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Chapter 4 

Abstract 

Object ive: Motor evoked myogenic potentials after transcranial electrical stimulation (tc-MEPs) 

monitor the vulnerable motoneuronal system of the spinal cord. This study reports 

our initial experiences with tc-MEPs to assess the adequacy of spinal cord perfusion 

during thoracoabdominal aneurysm (TAA) surgery. 

M e t h o d s : In 20 patients undergoing TAA surgery myogenic tc-MEPs were recorded. In 18 

patients retrograde aortic perfusion was used. When spinal cord ischemia was 

detected, distal flow or mean arterial pressure were increased in an attempt to 

restore cord perfusion. Using sequential cross-clamping, tc-MEPs were also used to 

identify intercostal or lumbar arteries that needed to be reimplanted. 

Results: Reproducible tc-MEPs could be recorded in all patients. During retrograde perfusion 

9 patients showed a rapid decrease of tc-MEP amplitude to less than 25% of baseline, 

indicating spinal cord ischemia. In 5 patients ischemic tc-MEP changes could be reversed 

by increasing distal and proximal blood pressures. In 4 patients ischemic changes 

during cross-clamping necessitated segmental artery reimplantation. In 3 of these 4 

patients intercostal or lumbar arteries were reattached. In one patient reimplantatation 

of segmental arteries was not possible, this patient awoke paraplegic. Segmental 

arteries were ligated after confirmation of intact tc-MEPs during aortic clamping in 8 

patients. None of these patients had a neurologic deficit. Absent tc-MEPs at the end 

of the procedure always indicated a postoperative motor deficit. 

Conc lus ion : During operations for thoracoabdominal aneurysms, monitoring of motor-evoked 

potentials is an effective technique to detect spinal cord ischemia within minutes. 

This modality can be used to guide the management of distal aortic perfusion 

techniques and may also help to identify segmental arteries that need to be 

reattached. 
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Introduction 
Paraplegia is a devastating and unpredictable complication of operations on the descending 

thoracic and thoracoabdominal aorta. The incidence of paraplegia and paraparesis ranges 

from 0.5% after repair of a coarctation to 4 1 % after resections of extensive thoraco

abdominal aneurysms (TAA) with dissection.1'2 Neurologic deficits after aortic cross-clamping 

are the result of interruption of spinal cord blood flow of sufficient magnitude and duration 

to produce irreversible motor neuron injury.3 Minimizing the degree and duration of spinal 

cord ischemia, by using retrograde aortic perfusion during cross- clamping appears to be 

protective. However, definitive restoration of spinal cord blood supply following aortic 

replacement is necessary to prevent postoperative paraplegia. This may necessitate 

revascularization of critical intercostal (ICA) or lumbar arteries.4'6 

Somatosensory evoked potentials (SSEPs) are widely used for intraoperative monitoring of 

spinal cord function during operations with a risk for postoperative neurological dysfunction. 

However, in a prospective study SSEPs and temporary distal aortic perfusion did not reduce 

the incidence of early and delayed neurologic complications after thoracic aortic aneurysm 

surgery.7 One reason for the failure of SSEPs to identify patients at risk is that the response 

of the dorsal columns to spinal cord ischemia is quite slow and does not reflect motor 

function. There are now several techniques for intraoperative monitoring of motor pathways, 

but only myogenic responses are entirely specific for the status of the motor neurons in the 

anterior horn grey matter, which are the least tolerant to ischemia.8 The use of transcranial 

motor evoked myogenic potentials (tc-MEPs) during TAA surgery has not yet been described. 

The purpose of this study was to evaluate the efficacy of this technique in detecting spinal 

cord ischemia during TAA surgery. 

Methods 
Patient selection and data 

In 20 consecutive patients, operated for lesions of the thoraco-abdominal aorta between 

December 1993 and December 1995 at the Academic Medical Centre of the University of 

Amsterdam, spinal cord function was monitored with tc-MEPs. The age of the patients 

ranged between 22 - 83 years. Peri-operative patient data are listed in table I. The etiology 

of the aortic lesions included atherosclerosis, trauma and degenerative disease. The thoraco

abdominal aneurysms were classified according to Crawford.7 Type I involves the descending 

thoracic and upper abdominal aorta. Type II includes the entire descending aorta and the 

abdominal aorta and is the most extensive. Type III includes less then half of the descending 
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thoracic aorta and most of the abdominal aorta and type IV involves most or all of the 

abdominal aorta. Eight patients had a thoraco-abdominal aneurysm type I, 7 patients a 

type II, 3 patients a type III and 2 patients a type IV. A neurologic examination was performed 

in all patients on the day before surgery and every day thereafter for 7 days postoperative 

and before hospital discharge. 

