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Chapter 3 

Abstract 

Backg round : Monitoring motor evoked potentials to transcranial electrical stimulation (tc-MEPs) 

provides information about the functional status of the spinal cord during operations 

that pose a risk of spinal cord ischemia. Responses can be recorded from the epidural 

space (epidural tc-MEPs) or from muscle (myogenic tc-MEPs). In this study the relative 

sensitivity of epidural and myogenic tc-MEPs to acute spinal cord ischemia was 

compared. 

M e t h o d s : Spinal cord ischemia was produced by infrarenal aortic balloon occlusion in 9 

anesthetized New Zealand white rabbits. Tc-MEPs were evoked by transcranial 

electrical stimuli applied to the scalp. Responses were recorded from the lumbar 

epidural space and from the soleus muscle, and the effect of aortic occlusion was 

assessed. 

Results: The peak-to-peak amplitude of the direct wave of the epidural response decreased 

gradually during aortic occlusion in 8 animals and increased in one. The median 

(10th to 90th percentiles) time to a 50% reduction in amplitude was 11.3 (3 - 22) 

minutes. In contrast, myogenic responses disappeared within 2 minutes after the 

start of occlusion in all animals. Lower extremity ischemia as a cause of changes in 

myogenic tc-MEP amplitude was excluded by ligating the right femoral artery and 

demonstrating that myogenic responses were preserved for 30 min, before occluding 

the aorta. 

Conc lus ion : Myogenic responses are more sensitive to acute spinal cord ischemia than epidural 

responses. The rapid detection of spinal cord ischemia with transcranial myogenic 

motor evoked potentials could be of clinical use in assessing the adequacy of spina 

cord blood flow during operations where the spinal cord is at risk. 
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Introduction 
Paraplegia is a devastating complication of operations on the thoracic aorta. The incidence 

of paraplegia and paraparesis after thoracoabdominal aneurysm surgery ranges between 

2 and 21%, depending on the extent of the aneurysm.' Neurologic deficits after aortic 

cross-clamping are the result of spinal cord ischemia of sufficient magnitude and duration 

to produce irreversible motor neuron injury.2 

The role of electrophysiological monitoring of spinal cord function is to detect ischemia in 

an early and reversible stage, in order to apply or adjust protective strategies. Evoked 

potentials are used widely for intraoperative monitoring of spinal cord function. 

Somatosensory evoked potentials (SSEPs) are conducted mainly in the ascending sensory 

tracts of the posterior columns. Since the anterior horn motor cells are especially sensitive 

to ischemia and receive their blood supply from the anterior spinal artery, whereas the 

dorsal columns are supplied via the posterior spinal artery, SSEPs may not always reflect 

selective ischemia of the spinal motor system.3 Indeed, there have been reports of false 

negative SSEP results (postoperative neurological deficits despite unchanged SSEPs).45 

Recording of motor evoked potentials (MEPs) is a relatively new technique for spinal cord 

monitoring. MEPs can be elicited by transcranial electrical stimulation of the motor cortex 

(tc-MEPs). The resulting motor responses can be recorded from electrodes in the epidural 

space, from the peripheral nerve or from muscle as a compound muscle action potential 

(CMAP). Epidural responses reflect axonal conduction in the anterior and lateral corticospinal 

tracts and the rubrospinal tracts in the spinal cord white matter, whereas myogenic and 

nerve responses also reflect the function of spinal a-motor neurons, nerves and muscles. 

For clinical use a sensitive indicator of spinal cord ischemia with a rapid response time 

should be used, in order to apply protective strategies before ischemia has resulted in 

irreversible neuronal damage. The purpose of this study was to compare the relative 

sensitivity of epidural motor evoked potentials (epidural tc-MEPs) and myogenic motor 

evoked potentials (myogenic tc-MEPs) for the detection of early spinal cord dysfunction in 

a model of temporary spinal cord ischemia in the rabbit. 

