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Abstract Abstract 

Background ::  In this prospective study transcranial motor evoked potentials (tc-MEPs) were monitored 

duringg thoracoabdominal aortic aneurysm (TAAA) repair to assess spinal cordd ischemia 

andd evaluate the subsequent protective strategies to prevent neurologic deficit. 

Methods ::  Between January 1996 and December 1997,52 consecutive patients with type I (n=24) 

andd type II (n=28) TAAA were operated (mean patient age 60, years; range, 21-78 

years).. The surgical protocol included left heart bypass, cerebrospinal fluid drainage 

andd monitoring tc-MEPs. When spinal cord ischemia was detected, distal aortic pressure 

andd mean arterial pressure were increased. By means of sequential crossclamping, tc-

MEPss were used to identify critical intercostal or lumbar arteries. 

Results ::  Reproducible tc-MEPs could be recorded in all patients and spinal cord ischemia was 

detectedd within 2 minutes. During distal aortic perfusion, 14 patients (27%) showed 

rapidd decrease in the amplitude of tc-MEPs to less than 25% of baseline, indicating 

spinall cord ischemia, which could be corrected by increasing distal aortic pressure. The 

meann distal aortic pressure to maintain adequate cord perfusion was 66 mm Hg; 

however,, it varied among individuals between 48 and 110 mm Hg. In 24 patients 

(46%),, tc-MEPs disappeared after segmental clamping and returned after reattachment 

off intercostal arteries. In 9 patients (17%), tc-MEPs disappeared completely, but no 

intercostall arteries were found. After aortic endarterectomy, 6 or 8 mm dacron grafts 

weree anastomosed to intercostal arteries and tc-MEPs returned after reperfusion. Using 

thiss aggressive surgical approach based on tc-MEPs, no early or late paraplegia occurred 

inn this series. 

Conclusion ::  Monitoring of tc-M EPs is an effective technique to assess spinal cord ischemia. Operative 

strategiess based on tc-MEPs prevented neurologic deficits in patients treated for type 

II and II TAAA. 
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Introduction Introduction 
Paraplegiaa remains the most dreaded complication following thoracoabdominal aortic 

aneurysmm (TAAA) repair. Crossclamping of the proximal descending aorta evokes several 

interdependentt mechanisms which ultimately contribute to the development of spinal cord 

ischemia,, the most important of which are distal hypo-perfusion and increased cerebrospinal 

fluidd (CSF) pressure. Although the "clamp and go" technique has been used successfully in 

thee majority of cases, a number of studies have confirmed the need for additional protective 

measures,, especially when aortic crossclamp times are prolonged.1-2 Distal aortic perfusion 

byy means of left atrium to femoral artery bypass and CSF drainage are effective modalities 

inn preserving spinal cord perfusion.3-4 However, distal aortic perfusion does not protect the 

spinall cord if the arteries supplying the anterior spinal artery arise from the excluded segment 

andd patent intercostal arteries should therefore be reimplanted.5 Despite optimal protection 

andd targeted intercostal artery reimplantation, Safi et al.6 recently reported 14% neurologic 

deficitt in type II TAAAs. Although they reduced the neurologic morbidity significantly, it 

remainss a challenge to further improve, if possible, the surgical outcome of these patients. 

AA logic and pragmatic approach to the problem of interrupted blood supply is to reattach 

thee patent intercostal or lumbar arteries. The dilemma which arteries should be reimplanted 

orr ligated can be elucidated either from an anatomical or a functional philosophy. The 

anatomicall approach includes preoperative selective angiography to identify the arteria 

radiculariss magna (ARM) and subsequent reimplantation7-8, however, neurologic deficit 

cann not always be prevented, especially if the ARM is not found. The important issue, even 

inn the non-pathological state, is the extremely anatomical divergence of the spinal cord?s 

vascularr plexus. Furthermore, in the presence of aneurysm disease associated with mural 

thrombus,, atherosclerotic plaques, or dissection, intercostal arteries including the ARM are 

frequentlyy obliterated. In these circumstances the anterior spinal artery is perfused via 

collaterall vessels including proximal intercostal and distal lumbar arteries. Unfortunately, 

anatomicall assessment of the responsible collateral intercostal or lumbar arteries is not 

availablee yet. 

