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Generall introduction 

11 Introduction 
Sincee the beginning of thoracoabdominal aortic aneurysm (TAAA) repair in the early 1950s, 

thee risk for irreversible spinal cord damage was recognized.1 The incidence of this devastating 

complicationn has decreased over the years, as the result of the efforts of surgeons and 

researcherss as they developed more sophisticated techniques for the surgical approach of 

TAAA.. However, the risk of neurological injury still exists and is significant. Fortunately, the 

occurrencee of neurologic deficit no longer reaches 40%,2 as reported on many occasions in 

thee past literature, but a distinct possibility of paraplegia reaching 10% still remains, even 

whenn all available protective strategies are performed by experienced surgeons. Since the 

extentt and localization of TAAA comprise a different incidence of complications, Crawford 

classifiedd TAAA as follows (Fig 1): Type I involves the descending aorta from the left 

II II III IV 

Figur ee 1. The Crawford classification of thoracoabdominal aortic aneurysms. 

subclaviann artery to the renal arteries. Type II includes the entire descending thoracic and 

abdominall aorta, and is the most extensive. Type III starts at the level of T6 and extends 

downn to the aortic bifurcation, and type IV involves the entire abdominal aorta.2 In 1509 

patientss who had undergone repair for the treatment of thoracoabdominal aortic disease, 

Svenssonn et al. found that type I, II, III, and IV aneurysms were associated with specific 
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neurologicc deficit rates of 15%, 31%, 7%, and 4%, respectively.3 The incidence of overall 

neurologicc deficits in that series was 16%. Repair of aneurysms confined to the descending 

thoracicc aorta resulted in paraplegia in 6.5% of the patients.4 These results are in shear 

contrastt to elective abdominal aortic aneurysms surgery, where the incidence of lower 

extremityy neurologic deficits only reaches 0.16 - 0.25%.45 Following repair for coarctation 

off the aorta, the incidence of paraplegia was 0.4% to 1.5%.67 It was determined by different 

authorss that aortic clamp time, the presence of rupture or dissection, the extent of aneurysm, 

aa history of smoking, postoperative hypotension and age are most predictive of neurologic 

deficitt of the lower extremities.2'3'910 

Paraplegiaa following TAAA repair is the result of transient or permanent spinal cord ischemia. 

Occlusionn of the aorta results in distal aortic hypotension with a resultant decrease in the 

spinall cord perfusion pressure. It was demonstrated in dogs that prolonged aortic 

crossdampingg decreases the spinal cord blood flow by a factor 10, resulting in paraplegia.11 

Inn pigs, the relation between aortic crossdamping and spinal cord hypoxia was clearly 

established.122 Asa result of this oxygen depletion, mitochondrial oxidative phosphorylation 

stopss after 3-4 minutes resulting in depletion of adenosine triphosphate (ATP), and failure 

off the ATP-dependant membrane pumps, which regulate intracellular calcium homeostasis.13 

Thee intracellular calcium increase activates the release of cytoplasmatic enzymes that damage 

DNAA and structural proteins.14 Moreover, increasing intracellular calcium results in production 

off xanthine oxidase, thereby mediating free radical production duringg the reperfusion phase 

andd the release of the neurotoxic transmitters aspartate and glutamate. With reperfusion, 

xanthinee oxidase converts molecular oxygen to the superoxide radical in the presence of 

NADPH.. Free radicals, such as superoxide damage DNA, membrane structures, as well as 

cellularr components. Additionally, they cause the release of prostaglandins, which result in 

spinall cord vasospasm and microthrombosis. As the anterior horn motor neurons and the 

spinall motoneuronal system have a high metabolic rate, the cord gray matter is especially 

vulnerablee to ischemia.15 

Inn order to prevent this cascade taking place and to decrease the devastating resultant, i.e. 

permanentt neurologic damage, surgeons and researchers have focussed their efforts on 

threee main principles. First, the degree and duration of spinal cord ischemia resulting from 

aorticc cross-damping needs to be minimized. This can be realized by application of techniques 

thatt maintain spinal cord blood flow. Second, the spinal cord blood supply should be 

restored,, which necessitates reattachment of segmental arteries, critical to the spinal cord 

circulation,, into the aortic graft. Third, protective strategies that improve neuronal survival 

followingg transient spinal cord ischemia, such as hypothermia and pharmacological 

neuroprotection,, have to be applied. 

Extensivee research over the past 50 years has contributed to the improvement of neurologic 
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outcomee in TAAA patients, and has raised many questions within this specific area of 

interest.. In this chapter, a discussion of the past literature will first be provided. Topics that 

willl be discussed are: the spinal cord blood supply, maintaining spinal cord perfusion, 

restoringg the spinal cord blood supply, identification of the spinal cord blood supply, spinal 

cordd function monitoring, spinal cord protection and delayed motor neuron deficits. 

22 The spinal  cord  blood  supply 
Thee spinal cord blood supply is formed by an intrinsic and an extrinsic system. The intrinsic 

spinall cord circulation is formed by a single anterior and two posterior spinal arteries. The 

perforatingg central arteries from the anterior spinal artery supply up to 75% of the spinal 

cord,, including the anterior horn gray matter and the corticospinal tracts. The posterior 

spinall arteries supply the dorsal columns and the head of the posterior horns.16 The anterior 

spinall artery originates from both vertebral arteries. It proceeds caudally, and in most 

casess merges to one artery at the level of the foramen magnum. Dependant on the entry 

off the first large arterial feeders, the diameter decreases when it continues downward. 

Thiss decrease in diameter mostly occurs in the middle or lower thoracic region of the spinal 

cord.. In some cases, the anterior spinal artery has been described as anatomically and 

functionallyy discontinuous.1718The diameter of the anterior spinal artery just cephalad to 

thee anastomotic point of the arteria radicularis magna (ARM) is small, whereas caudally it 

iss relatively wide, facilitating cephalocaudal flow.17 

Thee extrinsic spinal cord circulation is formed by 25 to 30 pairs of segmental arteries that 

arisee from the aorta, which can potentially anastomose with the anterior spinal artery. 

