% in the patients without. The pooled DOR was 10.14.
Sensitivity was 49% while specificity was 88%.

Conclusions: Electrically activated lumbar pedicle screws resulting in low t-EMG alarm thresholds are highly specific but weakly
sensitive for new postoperative neurological deficits. Patients with new postoperative neurological deficits after lumbar spine
surgery were 10 times more likely to have had a lumbar pedicle screw stimulated at a low EMG threshold.
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Introduction

Pedicle screw fixation is commonly performed during lumbar

spinal fusion due to its biomechanical superiority in providing

stability and support to the spine.1,2 However, malposition of

pedicle screws in the lumbar spine is associated with complica-

tions secondary to spinal cord or nerve root injury. This may

manifest clinically as lower extremity radicular pain, numb-

ness, paresthesia, or weakness, possibly requiring revision sur-

gery and an increased length of hospital stay.3,4 Thus,
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malpositioned screws can have a significant clinical and finan-

cial impact on the efficacy of lumbar spine surgery.

Symptomatic pedicle screws are often due to medial or

inferior breach, which have been reported at rates between

5% and 31%.4,5 While these malpositioned screws may be

redirected intraoperatively, a portion may require revision sur-

gery due to persistent postoperative neurological symptoms.3

Although intraoperative techniques such as fluoroscopy, radio-

graphy, and three-dimensional navigation can identify the

structural malposition of screws,6-8 they lack information

regarding the functional proximity of the malpositioned screws

to the local nerve roots.

Intraoperative triggered electromyographic monitoring

(t-EMG) via electrical stimulation of the pedicle screw is an

adjunctive technique used for early detection of breach.9,10 The

stimulation threshold can indicate the proximity of the screw to

the nerve, guiding the surgical team’s decision to reposition if

necessary.9-13 A large retrospective analysis of 4,857 screws in

1,078 patients has shown that pedicle screws stimulated at

thresholds below 8mA have a high specificity for medial pedi-

cle breach.14

However, the current guidelines for electrophysiological

monitoring during lumbar fusion procedures,15,16 published

in 2005 and updated in 2014, remain uncertain regarding the

use of EMG as an intraoperative adjunct during lumbar pedicle

screw instrumentation. The authors found that although lumbar

pedicle screws stimulated at low EMG thresholds may indicate

breach, the association between EMG testing and postoperative

neurological outcomes has not been established. Therefore,

quantifying the relationship between pedicle screws stimulated

at low EMG thresholds and postoperative neurological deficits

may elucidate the utility of t-EMG pedicle screw testing during

lumbar spinal fusion.

The purpose of the present study was to perform a systema-

tic review and meta-analysis of the relevant literature to assess

whether significant, low threshold t-EMG responses evoked

from stimulation of lumbar pedicle screws can serve as a pre-

dictive tool for postoperative neurological deficit. Due to the

low incidence of postoperative neurological deficits in lumbar

spinal fusions, a meta-analysis combining multiple studies

allows for a larger patient cohort to more accurately assess the

predictive value of SSEP changes.

Methods

Protocol and Registration

This meta-analysis follows the PRISMA procedure (Figure 1).

A study protocol was not registered prior to conducting the

study; however, the electronic database searches are included

as supplemental materials (Supplemental Figure 1).

Study Selection

A meta-analysis of the literature using PubMed, Web of Sci-

ence, and Embase was performed. Published studies that

reported EMG responses secondary to lumbar pedicle screw

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyzes (PRISMA) chart—study elimination process. Footnote: PRISMA
chart depicts the elimination process of studies from initial literature search to the finalized patient cohorts. t-EMG, triggered electromyography.
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stimulation and postoperative neurological outcomes were

included. Patient neurological outcomes were identified as new

postoperative neurological deficits localized to the lumbar

spine, which included both motor and sensory deficits. All titles

and abstracts were independently screened to identify relevant

studies. The following keywords were used to identify relevant

publications: pedicle screw, EMG/electromyography, lumbar,

thoracolumbar. A retrospective cohort study conducted by the

authors (Melachuri et al) that was accepted for publication by

Spine but not yet published, was also included in this meta-

analysis.