Surgical procedure 
The patients were positioned on a bean bag with the thorax in the lateral position and the 

abdomen rotated towards the almost horizontal pelvis. In 18 patients distal bypass was 

used to maintain spinal cord, splanchnic and renal perfusion and to unload the heart 

during cross-clamping. Following exposure of the aorta by a left sided thoraco-phrenico 

laparotomy, retrograde aortic perfusion was achieved by canulation of the left atrium and 

femoral artery and the use of a centrifugal pump (Sams) with heparin coated tubing in 11 

patients. In 7 patients distal aortic perfusion was performed using cardio-pulmonary bypass 

with a femoral artery canula, a long 26 French femoral vein canula up to the right atrium 

and systemic heparinization. The latter technigue has the possibility to induce hypothermia, 

enables the return of spilled blood into the bypass system, and has more possibilities to 

give circulatory support. Distal aortic perfusion was started before aortic cross-clamping 

and was adjusted to maintain distal aortic pressure above 60 mmHg during cross clamping. 

In two patients no retrograde aortic perfusion was used. 

Dacron tube grafts were anastomosed with running 3 - 0 prolene sutures. The aorta was 

cross-clamped distal or proximal of the left subclavian artery, depending on the extent of 

the aneurysm. A second clamp was placed some centimetres more distal. The aorta was 

completely transsected and a dacron graft anastomosed. Then the aorta was sequentially 

cross-clamped and the aneurysm was opened. Depending on tc-MEPs segmental arteries 

were reattached by an aortic island, containing one or several orifices, anastomosed to the 

graft. If segmental arteries were reattached, duration of spinal cord ischemia was minimized 

by immediate perfusion of the grafted arteries. 

After opening the abdominal aorta in type II, III and IV patients the coeliac trunc, superior 

mesenteric and both renal arteries were selectively perfused with 9 French Pruitt catheters 

connected to the extra corporal circulatory system. These arteries were reimplanted in the 

graft while organ perfusion was maintained.9 

Anesthetic technique 
Patients received 2-4 mg lorazepam orally one hour before the operation. Induction of 

anesthesia was achieved with etomidate 0.3 mg/kg and sufentanil 5 ug/kg intravenously. 

90 
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Anesthesia was maintained with sufentanil 4 ug/kg/hour and ketamine 2 mg/kg/hour. 

Additional ketamine 50 mg iv. was given at signs of light anesthesia. Muscle relaxation 

was induced and maintained with vecuronium. The level of neuromuscular blockade can 

affect tc-MEP amplitude and should be maintained at a level that is compatible with recording 

of compound muscle action potentials (CMAPs), usually around 20% of baseline amplitude. 

The level of neuromuscular blockade was assessed with a Relaxograph neuromuscular 

transmission monitor (Datex, Helsinki, Finland). This device applies a train of four supra

maximal stimuli to the ulnar nerve at the wrist every 20 seconds and records the resulting 

hypothenar CMAP. The level of neuromuscular blockade was expressed as the amplitude 

of the response to the first stimulus expressed as a percentage of control, i.e., before 

administration of the muscle relaxant. The alarm of the Relaxograph was set at 20% and was 

connected to the on/off switch of an infusionpump (Braun, Melsungen, Germany), thus 

achieving simple on-off closed-loop control. Whenever the level of neuromusclar blockade 

decreased below the setpoint, the alarm of the relaxograph activated the infusion pump 

that delivered an infusion of vecuronium at 2 ug/kg/min. If one-lung ventilation was planned, 

the patient was intubated with a double lumen endotracheal tube. Five leads ECG including 

ST-segments, end-tidal carbon-dioxide, rectal and blood temperatures, urine output, blood 

pressure (via radial and femoral arterial catheters), central venous and pulmonary artery 

pressures were monitored continuously. Mean arterial pressure (MAP) was maintained 

between 60 and 100 mmHg. During the clamp-period blood pressure was mainly controlled 

by adjusting bypass flow of the centrifugal pump or by controlling preload of the heart via 

the heart-lung machine. Short acting ß-blockade and meticulous use of nitro-glycerme iv 

was used if preload management could not control high blood pressure. Shed blood was 

collected, processed in a cell-saver and reinfused during surgery. Temperature was allowed 

to decrease spontaneously, reaching rectal temperatures between 31 and 34 °C during 

the cross-clamp period. Starting in 1994 cerebrospinal fluid (CSF) pressure was monitored 

routinely until the third postoperative day (10 patients) and CSF was allowed to drain 

spontaneously if CSF pressure increased above 15 mmHg. 

Technique of Motor Evoked Potential recording 
Transcranial stimulation: tc-MEPs were evoked by applying paired stimuli to the scalp via 

four 9-mm silver electroencephalographic disc electrodes. The anode was placed at Cz and 

3 interconnected cathodes were placed at Fpz, A1 and A2 (International 10-20 system). 

