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GeneralGeneral discussion 
Lowerr limb neurologic deficit can result after surgical procedures of the thoracoabdominal 

aorta,, and is caused by an interruption of the spinal cord blood supply. A temporary 

interruptionn is caused by aortic cross-damping during implantation of the vascular prosthesis, 

andd will result in transient ischemia of the spinal cord. A permanent spinal cord blood flow 

interruptionn results from intentionally oversewing the spinal cord feeding arteries or an 

incompletee restoration of the spinal cord blood supply. 

Initially,, the "clamp and go" technique was used for resections of thoracoabdominal aortic 

aneurysmss (TAAA). Protective adjuncts were not applied during aortic cross-clamping and 

noo effort was made to restore the spinal cord blood supply in order to reduce the duration 

off transient spinal cord ischemia. It is now clear that the benefit of reducing the period of 

transientt ischemia does not compensate for omitting the restoration of the spinal cord 

bloodd supply. In addition, when prolonged periods of aortic crossdamping are to be 

expected,, as in extensive TAAA repair, this technique will result in unacceptable high rates 

off paraplegia. Therefore, various adjuncts for additional spinal cord protection have been 

studied.. Maintaining sufficient ievels of spinal cord blood flow during the aortic cross-

clampingg period can be achieved by a staged aortic repair combined with distal aortic 

perfusion.. Furthermore, control of proximal hypertension and cerebrospinal fluid drainage 

cann prevent a pressure build-up in the perispinal space, thereby improving the spinal cord 

perfusionn pressure. However, a period of transient ischemia can not be prevented when 

criticall feeding arteries are located within the cross-clamped segment. In this situation, the 

durationn of transient spinal cord ischemia can be reduced when only the critical spinal cord 

feedingg arteries are reimplanted, and non-critical arteries are ligated. As techniques that 

aimm to identify critical segmental arteries pre- or perioperatively have not proven to be 

clinicallyy beneficial, most surgeons will reimplant all segmental arteries most likely to supply 

thee spinal cord (T9-L1). The severity of spinal cord ischemia can be reduced with the 

applicationn of hypothermia, applied either systemically or regionally. Most experienced 

centerss use mild to moderate systemic hypothermia as a standardized method to increase 

thee spinal cord tolerance for ischemia, and restrict deep hypothermia combined with cardiac 

arrestt for complex operations, whereas others recommend the latter technique for all types 

off TAAA repair. The development and application of these protective strategies has resulted 

inn a progressive decrease in permanent neurologic deficit over the last forty years, but a 

paraplegiaa rate exceeding 10% remains a distinct possibility. 

Inn this thesis, myogenic motor evoked potentials after transcranial stimulation (tc-MEPs) 

weree used to evaluate spinal cord motor neuron function during TAAA repair (chapters 6 

andd 7). This technique provides rapid spinal cord ischemia detection, as tc-MEPs represent 
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Chapterr 8 

functionn of the ischemia sensitive anterior horn motor neurons. With this technique, specific 

situationss can be identified, in which standard spinal cord protective strategies are 

insufficient.. For example, it was demonstrated that distal aortic perfusion should be adjusted 

accordingg to individual patient requirements. In some patients, the generally accepted distal 

aorticc pressure of 60 mmHg was insufficient to maintain motor neuron function. Further 

increasess in arterial pressure, as dictated by tc-MEPs, prevented unnecessary episodes of 

transientt spinal cord ischemia. Second, the rapid assessment of spinal cord ischemia during 

thee staged aortic repair allows identification of critical segmental arteries in the cross-clamped 

segment.. Reattachment of only these critical arteries can provide permanent restoration of 

thee spinal cord blood supply while reducing the aortic cross-clamp duration. However, when 

thiss approach was followed in our initial experience with tc-MEP monitoring, a beneficial 

effectt on neurologic outcome could not be demonstrated.1 Several explanations are at 

hand:: First, reimplantation of only the segmental arteries, identified as critical to the spinal 

cordd circulation, makes the spinal cord vulnerable to situations in the postoperative phase 

inn which the blood supply is compromised. Indeed, postoperative hypotension or thrombosis 

off grafted critical segmental arteries was recognized as a causative factor for delayed 