Duringg embryologie development, 62 radicular arteries supply the spinal cord, but most of 

thesee degenerate. At birth, 10-23 radicular arteries fuse to form the posterior spinal artery 

andd 6-8 form the anterior spinal artery, which do not communicate.1920 In non-diseased 

patients,, the human spinal cord circulation has a high inter-individual variability (Fig 2). In 

thee cervical and upper thoracic region, the anterior spinal artery is well supplied by branches 

off the vertebral artery and several radicular arteries. The mid-thoracic spinal cord is usually 

providedd by one radicular artery,18-21 and the lower thoracic and lumbar regions are supplied 

byy 3 to 5 radicular arteries.17 The major radicular spinal cord feeding artery in the 

thoracolumbarr spinal cord is the arteria radicularis magna (ARM) which was originally 

describedd by Adamkiewicz in 1882. Several studies reported that in a majority of cases, the 

ARMM arises between T8-12 and only in 10% of cases between L1-L2. However, all segments 

betweenn T5 and L5 can give rise to this artery.18,22 

Thesee anatomical considerations are helpful to perceive the etiology of postoperative spinal 

cordd damage, following extensive TAAA repair. However, in the diseased patient, the 
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Vertebrall artery 

Subclaviann artery 

Anteriorr spinal artery 

Cervicall Medullary Arteries 
C3,, C5, C7 

C ^^ Thoracic Medullary Artery T3 

Arteriaa Radicularis Magna T11 

Figur ee 2. Systematic representation of the human anterior spinal artery and feeding segmental 
arteries.. In this example, the largest feeding artery.the Arteria Radicularis Magna originates at the 
lowerr thoraco-lumbar junction (T11-T12). 

anatomyy might have changed considerably. In the atherosclerotic aorta, the ostia of 

segmentall arteries might be occluded, and an extensive collateral circulation might have 

developed.. For example, in chronic type B dissections these anatomical changes are 

supposed,, reflected by a paraplegia rate of only 9% in a large series.23 This is in shear 

contrastt to patients undergoing surgery for acute type B dissections. Here, the rapid 

evolvementt of the disease has prohibited the development of collateral circulation, and a 

significantlyy higher risk for spinal cord ischemic complications occurs (32%).23 Thus, the 

collaterall pathways play an important role in the evolvement of neuronal damage. During 

thee development of chronic aortic disease, the spinal cord can rely on several collateral 

pathwayss to secure the spinal cord blood supply when mural thrombus or dissection occlude 
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thee segmental ostia. Interconnected segmental arteries, through posterior muscular branches 

cann form an alternative route.1824 Similarly, anastomoses between the anterior and posterior 

spinall arteries can account for some additional collateral circulation, but the superficial 

plexuss between the anterior and posterior spinal arteries is insufficient and supplies only 

thee white matter of the anterior spinal cord.18 The third collateral system is dependent on 

branchess of the internal iliac, lateral and median sacral arteries that perfuse the conus 

medullaris.188 Nonetheless, secondary enlargement of the anterior spinal artery might offer 

thee largest contribution to the plasticity of the spinal cord circulation. 

33 Maintaining  spinal  cord  perfusion 
Thee duration of aortic crossclamping is the most important predictor of ischemic spinal 

cordd damage.2'3'2526 Consequently, the duration of aortic crossclamping should be limited. 

Alreadyy in 1910, Alexis Carrel established that the safe aortic clamping time should not 

exceedd 10-15 min.27 Later, the "clamp and sew" or "clamp and go" technique was used to 

minimizee clamp time. The aorta was cross-damped by a single clamp and the aneurysm 

wass rapidly replaced with a graft without the use of spinal cord protective measures: distal 

perfusionn methods or segmental artery reimplantation. Katz et al demonstrated that simple 

aorticc cross-clamping and aneurysm replacement without adjuncts to protect the spinal 

cordd showed a sigmoidal relationship between the duration of thoracic aortic cross-damping 

andd the probability of spinal cord injury. If the duration of aortic crossclamping does not 

exceedd 30 minutes, the risk of postoperative neurologic deficits appears to be low. The 

probabilityy of paraplegia increases linearly between 30 and 60 minutes of ischemia to 

almostt 90 % after one hour of thoracic occlusion.28 In patients with aneurysms confined to 

thee descending thoracic or thoracoabdominal aorta, Scheinin described a 8.5% neurologic 

deficitt rate after average clamp times of 22 minutes,29 while Crawford could confine this 

complicationn to less than 1% after resections of only the thoracic aorta.30 Grabitz et al 

reportedd a neurologic deficit rate of 15% in a large group of patients undergoing TAAA 

repairr with the use of simple aortic damping.31 

Inn the opinion of surgeons and researchers concerned with patients undergoing TAAA 

repairs,, the rate of this devastating complication is still unacceptable and additional strategies 

shouldd therefore be applied in order to maintain spinal cord blood supply during aortic 

cross-damping. . 

Distall aortic perfusion 
Althoughh the single clamp technique has proved to be effective in aortic aneurysm surgery, 
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additionall protective measures are required especially when clamping times are expected 

too exceed 30 minutes. Using distal aortic perfusion in combination with a staged repair, 

thee aortic segment and corresponding segmental arteries that are not situated within the 

crossdampedd segment, can be perfused. This so called retrograde or distal aortic perfusion 

cann be performed either by a passive shunt or by various bypass techniques. 

Passivee aortic shunts were first described by Gott.32 This shunt can be positioned between 

thee ascending and descending aorta in order to bypass the cross-clamped aortic segment. 

Ass a result of the heparin coating, the shunt does not require systemic heparinisation. In a 

seriess of 359 elective repairs of descending thoracic aortic aneurysms, no neurologic deficits 

weree encountered with the use of a Gott shunt.33 However, passive shunting has the 

obviouss disadvantage that flow can not be regulated, and therefore distal aortic pressures 

abovee 60 mmHg can not be ensured. Moreover, the beneficial effect of passive shunting 

hass not yet been established in aneurysms extending over the entire descending aorta. 

Partiall or total cardiopulmonary bypass can both be used to increase the distal aortic 

pressure.. However, both methods require a roller pump and therefore necessitate systemic 

heparinization.. Bleeding complications even resulting in perioperative deaths are described 

inn up to 38% of a selected group of patients34 In 1987, Crawford et al described the use of 

thiss technique in combination with profound hypothermia. Thirty-day mortality was 16% 

andd paraplegia occurred in 11 % of these patients.35 fn both series, pulmonary complications 

weree significant (62% and 48%) and were decisive in the prolonged recovery of the survivors. 