Each individual stimulus had a duration of 50 usee, and the.interval between the paired 

stimuli was 3 ms.'0 To achieve the paired stimulation two identical transcranial electrical 

stimulators (D 180A, Digitimer, Welwyn Garden City, UK) were used. 
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Muscle action potential recording: Compound muscle action potentials were recorded 

from the skin over the left and right anterior tibialis muscle and from the skin over the left 

and right thenar muscles using adhesive gel Ag/AgCI electrodes (figure 1). The signals 

were amplified 5,000 to 20,000 times (adjusted to obtain maximum vertical resolution), and 

filtered between 30 and 1500 Hz using a 3T PS-800 biologic amplifier (Twente Technology 

Transfer, Twente, The Netherlands). Data acquisition, processing and analysis were performed 

on a computer with an AD-converter and software written in the LabVIEW programming 

environment (National Instruments, Austin, Texas)." After stabilization of the level of 

neuromuscular blockade the supramaximal stimulus intensity was assessed. A stimulus 

electr ical s t imu la to r 

motor cortex 

corticospinal tracts 

a-motor neuron 

peripheral nerve 

tibialis anterior muscle 

Figure I. Schematic representation of the technique used to elicit and record myogenic tc-MEPs. 
The motor cortex is stimulated with a short electrical pulse. The signal is conducted by the pyramidal 
tracts, and is transmitted to the motor neurons in the anterior horn of the spinal cord. Compound 
muscle action potentials are recorded from the left and right anterior tibial muscles 
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intensity that produced maximal tc-MEP amplitude was used. Single sweep responses of 

sufficient amplitude were obtained following each paired stimulus, and signal averaging 

was not necessary. Baseline tc-MEPs were measured every 5 min until the aorta was cross-

clamped and every minute during and after crossclamping. Amplitude and onset latency 

of tc-MEPs were recorded. A reduction of tc-MEP amplitude of the tibialis anterior muscle 

during or after the aortic cross-clamp period to less then 25% of baseline was considered 

an indication of ischemic spinal cord dysfunction. In case of an amplitude reduction the 

MEP signals of the thenar muscles were used to distinguish between spinal cord ischemia 

and systemic factors or technical problems. 

Interventions after detection of ischemic tc-MEP changes 

When ischemic tc-MEP changes were observed during graft inclusion or reperfusion, 

attempts were first made to restore spinal cord perfusion. This was achieved by increasing 

retrograde f low, distal aortic pressure and MAP. When significant backbleeding from 

segmental arteries was observed, 3 French Pruitt catheters were inserted into the ICA 

orifices to reduce the 'steal' effect from the anterior spinal artery. 

Tc-MEPs were also used to identify segmental arteries critical to spinal cord blood supply. 

When exclusion of an aortic segment resulted in ischemic tc-MEP changes within 5 min 

after placement of the clamps, then the intercostal and lumbar arteries in that aortic segment 

were considered critical and were reimplanted. If no ischemic tc-MEP changes were observed, 

the intercostal and lumbar arteries in that segment were ligated. 

Table I. Peri-operative patient data. 

LA - A. Fern = Left atrium to femoral artery bypass 
F-F bypass = Femoral vene to femoral artery bypass with oxygenator 
Tc-MEP = Transcranial motor evoked potentials 
CSF = Cerebro-spinal fluid 
ICA = Intercostal artery 
X-clamp = Aortic cross clamping 
MAP = Mean arterial pressure 
TAA = Thoracoabdominal aneurysm 
AD = Acute dissection 
CD = Chronic dissection 
Octopus = Selective organ perfusion 
T = Level of thoracic vertebral body • 
L = Level of lumbar vertebral body 
CCA - LSA = Common Carotid Artery - Left Subclavian Artery 
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Pat. TAA type Perfusion 
nr. 

Clamp-time Placement of proximal 
(min) aortic clamp 

Segmental arteries 

III, CD ligation with tc-MEP 
control T10, L1,L2(5x) 

None 76 T9 ligation with tc-MEP 
control T12-L2 (6x) 

II, CD 

LA - A. Fern 40 

LA -A. Fern 41 

LA •A. Fern 55 

LA A. Fem 84 

. - '< A. Fem 17! 

T 6 

T5 

T 4 

T 4 

Between CCA and L5A 

none 

none 

ligation with tc-MEP 
control T6, T7 (4x) 

preservation T11, 
T12(4x) 

preservation 
T6-T11 (8x) 

LCD 

'0 

II, AD 

LA - A. Fern 

LA - A. Fern 

LA - A. Fern 

LA - A. Fern 

85 

89 

Between CCA and L5A none 

T 4 none 

T 6 ligation with 
tc-MEP control 
T11,T12(4x) 

4 

12 

'3 

'4 

III, CD LA - A. Fern S3 T10 

LA - A. Fern 122 T5 

F - F bypass 
with oxygenator 

' 3' T 4 

F - F bypass 
with oxygenator 

127 Between 
CCA and L5A 

ligation with 
tc-MEP control 
T12-L1 (4x) 

preservation 
T8-T11 (6x) 

ligation with 
tc-MEP contol 
(T6 - T9, 8x) and 
preservation (L2, 2x) 

16 IV 

17 IV 

F - F bypass 96 
with oxygenator 

F - F bypass 94 
with oxygenator 

T10 

ligation with tc-MEP 
control T12 (2x) 

preservation L1, L2 (4x) 

1£ F-F bypass 173 
with oxygenator 

LSA preservation T4 - T6 (6x) 

20 I 

F-Fbypass 100 
with oxygenator 

F - F bypass with 96 
oxygenator 

T 5 

T5 

ligation with tc-MEP 
control T7.T8, L2 (5x) 

ligation with tc-MEP 
control T7 - 9 (4x) 

