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TO: SRS Colleagues

The attached information statement on Intraoperative Neurophysiological Monitoring of Spinal Cord Function During Spinal Deformity Surgery was developed to provide updated information to the membership. The information expresses the opinion that intraoperative neurophysiological spinal cord monitoring is not investigational and is a widely used adjunct as an integral part of surgical deformity correction procedures.

Neurophysiological Monitoring of Spinal Cord Function During Spinal Deformity Surgery

The advent of rigid spinal surgical implants has allowed surgeons to correct increasingly complex spinal deformities. However, strong corrective forces applied to spinal deformities has significant risk for neurologic deficit including loss of motor function in the lower extremities. As a consequence there exists a need for a method to warn the spine surgeon of impending neurological deficits during surgery. With reliable warning changes in the surgical technique may be implemented in an attempt to restore the normal neurophysiology of the spinal cord. Schmitt's (1981) report from the Scoliosis Research Society Morbidity and Mortality Committee cited an incidence of 0.5% spinal cord injuries during the period 1971 to 1979. MacEwen et al. (1975) survey showed an incidence of 0.72%. Wilber et al. (1986) reported a 17% incidence of neurologic complications including 13% transient sensory changes and 4% major spinal cord injuries. More recently, Diab, et.al. reviewed 1301 consecutive surgical cases for adolescent idiopathic scoliosis and reported a neural complication rate of 0.69% (Diab, et.al. 2007). The risk of complications is greatest when patients have kyphosis, congenital scoliosis, pre-existing neurological impairment, or have been in traction preoperatively. The impairment may be from direct stretching of the spinal cord, compression of the cord, trauma during fitting of the orthopedic instrumentation, or interference with blood flow (Nuwer, 1988, Drummond, et al., 2003) Any procedure that can be used to reduce the rate of post-operative complications following surgery to the spine has tremendous attraction for patients and surgeons alike.

Until the entry of Intraoperative evoked potential monitoring, the only other available method of observing spinal cord function is through the Stagnara Wake-up test (Vauzelle et al., 1973). This test has been available since the mid-1970’s, but has many limitations (Stephen, et.al., 1996; Schwartz, et al., 1997, Padberg, et.al., 1999). It is usually performed after the desired correction has been achieved; therefore, the exact moment of neurological dysfunction remains obscure. Occasionally it may be dangerous to intraoperatively wake up patients with certain primary diseases (Mostegl, et.al., 1988). Some patients may not be able to cooperate with the wake-up test because of age or mental status. In situations where the wake-up test can be performed it is an accepted method of assessing spinal cord function. 
A number of neurophysiologic spinal cord monitoring techniques have been proposed (Tamaki and Kubota, 2007). Somatosensory cortical evoked potentials (SSEP) monitoring serves as an early warning system to detect deficit intraoperatively (Schwartz et al, 1997, Devlin and Schwartz., 2007) SSEP monitoring is performed to assess the functional status of peripheral nerves and sensory tracts in the spinal cord. SSEP is elicited by stimulating either a sensory or mixed peripheral nerve. The neuronal response to the electrical stimulation can be recorded from various locations along the neural pathway. SSEPs can be significantly affected by the halogenated anesthetics (Schwartz, et al, 1997; DiCindio and Schwartz, 2005). Intraoperative monitoring equipment consists of three systems: stimulus, recording, and data storage. Since the report by Nash et al.(1977) on routine somatosensory cortical evoked potential (SSEP) monitoring of scoliosis surgery, hundreds of articles on the topic of evoked potential monitoring of spinal cord function during operations of the spine have been reported in the world literature. 
Results of research demonstrating the value of somatosensory evoked potential monitoring of spinal surgery has been published by several authors. A review of these procedures was provided by Nuwer (1988). For example, Dinner et al. (1986) monitored somatosensory evoked potentials and post-operative deficit in 220 patients. They reported that marked changes in SSEP responses indicated a high chance of developing a neurological deficit, and if there was no change the chance of any neurological postoperative deficit was extremely low. Bieber et al. (1988) reported data on 275 consecutive patients who were treated by posterior spinal instrumentation and fusion with intraoperative monitoring using SSEP. Intraoperatively, six patients demonstrated significant changes in evoked potentials during instrumentation of the spine. With immediate removal of the instrumentation evoked potentials returned to baseline. All patients were neurologically normal postoperatively. Brown et al. (1984) reported SSEP results in 300 patients. Three neurologic deficits were documented intraoperatively and confirmed postoperatively. There were four cases in which changes in evoked potentials led to change in the operative procedure, with no subsequent neurologic deficit. Jones et al. (1983) report a series of 138 patients in which three patients were noted to have a reduction of potentials during distraction with improvement following revision of the surgical procedure. These authors concluded that changes in cord function can be reversed when the cause is quickly remedied.

