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Abstract

Study Design: Development of a clinical practice guideline following the Grading of Recommendations, Assessment, De-

velopment and Evaluation (GRADE) process.

Objective: The objectives of this study were to develop guidelines that outline the utility of intraoperative neuromonitoring

(IONM) to detect intraoperative spinal cord injury (ISCI) among patients undergoing spine surgery, to define a subset of patients

undergoing spine surgery at higher risk for ISCI and to develop protocols to prevent, diagnose, and manage ISCI.

Methods: All systematic reviews were performed according to PRISMA standards and registered on PROSPERO. A mul-

tidisciplinary, international Guidelines Development Group (GDG) reviewed and discussed the evidence using GRADE

protocols. Consensus was defined by 80% agreement among GDG members. A systematic review and diagnostic test accuracy

(DTA) meta-analysis was performed to synthesize pooled evidence on the diagnostic accuracy of IONM to detect ISCI among

patients undergoing spinal surgery. The IONM modalities evaluated included somatosensory evoked potentials (SSEPs), motor

evoked potentials (MEPs), electromyography (EMG), and multimodal neuromonitoring. Utilizing this knowledge and their

clinical experience, the multidisciplinary GDG created recommendations for the use of IONM to identify ISCI in patients
undergoing spine surgery. The evidence related to existing care pathways to manage ISCI was summarized and based on this a

novel AO Spine-PRAXIS care pathway was created.

Results: Our recommendations are as follows: (1) We recommend that intraoperative neurophysiological monitoring be
employed for high risk patients undergoing spine surgery, and (2) We suggest that patients at “high risk” for ISCI during spine

surgery be proactively identified, that after identification of such patients, multi-disciplinary team discussions be undertaken to

manage patients, and that an intraoperative protocol including the use of IONM be implemented. A care pathway for the

prevention, diagnosis, and management of ISCI has been developed by the GDG.

Conclusion: We anticipate that these guidelines will promote the use of IONM to detect and manage ISCI, and promote the

use of preoperative and intraoperative checklists by surgeons and other team members for high risk patients undergoing spine

surgery. We welcome teams to implement and evaluate the care pathway created by our GDG.

Keywords

intraoperative neuromonitoring, somatosensory evoked potential, motor evoked potential, electromyography, D-Wave,

multimodal, intraoperative spinal cord injury

Summary of Recommendations

Recommendation 1

We recommend that intraoperative neurophysiologic moni-

toring be employed for high risk patients undergoing spine

surgery.

Quality of Evidence: Low

Strength of Recommendation: Strong

Recommendation 2

We suggest that patients at “high risk” for ISCI during spine

surgery be proactively identified; that after identification of

such patients, multi-disciplinary team discussions be

undertaken to manage patients; and that an intraoperative

protocol including the use of IONM be implemented.

Quality of Evidence: Very Low

Strength of Recommendation: Weak

Introduction

Intraoperative spinal cord injury (ISCI) is one of the most feared

complications of spine surgery and can lead to significant

postoperative motor and sensory impairment.1 In an effort to

prevent such complications, intraoperative neurophysiological

monitoring (IONM) has been increasingly employed in recent

years. IONM enables real-time feedback from specific nerve

roots, motor tracts, and sensory tracts to measure spinal cord
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function intraoperatively. Currently, somatosensory evoked

potentials (SSEPs), motor-evoked potentials (MEPs), and

spontaneous and prompted electromyography (EMG) are the

most frequently used IONM modalities for spinal procedures,

either independently or in combination (multimodal neuro-

monitoring).2 Despite improvements in our understanding of

IONM and its application to contemporary spine surgery, there

remain considerable disagreements over the efficacy and value

of using IONM in routine spine surgery cases.3-10 There have

been previous systematic reviews with and without meta-

analyses in the past, which have attempted to summarize the

role of neurophysiologic monitoring for ISCI.3-14 However,

these have focused on a specific question (for example “Di-

agnostic Accuracy of SSEP Changes During Lumbar Spine

Surgery for Predicting Postoperative Neurological Deficit” by

Chang et al5) or have only included comparisons of one mo-

dality vs another (for example “Diagnostic Accuracy of

Combined Multimodality SSEP and Transcranial Motor

Evoked Potential Intraoperative Monitoring in Patients With

Idiopathic Scoliosis” by Thirumala et al8). A comprehensive

assessment of diagnostic test accuracy (DTA) of neuro-

monitoring following the PRISMA-DTA guidelines and

GRADE guidelines has not been performed prior to this effort.

These guidelines present a high level of rigor, which enhances

the clinical applicability and validity. PRISMA 2020 im-

plementation presents several additional advantages. Readers

can evaluate the applicability of the methodologies and, con-

sequently, the veracity of the conclusions, thanks to compre-

hensive reporting. Healthcare professionals and policy makers

can assess the relevance of the findings to their environment by

presenting and summarizing the characteristics of the research

that contributed to the synthesis. Policy makers, managers, and

other decision makers should be assisted in developing suitable

recommendations for practice or policy by describing the degree

of certainty in the body of evidence supporting an outcome and

the consequences of findings. Complete reporting of all

PRISMA 2020 elements also makes replication and review

updates easier, as well as enables teams to utilize previously

completed work by including systematic reviews in overviews

(of systematic reviews) and guidelines.