94 



Transcranial motor evoked myogenic potentials during TAAA surgery 

operative technique tc-MEPs Neurologic 
outcome 

prox and dist clamp, reimplantation 
renal and mesenteric vessels 

prox and dist clamp, reimplantation 
renal and mesenteric vessels 

prox and dist clamp 

prox and dist clamp 

prox and dist clamp, 
CSF-drainage 

staged clamping, reimplantation 
renal and mesenteric vessels 
octopus, CSF-drainage 

staged clamping, reimplantation 
renal and mesenteric vessels 
octopus 

prox and dist clamp 

prox and dist clamp 

prox and dist clamp 

staged clamping, 
reimplantation renal and 
mesenteric vessels 
octopus, CSF-drainage 

staged clamping, octopus, 
reimplantation renal and 
mesenteric vessels CSF-drainage 

prox and dist clamp 

staged clamping, reimplantation 
mesenteric vessels octopus, CSF-drainage 

staged clamping, 
reimplantation renal and 
mesenteric vessels 
octopus, CSF-drainage 

staged clamping, reimplantation renal and 
mesenteric vessels octopus, CSF-drainage 

staged clamping, reimplantation 
renal and mesenteric vessels 
octopus, CSF-drainage 

staged clamping, reimplantation renal and 
mesenteric vesselsoctopus, CSF-drainage 

prox and dist clamp reimplantation renal and No tc-MEP changes, 
mesenteric vessels octopus, CSF-drainage 

Preserved for 18 min after X-clamp thereafter loss due Normal 
to peripheral nerve ischemia.Full return following 
release of X-clamp. 

Preserved for 23 min after X-clamp thereafter Norma 
loss due to peripheral nerve ischemia. 
Full return following release of X-clamp. 

No change. Normal 

No change. Normal 

Technical bypass pump failure, ischemic tc-MEP Normal 
changes within one min. Full tc-MEP 
recovery 2 min after restoration of bypass f low 

No tc-MEP changes. Normal 

Ischemic tc-MEP changes following profuse ICA backbleeding, Normal 
return to baseline with insertion of Pruitt-catheters in 
ICA orifices. Selective reimplantation of these ICAs. 
Three episodes with ischemic tc-MEP changes during X-clamp, 
reversible with increases of retrograde flow. 
During two episodes distal aortic pressure was 60 mmHg. 

No tc-MEP changes. Normal 

Ischemic tc-MEP changes during X-clamp, distal Norma 
aortic pressure 50 • 60 mmHg, return to baseline 
(pumpflow2.4 > 4.1 l/min). 

Ischemic tc-MEP changes during X-clamp, Normal 
distal aortic pressure 45 — 60 mmHg, return 
to baseline (pumpflow 2.7 -> 3.8 l/min). 

Tc-MEPs intact during thoracic aortic replacement. Paraplegia 
Ischemic tc-MEP changes after X-clamp Tl 2-bifurcation, 
segmental artery reimplantation not possible 
and no tc-MEP recovery. 

No tc-MEP changes. Normal 

No tc-MEP changes. Normal 

No tc-MEP changes. Elective ICA reimplantation. Norma 

Tc-MEPs intact during thoracic aortic Delayed 
replacement. Ischemic tc-MEP changes after paraplegia 
X-clamp T11-bifurcation, Full tc-MEP recovery 
after L2 reimplantation. Thrombosis of 
reattached arteries second postoperative day. 

No tc-MEP changes. Normal 

Ischemic tc-MEP changes after the start of distal aortic Paraplegia 
perfusion, before X-clamp. Despite corrective measures 
no tc-MEP recovery during the procedure. 

Ischemic tc-MEP changes after clamping the aorta from Temporary 
the left subclavian artery to T8. Reimplantation of paresis of 
6 ICAs. Tc-MER recovery of the left leg after 353 min. the right leg 

Norma 

prox and dist clamp Ischemic tc-MEP changes during X-clamp, distal aortic 
pressure 55 > 70 mmHg, return to baseline. 
Ischemic tc-MEP changes during reperfusion MAP 
65 -» 80 mmHg, return to baseline. 
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Statistical analysis 

Tc-MEP data are expressed as medians and 10tn to 90th percentiles. Within patient variability 

of tc-MEP amplitudes was calculated as the coefficient of variation (CV = Standard Deviation 

/ Mean x 100%) during 2 hours before aortic clamping. 

Results 
Nineteen patients were neurologically normal before the operation. One patient (#18) had 

an abnormal plantar reflex in the right leg, as a result of left hemispheric stroke. None of the 

patients had preoperative motor deficits. Reproducible myogenic tc-MEPs could be recorded 

in all patients. Baseline amplitude was 607 (136- 1498)uV, and latency to onset was 31 (25 

- 35) ms. The voltage that obtained maximal tc-MEP response amplitudes was 700 (450 -

850) Volts. During a two hour period before proximal aortic cross clamping, the within-

patient variability (coefficient of variation) of the baseline tc-MEP amplitude was 26% (11 -

50%) and of baseline tc-MEP latency was 3.3% (1.4 - 8.7). With the closed-loop neuromuscular 

controller, the level of neuromuscular blockade was maintained between 17 - 23% of control. 