Thee functional approach aims at intraoperative monitoring of the spinal cord function. 

Somatosensoryy evoked potentials (SSEP) are widely used to detect spinal cord ischemia 

duringg aortic crossclamping and to identify vessels critical to the spinal cord blood supply.9-10 

Thee major drawback of SSEP monitoring is the occurrence of false negative results, which 

meanss postoperative paraplegia despite unchanged intraoperative SSEPs.11-12 The reason 

iss that SSEPs evaluate conduction in the dorsal part of the spinal cord whereas the motoneural 

systemm is located in the anterior horn, the focal region of paraplegia. Therefore, SSEPs do 

nott reflect motor function and motor tract blood supply. In addition, there is a relatively 

longg delay between occurrence of ischemia and complete disappearance of SSEPs.9 Another 
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disadvantagee of SSEPs is the low specificity. Crawford et al. reported a false positive rate of 

67%,, although distal aortic perfusion may improve accuracy.13 

Recordingg of transcranial motor-evoked potentials (tcMEPs) allows continuous monitoring 

off motor tract function. We developed a technique to record myogenic responses after 

electricall transcranial stimulation, exclusively monitoring the motor system, including the 

ischemiaa sensitive anterior horn motor neurons.14 In our pilot study no false-positive or 

false-negativee monitoring results were observed. In this prospective study, tc-MEPs were 

monitoredd during type I and II TAAA repair to assess spinal cord ischemia and evaluate the 

subsequentt protective strategies to prevent neurologic deficit. 

PatientsPatients and methods 
Patientss characteristics 

Thee Crawford classification was used to delineate the extent of the aneurysm: type I TAAA 

startss at the level of the left subclavian artery and extends to the visceral vessels, thus including 

intercostall arteries T12; type II begins at the same level and extends down to the aortic 

bifurcationn thereby involving the entire thoracic and abdominal aorta. Fifty two consecutive 

patientss were operated: 24 type I and 28 type II. In 7 of these 52 patients the aneurysm 

startedd at or proximal to the left subclavian artery requiring crossclamping between the left 

carotidd and left subclavian artery (n=4) or between the innominate and left carotid artery 

(n=3).. In the latter three patients EEG-monitoring showed adequate brain function, therefore 

additionall cerebral protection was not necessary. In all seven patients the subclavian artery 

waswas replaced by a 8 mm dacron graft (Sulzer Vascutek, Inchinnan, Scotland) and implanted 

inn the tube graft at the end of the procedure. In five patients with type II TAAA the aneurysmal 

diseasee involved the iliac arteries necessitating attachment of a bifurcated graft. 

Viscerall arteries were usually reimplanted as an island but in case of severe aortic disease 

separatee grafts, usually 6 or 8 mm diameter, were connected to the celiac trunk <n=4), 

superiorr mesenteric (n=1) and renal arteries (n=15). 

Thee median age of the 28 male and 24 female patients was 60 years (range, 21-78 years). 

Etiologyy was atherosclerosis in 49 patients and Marfan?s disease in 3 patients. Seventeen 

patientss (33%) were post-type B dissection, and 5 patients underwent emergency surgery 

forr symptomatic (n=3) or ruptured (n=2) aneurysms. One patient had a bleeding 

aortobronchiall fistula, which was excluded during surgery by simply leaving the partial aortic 

walll to the left lung. Seventeen patients (33%) already underwent aortic surgery: ascending 

aortaa (n=4) and infrarenal aorta (n=13; 8 type I, 5 type II). Preoperative risk factors included 

arteriall hypertension in 31 patients (60%), chronic obstructive pulmonary disease in 19 

(37%),, coronary artery disease in 12 (23%), and diabetes mellitus in 2 (4%). Renal 
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impairmentt was present in 8 patients (15%); 3 in type I, 5 in type II. 