We developed guidelines using the GRADE approach to

provide the highest evidence-based recommendations for the

use of IONM for, in particular those deemed to be at higher

risk for IOSCI. patients undergoing spine surgery. Based on a

synthesis of the literature and a Delphi-based consensus15

process among members of the Guidelines Development

Group (as outlined elsewhere in this Focus issue) patients at

“higher risk” for ISCI were defined as those undergoing

surgery for (1) complex spine deformity including a rigid

thoracic curve with high deformity angular ratio (dAR); (2)

revision congenital spine deformity; (3) spine conditions

associated with significant cord compression and myelopathy;

(4) intramedullary spinal cord tumor; (5) unstable spine

fractures including those with bilateral facet dislocation and

disc herniation or extension distraction injury with ankylosing

spondylitis; and (6) ossification of the posterior longitudinal

ligament (OPLL) associated with severe cord compression

and moderate to severe myelopathy.

The systematic reviews and meta-analyses were undertaken

using PRISMA standards16 and were registered on PROS-

PERO. This knowledge synthesis was conducted to summarize

the evidence for the efficacy of SSEP, MEP, EMG and multi-

modal monitoring in detecting ISCI. Throughout this process,

we sought to distinguish the specific diagnostic efficacy of

neuromonitoring within subgroups of pathology, including

deformity, tumor, and degenerative diseases. In addition, the

existing care pathways and approaches to managed ISCI were

reviewed and summarized. Based on this, a novel AO Spine-

PRAXIS care pathway for the prevention, diagnosis and

management of ISCI was formulated. The overarching goal of

these guidelines is to standardize the use of neuromonitoring and

to encourage surgeons and care teams to employ this technology

in an evidence-based manner in the care of their patients.

Methods

Clinicians from a variety of surgical and nonsurgical spe-

cialties comprised the multidisciplinary guideline develop-

ment group (GDG). A rigorous conflict of interest process was

undertaken for all members of the GDG, who at the outset

were required to reveal any financial and intellectual interests,

and to commit to the consensus-based process of GRADE. All

potential conflicts were vetted in advance and discussed

openly with the GDG. The GDG undertook the development

of the guidelines with editorial freedom and without any

influence from funding sources. To define the purpose and

scope of the guideline and to steer its development, a

methodology for guidelines was developed using the Con-

ference on Guideline Standardization (COGS) checklist.17,18

On the basis of acknowledged methodological guidelines,

systematic evaluations were carried out to compile the data

supporting the suggestions. The individual evaluations in this

focus issue include details about the precise techniques ap-

plied to each topic. The grading recommendations, assess-

ments, development, and evaluation (GRADE) Working

Group’s methods were used to gauge the overall quality

(strength) of the evidence supporting important outcomes.19,20

The GRADE Guideline Development Tool was used to record

the procedure, evaluate the advantages and disadvantages of

different choices, and assess the strength of the recommen-

dation.21-24 To generate the final recommendations for each of

the issues covered, consensus sessions employing a modified

Delphi methodology15 were held with the interdisciplinary,

multinational GDGs using online video conferencing tech-

nology and anonymous voting. Consensus was defined as

80% agreement. Methodologists from Aggregate Analytics

provided methodological expertise on the guideline formu-

lation process and worked closely with clinical authors to

conduct the systematic reviews. They had no financial or

intellectual conflicts of interest.
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Clinical Recommendations

Part 1:

Key Question: Should we recommend intraoperative

neurophysiologic monitoring for patients undergoing spine

surgery deemed to be “high risk”?

Recommendation: We recommend that intraoperative neuro-

physiologic monitoring be employed for high-risk patients

Quality of Evidence: Low

Strength of Recommendation: Strong

Evidence Summary

A comprehensive systematic review and DTA meta-

analysis was performed to assess the efficacy of neuro-

monitoring for detecting ISCI, following the PRISMA-

DTA guidelines and GRADE guidelines. This review

may be found in another article in this issue and the results

are summarized below.

A total of 164 studies consisting of 99,937 patients were

included. Of the 164 studies included, 16 (9.75%) were

prospective while 148 (90.25%) were retrospective. In terms

of disease group in the included studies, most studies included

patients with mixed pathology (29.87%, n = 49), followed by

deformity (26.83%, n = 44), degenerative disc disease

(21.95%, n = 36), tumors (17.68%, n = 29), trauma (1.83%,

n = 3), congenital diseases (1.2%, n = 2) and arteriovenous

malformation (AVM) (.6%, n = 1). Most studies featured

centers/hospitals from United States (35.36%, n = 58), fol-

lowed by Japan (15.85%, n = 26), China (9.1%, n = 15),

Korea, UK (5.5% each, n = 9), Canada, Switzerland (4.9%

each, n = 8), followed by others. Most studies consisted of

adult patients (50%, n = 82), followed by studies which had

both adolescent and adult patients (34.7%, n = 57) and ad-

olescents (9.1%, n = 15). Ten studies (6%) did not specify

patient age. Of the 164 studies, 52 studies (31.7%) presented

data for SSEPs, 75 studies (45.7%) presented data for MEPs,

16 studies (9.75%) presented data for EMG, and 69 studies

(42.07%) presented data for multimodal neuromonitoring.