Recently,, Kouchoukos et al presented their 12-year experience with hypothermic 

cardiopulmonaryy bypass.36 The overall mortality was 8%, but specification as to type of 

aneurysmm was not stated. Neurologic deficit was prevented in the 81 most recent procedures, 

andd pulmonary complications could be restricted to 20% of the patients. Bleeding 

complicationss requiring re-intervention, amounted to 6.4% among the survivors. The authors 

statedd that hypothermic cardiopulmonary bypass is a preferable technique for extensive 

operationss of the descending and thoracoabdominal aorta, and offers an acceptable 

mortalityy and paraplegia rate, not exceeding other accepted techniques. Other respected 

authors,, however, propose that this technique is to be reserved for complex reoperations, 

involvementt of the arch, when perioperative resuscitation is required and for cases where 

aorticc crossclamping poses a greater risk than the risk of profound hypothermia.34,37 

Complicationss resulting from systemic heparinization can be partially reduced with the use 

off a centrifugal pump. In a clinical study comprising over 800 patients undergoing repair 

off a descending thoracic aneurysms, the mortality rate associated with distal aortic perfusion 

comparedd to cardiopulmonary bypass was 4% and 11 %, respectively.38 Atrio-femoral bypass 

iss possibly the method of choice, offering the best means for proximal and distal aortic 

pressuree regulation.{Fig 3) Furthermore, selective organ perfusion can be used, and a heat 
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Figur ee 3. Distal aortic perfusion with a centrifugal pump during the thoracic part of a staged TAAA 
repair.. Oxygenated blood from the left atrium (LA) is pumped into the right femoral artery. During 
thee repair, segmental arteries, not within the clamped aortic segment, can be perfused. 

exchangerr can be applied.3M2 Possibly the most important beneficial effect of this adjunct 

wass described in several studies which reported a reduced duration of intercostal ischemic 

timee when atrio-femoral bypass was applied.4345 In a prospective non-randomized trial 

investigatingg this technique, it was demonstrated that atrio-femoral bypass improved 

neurologicc outcome in 99 patients, especially when distal aortic perfusion was combined 

withh sequential aortic clamping and segmental repairs.25 Other clinical studies can confirm 

thesee results, however, this evidence can not be withdrawn from prospective randomized 

clinicall trials.2646'47 Nonetheless, recent studies further support the advantageous impact of 

distall aortic perfusion on surgical and neurologic results, resulting in a wide acceptance of 

thiss adjunct.45'48'49 

Despitee these promising results, distal aortic perfusion techniques have not been able to 

preventt neurologic deficit completely. Several explanations have been proposed. Firstly, 

distall aortic perfusion has been associated with increased crossclamp duration.43 Safi 

proposedd that the relation between crossclamp duration and the risk for paraplegia merely 

shiftedd to the right when distal aortic perfusion was employed.26 Consequently, the protective 

effectt might not outweigh the increased risk of neurologic deficits that result from the 

increasedd clamping duration. Secondly, it was suggested that a beneficial effect of this 

adjunctt can only be expected when distal aortic pressure is maintained above a mean of 

60-700 mmHg in order to have a protective effect on the spinal cord.5054 Thirdly, distal aortic 

perfusionn is not able to ensure sufficient spinal cord blood f low when the critical feeding 
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arteriess are located within the excluded aortic segment.55 Moreover, when the ARM is 

locatedd within the perfused distal aortic segment and lumbar flow is secured, protection of 

thee thoracic spinal cord segments is not warranted.56-57 The smaller diameter of the anterior 

spinall artery above the junction with the ARM predicts blood flow to the lumbar spinal 

cord,, because the vascular resistance in the upward direction is approximately 11 times 

greater.17-566 Accordingly, the ARM will preferably perfuse the lumbar spinal cord, while the 

thoracicc spinal cord remains at risk. These specific situations might be the explanation for 

thee fact that permanent motor neuron damage remains a distinct possibility even when 

distall aortic perfusion techniques are applied. 

Inn conclusion, distal aortic perfusion with the use of a centrifugal pump, can decrease the 

incidencee of postoperative neurologic deficit. For optimal spinal cord protection, distal perfusion 

shouldd be combined with sequential aortic clamping and a staged aortic repair. However, 

limitationss of this adjunct dictate the use of additional methods to protect the spinal cord. 

Cerebrospinall fluid drainage 
Spinall cord blood flow is autoregulated between perfusion pressures of 50 and 120 

mmHg.58'599 Spinal cord perfusion pressure is calculated as mean arterial pressure minus 

cerebrospinall fluid pressure (CSF-pressure) or the central venous pressure (CVP), whichever 

off the two outflow pressures is higher. As a result, the spinal cord blood flow will be 

affectedd if a rise in CSF pressure decreases the spinal cord perfusion pressure below 50 

mmHg.. Thus, CSF drainage can theoretically increase compromised spinal cord blood flow 

duringg TAAA surgery, and might offer additional benefit to other protective strategies. 

Alreadyy in 1962, Blaisdell and Cooley demonstrated in porcine experiments that aortic 

crossclampingg can result in an increase in CSF pressure.60 In humans, CSF-pressures up to 

433 mmHg were observed after clamping the aorta.5758 It is believed that central venous 

pressuree (CVP) increases as the result of a volume distribution to the upper half of the body 

followingg thoracic aortic damping.63 Following, increased filling of the venous capacitance 

bedss within the dural space produce the increased CSF pressure during aortic damping.64 

Observationss underscoring these assumptions were made during porcine experiments, 

wheree CSF pressure correlated with increases in CVP.65 

Thee importance of CSF drainage was asserted by observations that a spinal cord perfusion 

pressuree of 20 mmHg was sufficient to preserve spinal cord integrity.66*9 This would imply 

thatt CSF drainage becomes especially important to maintain distal perfusion pressure above 