Variations in the level of neuromuscular blockade had only a minor influence on the observed 

within-patient tc-MEP variability. Peri-operative patient data are given in table I. 

Incidence of ischemic tc-MEP changes 

In nine patients tc-MEP changes indicative of spinal cord ischemia were observed either 

during cross-clamping with retrograde perfusion or after aortic repair and release of the 

crossclamp. Tc-MEPs were unchanged after institution of distal perfusion in 17 out of 18 

patients. In one patient (#17) ischemic tc-MEP changes were seen 14 min after the start of 

retrograde perfusion, but before the aorta was cross-clamped. Responses disappeared 

completely after 18 min and acute dissection with obstruction of critical ICAs was suspected. 

Despite cessation of bypass flow and pressure manipulations, tc-MEPs did not return during 

the remainder of the operation, and the patient awoke paraplegic. A possible explanation 

for the spinal ischemia before cross-clamping is that flow reversal caused an intimai flap, 

atheroma or air to obstruct an ICA critical to spinal cord blood supply. During the aortic 

replacement no evidence of an obstruction of a segmental artery was found. 

In 8 patients the segmental arteries were oversewn after clamping of an aortic segment 

and confirmation of unchanged tc-MEPs, suggesting that these vessels were not critical to 

spinal cord blood supply (patient #1, #2, #5, #10, #12, #16, #19, #20). None of these 

patients awoke with postoperative paraplegia. 
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In patients #11, #1 5 en #18 ischemic tc-MEP changes occurred within the first 5 min after 

exclusion of an aortic segment, and accordingly, preservation of segmental arteries was 

warranted. These patients are described in detail in the case histories below. 

In 5 patients (#5, #7, #9, #10, #20) a total of 9 ischemic changes in tc-MEP amplitude 

occurred during cross-clamping, which were reversed following interventions to increase 

spinal cord perfusion. Six interventions consisted of an increase in distal aortic bypass flow, 

resulting in an increase in distal aortic pressure and a return of motor evoked potential 

amplitude to baseline values. In patient #7 MEP amplitudes were unchanged after initiation 

of bypass and cross-clamping, but decreased after opening the aneurysm at the thoracic 

level. Profuse intercostal backbleeding at the Th6-12 level was observed. Tc-MEP amplitude 

recovered after inserting Pruitt blocking catheters in the orifices of the ICAs (figure 2). It 

was postulated that these ICAs supplied the anterior spinal artery and that the backbleeding 

produced a pressure gradient along the anterior spinal artery with insufficient spinal cord 

blood supply. These ICAs were reattached to the graft. The patient had no postoperative 

neurological deficits. In patient #5 a technical failure resulted in a temporary shutoff of the 

bypass pump. This resulted in loss of the tc-MEP signal within one min. Retrograde perfusion 

was restored after two min, and the responses immediately recovered. In patient #20 tc-

MEPs were lost after aortic replacement and cessation of distal bypass, during closure of 

the surgical wound, but recovered when MAP was increased from 65 to 80 mmHg. 

Compared to amplitude, latency to onset was nota reliable predictor of spinal cord ischemia. 

There was no correlation between amplitude and onset latency during periods of spinal 

cord ischemia. When tc-MEP amplitude was reduced to 25% of baseline, no changes in 

onset latency were observed. Before motor evoked potentials disappeared completely, 

there was a slight increase in onset latency (1.1- 2.6 msec) in three patients. 

Clinical results 
Three patients developed postoperative paraplegia (15%). In patients #11 and #17 tc-

MEPs were absent at the end of the operation and they both awoke paraplegic. One 

patient (#15) with intact tc-MEPs at the end of the operation developed a delayed paraplegia 

which was confirmed by bilateral absence of tc-MEPs. Seventeen patients had intact 

myogenic responses and awoke without neurological deficits at the end of the procedure. 

Patient #18 had a postoperative paraparesis in one leg only, which recovered over the 

course of several days. The neurologic examination revealed a lower motor neuron 

involvement. At the end of the operation tc-MEPs in this patent were absent in the paretic 

leg and showed no changes in the normal leg. 
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1500-

Placement of 
aortic clamp 

Insertion of intra
vascular blockers 

:o 

Amplitude of the left 
tibialis anterior muscle 

Distal aortic flow 
increased 

Systemic blood pressure 

Blood pressure distal 
of aortic clamps 

72 84 
Time in minutes 

Figure 2. Ischemic tc-MEP 
changes during a TAAA type II 
(patient # 7). The amplitude of 
the tc-MEP of the left anterior 
tibial muscle, the systemic blood 
pressure and the pressure distal 
to the clamp are shown versus 
time. Only tc-MEP amplitude 
from the left anterior tibial 
muscle is shown because of 
peripheral ischemia of the right 
leg. Profuse intercostal 
backbleeding at the Th6-12 
level was stopped by inserting 
intravascular blocking catheters 
in the orifices of the intercostal 
arteries (ICAs) upon which tc-
MEP amplitude recovered. A 
second episode of spinal cord 
ischemia was reversed with 
increasing distal aortic pressure. 