A total of 52 studies presented data for SSEPs, consisting of

a total of 18 076 patients. Overall, the sensitivity of SSEPs was

found to be 67.5% (95% CI 50.9–80.6, Heterogeneity: I2 =

62%, τ2 = 5.9269, P < .01), while the specificity was found to

be 96.8% (95% CI 94.8–98.1, Heterogeneity: I2 = 95%, τ2 =

3.8246, P < .01). The I2 heterogeneity represents the per-

centage of the total variability in a set of effect sizes due to true

heterogeneity, that is, to between-studies variability. Overall,

the Receiver Operating Characteristics Area Under the Curve

(AUC) value was found to be .899, while the Diagnostic Odds

Ratio (DOR) was found to be 41.9 (95% CI 24.1–73.1).

A total of 75 studies presented data for MEPs, consisting of

a total of 79 545 patients. Overall, the sensitivity of MEP was

found to be 90% (95% CI 86.1-92.9, Heterogeneity: I2 = 32%,

τ
2 = 1.91, P < .01), while the specificity was found to be 95.6%

(95% CI 94–96.7, Heterogeneity: I2 = 97%, τ2 = 2.7, P < .01).

Overall, the AUC value was found to be .927, while the DOR

was found to be 103.25 (95% CI 69.98–152.34).

A total of 16 studies presented data for EMG, consisting of

7004 patients. Overall, the pooled sensitivity for EMG was

found to be 48.3% (95% CI 31.4–65.6, Heterogeneity I2 = 54,

τ
2 = 1.27, P < .01), while the pooled specificity was found to

be 92.9% (CI 84.4–96.9, Heterogeneity I2 = 97, τ2 = 3.1, P <

.01). The AUC was found to be .773 and the DOR was found

to be 11.2 (95% CI 4.84–25.97).

A total of 69 studies with 58 325 patients presented

data for any combination of multimodal neuromonitoring

as outlined in detail in the systematic review on this topic

in this Focus issue. Overall, the sensitivity of multimodal

neuromonitoring was found to be 91% (95% 86–94.3,

Heterogeneity: I2 = 40%, τ2 = 2.4511, P < .01), while the

pooled specificity was found to be 93.8% (95% 90.6–

95.9, Heterogeneity: I2 = 96%, τ2 = 3.9819, P > .99). The

AUC value was found to be .903 while the DOR was

found to be 71.97 (95% 42.17–122.8).

We also assessed publication bias for each of the groups.

DTA meta-analyses differ from conventional intervention

meta-analysis in several ways, making it more difficult to

estimate the likelihood of publication bias. The Egger’s test is

a statistical method in typical meta-analysis for identifying

funnel plot asymmetry, i.e. it determines whether there is a

stronger correlation between anticipated intervention effects

and a study size than what would be expected to happen by

chance.25 In order to test the global null hypothesis that “all of

the univariate funnel plots for multiple outcomes are sym-

metric,” Hong et al (2020) first proposed an expanded version

of this test for multivariate meta-analysis.26 In comparison to

the common univariate publication bias test, this overall test

contains various outcome information, and the statistical

power is often increased. The Hong’s test (also known as

MSSET) avoids correlation data among various outcomes that

is occasionally absent under certain circumstances of multi-

variate meta-analysis. However, for DTA meta-analysis, the

Reitsma’s bivariate meta-analysis model has all of the cor-

relation data, and sinceMSSET does not make use of this data,

its statistical power may be wasteful.27 For the same global

null hypothesis, Noma (2020) created an alternative gener-

alized Egger’s tests that successfully take into account the

correlation data (called as MSSET2 and MSSET3). Because

Noma’s tests make use of correlation data, it is anticipated that

they will have greater statistical power than the MSSETwhen

applied to DTA meta-analysis.

For SSEP neuromonitoring, we observed slight asym-

metry and the weighted regression with multiplicative

dispersion test for asymmetry was not found to be statis-

tically significant (t = 1.61, df = 60, P = .11). For MEP

neuromonitoring, we observed asymmetry and the

weighted regression with multiplicative dispersion test for

asymmetry was found to be statistically significant (t =

4.42, df = 92, P < .001). For multimodal neuromonitoring,

we observed asymmetry and the weighted regression with

Fehlings et al. 215S



multiplicative dispersion test for asymmetry was not found

to be statistically significant (t = .72, df = 15, P = .48). For

multimodal neuromonitoring, we observed asymmetry and

the weighted regression with multiplicative dispersion test

for asymmetry was also found to be statistically significant

(t = 5.03, df = 79, P < .001).