Duringg the same period, 6 patients (3 with type I TAAA, 3 with type II TAAA) did not 

undergoo surgery. Three patients were not treated because of advanced age (older than 83 

years);; 2 patients were admitted with aortic rupture and profound shock; and one patient 

hadd inoperable coronary artery disease. 

Surgicall protocol 
Alll patients were operated according to the same protocol. Intubation was performed 

withh a double-lumen endotracheal tube, allowing collapse of the left lung. Patients were 

placedd in the lateral position and a catheter was introduced in the intrathecal space, 

maintainingg a CSF pressure of 10 mm Hg or less. This catheter was left in place for 72 hours 

andd drainage was continued, if necessary. After positioning on the bean bag, 

thoracophrenicoo laparotomy was performed, usually through the sixth intercostal space. 

Thee sixth rib was intentionally transected but left in-situ. In patients with type II TAAA, the 

diaphragmm was incised circumferentially; in patients with type I TAAA, it was only partially 

transected. . 

Retrogradee aortic perfusion was established by cannulation of the left atrium or pulmonary 

veinn and the femoral artery. Heparinization was limited (0.5 mg/kg). Distal aortic perfusion 

waswas started before crossclamping and a contralateral femoral arterial line was used to 

assesss arterial pressure. The proximal descending aorta was clamped with two clamps and 

completelyy transected while distal aortic pressure was kept at more than 60 mm Hg to 

maintainn adequate tc-MEP amplitudes and urine output. Dacron grafts (Sulzer Vascutek, 

Inchinnan,, Scotland) were anastomosed using running prolene sutures. Afterward, the 

aortaa was sequentially clamped, and intercostal arteries reimplanted. 

Inn patients type II TAAA, the abdominal part of the procedure was performed with selective 

perfusionn of the celiac, superior mesenteric, and renal arteries.'5 Thirteen French perfusion 

catheterss (Medtronic DLP, Grand Rapids, Ml, USA) were inserted in the arteries, and volume 

floww and pressure were assessed. When separate grafts were used, continuous perfusion 

too the visceral organs was established during performance of the end-to-end anastomosis. 

Thee separate grafts were implanted in the tube graft at the end of the procedure, after 

completionn of the distal aortic anastomosis, while still perfused by the multicatheter system. 

Renall artery catheter pressure was increased if urine output decreased during the procedure. 

Temperaturee was allowed to decrease spontaneously, reaching rectal temperatures between 

311  and C during the crossdamp period. After completion of the reconstruction, the left 

heartt bypass was used to rewarm the patient to . 
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Techniquee of tc-MEP-monitoring 
Wee previously described the technique of transcranial stimulation in detail.14 Basically, the 

motorr cortex is activated by transcranial electrical stimulation. The signal travels along the 

corticospinall tract and activates the anterior horn motor neurons, and afterward conduction 

viaa the peripheral nerve results in a compound muscle action potential. These action 

potentialss were recorded from the skin over the left and right anterior tibial muscle and 

fromm the skin over the bilateral thenar muscles. Baseline tc-MEPs were measured every 5 

minutess until aortic clamping and every minute during and after crossclamping. A reduction 

off tc-MEP amplitude of the anterior tibial muscle to less than 25% of baseline was considered 

too be a signal of spinal cord ischemia. In case of an amplitude reduction, the tc-MEP signals 

off the thenar muscles were used to distinguish between spinal cord ischemia and systemic 

factorss or technical problems. 

Carefull anesthetic techniques are essential, because complete neuromuscular blockade is 

nott compatible with myogenic tc-MEP monitoring. Etomidate, ketamine and opioids hardly 

depresss myogenic amplitudes.1617 Using a closed-loop vecuronium infusion, a stable level 

off neuromuscular blockade within a narrow range can be maintained, thus minimizing the 

influencee of fluctuations in relaxation level on the variability of the myogenic tc-MEP signal.14'18 

Anesthesiaa was induced with 0.3 mg/kg etomidate and 5p.g/kg sufentanil and was 

maintainedd with 4u,g/kg sufentanil per hour and 2 mg/kg ketamine per hour. An additional 

ketaminee 50 mg intravenously was given intravenously at signs of inadequate anesthesia. 