While SSEP monitoring reduces the risk of permanent neurological deficit, there are reports of false negative cases where the patient awoke with a neural deficit that was not detected by SSEP monitoring (Ginsberg, et.al., 1985; Schwartz, et.al. 2007) . The direct stimulation and recording from the spinal cord evoked potentials (SpEP) has been described as an alternative to monitoring sensory pathways within the spinal cord.

Direct spinal cord stimulation has also been described as an alternative to motor cortex stimulation (Owen, et.al., 1988; Lashinger, et.al., 1988). This method, known as neurogenic motor evoked potentials (NMEP) is now considered as “backfiring” or antidromic conduction of the large sensory afferent fibers within the posterior columns of the spinal cord based on animal and human studies (Toleikis, et.al., 2000; Su and Haghighi, 1992), but remains an adjunct to somatosensory evoked potential monitoring.  

The advent of transcranial motor evoked potentials (tcMEPs) over the past decade has facilitated direct intraoperative assessment of the spinal cord motor tracts for the identification of emerging motor deficits.  There is now substantial evidence demonstrating the safety and efficacy of tcMEPs monitoring during spine surgery (DiCindio, et al, 2003, Hilibrand, et al, 2006, Schwartz, et al. 2007, Langaloo, et al.  MacDonald, 2003; Burke et.al., 1998; Calancie, et.al., 1998). Typically, 150 – 400 mV of electrical stimulation is required for adequate motor cortex activation. The resultant response can be recorded from spinal cord or target muscles. The tcMEPs are extremely sensitive to inhalational anesthetics. Intravenous anesthesia can provide favorable anesthesia to perform tcMEPs. Schwartz et al (2007) recently reported on the safety of transcranial stimulation even in the presence of cardiac disease, pace-makers and history of epilepsy in a large patient series.  Their data showed that the single biggest complication was the potential for tongue-bite since cortical stimulation in patients without neuromuscular blockage can cause severe jaw musculature contraction. 
The combined monitoring of sensory evoked potentials and motor evoked potentials during spine surgery decreases the false-negative rates of reporting.(Iwasaki, et.al. 2003, Leppanen, et.al. 2005; Hilibrand, et al. 2006, Schwartz, et.al. 2007). It has been conclusively demonstrated that intraoperative spinal cord monitoring facilitates detection of impending spinal cord deficit and facilitates early responses that are likely to preserve spinal cord function (Lyon, et.al. 2004; Schwartz, et.al., 2007).

Pedicle screw instrumentation systems for spinal arthrodesis are in widespread use. Malpositioned screws can induce loss of fixation, neuronal injury, and pain syndromes. Intraoperative evoked EMG monitoring of pedicle screws has proven to be a simple, safe, and efficacious technique in accurate placement of pedicle screws. A positive EMG response at or below a constant-current of <6-10 mA may be an indication for inspection, redirection, or removal of the instrument or implant (Glassman, et al., 1995). However, the stimulation of thoracic pedicle screws is more challenging than for lumbar screws, and from T1 – T6 the monitoring results may not be reliable. Normal free-run EMG response is predictive of the lack of nerve root injury or irritation. An abnormal EMG response during a spine procedure may or may not be associated with a clinical deficit (Leppanen, RE, 2005), while on the contrary, normal EMG responses do not insure against lateral breeches.
Monitoring services during surgery may be provided by a variety of personnel. Technologists acquire the intraoperative data and relay that information to the surgeon, anesthesiologist, neurologist, Ph.D. neurophysiologist, or other professional for interpretation. Interpretation may be made in the Operating Room or by remote consultation on a continuous or intermittent basis. In some instances the interpretation is completed from collected data following the operative procedure. Currently, there are several pathways for certification of intraoperative monitoring personnel. Technologists who are certified in neurophysiologid intraoperative monitoring (CNIM) have demonstrated successful completion of training, experience, and examination in techniques for acquiring intraoperative neurological monitoring data. Professionals other than physicians who interpret the data also have several avenues for certification. Diplomates of the American Board of Neurophysiological Monitoring (D-ABNM) have met specific educational requirements. Also, the American Academy of Audiology and the American Speech, Language and Hearing Association have scope of practice statements indicating that licensed audiologists with specialty training in intraoperative neurophysiology are among those professionals capable of rendering an interpretation of the intraoperative monitoring data. Surgeons should understand the qualifications and roles of the personnel responsible for data acquisition and interpretation of intraoperative neurophysiological monitoring data (Devlin and Schwartz, 2007). 