Inclusion Criteria

Inclusion criteria included: 1) prospective, retrospective cohort

studies and databases, 2) studies conducted in patients under-

going elective lumbar spine surgery that is not due to trauma or

tumor, 3) studies that utilized pedicle screws and t-EMG testing

4) studies that reported postoperative neurological outcomes,

5) studies conducted with a sample size � 15 patients, 6) stud-

ies conducted in adults � 18 years of age, 7) studies published

in English, 8) studies inclusive of an abstract. The following

keywords were used to identify relevant publications: pedicle

screw, lumbar/thoracolumbar, electromyography/EMG. The

study search dated from inception to February 2020.

Data Extraction

The authors (RR, RC, DC) independently screened all titles and

abstracts against the inclusion criteria and identified the rele-

vant studies. Studies that did not meet the inclusion criteria

were rejected.

For each study, the collected data included study design,

spine procedure type, t-EMG stimulation threshold for alarm,

number of positive EMG pedicle screws, postoperative neuro-

logical deficit outcomes specific to the lumbar spine, and num-

ber of true-positives (lumbar pedicle screw stimulated below

alarm threshold and postoperative neurological deficit

localized to the corresponding side and nerve root), false-

positives (lumbar pedicle screw stimulated below alarm thresh-

old but no postoperative neurological deficit localized to the

corresponding side and nerve root), false-negatives (no lumbar

pedicle screw stimulated below alarm threshold and postopera-

tive neurological deficit localized to the lumbar spine), and

true-negatives (no lumbar pedicle screw stimulated below

alarm threshold and no postoperative neurological deficit loca-

lized to the lumbar spine). The 2 x 2 table was used to calculate

sensitivity and specificity as well as the 95% confidence

interval.

Statistical Analysis

The statistical analyzes were carried out in R using the MADA

package, accessed onMarch 20, 2020. Analyzes was conducted

using a bivariate normalmodel for the logit-transformed pairs of

sensitivities and false-positive rates before the fitting of a linear

mixed model. This model preserved the bivariate nature of the

data by considering any correlation between sensitivity and spe-

cificity. The mean logit sensitivity, specificity, and covariance

were estimated from this model. Forest plots and a summary

ROC with a 95% confidence ellipsoid were constructed.

The positive and negative likelihood ratios were calculated

for low threshold t-EMG response in predicting postoperative

neurological deficit. The likelihood ratios were used to create a

Fagan Nomogram with the pre-test probability assumed to be

the total incidence of postoperative neurological deficit in the

study cohort.

Publication bias and heterogeneity across all studies was

assessed with a funnel plot (Supplemental Figure 2). Bias in indi-

vidual studies with regard to applicability concerns and methods

was assessed with the QUADAS-2 tool (Supplemental Figure 3).

Results

Literature Search

One hundred-seventy papers were retrieved on initial search

from PubMed, Web of Science, and Embase. After assessing

titles and abstracts, 58 papers remained to be screened by full

text. Upon full text screening against the inclusion criteria,

12 papers remained (Figure 1). A retrospective cohort study

conducted by the authors (Melachuri et al) that was accepted

for publication but not yet published, was also included. Sta-

tistical analysis included data from these 13 study cohorts.

In each of the studies, t-EMG testing was conducted during

lumbar pedicle screw placement. The stimulation current

threshold that served as an alarm criterion for a positive screw

varied between studies and ranged from 5mA to 11mA

(Table 1). The clinical evaluation period ranged from immedi-

ately after the operation to 6 months postoperatively.

Patient Characteristics

The total study cohort consisted of 2,236 patients. The rate of

postoperative neurological deficits in the cohort was 3.04%
(68/2236). Of the total patient population, 10.78% (241/2236)

incurred at least 1 pedicle screw that was stimulated below the

respective EMG alarm threshold. The incidence of postopera-

tive neurological deficits in these patients was 13.28%
(32/241). In patients without a low threshold t-EMG response

secondary to lumbar pedicle screw stimulation, the deficit rate

was only 1.80% (36/1995). Thus, in the cohort with a lumbar

pedicle screw stimulated below alarm threshold during t-EMG

testing, the postoperative neurological deficit rate was 7.38

times higher than in the cohort without.

In the 9 studies that mentioned screw repositioning, 2,417

lumbar pedicle screws were instrumented in 562 patients.

Of these screws, 5.34% (129/2417) were stimulated below their

respective EMG alarm thresholds. 67.44% (87/129) of these

stimulated screws were repositioned intraoperatively.