None of the patients with selective organ perfusion developed renal failure or required 

dialysis. Patients #2 and #3, who did not have selective organ perfusion died of multi 

organ failure respectively 27 and 47 days after the operation. Patient #17, who had severe 

renal failure preoperative, died of multi organ failure 14 days after the operation. Another 

patient (#11) died two days after the operation as a result of uncontrollable pulmonary 

bleeding. Two out of the four patients that died had developed a paraplegia. 

Case histories 
Patient #11 was a vital 83 year old male with extensive atheromatous disease and imminent 

rupture of a type II TAA. We suspected that a collateral circulation supplied the spinal cord. 

To test this hypothesis, the centrifugal pump was temporarily stopped after the thoracic 

aorta was cross clamped. Within 2 minutes of retrograde f low reaching zero, the tc-MEPs 

disappeared. The signal returned to baseline immediately after restoration of retrograde 

flow. We concluded that collateral f low was insufficient to supply the spinal cord and that 

reimplantation of intercostal arteries in the graft was warranted. However, no segmental 

arteries were visible at the level of T8 - L1. During the abdominal part of the operation 
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(L1 - bifurcation) tc-MEPs disappeared 2 min after placement of the clamp, but no lumbar 

arteries were found. Tc- MEPs did not return during the operation. The patient awoke 

paraplegic and died two days later. Post-mortem examination revealed a spinal cord 

infarction at the T4 level. 

In Patient #15, a 61 year old male with a type II TAA, staged clamping was used. Clamping 

the aorta distal of the left carotid artery to the level of Th 11 and monitoring of tc-MEPs 

revealed no ICAs critical to spinal cord blood supply and 8 intercostal ICAs were ligated. 

After clamping of the aorta between the level of Th 11 and the bifurcation, tc-MEPs showed 

ischemic changes suggesting that ICAs critical to spinal cord blood supply originated from 

this aortic segment. Two large lumbar arteries at the L 2 level were reattached to the graft. 

Tc-MEPs returned 15 mm after reperfusion of these ICAs. (figure 3) The spinal cord was 

ischemic for 27 minutes, at a blood temperature of 30.6°C. Two days after the operation 

this patient appeared to have developed a paraplegia. Myogenic tc-MEPs were absent 

from both tibialis anterior muscles. Angiographic examination revealed thrombosis of both 

grafted lumbar arteries. 

Patient # 18 was a 69 year old male with a type II TAA. In order to make the proximal 

anastomosis of the graft, the aorta was clamped between the left subclavian artery and T8. 

Immediately thereafter ischemic tc-MEP changes were observed. The distal clamp was replaced 

toT6and motor evoked potentials recovered slightly. After opening the aorta tc-MEP amplitude 

decreased again and did not improve when retrograde flow was increased. It was decided to 

include 4 ICAs between the left subclavian artery and T6 into the graft. Tc-MEPs did not 

show any recovery after reperfusion of these ICAs. Therefore, two large ICAs at the site of 

the clamp at T6 were also reattached in the graft. Total spinal cord ischemia time was 53 min 

and only the tc-MEPs of the left leg recovered (after 6 h). Postoperative neurologica 

examination revealed normal function in the left leg and a paraparesis of the right leg. 

Function in the right leg returned to normal in the course of one week. 

Peripheral nerve ischemia 

In 16 patients distal aortic perfusion resulted in temporary occlusion of the left femoral 

artery at the insertion site of the canula during the period of retrograde perfusion. In 8 

patients this resulted in a decrease of tc-MEP amplitude to less than 25% of baseline in the 

canulated leg after a median time of 37 (30 - 92) minutes, as a result of peripheral nerve 

and muscle ischemia. Responses returned to baseline values 1 to 6 minutes after flow in 

the occluded leg was restored. In the remaining 8 patients there was no change in tc-MEP 

amplitude of the canulated leg. 

In patients #19 and #20 a separate canula was inserted in the femoral artery to maintain 
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Figure 3. Individual tc-MEP waveforms during a type II TAAA resection. The patient (# 15) is on 
retrograde aortic perfusion. During the thoracic part of the operation no ischemic tc-MEP changes 
are observed and 8 ICAs are ligated. During the abdominal part of the operation ischemic tc-MEP 
changes are observed within 2 min after placement of the clamps between T1 2 and the bifurcation. 
Two large lumbar arteries are identified and reattached to the graft. Total spinal cord ischemic time 
was 23 min. Motor evoked potentials returned 1 5 min after the blood flow in the reattached lumbar 
arteries was restored. 
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blood flow in the leg used for retrograde perfusion. In these patients no signs of peripheral 

ischemia were observed . 