200 mmHg if atrio-femoral bypass is not used. This observation was further strengthened by 

dee Haan et al who demonstrated in a porcine model of selective segmental artery clamping 

thatt CSF-pressure increases can render the "non-critical" segmental arteries "critical" for 

thee spinal cord blood flow. 
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Inn several experimental studies, the beneficial effect of CSF drainage on neurologic outcome 

wass demonstrated.60-61-71-74 However, other studies in varies species, such as dog, baboon 

andd pig, could not confirm these results.55,65-75 In humans, conclusive research concerning 

thiss protective adjunct is lacking. The only report, describing a methodologically sound 

effort,, was presented by Crawford's group.10 They prospectively investigated whether CSF-

drainagee offered a beneficial effect in 98 patients undergoing TAAA repairs. Disappointingly, 

thee amount of CSF that could be withdrawn was restricted to 50 ml, and only perioperative 

withdrawall was allowed. As a result, no beneficial effect could be determined, possibly 

resultingg from the fact that perioperative CSF-pressures could not be kept under 10 mmHg 

inn more than half of the patients. In addition, delayed neurologic deficits occurred in patients 

whoo suffered from transient periods of postoperative hypotension. Postoperative CSF 

drainagee might have reversed the decrease in spinal cord perfusion pressure.29-76 

Nevertheless,, others have incorporated this adjunct into their surgical protocol. These studies 

offeredd at least circumstantial evidence of a beneficial effect.26-47-48-61-76"78 CSF-drainage alone 

orr in combination with other protective adjuncts was consistently observed to offer spinal 

cordd protection. 

Inn conclusion, clinical evidence suggests that CSF-drainage offers additional protection 

whenn a single clamp technique is performed. Nevertheless, CSF-drainage alone has not 

provenn to outweigh the use of distal aortic perfusion techniques and adequate 

revascularization.. Because the CSF-drainage technique can prevent detrimental increases 

inn CSF pressure in the peri- and postoperative phase, and possibly offers additional spinal 

cordd protection to distal aortic perfusion techniques, it is advisory to implement this safe 

andd simple technique into a TAAA protocol. 

44 Restoring  the spinal  cord  blood  supply 
Overr the last three decades, one of the main concerns during TAAA surgery was whether 

too reattach segmental arteries and restore the spinal cord blood supply. Not all segmental 

arteriess connect to the anterior spinal artery, and reattachment might increase crossclamp 

durationn without spinal cord revascularization. The most optimal situation would be to 

reattachh the ARM in all patients, thereby ensuring reperfusion of the spinal cord vasculature. 

However,, considerable inter-individual variation exists in the origin of this vessel in non-

diseasedd subjects, and additional anatomic diversity is further created by degenerative 

disease.. Originally important segmental vessels might be occluded, leaving the spinal cord 

dependentt on unusual and diverse collaterals.79 

Whenn prolonged occlusion of the segmental arteries occurs, development of collateral spinal 

cordd circulation can be assumed. This collateral circulation might provide adequate spinal 
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cordd perfusion during aortic crossclamping. This was underscored by Svensson et al. who 

demonstratedd that patients who had no, or limited backbleeding segmental arteries during 

TAAAA repairs, had a significantly decreased risk for neurologic deficit, whereas a deficit rate 

off 63% was reported when all patent arteries were oversewn in this study.25 These results 

weree affirmed in a similar study by Safi et al, who investigated whether reimplantation or 

ligationn of segmental arteries correlated with neurologic outcome. They found that occlusion 

off the segmental arteries in the T11-L1 area reduced the risk for paraplegia, as opposed to 

thee patients who had patent arteries in the thoracolumbar junction. When these patent 

segmentall arteries were oversewn, this resulted in a 50% paraplegia rate.80 

Thee importance of collateral development is further underscored in patients with aortic dissection. 

Patentt intercostal and lumbar arteries were observed in most patients undergoing surgery 

forr acute aortic dissection.2 Reimplantation of these patent segmental arteries is performed 

beforee the development of collateral spinal cord circulation, and the risk for paraplegia is 

thereforee increased. In contrast, in chronic dissection a spinal cord collateral circulation has 

indeedd developed, as suggested by occlusion of most segmental arteries. This assumption is 

furtherr strengthened by observations that surgical repair of chronic dissections resulted in a 

lowerr neurologic deficit rate (9%), versus 32% in acute dissections treated surgically.23 

Interestingly,, some reports in literature contest the need for segmental artery reimplantation.9-78 

Thee rationale for this approach is that segmental artery ligation or blockade in combination 

withh proximal hypertension results in a progressive use of collateral vessels during the 

procedure,, which will prevent irreversible damage to the spinal cord after graft inclusion. 

Grieppp et al found that aortic aneurysms involving a segment larger than 10 intersegmental 

spacess were prone to neurologic deficit, but ligation of less than 10 pairs could be performed 

unpunished.99 This report, however, does not reveal whether the ligated arteries were patent 

orr not. It is likely that aneurysms extending over less than 10 segmental artery segments only 

hadd one or two patent vessels. However, the larger aneurysms possibly involved several 

patentt arteries, explaining the exponentially increased paraplegia rate in this subgroup. It is 

thereforee questionable that this technique will produce an acceptable deficit rate in type I 

andd II aneurysms, and it is believed by many others that re-implantation of either some or all 

segmentall arteries is favourable.2545'49'53'7680 Another concern in the management of 

segmentall arteries is the increased aortic crossclamp time which results from re-anastomosing 

feedingg arteries. Consequently, the protection provided by segmental artery reattachment 

mightt not outweigh the risk associated with longer cross-clamp times. When the clamp 

andd saw technique is used, a beneficial effect of segmental artery reimplantation can not 

bee expected. Moreover, revascularization proved to be a significant predictor of paraplegia 

andd paresis, when this technique was performed.294 However, when distal perfusion 

techniquess are applied, reattachment of patent segmental arteries most likely to give rise 
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too the ARM is associated with a significantly decreased risk of paraplegia or paresis.25,80 A 

plausablee explanation for this observation is the fact that the intercostal and lumbar artery 

ischemiaa duration can be reduced when distal aortic perfusion techniques are applied in 

spitee of the increased total aortic clamping duration.45 

Thus,, the surgical management of segmental arteries during TAAA repairs is liable to 

variationss in aneurysms size and extent, etiology, operation technique and presentation of 

patentt segmental arteries. Profuse backbleeding of patent intercostal and lumbar arteries 

threatenss to drain away blood from the spinal cord, and thereby decreases the spinal cord 

perfusionn pressure. Prevention of this "steal phenomenon" has led to pressure increases in 

thee spinal cord arterial vascular bed in animals.81-82 Reimplantation of these vessels could 

resultt in a decreased rate of irreversible spinal cord damage. In an effort to decrease the 

aorticc crossdamp duration during reimplantation, several reports advise to reimplant at 

leastt the presenting arteries between T9 and L2.25eo Distal aortic perfusion techniques can 

providee additional protection, by decreasing the segmental artery ischemia duration. In 

casess where only several patent arteries are present, failure of adequate reanastomosis 

willl result in a high risk of motor neuron damage, especially in the thoracolumbar region. 