Reddy et al 3
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Data Analysis

Study sensitivities ranged from 12% to 83% while specificities

ranged from 69% to 100% (Figure 2). When we combined data

from all of the studies using a bivariate model, sensitivity was

49% (95% CI, 36%-63%) while specificity was 88% (95% CI,

80%-93%). The negative and positive predictive values were

98.2% and 13.3% respectively. The model-based pooled area

under the ROC curve was estimated to be 64.2% (Figure 3).

A pooled random effects model of the diagnostic odds ratios

of lumbar pedicle screws stimulated below EMG alarm thresh-

old for predicting neurological deficit was 10.14 (95% CI,

3.95-26.04, I2 ¼ 5.78%). This indicates that patients with a

new postoperative neurological deficit were 10 times more

likely to have a low threshold pedicle screw response upon

t-EMG testing compared to patients without a new postopera-

tive neurological deficit. The significant pooled log-diagnostic

odds ratios using the random effects model was 2.32 (95% CI,

1.37-3.26). Among the studies, the log-diagnostic odds ratios

ranged from �0.88 to 5.38 (Figure 4).

The positive and negative likelihood ratios depicted in the

Fagan nomogram were 4.08 and 0.58, respectively (Figure 5).

The pre-test probability was assumed to be 3.04%, the total

incidence of postoperative neurological deficits in the study

cohort. For patients with a pedicle screw stimulated below

alarm threshold, the estimated post-test probability of develop-

ing a new postoperative neurological deficit increased to 11%.

For patients without a pedicle screw stimulated below alarm

threshold, the estimated post-test probability of developing a

new postoperative neurological deficit decreased to 2%.

Subgroup Analysis

A subgroup analysis was conducted to compare the efficacy of

utilizing 5-6mA, 8mA, and 10-11mA as the current thresholds

in determining postoperative deficit. The 4 studies that used 5-

6mA as their alarm EMG current thresholds had a DOR of 8.99

with a sensitivity of 50% (95% CI, 16%-84%) and a specificity

of 88% (95% CI, 83%-91%). The 3 studies that used 8mA as

their current threshold had a DOR 8.37 with a sensitivity of 33%
(95% CI, 18%-54%) and a specificity of 95% (95% CI, 58%-

99%). Finally, the 2 studies that used 10-11mA as their current

threshold had aDORof 20.19with a sensitivity of 76% (95%CI,

23%-97%) and a specificity of 86% (95% CI, 32%-98%).

Discussion

Patients undergoing lumbar spine surgery who experienced

new postoperative neurological deficits were 10 times more

likely to have had a lumbar pedicle screw stimulated below

Figure 2. Forest plot of sensitivity and specificity of pedicle screws stimulated at low t-EMG thresholds in predicting postoperative neurological
deficits. Footnote: *This study has been accepted for publication but has not yet been published. t-EMG, triggered electromyography.

4 Global Spine Journal



Reddy et al 1007

alarm threshold upon t-EMG testing compared to patients with-

out new postoperative neurological deficit. The Fagan nomo-

gram demonstrates that the probability of postoperative

neurological deficit increases from 3.04% to nearly 11% in

patients with a pedicle screw stimulated below alarm threshold.

To the authors’ knowledge, this is the largest and only systema-

tic review to date that has assessed whether electrically acti-

vated lumbar pedicle screws that yield t-EMG responses below

Figure 3. Hierarchical Summary Receiver Operating Characteristic (HSROC) curve. Footnote: The HSROC curve depicts a global summary
of test performance.

Table 1. Study Characteristics and Demographics.

Author Year
Alarm threshold

current
Total

patients
Total
screws

Screws with responses
below EMG alarm threshold

Screws
repositioned % male Mean age

Alemo17 2010 8 mA 86 414 28 21 40.7% 49
Bindal18 2007 7 mA 25 105 0 0 40.0% 46
Bose10 2002 7 mA 61 – – – . 48.4
Clements19 1996 11 mA 25 112 15 – 44.0% –
Darden20 1996 Determined

individually for
each pedicle

132 630 42 21 41.70% 48.7

Feng21 2012 10 mA 16 64 3 3 43.80% –
Maguire22 1995 6 mA 29 144 13 10 55.2% 46.5
Papadopoulos23 2005 7 mA 45 57 0 0 44.4% 57.2
Sutter24 2007 8 mA 409 – – – 39.6% 62.5
Welch13 1997 Determined

individually for
each pedicle

32 164 4 4 53.1% 46.7

Wood25 2010 5 mA 47 212 20 9 38.3% 51.3
Wood5 2014 5 mA 150 627 19 19 44.7% 58
Melachuri (Retrospective cohort
study from authors—accepted
for publication)

2020 8 mA 1179 8584 187 – 44.6 55

Footnote: EMG, electromyography.