Musclee relaxation was induced and maintained with vecuronium. 

Evokedd potentials techniques that rely on stimulation and recordings from nerves and muscles 

inn the leg lose their predictive value when lower limb ischemia occurs. Distal aortic perfusion 

solvess this problem, but peripheral ischemia might develop in the leg of the cannulated 

femorall artery. If confronted with this limitation, we inserted a second, antegrade femoral 

arteryy cannula. 

Musclee relaxation was monitored electromyographically every 20 seconds at the hypothenar 

eminencee after stimulation of the ulnar nerve. This device was connected to the on/off 

switchh of an infusion pump, thus achieving on/off closed loop control. When the 

neuromuscularr blockade level decreased to less than the set point of 20%, the alarm activated 

thee infusion pump which delivered vecuronium at a rate of 2u,g/kg per minute. 

Interventionss based on tc-MEP-changes 
Whenn ischemic tc-MEP-changes occurred after aortic crossclamping, attempts were first 

focusedd on increasing distal aortic flow and pressure and the mean arterial pressure. 

Significantt backbleeding from segmental arteries was managed by 3F balloon occluding 
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catheterss to reduce the stealing effect from the anterior spinal artery. 

Thee distal aortic pressure necessary to maintain adequate tc-MEP-signals was considered 

too be the minimal mean arterial pressure in the postoperative phase. If tc-MEPs were instable 

att the end of the procedure, monitoring was continued in the intensive care unit. 

Intercostall and lumbar arteries between T6 and L3 were routinely revascularized, except in 

casess of severe calcified plaques or a mushy aortic wall. Segmental arteries at T5 and L4-5 

weree only preserved if they could be included in the proximal or distal anastomosis, 

respectively.. When exclusion of an aortic segment resulted in ischemic tc-MEP changes, the 

intercostall or lumbar arteries in that segment were considered critical to spinal cord blood 

supplyy and were immediately reattached and reperfused. If the aortic wall was not strong 

enough,, separate dacron grafts were selectively anastomosed to the segmental arteries, 

andd while perfusion was established by one of the perfusion catheters (side arm of the left 

heartt bypass), the grafts were connected to the tube graft. When no tc-MEP-changes were 

observed,, segmental arteries were also reimplanted, but only if technically easy and feasible. 

Losss of MEP-signals associated with an aortic segment without any visible arteries was 

consideredd the most alarming situation. Endarterectomy of the calcified aortic wall was 

rapidlyy performed, searching for intercostal or lumbar arteries. Because the endarterec-

tomizedd aortic wall is too thin and fragile to reattach to the tube graft we anastomosed 6 

mmm dacron grafts to single segmental arteries or larger diameter grafts if several vessels 

couldd be included in an end-to-end anastomosis. Immediately after completion of the distal 

anastomosis,, a 13F perfusion catheter was inserted in the graft to restore perfusion to the 

spinall cord. The graft was then implanted in the tube graft, the perfusion catheter was 

removedd and graft-to-graft circulation was accomplished. 

Outcomee parameters 
Alll identified intercostal arteries between T5 and T12 and lumbar arteries between L1 and 

L55 were scored, and all reattached and grafted arteries were noted. 

Aorticc crossdamp time in patients with type ITAAA included placing the 2 proximal clamps, 

55 minutes of tc-MEP-registration, transection of the aorta, proximal anastomosis, subclavian 

arteryy bypass grafting, reattachment of intercostal arteries, separate grafting of intercostal 

arteriess and the distal anastomosis. In type II aneurysms, the additional clamp time included 

dampingg the iliac arteries, insertion of the multi-perfusion catheter system, reattachment of 

viscerall and renal arteries, separate grafting of these arteries, reattachment of lumbar arteries 

andd the distal anastomosis. In addition, the crossdamp time included attachment of a 

bifurcatedd graft in 5 patients. 