Iff no patent segmental arteries are present, the risk for paraplegia is significantly reduced.25 

55 identification  of  the spinal  cord  blood  supply 
TAAAA repair should include segmental artery reimplantation, in order to restore blood 

supplyy to the spinal cord. Even in patients who suffer from chronic aortic disease, one can 

nott assume that the developed collateral system will fully take over the function of the 

feedingg arteries. However, as segmental artery reimplantation will increase crossdamping 

time,, pre- or perioperative identification of critical feeding arteries would be advantageous. 

Preoperativee selective angiography of the spinal cord is, in theory, a logical approach to 

assesss an anatomical map of the spinal cord blood supply. However, this procedure has 

nott gained acceptance because manipulation within an atherosclerotic ostium or even 

directt injection of contrast material could by itself result in lower limb neurologic deficits. 

Incidencee of neurologic deficits, including paraplegia, between 0 - 4.6%, were 

reported.21'24'79'83844 Furthermore, the success rate of actually identifying the ARM was only 

55%% to 69% of the cases,2U4'79,84 and no benefit regarding the paraplegia rate could be 

obtained.. However, combined atrio-femoral bypass, preoperative spinal angiography and 

targetedd intercostal preservation did result in only 2.3 % lower limb neurologic deficits.84 

Svenssonn et al. introduced a different method to perioperatively identify the spinal cord 

bloodd supply. Hydrogen Induced Current is a technique where a platinum electrode is 

placedd intrathecal^ alongside the spinal cord, and saline solution saturated with hydrogen 
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iss injected into a clamped aortic segment or a segmental artery ostium. If hydrogen reaches 

thee spinal cord, a hydrogen induced current is generated from the electrode, indicating 

thatt the segmental artery or the aortic section supplies the spinal cord with blood.8W57 In 

pigs,, the spinal cord blood supply could be accurately identified and in humans angiography 

confirmedd the technique's accuracy, but neurologic deficits were not prevented.86-87 

Upp until now, no serious benefit can be expected from methods that identify the spinal 

cordd blood supply. Perhaps, when future technical developments will be able to improve 

techniquess that could identify the critical segmental arteries before TAAA repairs, efficient 

segmentall artery selection can be made to reduce aortic crossclamping duration and thereby 

thee rate of neurologic damage. 

66 Spinal  cord  function  monitoring 
Thee rational of spinal cord function monitoring is that the surgical team is provided with 

on-linee information about the spinal cord functional status during TAAA repair. Neurons in 

thee grey matter of the spinal cord have high metabolic demands, and will cease to function 

immediatelyy after interruption of flow. If the blood flow interruption is prolonged, irreversible 

neuronall damage can occur. Spinal cord function monitoring allows protective strategies 

too be applied or adjusted according to monitoring results before the onset of irreversible 

damage.damage. For example, proximal and distal aortic pressures can be adjusted, and segmental 

arteriess can be either safely ligated or reimplanted during replacement of an aortic segment. 

Possibly,, function monitoring might allow critical segmental artery detection when it is 

combinedd with segmental aortic replacement. For example, exclusion of an aortic segment 

andd deterioration of responses implicates the presence of critical segmental arteries within 

thiss aortic segment. 

Adequacyy of spinal cord blood flow can be assessed electrophysiologically with 

Somatosensoryy Evoked Potentials (SSEP) and Motor Evoked Potentials (MEP). SSEP mainly 

monitorss signal conduction through the dorsal columns, whereas MEP monitors the function 

off the anterior horn grey matter and the corticospinal tracts. Both techniques and there 

characteristicss will be discussed. 

SSEPP monitoring is a non-invasive technique that can be readily applied in the operating 

roomm (Fig 4a). Responses can be evoked electrically by stimulation of lower limb peripheral 

nervess or the lumbar spinal cord with brief pulses. As the signal is transmitted mainly via 

thee dorsal columns and to a lesser extent via the anterolateral tracts, the responses can be 

recordedd from the scalp (cortical SSEP), the high thoracic or cervical cord (spinal cord 

SSEP).88-900 Because SSEPs are of much lesser amplitude than the combined electrical noise 
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fromm the operating room, ECG or EEG, at least 100 stimuli need to be averaged to obtain 

aa reproducible cortical evoked potential. In order to interpret changes in SSEP responses 

whichh reflect spinal cord ischemia, certain criteria have to be met. However, no prospective 

studiess have been performed to assess the validity of criteria used for intervention. It has 

beenn advocated on empirical grounds, that a 10% increase in latency to the first positive 

peakk (P1), or a decrease of more than 50 % in cortical peak to peak amplitude is indicative 

forr ischemia and therefore a reason for intervention.9192 

Upp until now, SSEPs have, at best, demonstrated contradicting results concerning reliability 

inn spinal cord ischemia detection. While SSEP monitoring suggested a contribution to the 

surgicall strategy in several studies,9'31-4450'93 in a prospective study of 198 patients, SEP 

monitoringg in combination with adequate distal aortic perfusion could not improve 

neurologicc outcome. The high incidence of false negative (13%) and false positive responses 

(677 %) prevented an additional benefit of this technique.88 One of the most important 

reasonss for the disappointing results of spinal cord function monitoring with SSEPs is the 

factt that they conduct afferent information in a non-synaptic fashion. As the axonal 

conductionn responsible for SSEP responses is relatively resistant to ischemia, ischemia 

detectionn time will at least take 8-18 min.94 The result of this is a long delay between the 

onsett of ischemia and the moment of ischemia detection. As reported by Cunningham et al., 

SSEPss disappeared 17  8 min after simple crossdamping was performed.50 In another 

study,, the delay between aortic crossdamping and significant SSEP changes was of such 

ann extent (3-54 min) that critical segmental arteries could not be identified and this 

monitoringg technique offered no benefit regarding neurologic outcome.88 Thus, because 

off this relatively long detection interval, rapid application of protective strategies is prevented, 

whichh is possibly the causative factor for the disappointing results with this technique. 