In patients #1 and #2 who underwent aneurysm resection without distal bypass, tc-MEP 

amplitude decreased to less than 25% of baseline 18 and 23 minutes after cross-clamping 

respectively. The most likely explanation is that in this situation progressive peripheral 

nerve and muscle ischemia prevents recording of myogenic responses. Myogenic responses 

returned within minutes after placement of the graft and release of the cross-clamp. Both 

patients awoke without neurological deficits. 

Discussion 
The results of this study demonstrate that monitoring myogenic motor responses to 

transcranial stimulation is clinically feasible during TAA surgery. Following the onset of 

spinal cord ischemia the signal amplitude decreases rapidly. Tc-MEP monitoring has a high 

sensitivity in predicting neurological outcome. The potential benefit of this technique during 

aortic surgery is that it may guide timely therapeutic decisions regarding protective strategies 

aimed at preserving spinal cord blood flow and prevention of paraplegia. 

Efforts to decrease the incidence of neurological complications have been hampered by 

the lack of a reliable monitor for the adequacy of spinal cord perfusion. In order to improve 

outcome, spinal cord ischemia should be detected as early as possible, and protective 

strategies must be applied before ischemia has produced irreversible neuronal damage. 

Motor evoked potentials reflect conduction in the motor tracts of the spinal cord. They can 

be elicited transcranial^, or by stimulating the descending motor tracts via epidural 

electrodes. We have opted to use electrical transcranial stimulation, because magnetical 

stimulation requires continuous access to the head. Responses can be recorded from the 

epidural space, the peripheral nerve or from the muscle. Motor evoked potentials have 

been studied in several experimental models of spinal cord ischemia. The results of these 

investigations consistently confirm that the amplitude of responses recorded from the 

epidural space decreases more slowly than responses recorded distal to the anterior horn 

cells after the onset of spinal cord ischemia.12 '4 The results from the present study confirm 

animal data that myogenic tc-MEPs are extremely sensitive in detecting a reduction in 

spinal cord blood flow that is insufficient to maintain synaptic impulse transmission.8 The 

sensitivity of myogenic motor evoked responses to spinal cord ischemia can be explained 

neurophysiologically. Myogenic responses are dependent on synaptic processes in the spinal 

motoneuronal system. The anterior horn cells in the grey matter of the spinal cord have a 
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functional resemblance to cortical brain tissue and react with an almost immediate functional 

loss after the onset of ischemia. When SSEPs are monitored a reduction of the amplitude 

below 50 % of baseline is an indication of ischemic spinal cord dysfunction. Because the tc-

MEP signal is more variable and more sensitive to ischemia, we opted to select a more 

restrictive criterion for spinal cord ischemia: an amplitude reduction to 25% of baseline. Since 

the coefficient of variation for tc-MEP amplitudes in this series was 26%, this criterion is 

approximately similar to a decrease to more than 3 SD below the average baseline values. 

In the present study tc-MEPs were also used to reach decisions regarding preservation or 

ligation of specific intercostal or lumbar arteries. In 90% of the cases one of the segmental 

arteries between T8 and L3 supplies the spinal cord.,5 Failure to reattach segmental arteries 

between T11 and L1 is associated with an increased incidence of paraplegia.5 However, 

routine reattachement increases the total aortic cross-clamp time with an attendant higher 

incidence of postoperative neurological deficits/ Moreover, with routine reimplantation of 

segmental arteries between T11 to L1, there is some risk of paraplegia when critical 

intercostal or lumbar arteries originate from a higher or lower level. In the present study 

we have ligated segmental arteries in 8 patients, after tc-MEP confirmation that they were 

not critical to spinal cord blood supply. None of these patients had postoperative paraplegia. 

Without monitoring, these vessels would have been reattached, thus prolonging aortic clamp 

time. In three patients (#11, #15, #18) tc-MEP amplitude decreased following exclusion of an 

aortic segment, suggesting that preservation of segmental arteries was warranted. In two of 

these patients intercostal or lumbar arteries were reimplanted and tc-MEPs recovered after 

restoration of flow in these vessels. The present observations confirm that tc-MEPs can identify 

an aortic segment from which intercostal or lumbar arteries arise that are critical to spinal 

cord blood supply and accordingly, a selective segmental revascularisation can be performed. 

This might reduce aortic clamp times and avoid the risk that critical segmental arteries from 

a high thoracic or low lumbar level will not be reattached to the graft. 

The short interval between the onset of spinal cord ischemia and a decrease of tc-MEP 

amplitude allowed us to increase bypass flow and MAP in order to maintain adeguate spinal 

cord perfusion. In 5 patients ischemic tc-MEP changes were reversible after increasing MAP 

or bypass flow. Cunningham reported that SSEPs were preserved in dogs when distal perfusion 

pressure remained above 60 mmHg.16 Three of our patients showed ischemic tc-MEP changes 

when distal aortic pressure was less then 60 mmHg. However, our data suggest that a MAP 

or a distal aortic pressure of 60 mmHg may not always be sufficient to guarantee adequate 

spinal cord perfusion during or after TAA surgery. Tc-MEP monitoring allows the surgical 
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team to distinguish between patients who have adequate spinal cord perfusion, and those 

who will benefit from higher distal flows and /or pressures. In one of our patients (#9) tc-

MEP amplitude decreased despite a distal aortic pressure of 60 mmHg, and the signal recovered 

only after distal aortic pressure was increased above 70 mmHg. In patient #20 tc-MEPs showed 

ischemic changes during the reperfusion phase when MAP was 65 mmHg, and recovered 

when MAP was increased to 80 mmHg. Delayed paraplegia accounts for one third of the 

cases of postoperative neurologic injury.17 It may result from a decrease in spinal cord 

oxygenation during episodes of postoperative hypotension or respiratoryfailure. The present 

data suggest that it might be relevant to investigate whether continued tc-MEP monitoring 

in the postoperative phase is useful in detecting impending spinal cord ischemia, in order 

to allow institution of corrective measures to restore spinal cord perfusion. 