Reddy et al 5
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Figure 4. Forest plot of log-diagnostic odds ratios of pedicle screws stimulated at low t-EMG thresholds in predicting postoperative neuro-
logical deficits. Footnote: *This study has been accepted for publication but has not yet been published. t-EMG: triggered electromyography.

Figure 5. Fagan nomogram of positive and negative t-EMG responses below alarm threshold. Footnote: PLR, positive likelihood ratio;
NLR, negative likelihood ratio; t-EMG, triggered electromyography.
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a specific threshold are associated with postoperative neurolo-

gical deficit. This concept is critical to elucidate when discuss-

ing the therapeutic role of neurophysiological monitoring.

Previous works have shown that lumbar pedicle screws sti-

mulated below certain thresholds may be associated with

symptomatic breach.26 Symptomatic pedicle screws often

breach medially or inferiorly with proximity to the thecal sac

or nerve roots. Although lateral and superior breaches are less

likely to be symptomatic, the specific consequence of a breach

is related to the individual anatomy and position of the screw.

Symptomatic breach may result in radicular pain, numbness,

weakness, or paresthesia secondary to nerve irritation or

compression.3

The stimulation threshold can indicate the proximity of the

malpositioned screw to the nerve, so screws stimulated at low

thresholds are more likely to result in deficit. The high diag-

nostic odds ratio and specificity of lumbar pedicle screws sti-

mulated at low thresholds suggest that pedicle screws that are

stimulated below the EMG alarm threshold must be carefully

re-examined. Although an EMG threshold of 8mA has a high

sensitivity and specificity in determining medial breach of lum-

bar pedicle screw,14 the optimal EMG alarm threshold for

determining postoperative neurological deficit remains

unknown. The varied EMG thresholds used by the studies in

this analysis reduce the ability to pinpoint the diagnostic value

of a precise threshold.

Analysis of 13 patient cohorts, each using an EMG alarm

threshold between 5 and 11mA, shows a high specificity and

low sensitivity. The low sensitivity and positive predictive val-

ues for postoperative deficit indicate that a portion of patients

with screws stimulated below alarm threshold do not experi-

ence postoperative neurological deficit. This may be due to

several reasons. First, muscles of the lower limb are supplied

by multiple nerve roots. Thus, injury to a specific nerve root

may not manifest clinically as weakness or sensory loss. Sec-

ond, poor bone quality in some patients may lower the current

required to evoke a t-EMG response by creating a low impe-

dance path between a well-placed pedicle screw and the nerve

root. Additionally, t-EMG remains technique dependent. Spe-

cifically, if screw stimulation is conducted in a wet surgical

field, excessive current may be shunted to the neural tissue,

resulting in improper stimulation and lower reported thresh-

olds.27 Utilizing other forms of intraoperative neurophysiolo-

gical monitoring (IONM) such as SSEPs and TcMEPs as an

adjunct to t-EMG testing may reduce the clinical gaps associ-

ated with each technique.28 However, a prospective clinical

trial is needed to evaluate the efficacy of combining all 3 mod-

alities to identify and reduce neurological deficits.

Furthermore, analysis shows a high specificity and negative

predictive value for postoperative deficit, which indicates that

most patients with screws stimulated above alarm threshold do

not experience new postoperative neurological deficit. How-

ever, an important source of false negatives in t-EMG testing

may be patients with preoperative neuropathy, including dia-

betic neuropathy and chronic radiculopathy. Holland et al has

shown that the stimulus thresholds of chronically compressed

nerve roots significantly exceed those of normal nerve roots

and are often greater than 10mA, due to axonotmesis.29 In

these patients, stimulation testing at sub-threshold currents of

5-8mA will result in the reporting of false negative responses.