Methods 
The study protocol was approved by the Animal Care and Use Committee of the Academic 

Medical Center and the University of Amsterdam, the Netherlands. 

Spinal cord ischemia was produced by temporary infrarenal aortic balloon occlusion in 9 

male anesthetized New Zealand white rabbits. The weight of the rabbits was 3.7-4.2 kg 

(mean 4.0 kg). 
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Operative procedure 

The rabbits were kept according to The National Guidelines for Care of Laboratory Animals 

in the Netherlands. Free water access was provided during fasting until one hour before 

the study. The rabbits were premedicated with ketamme 50 mg/kg im. Anesthesia was 

induced with 1 % halothane by mask in a mixture of 50% 0 2 in N20. Immediately after 

induction of anesthesia a 20 G cannula was placed in an ear vein and 0.9% saline was 

infused at a rate of 4 ml /kg/h. Halothane was switched off and anesthesia was maintained 

with a continuous infusion of ketamine (25 mg/kg/h) and sufentanil (10 ug/kg/h). The 

tracheas were intubated and the animals were ventilated at a rate of 45 breaths/min using 

an Amsterdam Infant Ventilator (volume divider) (Hoekloos, Amsterdam) with a mixture of 

oxygen in air. Ventilation was adjusted to maintain end-tidal CO (mainstream capnograph 

[Hewlett-Packard, Boeblingen, Germany]) within 4.8 to 5.3 kPa (36 to 40 mm Hg) throughout 

the experiment. Adequacy of ventilation was confirmed by blood gas analysis. The 

electrocardiogram was monitored throughout the experiment. Figure 1 shows the 

experimental preparation. 
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Figure 1 . Schematic representation of the experimental preparation. Spinal cord ischemia is achieved 
by temporary infrarenal aortic balloon occlusion in the rabbit. Epidural and myogenic motor evoked 
potentials in response to transcranial electrical stimulation are recorded. 
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A bipolar pacing electrode (Bard U5CI, Galway, Ireland) with an inter-electrode distance of 

0.5 cm, was used to record epidural tc-MEPs.6 The electrode was inserted through a L3 - L4 

laminectomy and advanced caudally in the epidural space until the tip was located over 

the spinal cord at the 5th lumbar vertebra. The cauda equina is located caudal to the level 

of the 7th lumbar vertebra in the rabbit.7 If CSF leakage was observed at any time, the 

animal was excluded from the experiment. 

A right femoral arteriotomy was performed immediately distal to the inguinal ligament. A 

5 Fr balloon-tipped catheter with pressure-monitoring ports proximal and distal to the 

balloon (Braun, Melsungen, Germany) was advanced 1 5 cm into the abdominal aorta. This 

resulted in a balloon location 0.5-1.5 cm distal to the left renal artery, at the level of the 

second lumbar vertebra.3 Immediately before catheter insertion intravenous heparin, 1000 

units, was administered followed by 500 units every hour thereafter. Hemodynamic variables 

(mean arterial pressure [MAP] from the distal orifice of the catheter, aortic pressure caudal 

to the balloon and heart rate [HR] from the ECG) were recorded continuously during the 

study. Aortic occlusion was achieved by inflating the balloon with 0.5 ml air for 25 minutes. 

The occurrence of complete aortic occlusion was verified by monitoring pressure caudal to 

the balloon via the proximal orifice of the monitor catheter. Similarly, reperfusion was 

verified by the presence of a pulsatile pressure waveform via the proximal orifice of the 

catheter. Arterial pH, PaCCL, Pa02, hematocrit and plasma glucose were measured before 

aortic occlusion, 24 minutes after the onset of occlusion and 5 minutes after balloon 

deflation. If MAP decreased below 50 mmHg during reperfusion, the rabbits received 2.5 

mg ephedrine iv. Rectal temperature was maintained at 38.5-39.5°C (normothermic) with 

a pediatric warming mattress and an infrared heating device. After the experiment the 

rabbits were euthanized with 150 mg/kg of pentobarbital intravenously and correct position 

of the balloon catheter was confirmed by laparotomy. 