In this study tc-MEP monitoring results predicted neurological motor function correctly in 

all cases. All patients in whom tc-MEPs were absent at the end of the operation awoke 

paraplegic, and there were no false negative results (postoperative motor deficits despite 

unchanged motor evoked responses). One patient who had normal tc-MEPs at the end of 

the operation developed delayed paraplegia as a result of thrombosis of the reattached 

lumbar arteries, following an episode of low blood pressure on the second postoperative 

day. Tc-MEPs were absent at the time paraplegia was suspected. In patient #18, who 

developed a temporary paresis of the right leg, only the right-sided tc-MEP showed ischemic 

changes at the end of the operation. The major limitation of SSEP monitoring during 

thoraco-abdominal aortic surgery is the occurrence of motor deficits despite unchanged or 

recovered SSEPs.7-1822 One explanation might be that ascending sensory conduction in the 

dorsal columns is preserved longer during ischemia, and often recovers after a period of 

prolonged spinal cord ischemia that has produced infarction in the central grey matter. In 

addition, SSEPs may not reflect selective ischemia of the spinal motor system, because the 

motoneuronal system in the anterior horn receives its blood supply from the anterior spinal 

artery, whereas the dorsal columns are supplied via the posterior spinal arteries." 

Although we were able to record stable myogenic responses to transcranial electrical 

stimulation during prolonged surgical procedures, careful planning of the anesthetic 

technique was necessary. Myogenic tc-MEPs are not only sensitive to spinal cord ischemia, 

but are readily depressed by many commonly used anesthetics. This imposes limitations on 

the range of drugs and dosages that can be used. Nitrous oxide' propofol, benzodiazepines, 

and especially volatile anesthetics depress synaptic conduction and severely decrease the 
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amplitude of the myogenic response. Since tc-MEP amplitude is also influenced by the level 

of neuromuscular blockade, a stable level of neuromuscular blockade should be maintained. 

Using the closed-loop vecuronium infusion, we were able to maintain the level of 

neuromuscular blockade within a narrow range and thus mimimize the influence of 

fluctuations in relaxation level on the variability of the tc-MEP signal. The use of paired 

stimuli as opposed to a single transcranial stimulus, dramatically improves the amplitude 

and reproducibility of the resulting muscle responses.10 Fortunately, with the double pulse 

stimulation paradigm and the anesthetic technique used, we could record tc-MEPs of 

sufficient reproducibility to allow continuous monitoring of anterior horn function. 

Evoked potential techniques that rely on stimulation and recording from nerves and muscles in 

the leg are limited by the occurrence of lower limb ischemia during TAA surgery. When simple 

aortic cross-clamping without retrograde perfusion is used, as in our first two patients, ischemia 

of the peripheral nerve and muscle will result in loss of myogenic motor responses (and SSEPs), 

usually after approximately 30 min. This implies that once the decision is made to proceed with 

aortic reconstruction without retrograde perfusion, myogenic tc-MEPs can only be used to 

monitor spinal cord function after lower limb blood flow is restored. When retrograde aortic 

perfusion is employed, at least one leg will be normallly perfused, but peripheral ischemia may 

occur in the leg used for femoral artery canulation. In this study tc-MEP amplitude in the 

occluded leg decreased gradually and was ultimately lost in 8 of 16 patients. The practical 

consequence is that beyond the first 10 min after femoral artery canulation, only tc-MEPs 

recorded from muscles in the leg opposite to the canulation site can be expected to reliably 

reflect spinal cord function. This limitation can be overcome and reliability of the tc-MEPs can be 

increased, if a second canula is inserted to perfuse the periphery of the femoral artery used for 

retrograde bypass, as observed in our last two patients. 

We conclude from this study that monitoring myogenic motor evoked responses is effective 

in detecting spinal cord ischemia during thoraco-abdominal aneurysm surgery. This technique 

allows prompt assessment of the adequacy of spinal cord blood flow. When distal perfusion 

is used, tc-MEPs may guide management of bypass flow and pressures. The present data 

also suggest that myogenic tc-MEPs may help to identify segmental arteries that are critical 

to spinal cord blood supply and need to be reimplanted. A larger patient group is needed 

to confirm whether the availability of tc-MEPs, in support of spinal cord protective techniques, 

may yield a substantial reduction in the incidence of per-operative and delayed paraplegia. 
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