Finally, the Scoliosis Research Society and the European Spinal Deformity Society surveyed their membership regarding the use of intraoperative monitoring of somatosensory evoked potentials in spinal surgery (Dawson et al. 1991). A retrospective analysis of 60,366 heterogeneous surgical cases from the respondent surgeon's memory found 364 cases of postoperative neurologic deficit, 263 of which were identified with SSEP in place (i.e. true-positive) and 101 that were not detected with SSEP (false-negative cases). In a second part of the survey, analysis of data obtained on 33,000 heterogeneous spine procedures found 248 false-positive, 161 true-positive, and 25 false-negative cases. The authors of the survey concluded that SSEP is a "useful adjunct to the spinal surgeons' armamentarium" and that "the wake-up test should also be considered for cases with increased risk of postoperative neurological deficits".

In conclusion, a substantial body of research has demonstrated that neurophysiologic monitoring can assist in the early detection of complications and possibly prevent post-operative morbidity in patients undergoing operations on the spine. In view of the accumulated research and clinical experience demonstrating the effectiveness of neurophysiologic monitoring, the Scoliosis Research Society concludes that the use of intraoperative spinal cord neurophysiological monitoring during operative procedures including instrumentation is not investigational. The majority of SRS members utilize neurophysiologic monitoring routinely in the correction of spinal deformity. The Scoliosis Research Society considers neurophysiological monitoring the preferred method for the early detection of an evolving or impending spinal cord deficit during surgical manipulation of the spine. The wake up test is a useful adjunct to neurophysiologic monitoring for the detection of neurologic spinal cord deficits. 
REFERENCES
Bieber E, Tolo V, Uematsu S: Spinal cord monitoring during posterior spinal instrumentation and fusion. J Clinical Ortho and Rel Research 229:121-124, 1988.

Brown RH, Nash CL: The "grey zone" in intra-operative SCEP monitoring. In Schramm J and Jones SJ (ed): Spinal Cord Monitoring. Germany, Springer-Verlag, 179-185, 1985.

Brown RH, Nash CL, Berilla JA, Amaddio MD: Cortical evoked potential monitoring: A system for intraoperative monitoring of spinal cord function. J Spine 9(3):256-261, 1984.

Burke D, Hicks RG: Surgical monitoring of motor pathways. J Clin Neurophysiol 15: 194-205, 1998.
Calancie B, Harris W, Bronton JG, et al: “Threshold-level” multipulse transcranial electrical stimulation of motor cortex for intraoperative monitoring of spinal motor tracts: description of method and comparison to somatosensory evoked potential monitoring. J Neurosurg, 88: 457-70, 1998.
Dawson EG, Sherman JE, Kanim LE, Nuwer MR: Spinal cord monitoring. Results of the Scoliosis Research Society and the European Spinal Deformity Society survey. Spine 16 (8) Supplement:S361-S364, 1991.

Devlin VJ, Schwartz DM: Intraoperative Neurophysiologic Monitoring During Spinal Surgery. J. Amer. Acad. Orthop. Surg. 15:549-60, 2007

Diab M, Smith AR, Kuklo TR: Neural Complications in the Surgical Treatment of Adolescent Idiopathic Scoliosis. Spine 32:2739-63, 2007 
DiCindio, S., Theroux, M., Shah, S., Miller, F., Dabney, K., Brislin, R. and Schwartz, D.  Multimodality monitoring of transcranial electric motor and somatosensory evoked potentials during surgical correction of spinal deformity in patients with cerebral palsy and other neuromuscular disorders.  Spine Vol. 28, No. 16, 1851-1856, 2003
DiCindio, S., Schwartz, DM.  Anesthesia Implications for Spinal Cord Monitoring in Children.  Anesthesiology Clinics of North America. 23: 765-787, 2005.