For SSEP monitoring, of the 52 studies, 10 studies

(19.2%) were found to have “some concerns” as per the

risk of bias assessment part of the QUADAS tool, 25%

(n = 13) were found to be “high risk” and the remaining 29

studies (55.8%) were found to be “low risk.” For most of

the studies that were graded down, the particular domain

was “reference standard”; the reason was either lack of

specification/details of the postoperative examination

used, or use of a non-standard exam. For MEP monitoring,

of the 75 studies, 21 studies (28%) were found to have

some concerns, 10.7% (n = 8) were found to be high risk

and the remaining 46 studies (61.3%) were found to be

low risk. For most of the studies that were graded down,

the particular domain was “reference standard.” For EMG

monitoring, of the 16 studies, three studies (18.75%) were

found to have some concerns, 25% (n = 4) were found to

be high risk and the remaining nine studies (56.25%) were

found to be low risk. For most of the studies that were

graded down, the particular domain was “index test”; the

reason was lack of specification/details of the changes in

EMG monitoring that were considered an alert.

For multimodal neuromonitoring, of the 69 studies, 14

studies (20.3%) were found to have some concerns, 14 studies

(20.3%) were found to be high risk and the remaining 41

studies (59.4%) were found to be “low risk.” For most of the

studies that were graded down, the particular domain was

“index”; the reason was lack of specification/details of the

criteria that constituted an alert.

We applied the GRADE assessment methodology pertinent

to DTA meta-analysis to evaluate the strength of evidence for

each of the four groups, i.e. SSEP, MEP, EMG and multimodal

neuromonitoring. For all four groups, the final quality of the

evidence was found to be “Low.” Evidence was downgraded

particularly for “Inconsistency,” “Imprecision” and “Publi-

cation Bias.” The inconsistency score was downgraded be-

cause of differences in included population/pathology type

(deformity vs tumor vs degenerative vs mixed population) and

because of use of different “thresholds.” “Imprecision” was

downgraded due to a low number of events (true positives +

false negatives) resulting in large confidence intervals, par-

ticularly for sensitivity. Finally, “Publication Bias” was

downgraded due to both observed and statistically significant

asymmetry.

Rationale for Recommendation

During the consensus meeting held via virtual video-

teleconferencing, the GDG reviewed the evidence and re-

sults of the meta-analysis, and then went through the

Evidence-to-Decision framework with anonymous voting to

address each of the considerations necessary for making the

recommendation. Consensus was defined as 80% agreement.

The GDG agreed (92% Yes and 8% probably yes) that ISCI is

indeed a high priority problem, given that the incidence of new

deficit may be up to 23% for deformity surgery and 61% for

tumor surgery.27 Moreover, ISCI may be associated with

significant morbidity for the patient and their caregivers, and

with significant liability burden for the surgeon and care team.

The GDG agreed (100% consensus) that the desirable

anticipated effects are large, given that implementing neu-

romonitoring has been shown to reduce the risk of injury; that

even if injury does occur, the potential opportunity to reverse

or minimize the underlying neurologic deficit is higher, and

that having neuromonitoring alerts can prompt care teams to

put treatment algorithms into motion.

The GDG agreed that the undesirable effects of neuro-

monitoring are small (100% consensus). These effects include

the need for neuromonitoring equipment, availability of

neurophysiologist/technologists for procedures, time to set up

the equipment intraoperatively, and a certain degree of un-

necessary disruption due to false alerts.

The GDG agreed that the certainty of evidence of the

systematic review and meta-analysis is moderate (83%

moderate, 8.5% low, 8.5% high). Based on our DTA meta-

analysis, most included studies in the analyses were low risk as

assessed using QUADAS. However, when applying the

GRADE assessment scoring, strength of evidence was

downgraded particularly for “Inconsistency,” “Imprecision”

and “Publication Bias.” The inconsistency score was down-

graded because of differences in included population/

pathology type (deformity vs tumor vs degenerative vs

mixed population) and because of the use of different

“thresholds.” “Imprecision” was downgraded due to low

number of events (true positives + false negatives) resulting in

large confidence intervals, particularly for sensitivity. Finally,

“Publication Bias” was downgraded due to both observed and

statistically significant asymmetry.

The GDG agreed that there is either no (64%) or possibly

no (27%) important uncertainty or variability in how much all

stakeholders value the main outcome, given that reduction of

neurologic injury during spine surgery is important to all

stakeholders.

The GDG agreed (82%) that the balance between de-

sirable and undesirable effects probably favors the inter-

vention, given that the risk of injury with no monitoring

overweighs the resource/technical challenges associated

with neuromonitoring.

Most of the GDG members agreed that resource require-

ments, i.e. costs associated with neuromonitoring are mod-

erate (90% moderate, 10% negligible costs or savings). These

include the cost of the required equipment as well as that of the

neurophysiologist/technician and increased OR times. The

evidence related to the source requirement and costs, unfor-

tunately, does not exist. The GDG acknowledged this and
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identified this as a knowledge gap that future studies should

investigate.

