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Chapterr 2 

Intraoperativee spinal cord monitoring: 

evokedd potentials and cerebrospinal fluid oxygenation 

Background d 

Surgicall  procedures that involve occlusion of the spinal cord feeding arteries, application of 

correctivee forces to the spine, invasion of the cord or local osteotomy, carry the risk of 

iatrogenicc spinal cord injury. Current reports indicate that the incidence of paraplegia after 

aorticc surgery ranges between less than 0,1% after repair of aortic coarctation and 15% after 

resectionn of thoracoabdominal aneurysms. The incidence of neurologic deficits after 

correctionn of kyphosis and congenital scoliosis varies between 1% and 2%. Definite numbers 

off  spinal cord injury after spinal neurosurgery are lacking, although an increasing use of 
8-10 0 

spinall  cord monitoring is reported in these procedures. 

Thee purpose of intraoperative monitoring of the spinal cord is the detection of spinal cord 

dysfunctionn before irreversible damage has occurred, allowing immediate corrective action. 

Thee worst-case scenario in surgical procedures that carry a risk for spinal cord ischemia is a 

patientt who awakes paraplegic after an otherwise uneventful operation. Because the 

consequencess of iatrogenic paraplegia are so devastating, spinal cord monitoring techniques 

shouldd have a high sensitivity and minimal false negative monitoring results. 

Inn general, the combination of fast and reliable detection of spinal cord dysfunction and 

thee availability of successful surgical measures should reduce the proportion of adverse 

neurologicc outcomes. During spinal (neuro)surgery such measures may include the reduction 

off  traction on the spinal cord, guided decompressive surgery or the increase of spinal cord 

perfusionn pressure. During resection of thoracoabdominal aneurysms, retrograde perfusion of 

thee spinal cord or reattachment of spinal cord feeding vessels in the graft can be applied to 

maintainn spinal cord perfusion. In this review, currently used clinical methods of 

intraoperativee spinal cord monitoring are described and their efficacy for detection of spinal 

cordd ischemia is discussed. 

Spinall cord monitoring techniques 

Theree are several techniques for intraoperative assessment of spinal cord function. The 

classicall  wake-up test is very specific for spinal cord motor function, but has several practical 

drawbacks.. The patient has to be awake and cooperative, surgical and anesthesiological 
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proceedingss might get disturbed, and monitoring is not continuous. Evoked potentials permit 

thee noninvasive, functional assessment of spinal cord tracts conveying sensory or motor 

information.. Especially somatosensory evoked potentials to electrical stimulation of 

peripherall  nerves (SSEP) are widely used. A newer technique is myogenic motor evoked 

potentialss to transcranial stimulation (tcMEP), which is very specific for ischemic dysfunction 

off  the spinal cord motor pathways. Finally, intrathecal pC>2 measurements (CSF-pOi) can be 

usedd to indirectly assess spinal cord oxygenation. 

SomatosensorySomatosensory evoked potentials are electrophysiological responses of the central 

nervouss system to stimulation of a peripheral nerve. Usually, stimulation is applied to the 

posteriorr tibial nerve at the ankle, because this site is readily accessible during the operation. 

Recordingss are most commonly done over the scalp (cortical SSEP), but can also be obtained 

fromm needle electrodes placed in the interspinous ligaments or the epidural space at different 
12 2 

spinall  cord levels. The SSEP constitutes the integrity of transmission through the ascending 

sensoryy tracts located in the dorsal columns of the spinal cord. 

Thee use of SSEP for the prevention of iatrogenic spinal cord injury is based on the 

assumptionn that severe ischemia of the ascending white matter tracts will result in significant 

changess in latency and amplitude of the cortical signal before irreversible neuronal damage 

occurs.. The criterion for detection of spinal cord ischemia requiring intervention during 

vascularr and spinal surgery was empirically defined as a decrease in signal amplitude of more 
13,14 4 

thann 50% or an increase of the signal latency of more than 10%. Signal averaging is 

necessaryy to separate the relatively small amplitude of SSEP (a factor 1,000 smaller than for 

examplee ECG signals) from the background noise of biological and background signals in the 

operationn room. 

MotorMotor evoked potentials are the responses of the muscle, peripheral nerve or spinal cord 

thatt result from electrical stimulation of the motor cortex or spinal cord. Although at least six 

combinationss of stimulation and recording sites exist, the recording of muscle responses to a 

volleyy of electrical or magnetic transcranial stimulations (tcMEP) appears to elicit the most 

efficientt and stable signal. The tcMEP constitutes the integrity of transmission through the 

descendingg pyramidal tracts and motoneuron synapses that are located in the ventral aspect of 

thee spinal cord. The use of tcMEP for the prevention of iatrogenic spinal cord injury is based 

onn the assumption that ischemia of the most vulnerable segment in the corticospinal motor 

pathway,, i.e. the motoneuronal synapses in the lumbar intumescence, results in significant 

changess in amplitude of the myogenic response before irreversible neuronal damage occurs. 
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Thee criterion for detection of spinal cord ischemia requiring intervention was defined on 
15 5 

empiricall  grounds as a reduction of tcMEP amplitude to less than 25% of the baseline value. 