Mediann total crossdamp time in patients with type I TAAA, according to the above described 

criteria,, was 52 minutes. In patients with type II TAAA, this time was 130 minutes. 
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Iff the neurological outcome was uneventful, and tc-MEP-signals were normal, patients were 

dischargedd from the hospital without extensive neurologic examination. In cases of 

neurologicc deficit, an independent neurologist would assess the severity of the deficit. 

Results Results 
Thee neurologic status of all 52 patients was normal before the surgical procedure. None of 

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

recordedd in all patients. Median amplitude in the left and right leg were 1656 uA/ and 1332 

jiV,, respectively. Critical spinal cord ischemia after crossdamping was detected within 2 

minutes. . 

Tc-MEPP changes during TAAA-repair 
Afterr proximal crossdamping, tc-MEP amplitudes remained normal in 38 patients, with a 

meann distal aortic pressure of 51 mm Hg. In 14 patients (27%), tc-MEP-changes indicative 

off spinal cord ischemia, which could be corrected by increasing the distal aortic pressure, 

weree observed. The mean distal aortic pressure necessary to maintain adequate spinal 

cordd perfusion was 66 mm Hg. However, this varied among individuals between 48 and 

1100 mm Hg. The patient who needed the pressure of 110 mm Hg was a patient with 

severee hypertension, and tc-MEPs could only be maintained at these high values, not only 

duringg surgery, but also in the postoperative phase. In the 14 patients who required a 

higherr retrograde aortic pressure, postoperative orders included the necessary mean arterial 

pressuree for that individual. 

Afterr completion of the proximal anastomosis, exclusion of the aortic segment between T4 

andd L1 caused a rapid decrease in the amplitude of tc-MEPs in 24 patients (46%), 6 of 24 

withh TAAA type I and 18 of 28 with type II. In 3 of 6 patients with type I TAAA, all visible 

intercostall vessels were reimplanted in the tube graft and tc-MEPs returned after reperfusion. 

Inn 3 of the 6 patients in whom tc-MEPs disappeared, selective grafting of intercostal arteries 

wass necessary, in 1 because of severely diseased aorta, in 2 because no segmental vessels 

couldd be identified and grafting was accomplished after endarterectomy. Tc-MEPs returned 

afterr reperfusion. In 8 patients with type I TAAA, tc-MEPs decreased, but not less than the 

criticall threshold. Intercostal arteries were reattached in all patients. In 10 of 24 patients 

withh type I TAAA (42%), no tc-MEP-changes occurred; in 7 patients, intercostal arteries 

weree reimplanted; in 3 patients, no attempts were made to reimplant. 

Inn 11 of 18 patients with type II TAAA, with critical cord ischemia, immediate reattachment 

off intercostal arteries was performed. In 7 patients, tc-MEPs disappeared, but no arteries 

couldd be found. After aortic endarterectomy, 12 selective grafts were anastomosed to 
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Figg 1. Aortic tube graft and selective catheterization Fig 2. Distal anastomosis between graft and 
off 6 mm graft. intercostal artery and outflow through intercostal 

arteriess and spinal artery plexus. 

singlee intercostal arteries. Tc-MEPs returned in all patients after selective reperfusion and 

attachementt to the tube graft, except in 1 patient; in this patient, tc-MEPs disappeared for 

moree than one hour and returned to normal values in the left leg. In the right leg, however, 

loww amplitude tc-MEPs were shown at the end of the procedure. In total, 9 of 52 patients 

withh type I and type IITAAA (17%) required selective grafting for invisible intercostal arteries 

thatt only became available after endarterectomy. 

Afterr excluding the abdominal aortic segment (L1-L5) in patients with type II and type II 

TAAA,, additional ischemic tc-MEP-changes occurred in 8 patients, despite previous intercostal 

arteryy care. However, tc-MEP amplitudes never decreased to less then 25% of baseline. 