paraplegia.. In addition, experimental studies have demonstrated that non-critical segmental 

arteriess become crucial to the spinal cord circulation when the spinal cord perfusion pressure 

iss compromised.2 With these considerations, the surgical protocol was adjusted, and an 

effortt is now made to reimplant not only the critical spinal cord feeding arteries, but also 

thee "non-critical" arteries in other segments of the thoracoabdominal aorta. In this way, a 

collaterall system, which acts as a "back-up" system, might offer additional protection in the 

postoperativee phase. Second, the technical approach of segmental artery reimplantation is 

adjustedd in order to ensure a patent anastomosis. Fragile segmental arteries, situated in a 

mushyy aorta, are revascularized with the use of separate grafts in order to increase patency. 

Itt is believed that these adjustments have been partially responsible for our improved results. 

Despitee the fact that this approach involves the reimplantation of the majority of segmental 

arteries,, and that tc-MEP monitoring is no longer used specifically to select critical segmental 

arteries,, tc-MEPs information remains indispensable during TAAA surgery for several reasons. 

First,, liberal reattachment of segmental arteries will still increase cross-damp duration. 

Applicationn of protective measures, such as the timely management of proximal and distal 

aorticc pressure can be guided with tc-MEPs. Furthermore, in situations in which tc-MEPs 

disappearedd and segmental arteries were located in a mushy aorta, no attempts at 

revascularizationn would have been made without tc-MEP information. Moreover, there were 

situationss in which tc-MEPs disappeared and yet no segmental arteries were available. Here, 

ann aggressive surgical approach that included aortic end arte recto my, selective segmental 

arteryy bypass grafting and rapid reperfusion resulted in the recovery of motor neuron 
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function.. Finally, tc-MEPs can determine perioperatively whether reattached segmental 

arteriess are able to maintain adequate spinal cord perfusion. Therefore, if all apparent 

strategiess are applied to protect the spinal cord during TAAA repair, tc-MEP monitoring 

shouldd be included into such a protocol to further improve neurologic outcome. 

Whenn tc-MEPs are compared to other techniques that monitor the spinal cord function 

suchh as somatosensory evoked potentials (SSEPs), tc-MEPs have the theoretical advantage 

thatt they specifically represent function of the ischemia sensitive anterior horn motor 

neurons.. SSEPs reflect transduction in the dorsal columns, a spinal cord area which is not 

primarilyy affected during aortic cross-damping. Furthermore, the non-synaptic transmission, 

responsiblee for the SSEP responses, is relatively resistant to ischemia and results in a delay 

betweenn the onset and detection of spinal cord ischemia.3 Indeed, when the responses of 

bothh monitoring techniques to surgical interventions were compared in a series of 38 TAAA 

patients,, tc-MEP evidence of ischemia was accompanied by SSEP changes in only a minority 

off the cases, and always with a considerable delay. Furthermore, while tc-MEPs predicted 

lowerr limb function correctly in all patients, SSEPs demonstrated false positive results in 

39%% of the patients.(chapter 7) We therefore concluded that tc-MEPs provide accurate 

assessmentt of the spinal cord function during TAAA repair, while SSEPs offer no additional 

benefitt as a result of delayed ischemia detection and high incidence of false positive results. 

Evenn when a reliable monitoring technique is applied during TAAA repair, transient spinal 

cordd ischemia during segmental artery reattachment remains a distinct possibility. It would 

thereforee be advantageous to selectively perfuse these arteries during reanastomosis. In a 

porcinee model of spinal cord ischemia, selective segmental artery perfusion could maintain 

adequatee spinal cord blood flow to preserve motor neuron function, as assessed with tc-

MEPs.. In the subsequent survival experiments, we demonstrated that this technique could 

indeedd prevent hind limb neurologic deficit after one hour of aortic cross-clamping (chapters 

44 and 5). The technical difficulties with high blood flows in relation to the small catheter 

orificess were overcome, as specially designed tapered catheters were developed which 

allowedd sufficient spinal cord blood flow at acceptable bypass pressures. In a subgroup of 

patientss undergoing TAAA repair, separate dacron grafts were anastomosed to the 

segmentall arteries after tc-MEP disappearance, and subsequent selective perfusion through 

thesee grafts by one of the visceral perfusion catheters resulted in a rapid recovery of 

neurophysiologicc function. None of these patients awoke paraplegic. It can therefore be 

concludedd that the concept of selective spinal cord perfusion has the potential to further 

reducee irreversible spinal cord damage because transient spinal cord ischemia during critical 

segmentall artery reattachment can be reversed. 