Thee more restrictive criterion for spinal cord dysfunction during tcMEP monitoring compared 

too SSEP recording was based on the relatively larger amplitude variability of tcMEP signals. 

AA possible reason for the delayed arrival of tcMEP monitoring in the operation room is that 

mostt anesthetic drugs, and especially volatile agents, decrease the excitability of the motor 

pathways.. Compared to ECG readings the myogenic tcMEP amplitude is of comparable 

size,, and signal-acquisition is usually performed once a minute. 

Indirectt monitoring of spinal cord oxygenation is a relatively new technique that has 

beenn introduced recently during aortic surgery. Continuous assessment of parenchymal 

oxygenationn via implanted microprobes was already used clinically to detect cerebral 
19-211 . 

ischemiaa after traumatic brain injury, but direct measurement of spinal cord tissue 

oxygenationn is not feasible with the current technology. However, the changes in 

cerebrospinall  pC"2 (CSF-pC»2) values, which can be more readily assessed, appear to parallel 
19,22 2 

neuronall  tissue oxygenation. Recent observations in experimental models and in patients 

undergoingg resection of thoracoabdominal aortic aneurysms indicate that intrathecal pC>2 
233 24 

decreasess after aortic cross-clamping. ' CSF-pC>2 can be measured with fiberoptic devices 

andd Clark-type electrodes that are inserted in the lumbar intrathecal space. Sampling of p02 

valuess can be performed up to every 2 seconds. In a recent study [see chapter 5] a reduction of 

CSF-p022 with 50% correlated with clinical spinal cord ischemia as measured with tcMEP 

duringg experimental spinal cord ischemia. The technique seems to have a high temporal 

resolutionn for the detection of spinal cord ischemia and reperfusion. 

Comments s 

AnesthesiologicalAnesthesiological effects on evoked potentials 

Manyy anesthetic agents that are commonly used in the operation room can substantially 

influencee the recording of evoked potentials. Anesthetic agents decrease the synaptic 

excitabilityy in the central and peripheral nervous system. Especially the cortical component in 

SSEPP and the cortical and spinal motoneuronal component in tcMEP are vulnerable to 

reductionn of neuronal excitability induced by volatile agents. 

Recordingg of cortical and myogenic responses is possible with nitrous oxide 50% / opioid 

anesthesiaa but evoked potentials are completely abolished when the mixture is combined with 

isofluranee 0.3%. Intravenous agents that are known to possess muscle-relaxing properties, 
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suchh as benzodiazepines, barbiturates and propofol severely depress myogenic tcMEP but do 

nott substantially affect SSEP responses. However, application of multiple transcranial pulses 

withinn a short time interval can partly overcome the observed tcMEP amplitude reductions of 

thesee and most of the other anesthetic agents. Pharmacological agents that increase muscle 

tone,, such as ketamine, fentanyl, sufentanil and etomidate do not affect tcMEP substantially. 
25 5 

Etomidatee is the only anesthetic drug known to increase SSEP amplitude. 

AA widely accepted anesthetic technique during SSEP monitoring consists of the 

combinationn of the following agents: benzodiazepine premedication, barbiturate induction, 

boluss and continuous infusion of fentanyl, sufentanil or alfentanil and N2O 50% with or 

withoutt low concentrations (<0,5 MAC) of volatile agents. An anesthetic technique for the 

monitoringg of myogenic tcMEP might exist of the following: benzodiazepine premedication, 

etomidatee induction, and sufentanil maintenance with a supplement bolus of ketamine. 

Alternatively,, total intravenous anesthesia using continuous infusions of opioid and low-dose 

propofoll  may provide acceptable tcMEP recording conditions. During tcMEP recording, 

partiall  muscle relaxation can be maintained with a closed loop administration of vecuronium. 

Inn general, boluses of centrally active medication should be avoided during monitoring of 

evokedd potentials. Temperature effects influence nerve conduction velocity and should be 

takenn into account during interpretation of latency changes of the SSEP signal. 

ComparisonComparison of monitoring techniques 

Mostt studies indicating that the intraoperative use of SSEP can decrease the incidence of 

postoperativee neurologic deficits were carried out in orthopedic surgery. The correction of 

acutee spinal injuries was associated with a smaller number of new neurologic deficits in 

patientss that were monitored with SSEP during the procedure compared to patients that were 

nott monitored or underwent a wake-up test only. In a retrospective multicenter study SSEP 

weree used in the majority of scoliosis procedures, reducing the incidence of neurologic 
27 7 

deficitss as compared to procedures that were not monitored. 