Visiblee lumbar arteries were revascularized, and after reperfusion, tc-MEPs returned to initial 

levels,, indicating the existence of collateral connections and the importance of supplying 

optimall perfusion. In 1 patient type II TAAA, in whom tc-MEPs disappeared completely, 

onlyy 1 intercostal artery (T10) was present; it actually became visible after endarterectomy, 

becausee no segmental arteries were present in the calcified aorta. A 6 mm graft was 

anastomosed,, and tc-MEPs returned immediately after reperfusion. During the abdominal 

part,, it appeared that all lumbar arteries were occluded as well, basically indicating that this 

patientt was completely dependent on 1 intercostal artery only. Because the patient had a 

normall neurologic outcome, we performed a selective angiography to assess the importance 

off this intercostal artery. Figure 1 shows the tube graft and selective catheterization of the 

66 mm graft. In figure 2 the catheter is advanced into the selective graft, showing the distal 

anastomosiss and the outflow through the intercostal arteries and the spinal artery plexus, 

however,, there is no ARM visible. 
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Typee I Typee II Total l 

Numberr of identified 
segmentall arteries 

Numberr of reattached 
segmentall arteries 

79 9 

53 3 

189 9 

171 1 

268 8 

224 4 

Tablee 1. Total number of identified and reattached segmental arteries between T5 and L5 in type I and 
III patients. 

Inn 2 patients with type IITAAA, no tc-MEP-changes occurred, but visible segmental arteries 

weree still reattached. In 2 patients, unilateral tc-MEP-amplitude decreases occurred because 

off peripheral ischemia in the cannulated leg, but tc-MEPs returned after reperfusion. 

Alll patients left the operation room with adequate tc-MEPs; however, in 3 patients the 

recordingss showed unstable patterns. Monitoring was continued in the intensive care unit 

forr 24 hours. Tc-MEPs remained normal as long as mean arterial pressures were kept above 

thee threshold as assessed during surgery. 

Tablee I shows the number of identified and reattached segmental arteries between T5 and 

L55 in patients with type I and type II TAAA. Fig 3 depicts the distribution of identified and 

revascularizedd arteries per aortic segment for the whole group of patients. Fig 4 shows a 

typicall recording of tc-MEPs during TAAA repair wi th recovery of evoked potentials after 

revascularization. . 

T55 T6 T7 T! T99 T 10 T 11 T 12 L 1 

Aorticc level 

 Identified SA 
aa Reattached SA 

L22 L3 L4 
I I 

L5 5 

Figuree 3. Number of identified (black bars) and reattached (open bars) segmental arteries (SA) in type 
II and II patients. 
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Figuree 4. Typical MEP-registrations of left and right anterior tibial muscles. 
1.. Crossclamps at T5 and L1; decrease of MEPs. No improvement despite increased distal aortic pressure. 
2.. Proximal anastomosis; increase of distal aortic pressure, reattachment of T8 and T9: no improvement 

off MEPs. 
3.. Selective perfusion of selective graft to T12. 
4.. Restored MEPs. 

Clinicall results 

Thee 30-day survival rate in the 52 patients was 92%. The cause of death in 4 patients was 

myocardiall infarction (2), respiratory failure (1) or sepsis (1). All patients who died survived 

longg enough to have their neurologic outcome assessed. No patients died in the hospital 

afterr 30 days (in-hospital mortality 8%). 

Majorr postoperative complications included pulmonary insufficiency in 36 patients (69%), 

arrythmiaa in 18 patients (35%), and minor stroke in 3 patients (6%). No patients had renal 

failure,, which was defined as a creatinine level increase of more than 100%, renal failure 

requiringg temporary dialysis for a few days, or complete renal failure. No severe coagulopathy 

occured,, and relaparotomy or rethoracotomy was necessary. 