Dinner DS, Luders H, Lesser RP, et al: Intraoperative spinal somatosensory evoked potential monitoring. J Neurosurg 65:807-814, 1986.
Drummond, D., Schwartz, D., Johnston D., and Farmer, J.  Neurological Injury Complicating Surgery.  In: Dewald, R. (ed.)  Spinal Deformities: The Comprehensive Text.  Thieme Medical Publishers, Inc., NY pp. 615-625, 2003
Friedman WA, Richards R: Somatosensory evoked potential monitoring accurately predicts hemi-spinal cord damage: A case report. J Neurosurg 22 (1 pt 1):140-142, 1988.

Ginsburg HH, Shetter AG, Raudzens PA: Postoperative paraplegia with preserved intraoperative somatosensory evoked potentials. J Neurosurg 63:296-300, 1985

Glassman SD, Dimar JR, Puno RM, et al. A prospective analysis of intraoperative electromyographic monitoring of pedicle screw placement with computed tomographic scan confirmation. Spine 1995; 20: 1375-9.

Hilibrand, A., Schwartz, D., Sethuraman, V., Vaccaro, A., and Albert, T.  Comparison of transcranial electric motor and somatosensory evoked potential monitoring during cervical spine surgery.  J Bone Joint Surg Am. Vol. 86, 1248-1253, 2004

Iwasaki H, Tamaki T, Yoshida M, Ando M, Yamada H, Tsutsui S, Takami M: Efficacy and limitations of current methods of intraoperative spinal cord monitoring. J. Orthop. Sci. 8:635-42, 2003

Jones SJ, Edgar MA, Ransford AO, Thomas NP: A system for the electrophysiological monitoring of the spinal cord during operations for scoliosis. J Bone Joint 65-B(2):134-139, 1983.

Keith RW, Stambough JL, Awender SH: Somatosensory cortical evoked potentials: A review of 100 cases of intraoperative spinal surgery monitoring. J Spine Surg 3(3)220-226, 1990.
Langeloo DD, Journee HL, Polak B, de Kleuver MA.  A new application of TCE-MEP:  spinal cord monitoring in patients with severe neuromuscular weakness undergoing corrective spine surgery.  J Spinal Disord 2001, 14: 445-448.

Laschinger JC, Owen J, Rosenbloom M, et al: Direct noninvasive monitoring of spinal cord motor function during thoracic aortic occlusion: Use of motor evoked potentials. J Vasc Surg 7(1):161-171, 1988.

Leppanen RE, Abnm D, American Society of Neurophysiological Monitoring: J Clin Monit Cimput 19: 437-61, 2005.
Loder RT, Thomson GJ, LaMont RL: Spinal cord monitoring in patients with nonidiopathic spinal deformities using somatosensory evoked potentials. J Spine 16(12):1359-1364, 1991.

Lubicky JP, Spadaro JA, Yuan HA, et al: Variability of somatosensory cortical evoked potential monitoring during spinal surgery. J Spine 14(8):790-798, 1989.

Lyon R, Lieberman JA, Grabovac MT, Hu S: Strategies for managing decreased motor evoked potential signals while distracting the spine during correction of scoliosis. J. Neurosurg. Anesthesiol. 16:167-70, 2004

MacDonald DB, Al Zayed Z, Khoudeir I, et al: Monitoring scoliosis surgery with combined multiple pulse transcranial electric motor and cortical somatosensory-evoked potentials from the lower and upper extremities. Spine 28: 194-203, 2003.
MacEwen GD, Bunnell WP, Sriram K: Acute neurological complications in the treatment of scoliosis: A report of the Scoliosis Research Society. J Bone Joint Surg 57A:404-408, 1975.

Meyer PR, Cotler HB, Gireesan GT: Operative complications resulting from thoracic and lumbar spine internal fixation. J Clin-Orthop 237:125-131, 1988.

Mostegl A, Bauer R, Eichenbauer M: Intraoperative somatosensory potential monitoring: A clinical analysis of 127 surgical procedures. J Spine 13(4):396-400, 1988.