Althoughh SSEP can increase the safety of certain orthopedic and neurosurgical 

procedures,, the technique assesses mainly sensory spinal cord tracts, which are located in the 

dorsall  aspect of the cord. This part of the spinal cord is perfused via another arterial system 

thann the ventral spinal cord (which comprises the anterior horn motoneurons that innervate 
28 8 

thee leg musculature), and receives a more robust input directly from the aorta. Furthermore, 

synapticc transmission in motoneurons is more sensitive to ischemia than axonal 
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299 30 

transmission.. ' This might explain the long delay (more than 15 minutes) between onset and 
31,32 2 

detectionn of ischemia with SSEP after aortic cross-clamping or hypoxia. Thus, there is a 

distinctt albeit rare chance that a stable SSEP signal is measured throughout a surgical 

proceduree in the presence of a motor pathway dysfunction. Indeed, several reports indicate 

false-negativee monitoring results of SSEP that can hamper the application of the technique in 
4,10,33-35 5 

proceduress that carry a risk of spinal cord motor pathway ischemia. Also, especially 

duringg resection of aortic aneurysms, in which immediate and continuous feedback is 

warrantedd to guide reattachment of spinal cord feeding arteries to the graft, the delayed 

detectionn time of SSEP might hamper the use this technique for the detection of fast changes 

inn spinal cord perfusion. 

TcMEPP are highly specific for the integrity of motor pathway conduction and are lost 

almostt instantaneously after cross-clamping of the thoracic aorta, ' probably as a result of 

ischemicc synaptic failure in the anterior horn motoneurons. The loss of myogenic tcMEP 

correlatess with a severe reduction of anterior spinal cord blood flow. The high sensitivity 

andd specificity of tcMEP for the detection of spinal cord ischemia might depend on the cut-off 

valuee (e.g. 25% of baseline) that is associated with severe hypoperfusion of the spinal cord. 

Contributingg to the variability of tcMEP amplitude is the use of partial muscle relaxation, 

whichh balances the surgical considerations of patient immobility and movements after 

transcraniall  stimulation and the minimal requirements for myogenic evoked potentials 
399 40 

recording.. ' The fast detection of spinal cord ischemia by tcMEP provided identification of 

segmentall  arteries that were critical to spinal cord perfusion in both the clinical and the 
411 42 

experimentall  setting. ' Although the predictive value of intraoperative tcMEP for 

postoperativee neurologic outcome is presently unknown, there is evidence indicating that loss 
43 3 

off  tcMEP signals precedes irreversible damage during experimental spinal cord ischemia. 

Functionall  assessment of the spinal cord seems more reliable than indirect measurements 

off  spinal cord oxygenation. However, there are some advantages of CSF-p02 measurement 

comparedd to motor evoked potentials. Movement artifacts that are associated with partial 

neuromuscularr blockade, the delivery of high voltage stimuli to the brain, and the complexity 

off  tcMEP monitoring may render CSF-p02 measurement more suitable for spinal 

neurosurgeryy as compared to tcMEP. There seems to be considerable discussion as to the 

reliabilityy of recording absolute p02 values, but the real-time relative CSF-pC«2 changes after 

occlusionn of spinal cord feeding vessels appear valid. Several physiologic parameters, such as 
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end-tidall  CO2, mean arterial pressure, intracranial pressure, pH and temperature, have to be 

controlledd meticulously to avoid artifacts in CSF-p02 measurement. 

Moree research is needed to determine if CSF-p02 detects spinal cord ischemia before 

irreversiblee neuronal damage has occurred. A first step might be a validation of the technique 

withh functional assessment of the spinal cord during rapid changes in experimentally induced 

spinall  cord hypoperfusion. 

Conclusions s 

Thee currently available techniques for intraoperative monitoring of the spinal cord aim to 

detectt spinal cord ischemia before irreversible neuronal damage has occurred during spinal 

andd vascular surgical procedures. Evoked potentials assess conduction in motor, sensory or a 

mixedd motor/sensory spinal trajectory. Myogenic responses to transcranial stimulation are 

completelyy specific for motor pathway function and reduce rapidly during spinal cord 

ischemia,, but preclude the use of volatile agents and complete neuromuscular blockade. SSEP 

reliablyy detects global spinal cord ischemia after an initial delay, but lacks sensitivity for the 

detectionn of isolated motor pathway dysfunction. The continuous measurement of intrathecal 

oxygenationn might be used intraoperatively in addition to motor evoked potentials, or in 

criticall  care environments 
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