Motor evoked potential monitoring 

Tc-MEPs were evoked by single transcranial electrical stimuli applied to the scalp via needle 

electrodes, the cathode was positioned on the dorsum of the nose, and the anode in the 

midline over the occiput. The transcranial stimulator (Digitimer D180 A, Digitimer Ltd, 

Welwyn Garden City, UK.) delivers a high voltage (up to 1200 V) capacitor discharge with 

a half-time of 50 us. Epidural responses were recorded from the bipolar electrode in the 

epidural space. CMAPs were recorded from platinum needle electrodes in the left and 

right soleus muscle. The signals were amplified 5,000 to 20.0Q0 times (adjusted to obtain 

maximum vertical resolution), and filtered between 30 and 1500 Hz using a 3T PS-800 
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biologic amplifier (Twente Technology Transfer, Twente, The Netherlands). Data acguisition, 

processing and analysis were performed on a computer with 12 bit A/D-conversion and 

dedicated software written in the LabVIEW' programming environment (National 

Instruments, Austin, Texas).9 

Insertion of the balloon-tipped catheter required ligation of the right femoral artery. To 

assess the effects of peripheral nerve and muscle ischemia on myogenic tc-MEPs, CMAPs 

were recorded from the soleus muscle in the right occluded leg and the left perfused leg 

for 30 minutes after ligation of the right femoral artery, and the effect on latency and 

amplitude was assessed. 

One hour after discontinuation of halothane the supramaximal stimulus intensity was 

determined. The stimulation level used for subsequent data recording was 10 % above 

that which yielded maximal tc-MEP amplitude. Baseline myogenic and epidural tc-MEPs 

were recorded. Ischemia was induced by inflation of the balloon for 25 minutes. During 

occlusion epidural and myogenic tc-MEPs were recorded at 30 seconds, 1, 2, 3, 4, 5, 7.5, 

10, 12.5, 15, 17.5, 20, 22.5 and 25 minutes, and at 1, 2, 3, 4, 5 minutes and every 5 

minutes until one hour after the occlusion. 

The epidural tc-MEP consists of a direct wave followed by several indirect waves. The peak-

to-peak amplitude and onset latency of the direct wave were analysed to evaluate the 

effect of spinal cord ischemia on epidural tc-MEPs. To evaluate the effects of spinal cord 

ischemia on myogenic tc-MEPs, the peak-to-peak amplitude and onset latency of responses 

recorded from the left soleus muscle were analyzed. Onset latency data were excluded if 

the amplitude was absent. 

Statistical analysis 

Physiological data are expressed as means ± standard error. Tc-MEP amplitudes are expressed 

as medians and 10th to 90th percentiles. Temperature, blood gases, glucose concentration 

and hematocrit were analyzed with repeated measures analysis of variance. Because of 

the apparently skewed distribution of MEP amplitudes, MEP data were analyzed by 

nonparametric analysis of variance (Friedman's test) and the Mann-Whitney U test corrected 

for multiple testing. P< 0.05 was considered significant. 
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Results 
Physiological variables 

There were no changes in temperature, glucose concentration, hematocrit and blood gases 

occurred during and after occlusion. The hemodynamic responses to aortic occlusion and 

reperfusion are presented in figure 2. After the onset of aortic occlusion proximal aortic 

pressure increased transiently from 60 ± 3 (SE) mmHg to 87 ± 8 mmHg. Distal aortic pressure 

decreased to 14 ± 1 mmHg and remained at this level during occlusion in all animals. Heart 

rate decreased from 194 ± 7 to 178 ± 7 beats per minute. After reperfusion MAP decreased 