Most of the GDG members agreed that the cost effec-

tiveness probably favors the intervention (82% probably fa-

vors the intervention, 9% probably favors the comparison and

9% favors the intervention). According to a study by Sala

et al28, IONMmay be cost-effective provided the expenditures

do not exceed $977 per surgery, based on a reported paraplegia

rate of .1% in young people after scoliosis surgery and taking

lifetime healthcare costs into consideration. However, the

authors’ analysis model assumed that IONM completely

prevents all injuries (100 percent prevention rate). The po-

tential indirect costs of erroneous IONM notifications were not

taken into account. As many spine surgeons have experienced

the heightened anxiety caused by IONM notifications, it was

acknowledged that erroneous “false positives” certainly can

have a negative impact on the case, and not being able to factor

that in quantitatively is a limitation of the current literature.

The GDG agreed that if IONM were to be utilized broadly

that health inequity will be reduced (100% consensus), as it is

currently only offered in well-resourced regions and high-

income countries. Guidelines and policy change will likely

help extend these technologies to low-income countries.

The GDG also agreed that a recommendation for moni-

toring for high-risk patients will probably be acceptable

(100% consensus) to clinicians under the important caveat that

appropriate resources are available. The GDG also agreed that

a recommendation for monitoring will reduce the risk of ISCI

with some additional cost but significant opportunity for long-

term saving/reduced liability. The GDG agreed that the fea-

sibility of implementing this intervention may vary (82%

varies, probably varies 18%) given the challenges in im-

plementing this in low-income countries and that remote

centers may not have access to personnel or the equipment.

Despite the low quality of the evidence, the strength of

recommendation was strong. This is because GRADE has

separate frameworks to judge the quality of evidence and

strength of recommendation. In fact, the “quality” of the

evidence is just one component that determines the “strength”

of recommendation. Other factors, as highlighted above in-

clude considerations for perceived benefits/harms, the values,

feasibility, implications of equity, associated with making/not

making the recommendation. Hence, if all other factors are

accepted by the GDG to strongly weigh in favor of making the

recommendation, this may mitigate the impact of low quality

of the evidence on the strength of recommendation.

Recommendation. Based on these explanations, most GDG

members (82%) agreed that the desirable consequences

clearly outweigh undesirable consequences in most settings

and recommended that neuromonitoring should be offered

(91%) for “high-risk” patients.

Part 2:

Key Question: Should we recommend that patients at “high

risk” for ISCI during spine surgery be proactively identified,

that after identification of such patients, multi-disciplinary

team discussions be undertaken to manage patients, and that

an intraoperative protocol including the use of IONM be

implemented?

Recommendation: We suggest that patients at “high risk”

for ISCI during spine surgery be proactively identified, that

after identification of such patients, multi-disciplinary team

discussions be undertaken to manage patients, and that an

intraoperative protocol including the use of IONM be

implemented.

Quality of Evidence: Very Low

Strength of Recommendation: Weak

Evidence Summary

Evidence considered for this recommendationwas derived from

the scoping review on the Definition, Frequency and Risk

Factors for ISCI and the scoping review on the Management of

ISCI, which are included in preceding manuscripts within this

Focus Issue. Six studies evaluated the risk of an ISCI, four of

which reported risk factors for neurological deficits in the

immediate postoperative period using changes in ASIA grades

(Fehlings 2018,29-31 Chen 2012,29-31 Romero-Munoz

2019,29-31 Zhang 201732) and one study using a definition of

“any new limb, motor, or sensory deficit” (Kim 202133). One

study evaluated the risk for ISCI using a ≥50% drop in SSEP

and/or MEP amplitudes (Buckland 201834). Risk of bias of

nonrandomized studies was assessed using the Quality in

Prognosis Studies (QUIPS) tool for studies evaluating risk

factors.35 Based on the risk of bias assessment, studies were

rated as “good,” “fair” or “poor” quality. Evidence for risk

factors for neurological deficits in patients with deformities

originate from one good-quality, prospective cohort (N = 265)

(Fehlings 2018)29-31 studying an adult scoliosis patient pop-

ulation, and one fair-quality, retrospective cohort (N = 62) in

patients with congenital scoliosis (19%), kyphoscoliosis (74%),

and kyphosis (7%). Another poor-quality retrospective cohort

(N = 2210) (Buckland 2018)34 described risk factors for intra-

operative neuromonitoring alerts in adolescent patients with

idiopathic scoliosis. For patients with “mixed” indications, one

good-quality, retrospective cohort (N = 316) (Chen 2012)29-31

reported on patients with spinal degeneration (35%), tumor

(23%), trauma (22%), deformity (16%), and inflammation (4%),

while one fair-quality retrospective cohort (N = 1282) (Romero-

Munoz 2019)29-31 reported on patients presenting with spinal

degeneration (75%), deformity (18%), fractures (4%), and other

rare injuries (4%). Common methodological concerns included

retrospective collection of complications (five of the six studies

were retrospective study designs) and unclear or unknown study

attrition. Other less frequent concerns included inadequate

description of inclusion/exclusion criteria, unclear validity and/

or reliability of the measurement methods for prognostic factors

and/or confounders.
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A total of 21 risk factors were explored which were broadly

categorized into patient–related (eg demographics and co-

morbidities), clinical (eg preoperative neurological status and

presence of myelopathy), surgical (eg number of surgical

levels, the use of osteotomies) and radiological risk factors (eg

coronal dAR, curve magnitude).