Iff a period of transient spinal cord ischemia can not be avoided during TAAA surgery despite 

thee use of adjuncts that aim to maintain spinal cord perfusion, it would be advantageous to 
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increasee the spinal cord tolerance for ischemia. To date, hypothermia is the most powerful 

adjunctt available for this purpose. Moderate systemic hypothermia ) is frequently 

usedd during TAAA repair, but further spinal cord cooling will offer additional protection. 

Regionall spinal cord hypothermia provides a similar protective effect as does systemic 

hypothermiaa but avoids systemic complications, such as coagulopathy, cardiac arhythmias 

andd increased rates of infection. Both the application of epidural and subdural spinal cord 

cooling,, have demonstrated to improve neuronal survival. In this thesis, both methods were 

comparedd in a porcine model and significant cerebrospinal fluid (CSF) temperature decreases 

couldd be obtained, which were comparable between both techniques (chapter 3). However, 

thee protective effect of this technique can only be anticipated at localized segments of the 

cord,, because large temperature gradients develop between the infusion location and 

distantt segments. Concomitant CSF pressure increases, were observed at the site of infusion, 

butt also at distant spinal cord segments. Tc-MEP monitoring demonstrated that these CSF 

pressuree increases were of such magnitude that ischemia developed in a majority of the 

animals.. When these results are applicable in man, regional spinal cord hypothermia causes 

CSFF pressure increases that are a threat to distant spinal cord segments, which are not 

protectedd by the localized hypothermia, nor at risk for ischemic damage resulting from 

aorticc clamping. If the detrimental increases in CSF-pressures can be overcome, this technique 

stilll has high potential to protect the spinal cord when other protective strategies fail. 

Theree is, however, a possibility that a surgical protocol which involves tc-MEP monitoring is 

nott compatible with regional spinal cord cooling. Hypothermia will influence neuronal 

transmission,, possibly affecting reliability of tc-MEP monitoring. Indeed, progressive spinal 

cordd cooling below C significantly changed the responses in porcine experiments 

(chapterr 2). At 28BC, ischemia detection was as rapid as during normothermia. The data 

suggestedd that at these temperatures, tc-MEPs can still be used for the guidance of protective 

strategiess for the spinal cord. 

ConcludingConcluding remarks 
Itt has become obvious that only a multimodality approach can deal with all the etiologic 

factorss that determine whether transient spinal cord ischemia during TAAA repair will result 

inn poor outcome. Therefore, the treatment of this disease should be performed in specialized 

centers,, where both experience and thorough knowledge of the pathophysiology is available. 

Moreover,, the results of clinically relevant research can be implemented more readily into 

clinicall practice to further improve the surgical and anesthesiologie expertise. 

Thee studies presented in this thesis were designed and conducted as part of an ongoing 

effortt to further decrease the incidence of paraplegia after TAAA repair. 

144 4 



Generall discussion and concluding remarks 

References References 
1.. de Haan P, Kalkman CJ, de Mol BA, Ubags LH, Veldman DJ, Jacobs MJ: Efficacy of transcranial 

motor-evokedd myogenic potentials to detect spinal cord ischemia during operations for 
thoracoabdominall aneurysms. J Thorac Cardiovasc Surg 1997;113(1): 87-100. 

2.. de Haan P, Kalkman CJ, Meylaerts SA, Lips J, Jacobs MJ: Development of spinal cord ischemia 
afterr clamping of noncritical segmental arteries in the pig. AnnThorac Surg 1999;68: 1278-1284. 

3.. Crawford ES, Mizrahi EM, Hess KR, Coselli JS, Safi HJ, Patel VM: The impact of distal aortic 
perfusionn and somatosensory evoked potential monitoring on prevention of paraplegia after 
aorticc aneurysm operation. J Thorac Cardiovasc Surg 1988;95(3): 357-367. 

145 5 