to 58 ± 3 mmHg. Eight rabbits required ephedrine to maintain MAP during reperfusion. No 

animal exhibited signs of wakefulness after halothane was discontinued. 
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Figure 2. Hemodynamic 
responses to aortic occlusion. 
HR = heart rate; Ao proximah 
aortic pressure proximal from the 
balloon; Ao distal = aortic 
pressure distal from the balloon. 
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Figure 3. Influence of 30 
minutes peripheral nerve and 
muscle ischemia on myogenic 
transcranial motor evoked 
potential (tc-MEP) amplitude of 
the soleus muscles. The right 
femoral artery was ligated at time 
zero. Data are presented as box 
plots. Horizontal bars represent 
90, 75, 50 (median), 25 and 10th 
per-centiles. Amplitude is 
expressed as a percentage of the 
baseline value recorded 
immediately prior to occlusion. 
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Tc-MEP analyses 

Reproducible responses were recorded in all nine animals. There were no significant changes 

in the amplitude of MEPs recorded from the right soleus muscle during 30 minutes after 

occlusion of the right femoral artery. After 30 minutes the median amplitude of the myogenic 

response of the occluded leg decreased to 48 (0.6 - 127 ) % of baseline, p = 0.11 (Mann-

Whitney U-test). No changes in amplitude occurred in the unoccluded left leg (Figure 3). 

There were no changes in onset latency in the occluded or the open leg during the 30 

minute recording period. 

Before aortic occlusion baseline epidural tc-MEP amplitude was 21 (14 - 58) uV and 

onset latency 2.2 (1.8 - 2.5) ms. Baseline myogenic tc-MEP amplitude of the left leg was 

7.3 (3.2 - 13.9) mVand onset latency was 9.1 (8.1 - 10.2) ms. 

The changes in epidural tc-MEPs after aortic occlusion were variable, with the general 

pattern being one of eventual progressive decline in amplitude of the response during the 

25 min of occlusion. In four animals the epidural responses initially increased in amplitude 
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during the first 7.5 minutes of occlusion, and decreased thereafter. The epidural response 

disappeared completely in only one animal. In one animal the epidural response increased 

in amplitude during the full 25 min of aortic occlusion. Figure 4 shows the effect of aortic 

occlusion on the amplitude of epidural and myogenic tc-MEPs expressed as percentage of 

the baseline responses for all nine animals. After 10 and 25 minutes of aortic occlusion 

epidural amplitude was 77 (51 -161)% and 40 (8-191) % of baseline respectively (Friedman 

testO, 10 and 25 min, p = 0.018). For the eight animals in which amplitude decreased during 

occlusion, the median time to a 50% amplitude reduction was 11.3 (3.0 - 22.0) minutes. 

Thirty seconds after the start of occlusion the myogenic tc-MEP was abolished in five animals, 

in the other four rabbits the amplitude had decreased to 2 -12% of baseline (median 4%). 

The myogenic response disappeared within 2 minutes after the start of aortic occlusion in 

all animals and did not return during occlusion. 

The amplitude of the epidural response returned to baseline values in 1-3 minutes after 

reperfusion in 8 rabbits, and did not return to baseline values in one rabbit. At 5, 30 and 

60 minutes of reperfusion the median amplitude was 114 (34 - 154) %, 100 (41 - 125) % 

and 100(39-151) % of baseline. 

The myogenic tc-MEPs reappeared 5-30 minutes after reperfusion. At 5 minutes of 

reperfusion only 2 animals had responses and they were 2% of baseline amplitude. At 30 

and 60 minutes of reperfusion median amplitude was 11 (3 - 34) % and 20 (5 - 79) % of 

baseline respectively. 

There were no significant changes in onset latency of epidural and myogenic responses 

during aortic occlusion and reperfusion. 