Secondly,, the dorsal columns are supplied by the posterior spinal artery. However, aortic 

crossdampingg will result in an interruption of the anterior spinal artery blood flow. As a 

result,, the ischemia sensitive central gray matter and lateral and ventral fasciculi are often 

primarilyy affected.95-96 In a clinical study investigating the use of SSEP during coarctation 

repairs,, SSEPs returned to normal while irreversible damage of the anterior horn had 

occurred.977 Therefore, SSEPs do not even reflect blood supply of the anterior spinal artery 

feedingg the motor neurons. Indeed false negative monitoring results have been reported 

repeatedly.9-88-98"101 1 

Falsee positive result have also been reported, and are a possible result of a combination of 

causes.. First of all, systemic hypothermia can deteriorate the SSEP responses to a degree 

thatt resembles spinal cord ischemia.102 Then, halogenated anesthetics are known to induce 

thee same result.103 Another important causative factor for SSEP changes is peripheral 

ischemia,, either due to simple crossdamping50-101 or inadequate distal aortic perfusion 
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Figur ee 4. Monitoring spinal cord function during TAAA repair. A) Monitoring somatosensory evoked 
potentials.. After stimulation of the tibial nerves, the signal is conducted through the dorsal columns, 
andd responses are recorded from the somatosensory cortex on the scalp. B) Monitoring myogenic 
motorr evoked potentials after transcranial stimulation. The signal is conducted via the pyramidal 
tractss to the anterior horn motor neurons. A compound muscle action potential is recorded from 
thee anterior tibial muscles. 
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duringg aortic crossdamping88. Using a modality with spinal cord stimulation decreased the 

incidencee of these false positive responses.90'104 In spite of the fact that false positives cases 

couldd be decreased when spinal cord stimulation was performed, the efficacy of critical 

segmentall artery selection still remained inadequate in another clinical study.105 

Inn conclusion, SSEPs can offer information about the spinal cord functional status in the 

perioperativee and postoperative period. However, this monitoring technique has several 

seriouss drawbacks when used during TAAA repairs. The relative resistance of the dorsal 

columnss to spinal cord ischemia prevents rapid application of protective measures before 

thee onset of permanent damage. The anterior horn motor neurons are most likely to be at 

riskk during aortic clamping, but are not specifically evaluated by SSEP. Therefore, SSEP 

monitoringg does not meet the requirements for on-line spinal cord function monitoring 

duringg TAAA surgery. 

MEPss do offer information regarding the ischemia sensitive anterior horn neurons. Several 

techniquess are at hand to elicit MEPs. Stimulation is performed at either the motor cortex 

orr the spinal cord itself. Recording sites are: lower spinal cord, peripheral nerve and muscle. 

Ass the Food and Drug Administration has not yet approved stimulation of the cranium for 

thee purpose of assessing MEPs, many groups monitor spinal evoked motor potentials (SMEP). 

Thee cord is stimulated via an epidural catheter or a needle electrode in the lamina or 

ligamentumm flavum. Spinal cord stimulation has one disadvantage irrespective of the 

recordingg site. It is believed that SMEPs are in fact conducted by pathways, at least in part, 

otherr than the corticospinal tracts.106-107 This mixture of motor and sensory transmission 

couldd possibly interfere with a specific and sensitive signal to spinal cord ischemia. This 

waswas illustrated by the observation that progressive ligation of intercostal arteries in the 

dogg did not result in SMEP deterioration, as opposed to immediate myogenic MEP 

disappearance.108 8 

Myogenicc responses to transcranial stimulation appear to be entirely specific to motor 

tractt conduction.(Fig 4b) This is of great importance if the perioperative monitoring technique 

iss to reflect postoperative neurologic function. Myogenic tc-MEPs appear extremely sensitive 

too spinal cord ischemia. In patients undergoing TAAA repair, de Haan et al demonstrated 

thatt tc-MEPs could detect ischemia within minutes.52 No false positive or negative monitoring 

resultss were observed. 

Becausee tc-MEPs can be helpful in rapidly assessing adequacy of spinal cord blood flow, 

theyy can guide spinal cord protective strategies in a surgical TAAA protocol. When distal 

aorticc perfusion is performed during aortic clamping, sufficient retrograde aortic flow is 

confirmedd by unchanged tc-MEPs.5254 While Cunningham et al proposed distal aortic pressure 

off 60 mmHg to assure adequate spinal cord blood flow, tc-MEP measurements in patients 

revealedd that these pressures were not sufficient in all patients.52 
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Ass already mentioned above, critical segmental arteries can be identified using tc-MEP 

monitoring.. In chapter 6, the use of tc-MEPs during a staged aortic repair and concommitant 

criticall segmental artery identification is discussed. 

Despitee the fact that tc-MEPs demonstrated to be of great value during TAAA repairs, only 

feww centers have applied this monitoring modality. Apart from the FDA disapproval, tc-

MEPP monitoring requires adjustment of the anesthesiologie protocol. Volatile anesthetics 

depresss tc-MEP responses109 and neuromuscular blockers are not compatible with myogenic 

tc-MEPs.. As ketamine, etomidate and opioids hardly effect tc-MEP responses, they offer a 

goodd alternative for these anesthetics.110111 In order to prevent total tc-MEP abolishment 

byy complete neuromuscular blockade, a closed loop infusion system can be used.52'112 This 

way,, the level of neuromuscular blockade can be maintained within a narrow level, offering 

amplee movement reduction and minimizing tc-MEP variations. The high response variability 

iss an other drawback of tc-MEPs, mentioned in initial reports. However, multipulse 

stimulation,, with a 2-3 ms interstimulus interval amplifies the myogenic responses and 

reducess variability.113142 Moreover, the use of a circumferential cathode also improves 

responsee amplitude, as well as stimulus efficiency.114 When these requirements are met, tc-

MEPP monitoring is a reliable and accurate monitoring method for the detection of spinal 

cordd ischemia during TAAA repair. 

Inn conclusion, spinal cord function monitoring can offer valuable information during TAAA 

repair.. When a monitoring modality is effective and reliable in rapidly detecting spinal cord 

ischemia,, and consequently allows application of protective interventions before irreversible 

motorr neuron damage has occurred, neurologic deficits can be prevented. Tc-MEPs seem 

too meet these requirements. 