Nash CL, Loring RA, Schatzinger LA, Brown RH: Spinal cord monitoring during operative treatment of the spine. Clin. Orthop. Rel. Res. 126:100-5, 1977

Nuwer M: Spinal Cord Monitoring, Chapter 3 in Evoked potential monitoring in the operating room. Raven Press, New York, 49-101, 1988.

Owen JH, Laschinger J, Bridwell K, et al: Sensitivity and specificity of somatosensory and neurogenic-motor evoked potentials in animals and humans. J Spine13(10):1111-1118, 1988.

Padberg AM, Bridwell KH: Spinal cord monitoring: current state of the art. Orthop Clin North Am 30: 407-33, 1999.
Roy EP, Gutmann L, Riggs JE, et al: Intraoperative somatosensory evoked potential monitoring in scoliosis. J Clinical Ortho and Rel Research 229:94-98, 1988.

Salzman SK, Dabney KW, Mendez AA, et al: The somatosensory evoked potential predicts neurological deficits and serotonergic pathochemistry after spinal distraction injury in experimental scoliosis. J Neurotrauma 5(3):173-186, 1988.

Schmitt EW: Neurological complications in the treatment of scoliosis. A sequential report of the Scoliosis Research Society 1971-1979. Reported at the 17th annual meeting of the Scoliosis Research Society, Denver, CO, 1981.
Schwartz D., Drummond, D., Schwartz, J., et al.  Neurophysiological monitoring during scoliosis surgery: A multimodality approach.  Seminars in Spine Surgery Vol. 9, No. 2, 97-111, 1997.
Schwartz, D., Schwartz, J., Sestokas, A., et al.  Influence of nitrous-oxide on posterior tibial nerve cortical somatosensory evoked potentials.  J. Spinal Dis. Vol. 10, No. 1, 80-86, 1997.
Schwartz, D., Drummond, D., Hahn M., et al.  Prevention of positional brachial plexopathy during surgical correction of scoliosis. J. Spinal Dis. Vol. 13, No. 2, 178-182, 2000
Schwartz, D., Albert, T., Sestokas, A., Hilibrand, A., Vaccaro, A.  Neurophysiological identification of position-induced neurologic injury during anterior cervical spine surgery.  J. Clin Mont Comput. In Press: 20:6, 437-444, 2006.

Schwartz DM. Auerbach JD. Dormans JP. Flynn J. Drummond DS. Bowe JA. Laufer S. Shah SA. Bowen JR. Pizzutillo PD. Jones KJ. Drummond DS. Neurophysiological detection of impending spinal cord injury during scoliosis surgery. J Bone Joint Surg 89A:2440-9, 2007
Schwartz, D, Dormans, JP, Drummond DS, Devlin VJ, Shah SA, et al.  Transcranial Electric Motor Evoked  Potential Monitoring During Spine Surgery:  Is It Safe?  Presented at the 42nd Annual Meeting of the Scoliosis Research Society.  Edinburg, Scotland, September 6, 2007.
Shukla R, Doherty TB, Jackson RK, et al: Loss of evoked potentials during spinal surgery due to spinal cord hemorrhage. Ann-Neurol 24(2):272-275, 1988.

Stephen JP, Sullivan MR, Hicks RG, et al: Cotrel-Dubousset instrumentation in children using simultaneous motor and somatosensory evoked potential monitoring. Spine 21: 2450-7, 1996.

Su CF, Haghighi SS, Oro JJ et al: High thoracic spinal cord stimulation evokes sciatic responses by antidromic sensory pathway conduction not motor tract conduction. Spine 17: 504-508, 1992.

Tamaki T, Kubota S: History of the development of intraoperative spinal cord monitoring. European Spine J. 16 Suppl 2:S140-6, 2007

Toleikis JR, Skelly JP, Carvin AO, et al: Spinally elicited peripheral nerve responses are sensory rather than motor. Clin Neurophysiol 111: 736-42, 2000.
Vauzelle C, Stagnara P, Jouvinroux P: Functional monitoring of spinal cord activity during spinal surgery. Clin Orthop 93:173-178, 1973.

Wilber RG, Thompson GH, Shaffer JW, et al: Post-operative neurological deficits in segmental spinal instrumentation. J Bone Joint Surg 66A:1178-1187, 1984.