With regard to patient demographics, older age was found to

have increased odds for ISCI in two studies (Zhang 2017,32

Fehlings 201829-31) in patient cohorts with spinal deformities

(OR = 1.53 [95%CI 1.13–2.06],P = .0.05; andOR= 8.27 [95%

CI 1.17–58.71], P = .035) and in one study (Chen 2012)29-31

with a mixed patient population consisting of patients with

spinal degeneration, tumors, trauma, deformity, and inflam-

mation (OR = 1.08 [95% CI 1.03–1.13], P < .001). Due to

inclusion of different age groups and varied methods of age

modeling (i.e. continuous vs categorical), the magnitude of

effect varied across studies reporting an association. While

gender was associated with increased odds of ISCI in one study

(Chen 2012)30 in a mixed patient population with different

underlying spinal pathologies (OR 5.22 [95% CI 1.86–14.62),

P = .0002), no association was seen in a smaller study (Kim

2021)33 in patients with degenerative disease (OR = 1.378 [95%

CI 0.22–5.79], P = .661). Across two studies (Chen 2012,30

Romero-Munoz 201931) in patient populations with mixed

spinal pathologies, hypertension was not consistently associated

with increased odds of SCI (OR = 15.18 [95% CI 4.5–51.17],

P < .00130; and OR = 1.47 [95% CI 0.56–3.86], P = .436).

Abnormal pulmonary function may increase the odds of ISCI

(OR = 2.1 [95% CI 0.99–4.48], P = .054), (Zhang 201732).

Other patient-related factors (including diabetes, obesity, BMI,

presence of depression, Charlson-Comorbidity Index and

dyslipidemia) were shown to not significantly increase a pa-

tient’s individual risk for an ISCI during spinal surgery.

From a clinical perspective, one study (N = 62, Zhang

2017)32 in patients with congenital scoliosis, kyphoscoliosis

and kyphosis found no association between preoperative AIS

and neurological deficits (OR: NR, P > .05), while another

study (N = 316, Chen 2012)30 in mixed populations that

included spinal degeneration, tumors, trauma, deformity, and

inflammation found decreased odds for ISCI in patients with a

better pre-operative AIS grade (OR = .35 [CI 0.18–.66],

P = .001). One study (N = 196, Kim 2021)33 found OPLL with

combined myelopathy to be associated with increased odds of

neurological deficit (OR = 8.24 [CI 1.57–43.38], P = .013).

In terms of surgery-related factors, no statistically sig-

nificant associations were reported between the number of

spinal levels operated and rates of ISCIs in patients with

scoliosis (Fehlings 2018, N = 265; OR = 1.08 [95% CI 0.99–

1.17], P = .091)29-31 and in patients with OPLL (Kim 2021,

N = 196; OR = 1.36])33, but an increasing number of op-

erated segments was associated with significantly higher

odds of SCI in another study that included patients with

mixed pathologies (Chen 2012, N = 316; OR 3.28 [95% CI

1.55–6.92], P = .002).30 One study showed that the use of

IONM during surgery for OPLL greatly decreases the risk

for ISCIs (Kim 2021, N = 196; OR = .14 [95% CI).33 The

study by Fehlings et al29-31 found a statistically significant

increase in odds for postoperative neurological deficits in

adults with scoliosis if patients received lumbar-level os-

teotomies (OR = 3.3, [95% 1.18–9.17], P = .022). These

deficits included cauda equina injury, which would be

considered a type of ISCI, and isolated nerve root injuries,

which are a distinct entity. However, for ease of analysis, the

overall rate of neurological injury was considered. Similarly,

the study by Buckland et al (N = 2210)34 showed signifi-

cantly higher rates of intraoperative neuromonitoring alerts

in adolescent patients diagnosed with scoliosis who un-

derwent a Ponte-osteotomy (OR: NR, P < .001). Interest-

ingly, performing a three-column osteotomy was not

associated with an increased risk for ISCI. Finally, no sig-

nificant associations between ISCIs and type of operation

(emergency vs elective for degenerative disease) and du-

ration of surgery were demonstrated.

Only two studies reported on radiographic risk factors for

ISCIs. Fehlings et al, (N = 265, 2018)29-31 found greater odds

of postoperative neurological deficits per 1 unit increase of

coronal DAR in scoliosis patients undergoing deformity

correction (OR = 1.1 [95%CI 1.01–1.19], P = .037). The DAR

measures the acuteness of the curve and is defined as the

maximum curve Cobb angle divided by the number of in-

volved vertebral levels.27 The study by Buckland et al (N =

2,210, 2018)34 found an association between spinal curve

magnitude and IONM alerts in patients with adolescent

scoliosis but did not report an effect estimate.