77 Spinal  cord  protection 

Thee objective of previously described techniques is to improve the spinal cord blood flow 

duringg aortic crossclamping. However, despite these techniques, transient ischemia of the 

cordd can possibly not be prevented during aortic crossclamping. The deleterious effects of 

transientt ischemia can be decreased with adjuncts that increase the tolerable duration for 

ischemiaa of the spinal cord during the period of oxygen depletion, such as hypothermia 

andd pharmacological agents. 

Hypothermia a 
Hypothermiaa was initially used to protect the brain during cardiac surgery. Consequently, 

aa similar protective effect for the spinal cord could be expected during aneurysm resections. 
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Ass the spinal cord is rendered hypothermic, the tolerance to ischemia is increased as a 

resultt of a decreased metabolic demand. It was demonstrated in rabbits that oxygen 

requirementss in neural tissue are known to decrease 6 - 7 % for each degree decrement in 

cordd temperature.115 Furthermore, the release of neurotoxic transmitters is decreased and 

membranee stabilization increases during hypothermic ischemia of the cord.116 

Whenn systemic hypothermia is exerted, a distinction has to be made between mild 

hypothermiaa , moderate hypothermia ) and deep hypothermia . 

Mildd hypothermia has demonstrated a significant protective effect in animal models of 

transientt spinal cord ischemia.117118 Mild to moderate systemic hypothermia is usually allowed 

too occur during TAAA resections by lowering the temperature in the operating room or by 

activee cooling via the extracorporeal system. Further decline in body temperature would 

furtherr increase the protective effect but would possibly not outweigh the risk for cardiac 

arrhythmia's,, coagulaopathy and the increased rate of infection. In a retrospective study 

byy Hollier etal., a major reduction in neurologic deficit compared to historical controls was 

contributedd to the use of this method.'19 Profound hypothermia and cardiac arrest has 

beenn advocated by several surgeons as the method of choice for spinal cord protection 

duringg TAAA surgery.120-121 The protective effect of deep cooling is not confined to the 

spinall cord, but extends to the heart, kidneys, brain and viscera. The need for proximal 

aorticc clamping is eliminated, a bloodless surgical field facilitates the operation and no 

expeditiouss surgery is required during segmental artery reimplantation. Kouchoukos recently 

reportedd favorable results using this method.36 In type I and II TAAA's, only 3.4% of the 

survivingg patients developed paraplegia. He proposed this technique as particularly useful 

inn type II TAAA's and dissecting aneurysms. Others, such as Svensson advised to limit this 

approachh to patients that presented with distal arch involvement, large diameter aneurysms, 

aneurysmss that imply difficult access to clamping, extensive atheroma, perioperative 

complications,, and expected prolonged spinal cord ischemia time.34-37This reservation results 

fromm the increased risk for cerebral neurologic deficits, massive fluid shifts and extracorporeal 

circulationn related problems such as coagulopathy and haemorrhagic pulmonary 

complications. . 

Regionall cooling of the spinal cord has the potential to achieve similar spinal cord protection 

butt avoids systemic complications. Two techniques involve direct infusion of a cold infusate 

intoo the perispinal space; epidural and subdural spinal cord cooling. 

Epidurall perfusion cooling in rabbits proved to be very efficient in protecting the spinal 

cordd during aortic clamping up to 60 min. Infusion of cold saline ) with passive outflow 

resultedd in deep hypothermia of the gray matter and completely prevented paraplegia.122 

Comparablee results were obtained without the use of passive outflow in both rabbits and 

dogs.12^1255 Cambria was the first to describe the use of epidural cooling in humans.126 
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Infusionn of an average of 1400 ml of iced saline ) during simple aortic crossclamping 

andd segmental artery reimplantation prevented motor neuron damage in all but 2 patients 

inn a series of 70 patients undergoing TAAA repair. 

Subdurall perfusion cooling also exerted a protective effect in several experimental models 

off spinal cord ischemia. In dog and pigs, perfusion cooling resulted in deep spinal cord 

hypothermia.75127'1288 To date, subdural cooling has not been investigated in clinical series. 

Bothh during subdural and epidural infusion cooling, significant rises in CSF-pressure were 

observed,, which are considered an important limitation of regional cooling. In dogs, subdural 

perfusionn cooling resulted in a spinal cord perfusion pressure decrease to 0 mmHg during 

aorticc crossclamping.75 Epidural infusion cooling in rabbits resulted in a lethal increases in 

C5FF pressure in some animals.125 In Cambria's series of 70 patients undergoing epidural 

coolingg during TAAA surgery, one patient developed a cervical cord infarction.126 The 

increasess in CSF pressure, which were more than doubled from baseline values, could very 

welll have been the causative factor for this severe complication. Thus, as regional spinal 

cordd cooling provides an effective means for protection during aortic clamping, the 

concomitantt CSF-pressure increases can be a threat to distant spinal cord segments which 

aree not protected by the localized hypothermia, nor at risk for ischemic damage. This issue 

iss further discussed in Chapter 3. 

Spinall cord hypothermia can also be achieved by infusing cold perfusate into the spinal 

cordd feeding arteries after clamping and opening isolated aortic segments. This technique 

wass successfully performed in several experimental models, and provided protection against 

ischemicc spinal cord injury.115-129'130 Surprisingly, spinal cord temperatures as low as 18 -

CC could be obtained.130 Fehrenbacher et al. described the clinical use of this technique 

inn patients undergoing surgery for high risk TAAAs.131 In 23 patients, the T8-L2 segment 

wass perfused with 400cc crystalloid solution at C which contained heparin, 

methylprednisolonee and mannitol. In that series, only 1 patient awoke paraplegic (4.3%). 

Thee only possible drawback of applied hypothermia is the fact that deep hypothermia, 

resultingg in spinal cord temperatures of , have been described to result in irreversible 

neuronall injury.132 Theoretically, regional cooling with saline of C may result in these 

CSF-temperaturess locally. 

Inn conclusion, hypothermia can exert a high degree of spinal cord protection during transient 

periodss of ischemia, which is irrespective of the method used. It is therefore advisory to 

implementt some form of hypothermia for spinal cord protection into a TAAA protocol. 