Earlyy or late paraplegia did not occur in any patient. One patient (2%) had a minor paraparesis 

inn the right leg and was discharged with a normal walking pattern. In this patient, tc-MEP 

signalss disappeared completely, and revascularization of the spinal cord was performed by 

aa separate graft. Tc-MEPs returned, but the amplitude at the right leg was significantly less 

thann that of the left leg at the end of the procedure. 
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Discussion Discussion 
Thee present study shows that monitoring of myogenic tc-MEPs is an effective technique of 

assessingg spinal cord ischemia. Operative strategies and aggressive surgical interventions 

basedd on tc-MEP results prevented early and late paraplegia in patients treated for type I 

andd II TAAA. 

Inn general, it appears logical that interrupted blood supply to an organ or tissue is best 

treatedd by revascularization. According to this philosophy, we have reimplanted a high 

percentagee of available, identified segmental arteries. This approach can be criticized because 

extensivee reimplantation implies prolonged crossclamp times and subsequent increased 

riskss for neurologic deficit. Most studies, however, have shown significantly better results 

withh liberal revascularization, specifically in the segmental arteries originating between T9 

andd L1.45 Safi et al. reported a 14% neurologic deficit in patients with type II TAAA treated 

withh optimal protection and reattachment of intercostal arteries.4 We believe there are 

severall reasons why monitoring of tc-MEPs may contribute to a further improvement of 

neurologicc outcome in these patients. 

First,, our surgical approach is dictated by the tc-MEP information. The major step forward 

hass been in the situation in which tc-MEPs disappear and the segmental arteries are localized 

inn a mushy aorta with a lot of atheromatous debris. Without the tc-MEP information, no 

attemptss to revascularize these arteries would have been considered. This is even more true 

iff tc-MEPs disappear and no intercostal arteries are present. These circumstances occurred 

inn 17% of our procedures, and return of tc-MEPs could only be achieved by an extremely 

aggressivee surgical approach that included aortic endarterectomy, selective intercostal artery 

bypasss grafting, and rapid reperfusion. We believe that these circumstances are mainly 

responsiblee for the remaining 10%-20% paraplegia occurring in experienced centers. A 

secondd reason for improvement of clinical results is the tc-MEP information while distal 

aorticc perfusion is established. In 27% of the patients, the distal aortic pressure had to be 

increasedd more than 60 mm Hg to regain normal tc-MEP amplitudes, and a postoperative 

meann pressure around 70 mm Hg was enough to guarantee uneventful neurologic outcome. 

Inn one patient (2%), however, a mean pressure far than what is normally prescribed in the 

postoperativee orders was necessary to maintain spinal cord integrity. This patient would 

probablyy have been paraplegic if a mean arterial pressure of 70 mm Hg had been maintained. 

AA third factor, especially in patients with type II TAAA, is determined by tc-MEP changes 

occurringg during the abdominal phase of the procedure; despite intercostal artery care, the 

spinall cord can become ischemic if lumbar arteries are excluded. In these cases, retrograde 

aorticc perfusion during the thoracic part of the procedure supplies a considerable amount 

off spinal cord perfusion, as part of the collateral network, which become apparent if these 

lumbarr arteries are excluded during abdominal aortic crossdamping. This phenomenon 
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occurredd in 11 % of patients with type IITAAA. Because tc-MEP amplitude never decreased 

too less than the critical level, these patients would probably have survived with normal 

neurologicc outcome but we consider tc-MEP changes and improvement after 

revascularizationn a sign of important collateral connection, which might act as a ?back-up? 

perfusionn channel should 1 or more intercostal arteries occlude in the postoperative phase. 

Wee agree with Safi et al.4 that T9 and Tl 0 play an important role in the prevention of late 

neurologicc deficit, but we ascribe the same value to L1-L4 in some patients. 