The GDG agreed that the following sub-entities of spinal

pathologies are deemed high risk for the occurrence of an

ISCI: (i) Rigid thoracic curve with high DAR; (ii) Revision

surgery for congenital deformity with significant cord com-

pression and myelopathy; (iii) extrinsic lesions with cord

compression and myelopathy; (iv) intramedullary tumors; (v)

unstable fractures, (eg bilateral facet dislocations and disc

herniation); (vi) extension-distraction type injury in patients

with ankylosing spondylitis; and (vii) OPLL with severe cord

compression and moderate to severe myelopathy. It is rec-

ognized that patients with extrinsic lesions associated with

cord compression and myelopathy represent a broad category

that is open to interpretation. The decision as to which patients

represent “high risk” in this category has been left open to

clinical judgement and is an area in which further research will

be required.

The overall quality of evidence for ISCI risk factors as

assessed per GRADE was low or very low for most factors

across surgical conditions. Increased odds for ISCI varied by

underlying pathology (eg, deformity). In patients undergoing

surgery for spinal deformity, there was moderate evidence of

increased risk for ISCI in patients with older age and in-

creasing coronal DAR. There was moderate evidence that

estimated blood loss and the number of spinal levels involved

were not associated with increased risk of ISCI in the de-

formity population. There was moderate evidence that better
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pre-operative AIS grades were associated with decreased risk

of ISCI in patient cohorts with mixed pathologies.

Although there is a paucity of quantitative results, and thus

evidence, on comparative effects and harms of treatment

strategies following an ISCI event, management of intra-

operative signal loss and possible SCI merits a standardized

protocol and care pathway to avoid and minimize the risk of

postoperative neurologic deficits. This has been understood as

a key knowledge gap and as a result, a number of studies,

including professional organizations (such as the Scoliosis

Research Society) have come together to generate care

pathways and treatment algorithms in response to IONM

alerts. A summary of the literature pertaining to treatment

protocols and care pathways for ISCIs is provided in the

scoping review entitled “The Management of ISCI - A

Scoping Review.” Briefly, we identified 16 studies reporting

on management methods for ISCI of which 8 were retro-

spective cohort studies, and two were publications of

consensus meetings held using the Delphi technique. The

final six studies were narrative evaluations with recom-

mendations for intraoperative checklists and IONM alert

handling procedures. Notably, 56% of the studies that were

included exclusively examined patients undergoing surgery

for spinal deformities. Most studies emphasized anes-

thesiologic, neurophysiological/technical, and surgical

treatment strategies as intraoperative considerations and

actions taken in the event of an ISCI.

Using the information gleaned from our scoping review, we

designed a novel care pathway called the “AO Spine Praxis

Care Pathway to Manage Patients at High Risk for Intra-

operative Spinal Cord Neurologic Deterioration” consisting of

five section: (i) initial clinical assessment, (ii) preoperative

planning, (iii) surgical/anaesthetic planning, (iv) intra-

operative management, and (v) postoperative management. It

is important to emphasize that Steps 1, 2, and 3 of the care

pathway highlight preventative steps that can be implemented

before the operation to lower the risk of an ISCI happening.

For intraoperative management, the first suggestion is to

pause, alert the team, and remove outside distractions in order

to take control of the operating room and force everyone

engaged to prioritize and focus on the problem. Subsequently,

to reverse the signal loss, reversible surgical, neurophysio-

logical and anesthetic factors should be investigated. The care

pathway also integrates key post-operative management

strategies, including a monitored step-down or ICU bed, serial

neurological functional examinations, consideration of phar-

macological intervention with methylprednisolone, hemody-

namic management with maintenance of mean arterial blood

pressure (MAP) parameters, and the use of post-operative

imaging including CT and MRI, as clinically indicated.

Rationale for Recommendation

With a reported incidence of ISCIs of up to 23% in patients

undergoing deformity surgery and up to 61% in patients

undergoing surgery for intramedullary spinal cord tumors, the

GDG agreed that ISCI is a priority and that risk factors,

planned three-column osteotomies, high coronal DAR’s and

curve magnitudes need to be identified and considered in

patients undergoing spinal surgery.

Similar to the previous question, the GDG agreed (93%

consensus) that the desirable anticipated effects of im-

plementing the use of IONM for high risk spine cases would

be large, given that a limited number of studies have shown

that implementation of IONM reduces the risk of injury; and

that even if injury occurs, opportunity to reverse IONM signal

loss is higher and that having IONM alerts can prompt care

teams to put treatment algorithms into motion.

The GDG voted that undesirable effects of neuro-

monitoring were small (64%) or trivial (36%). These effects

include the requirement of neuromonitoring equipment,

availability of neurophysiologists/technologists for procedures,

and the potential of unnecessary disruption due to false positive

alerts. No studies have explored whether identification of risk

factors, implementation of multidisciplinary team assess-

ments, and implementation of an intraoperative treatment pro-

tocol reduces the risk of ISCI. As a result, the GDG decided that

the overall certainty of the evidence of effects is low. Reduction of

neurologic impairment is considered of high importance to all

stakeholders and as such the GDG agreed that there are no

important uncertainties or variabilities in how much people value

the main outcome, i.e. risk reduction for postoperative neuro-

logical deficits.