Discussion 
The results of this study demonstrate that myogenic responses to transcranial stimulation 

are more sensitive to acute spinal cord ischemia than epidural responses. While the myogenic 

responses completely disappeared within 2 minutes after the onset of aortic occlusion, the 

epidural responses required a median time of 11.3 min for amplitude to decrease to less than 

50% of baseline. 

In the experimental model used in this study, spinal cord ischemia was produced by occluding 

the abdominal aorta. In the rabbit, aortic occlusion is a highly reproducible model for the 

production of spinal ischemic lesions, since there is a clear relationship between the time 

of occlusion, histopathological changes and the resultant clinical levels of function.10 In an 

ideal model of the effect of spinal cord ischemia on myogenic motor evoked potentials, 
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blood f low to the muscle would be maintained. However, in the experimental preparation 

used in the present study, aortic occlusion also produced lower extremity ischemia. 

Accordingly, a portion of our protocol examined the effect of lower extremity ischemia 

(without spinal cord ischemia) on tc-MEPs recorded from the ischemic extremity. Lower 

extremity ischemia was accomplished by ligation of the femoral artery at the level of the 

inguinal ligament. Because of the absence of collateral circulation to the lower extremity,7 

femoral occlusion should produce profound lower extremity ischemia comparable to that 

which occurs with aortic occlusion. Ligation of the femoral artery demonstrated the relative 

insensitivity of tc-MEPs to peripheral ischemia, i.e., there was no significant decrease in the 

amplitude of the myogenic motor evoked responses during a 30 min period after femoral 

artery ligation at the level of inguinal ligament. Accordingly, it appears unlikely that the tc-

MEP changes observed following aortic occlusion were a consequence of peripheral ischemia. 

Spinal cord monitoring can be used to assess the integrity of various spinal neural pathways. 

If monitoring techniques are to improve outcome after operations with a risk of paraplegia 

or paraparesis, several conditions must be met. Spinal cord ischemia should be detected in 

an early and reversible stage, and techniques aimed at restoring spinal cord blood f low 

should be applied and optimized according to the monitoring results. Somatosensory evoked 

potentials have been used for the detection of spinal cord dysfunction during surgical 

procedures on the thoracic aorta. The loss of SSEPs during the cross-clamp interval is a 

predictor of subsequent paraplegia. If SSEP loss exceeds 30 minutes the incidence of 

permanent neurologic injury is as high as 7 1 % . n However, Crawford et al. reported that, 

despite the use of SSEP monitoring and distal aortic perfusion, there was no statistical 

difference in the incidence of paraplegia (15 - 20%) after repair of thoracic aortic aneurysms 

in humans.12 One possible explanation is that changes in SSEP occur 3 to 4 minutes after 

the onset of spinal cord ischemia, and SSEP loss is complete only after 9 minutes of aortic 

cross-clamping.13 The delay between the onset and detection of spinal cord ischemia may 

be such that it is too late to change the surgical approach during thoraco-abdominal 

aneurysm resections. In addition, the SSEP is mainly conducted in the dorsal columns and 

dorsal spinocerebellar tracts and therefore does not accurately reflect motor function. 

Motor evoked potentials recorded over peripheral nerve or muscle after either transcranial 

or spinal cord Stimulation require the intact function of the motoneuronal system in the 

grey matter of the anterior horn of the spinal cord, and they may be more sensitive to 

ischemia than responses recorded from the axons of the descending tracts. The results of 

the present study and previous investigations collectively confirm that motor evoked 
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responses recorded from the epidural space are slow to disappear following the onset of 

spinal cord ischemia and that responses recorded distal to the anterior horn cells, i.e., from 

peripheral nerve in previous investigations and from muscle in the current study, disappear 

rapidly following the onset of spinal cord ischemia.1416 Mongan et al. found that motor 

potentials, evoked at the spinal cord and recorded from the epidural space disappeared 