Humann variations of the main blood supply to the spinal cord are common, and no specific 

levell for the critical arteries can be relied on. Anatomical and clinical studies show that the 

largestt radiculomedullary artery, the ARM, enters the vertebral canal between the ninth to 

12thh thoracic vertebral segments in approximately 75% of cases.8-19 Also, our present 

experiencee with tc-MEP-monitoring shows that spinal cord perfusion is most frequently 

providedd through segmental arteries T8 to L1. However, in TAAAs, most intercostal and 

lumbarr arteries are occluded by mural thrombus, dissection or calcified plaques. In 24 patients 

withh type I TAAA, we only identified 79 intercostal arteries, and in 28 patients with type II 

TAAA,, we only found a 189 intercostal and lumbar arteries. A mean number of 3 segmental 

vesselss in type I aneurysms and 7 in type II aneurysms indicates that, in the absence of the 

ARMM or other major radiculomedullary arteries, collateral circulation is extremely important 

inn feeding the anterior spinal artery. Monitoring tc-MEPs allowed us to accurately assess 

criticall spinal cord perfusion, either through direct or collateral systems that, in our philosophy, 

bothh require revascularization. 

Inn 42% patients with type I TAAA, no spinal cord ischemia occurred during crossclamping, 

whichh explains the relatively low incidence of neurologic deficit after descending thoracic 

aorticc aneurysm repair.20-21 It can therefore be debated whether tc-MEP monitoring would 

benefitt descending thoracic or type I TAAA patients if current methods of spinal cord 

protectionn are used. 

Wee agree with Svensson22; with optimal spinal cord protection, monitoring of tc-MEPs 

mightt benefit 5% to 10% of patients. In at least 17% of patients with type II TAAA, tc-MEP-

monitoringg forced us to restore spinal cord perfusion in cases in which, in the absence of 

monitoring,, no attempts would have made. 

Besidess revascularization of segmental arteries, other clinical strategies for prevention of 

spinall cord ischemia aim for increased ischemic tolerance during crossclamping. Different 

neuroprotectivee adjuncts and pharmacological agents have been used with variable clinical 

results.. Acher et al. even oversewed all intercostal arteries, and they reported an overall 

neurologicc deficit rate of 3% with the adjunctive use of intravenous naloxone, an endorphin 

receptorr antagonist, and CSFndrainage.23 Oversewing all intercostal arteries, however, would 

probablyy have led to neurologic deficit in approximately half of our patients, even with CSF-
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drainagee and retrograde aortic perfusion, which is in accordance with the results of others.56 

Neuroprotectionn also includes hypothermia, which decreases the metabolic rate of the spinal 

cordd during crossdamping. The precise temperature required to maximize this protective 

effectt is not well defined. Hypothermia can be either regional or systemic. Kouchoukos et 

al.. applied profound hypothermia and circulatory arrest and reported an overall neurologic 

deficitt rate of 6.5%.24 This approach is attractive because it allows a relatively bloodless 

field,, avoids clamping, and provides cardiac, visceral, and spinal protection. However, 

widespreadd application has been limited, principally related to the threat of severe 

coagulopathyy and pulmonary complications. Moderate cooling provides a degree of 

protectionn without some of the dangers of total circulatory arrest. Hollier et al.25 and Frank 

ett al.26 used moderate hypothermia as part of a multimodel approach and encountered no 

paraplegiaa in their patients. 

Locall cooling of the spinal cord has theoretical advantages, because lower cord temperatures 

cann be achieved without systemic cardiac complications or coagulopathy. Cambria et al. 

havee developed an elegant technique of epidural cooling to achieve regional spinal cord 

ischemia.277 Lower extremity neurologic deficit after TAAA repair was significantly reduced 

inn the group treated with adjunctive use of epidural cooling, as compared with patients 

whoo underwent surgery before the adoption of the epidural cooling technique.28 This 

modalityy provides adequate protection during clamp exclusion of intercostal arteries, and 

thee most important additional value is encountered in cases in which prolonged time is 

requiredd to reattach large aortic segments with critical segmental vessels. 

Inn conclusion, spinal cord ischemia has a multifactorial etiology, which, therefore, requires a 

multimodalityy approach, including spinal cord cooling, distal aortic perfusion, CSF-drainage, 

andd revascularization. The main intraoperative concern is immediate identification of critical 

spinall cord ischemia, which can be achieved by means of myogenic tc-MEP monitoring, 

allowingg accurate assessment of cord ischemia and guidance of surgical strategies to prevent 

neurologicc deficits. 
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