There was unanimous agreement within the GDG that the

balance between desirable and undesirable effects favors the

intervention, since the risk of ISCI without identifying high-

risk patients, not conducting multidisciplinary team discus-

sions and employing intraoperative treatment protocols in

response to an ISCI is thought to outweigh the associated

potential costs, availability of resources and technical

challenges.

While it is understood that the implementation of IONM

and the employment of a neurophysiologist/technician is

associated with costs, there has been uncertainty as to how the

costs are subdivided and to what extent generation and im-

plementation of a checklist contributes to overall resource

requirements. These uncertainties are reflected in the GDG’s

votes, which included 21% votes for moderate costs, 7% votes

for moderate cost savings while 64% voted that resource

requirements vary and cannot be generalized, and 7% did not

know what resources would be required. To the GDG’s

knowledge, there have been no published studies to date

investigating the financial implications of using IONM and

implementing intraoperative treatment algorithms. Therefore,

there was high agreement (92%) that no studies were available

to support an assessment of the resources required to im-

plement IONM protocols for high-risk spine cases.

Increasing evidence and general consensus among experts

underscores the importance of spinal cord monitoring and its

potential to detect impending injury in time for corrective
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measures to be taken, thereby increasing the likelihood of

preventing or limiting a neurological deficit. However, con-

temporary data on the benefits of monitoring are limited to

Class IVand Class III evidence. Lifetime costs of postoperative

neurological deficits, which, depending on the computational

model (eg direct health care costs, loss of wages/benefits) and

the degree of injury, can be staggering.36 Healthcare costs for

patients with neurological deficits secondary to spinal cord

lesions mainly originate from the field of traumatic SCI, with

lifetime costs for high cervical quadriplegia (C1-4) incurred at

the age of 25 estimated at 5.1 million USD.37,38 A theoretical

model using a Monte Carlo simulation concluded that intra-

operative monitoring would be cost-saving for spinal surgeries

using a reference case of a 50-year-old with a neurologic

complication rate of 5% and a 52.4% prevention rate given an

IONM alert at 94.3% sensitivity and 95% specificity, assuming

incomplete motor injury.39 However, Class I and II studies are

not available to date and are likely not to occur for bothmedico-

legal and ethical reasons. Given the paucity of evidence, the

GDG voted that the cost effectiveness of the intervention

probably favors (69%) and favors (31%) the intervention.

Given its associated costs and the need for infrastructure

and trained personnel, the use of IONM is commonly confined

to well-resourced, high-income countries. The GDG agreed

(86% consensus) that the implementation of guidelines and

policies may set benchmarks that have the potential to pro-

mote low- and middle income countries (LMICs) toward

reaching their goals of implementing IONM and treatment

protocols; this would have the end-effect of probably reducing

health inequity. Two-thirds (67%) of the GDG voted that the

provision of a recommendation for identifying high risk patients

preoperatively, having multidisciplinary team discussions for

such high-risk patients, and implementing intraoperative pro-

tocols will probably be acceptable to key stakeholders (33%

voted yes), if appropriate resources are available. It was dis-

cussed that such a recommendation will be associated with

additional cost but may constitute a significant opportunity for

long-term saving and reduced liability. Given the potential

challenges related to limited resources (eg financial, equipment,

personnel) in remote areas and LMICs, 71% of the GDG voted

that the feasibility of such a recommendation varies, while 7%

voted uncertain, 7% probably yes, and 14% yes.

Recommendation. Given the available literature and based on

consensus-based discussions, most GDG members (93%)

agreed that desirable consequences clearly outweigh unde-

sirable consequences in most settings and recommended that

patients at “high risk” for ISCI during spine surgery be

proactively identified, that after identification of such patients,

multi-disciplinary team discussions be undertaken to manage

patients, and that an intraoperative protocol including the use

of IONM be implemented. It was recognized that key

knowledge gaps exist including validation of what constitutes

a “high risk spine case” and the costs/logistical issues involved

in implementing IONM protocols for high-risk spine case.

Conclusion

In the current guidelines document, we have recommended

that some form of neuromonitoring be implemented for “high

risk” patients undergoing spine surgery. We have suggested

that patients at “high risk” for ISCI during spine surgery be

proactively identified, that after identification of such patients,

multi-disciplinary team discussions be undertaken to manage

patients, and that an intraoperative protocol including the use

of IONM be implemented. We believe that these guidelines

will influence clinical practice and will also facilitate

evidence-based decision making. We acknowledge that lit-

erature is limited for the use of intraoperative checklists, and

we hope that these guidelines will result in the increased use of

such checklists. We also acknowledge that given that literature

related to cost-effectiveness of use of IONM is limited, global

adaptation and implementation of these guidelines, particu-

larly in resource-poor areas, may be a challenge.
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