Thus, in patients with peripheral neuropathy, instrumented

pedicles may need to be tested at higher stimulus intensities

using direct nerve root stimulation thresholds as a guide.29

Many studies have outlined the proper technique for lumbar

pedicle screw instrumentation.9-13,28 Voltage thresholds must

be determined at each pedicle at both the bone and nerve root.

After threshold determination at the site, the surgeon may

probe the pedicle, tap the hole, and place the screw. It is impor-

tant to ensure that the instruments are electrified at each stage

of implantation.30 However, there is a lack of standardized

protocol in response to lumbar pedicle screws stimulated below

the EMG alarm threshold.15,16

Guidelines for electrophysiological monitoring during lum-

bar fusion procedures were published in 2005 and updated in

2014.15,16 The authors found that although there is sufficient

evidence that lumbar pedicle screws stimulated at low EMG

thresholds may indicate breach, it remains unclear how this

affects overall outcome. Furthermore, the guidelines state that

there is no evidence to suggest that intraoperative t-EMG test-

ing can improve outcomes, as no studies have shown that

intraoperative maneuvers in response to t-EMG testing can

prevent postoperative deficits. The results of this study cannot

prove that intraoperative t-EMG testing can benefit patient out-

comes, but they do establish an association between low-

threshold screws and postoperative deficits. Thus, t-EMG may

still provide value as an intraoperative adjunct in lumbar spine

surgery for several reasons, even if potential deficits may not

be prevented intraoperatively. First, alerting the surgeon of a

higher postoperative deficit risk intraoperatively itself may

allow for more targeted, aggressive therapy/rehabilitation fol-

lowing surgery. Second, even if current outcomes cannot be

improved with early t-EMG warning of potential deficit, future

research may discover efficacious therapeutic maneuvers in

response to t-EMG alarm.

This study serves as preliminary analysis of electromyogra-

phy’s potential to predict postoperative deficits. Although this

meta-analysis is comprehensive in its quality assessment using

the QUADAS-2, there are several limitations. It is important to

acknowledge that a search bias may have existed due to the

difficulty of finding every possible study assessing t-EMG use

in lumbar spine surgery. Furthermore, a publication bias may

exist due to the dependence of this investigation on currently

published data, although the funnel plot (Supplemental Fig-

ure 2) provides no evidence of such bias. While there are many

studies reporting EMG testing outcomes and breach outcomes,

there are fewer primary studies reporting EMG testing out-

comes and postoperative clinical outcomes. As such, additional

limitations of the study include a) varied EMG alarm threshold

currents (ranging from 5-11mA) which reduces the ability to

pinpoint the diagnostic value of a precise threshold current, b)

lack of data on specific nerve roots directly stimulated in each

patient, c) lack of details of screw repositioning upon

Reddy et al 7
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intraoperative functional and structural assessment, d) lack of

data regarding use of other intraoperative monitoring modal-

ities (i.e. SSEPs and TcMEPS), e) lack of more standard doc-

umentation of specific postoperative deficits, and f) lack of

documentation of preoperative clinical status. In particular,

many studies do not report which specific screws were intrao-

peratively repositioned and thus, subgroup analysis of the post-

operative implications of repositioned screws could not be

conducted. Additionally, due to lack of information about pre-

operative neurological comorbidities such as diabetic neuropa-

thy, we were unable to exclude these patients from the analysis,

which may have introduced false negatives into the data.

Despite these limitations, t-EMG testing may provide

intraoperative value during lumbar fusion in the context of

predicting potential postoperative deficit. The findings serve

as a prompt for future clinical trials to evaluate: 1) the optimal

EMG alarm threshold for postoperative clinical significance, 2)

the efficacy of combined SSEP, MEPs, and t-EMG monitoring

in identifying neurological deficit, 3) whether intraoperative t-

EMGmonitoring improves overall outcomes, 4) the correlation

between specific nerve root stimulation and deficits at those

levels and 5) the efficacy of intraoperative maneuvers in

response to t-EMG alarm.

Conclusion

Intraoperative triggered EMG monitoring may be clinically

useful in the context of predicting postoperative neurological

deficit. Electrically activated lumbar pedicle screws resulting

in low t-EMG alarm thresholds are highly specific but weakly

sensitive for new postoperative neurological deficits. Patients

with new postoperative neurological deficits after lumbar spine

surgery were 10 times more likely to have had a lumbar pedicle

screw stimulated at a low EMG threshold.
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