18.3 ± 7.8 mm after aortic occlusion in swine. There was a high correlation (r = 0.93) 

between the time the responses were absent and postoperative motor function.15 In a 

model of spinal cord ischemia in the dog, Reuter et al. observed that the epidural response 

after transcranial stimulation disappeared in 21 ± 6.6 minutes and the peripheral nerve 

responses within 1 minute after the onset of spinal cord ischemia.1" In a model of global 

ischemia in the dog, Konrad reported that responses recorded from the sciatic nerve 

disappeared within 30 seconds after the onset of ischemia, while the epidural response 

disappeared after 10-13 minutes.,5 The results from the present study similarly demonstrate 

a relatively delayed decrease of the epidural tc-MEP amplitude and a rapid loss of the 

peripheral, myogenic response after the onset of acute spinal cord ischemia. 

The different sensitivity of epidural and myogenic motor evoked responses to spinal cord 

ischemia can be explained neurophysiologically. Among the first consequences of neuronal 

ischemia is a loss of synaptic transmission.17 Motor responses recorded from electrodes in 

the epidural space reflect the propagation of action potentials in spinal cord white matter. 

They represent axonal activity from pyramidal fibres whose cell bodies are located in the 

brain, whereas myogenic responses are also dependent on synaptic processes in the spina! 

motoneuronal system. Axonai transmission is less sensitive to changes in blood flow and 

systemic blood pressure than synaptic transmission.18 Accordingly, the function of axons 

located in the white matter can be expected to persist longer during ischemia. The increase 

in amplitude of the epidural response in one rabbit might be interpreted as an injury 

potential.19 Although the precise generator is unknown, increased amplitude has been 

identified as a correlate of major spinal cord injury.20 Myogenic responses require synaptic 

transmission of descending volleys in pyramidal tracts converging on the anterior horn 

motor neuron, as well as substantial amplification by spinal inter-neurons. A reduction in 

blood flow to a level that is not adequate to maintain synaptic impulse transmission will be 

reflected immediately by a decreased myogenic response. Myogenic responses to transcranial 

stimulation therefore provide direct information on the functional status of the spinal cord 

motoneuronal system. 
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Strategies aimed at preserving spinal cord integrity during thoracoabdominal aortic surgery 

include maintenance of spinal cord blood f low during and after the surgical procedure 

using distal aortic bypass technigues, seguential clamping of the aorta and reattachment 

of intercostal arteries.2123 Efforts to decrease the incidence of neurological complications 

have been hampered by the lack of a rapidly responsive monitor of adeguate spinal cord 

perfusion during aortic cross-clamping. For spinal cord monitoring during thoracoabdominal 

aneurysm surgery, it would be advantageous if the monitored signal responds promptly to 

alterations in spinal cord blood flow. With rapid assessment of the adequacy of an existing 

collateral f low during aortic cross-clamping, the need for application of bypass techniques 

could be readily assessed, the adequacy of bypass techniques could be evaluated and 

adjustments of bypass f low could be made as necessary to maintain spinal cord perfusion. 

The present and other data suggest that the time between the onset and detection of 

ischemia of the epidural motor responses may be too long to allow prompt intervention 

when spinal cord blood f low decreases. Moreover, it is probably impractical to impose a 

1 5 - 2 0 minute wait ing period to assess whether a particular intercostal artery is critical 

to spinal cord blood flow. In contrast, CMAP monitoring is sufficiently rapid to allow timely 

interventions aimed at correcting ischemic conditions and preserving spinal cord blood flow. 

In conclusion, we have shown in rabbits that myogenic motor evoked potentials to 

transcranial stimulation change much more rapidly in response to acute spinal cord 

ischemia than do tc-MEPs recorded f rom the epidural space. If the results of this 

investigation are applicable in man, the potential benefit of myogenic tc-MEPs, especially 

in the setting of thoracoabdominal aortic surgery, may be that they have the potential to 

guide timely therapeutic decisions regarding protective strategies aimed at preserving 

spinal cord blood f low. 
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