Pharmacologicall neuroprotection 
Ass in hypothermia, drugs used for spinal cord protection aim to increase the spinal cord 

tolerancee for ischemia. As described in the introduction, the mechanism of neuronal death 
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followss an intricate cascade of events, possibly comprising all of the following components 

interactingg in a sequential and parallel manner: free radical mediated neuronal death, 

nitricc oxide mediated death, excitotoxicity, intracellular calcium overload and eicasanoid 

formation.. As a result, a wide variety of pharmacological interventions is at hand: free 

radicall scavengers, opiate receptor antagonists, calcium channel blockers, excitatory amino 

acidd receptor blockers, corticosteroids, prostaglandins, adenosine, gamma-aminobutyric 

acidd modulators, protein kinase C modulators, anesthetics, vasodilators, modulators of 

coagulation,, inhibitors of leucocytes and monocytes, inhibitors of apoptosis, regenerative 

agents,, insulin, pH modulators and alternative oxygen carriers. 

Inn a systematic review by de Haan, all experimental studies which investigated the influence 

off neuroprotective agents on spinal cord ischemic injury were reviewed.133 The author 

foundd that 56 out of 70 agents tested provided neuroprotection. Animal models used 

weree rabbit, dog, rat, pig, and baboon. Agents were administered either intravenously or 

regionallyy (via the excluded aortic segment or intrathecal^). Disappointingly, only a minority 

off studies were temperature controlled and an a priori power analysis was performed in 

nonee of these studies. Moreover, a dose response curve was determined in only a minority 

off studies. The author therefore justly concludes that, in spite of the protective effect of 

numerouss studies, not one justifies a large prospective randomized study. 

Nonetheless,, several agents have been tested in a clinical setup. For example, opiate 

antagonistss were used to investigate their protective effect in TAAA patients. A dose of 1 

mg/kg/hh of naloxone was administered in combination with CSF-drainage in 61 patients, 

whichh resulted in a decreased paraplegia rate in comparison to historic controls.77-78 

Prostaglandins,, such as prostaglandin E1, have also been tested in humans because of the 

cytoprotectivee effects and powerful vasodilatory capabilities. Grabitz et al. demonstrated 

inn a non-randomized study that this prostaglandin reduced the neurologic deficit rate from 

25%% to 5% when administered during TAAA resection.89 Strong vasodilatory effects are 

alsoo subscribed to papaverine, which is thought to enhance blood flow in the longitudinal 

arteriess of the cord. When Svensson's group discovered that intrathecal papaverine improved 

lowerr thoracic and lumbar spinal cord blood flow in the baboon55, this promising vasodilator 

wass tested in humans during TAAA surgery. First, in a non-randomized study, the beneficial 

effectt of intrathecal papaverine could not be established.134 In a following prospective 

randomizedd trial they demonstrated that a combination of papaverine with CSF-drainage 

wass effective in high risk TAAA patients.135 Disappointingly, experimental and control groups 

weree not matched thoroughly and the study was terminated prematurely after statistical 

significancee was reached. 

Inn conclusion, a wide variety of agents have been tested extensively in animal models, and 

manyy suggested a protective effect during transient spinal cord ischemia. Even clinically, 
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substancess such as papaverine demonstrated promising results. However, methodological 

limitationss and differences between experimental setups prevent us from justifying any 

agentt to be investigated in a multi<enter prospective randomized trial. 

88 Delayed  neurologic  deficits 
Inn 1986 Crawford already established that one third of all neurologic deficits after TAAA 

surgeryy develop in the postoperative period.2 In spite of the fact that many additional 

adjunctss have been developed since then in order to reduce immediate paraplegia, recent 

reportss still justify a concern for this phenomenon. Conclusive information regarding the 

etiologyy of this complication lacks, but several plausible explanations can be suggested. 

Firstly,, inadequate restoration of the spinal cord blood supply seems to play an important 

role.. Failure to reimplant all critical feeding arteries or ligation of a substantial number of 

thesee arteries may result in marginal spinal cord perfusion in the postoperative period. 

Furtherr compromise of the spinal cord perfusion pressure, as in transient episodes of 

postoperativee hypotension or increases in CSF-pressure can result in delayed neurologic 

deficits.2766 Another cause for a postoperative decrease in spinal cord perfusion is the 

occlusionn of reattached segmental arteries.5286 Both examples illustrate the occurrence of 

aa decrease in postoperative spinal cord perfusion pressure. In several studies, the use of 

acutee CSF-drainage was effective in reversing the development of postoperative neurologic 

deficit,, possibly by correction of the spinal cord perfusion pressure.9-76-136137 

Secondly,, it is believed that reperfusion injury can account for the development of delayed 

neurologicc deficit. When reperfusion follows transient periods of spinal cord ischemia during 

TAAAA repair further neuronal damage may result from the burst of oxygen free radicals, 

cytotoxicc actions of leukocytes and microglia, microcirculation defects by vasospastic 

prostaglandins,, and vascular smooth muscle contractions.138041 Neurons that sustained the 

initiall ischemic challenge may be irreversibly damaged by this secondary insult. 

99 Conclusion 
Duringg thoracoabdominal aortic aneurysm repair, an interruption of the spinal cord blood 

supplyy caused by aortic crossdamping can result in irreversible spinal cord damage. Most 

decisivee in the development of this dreadful complication are the extent of the aneurysm 

andd the aortic crossdamping time. In order to prevent this complication with a multifactorial 

etiology,, a multimodality approach is required. 

Probablyy the most important intervention to prevent lower limb deficit following TAAA 
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repairr is restoration of the spinal cord blood supply. Consequently, the spinal cord feeding 

arteriess should be re-anastomosed into the graft. Because reimplantation of the spinal cord 

feedingg arteries will increase aortic crossclamp duration, additional strategies should be applied 

too provide additional protection during restoration of the blood supply. Distal aortic perfusion 

techniquess and sequential repair and the maintenance of low CSF pressure all have the 

potentiall to increase the tolerable duration of cross-damping. The routine use of mild to 

moderatee hypothermia will enhance neuronal survival if transient spinal cord ischemia can 

nott be avoided. However, with the application of these spinal cord protective adjuncts, 

permanentt spinal cord damage after TAAA repair still occurs in approximately 10% of the 

patients. . 

1010 Aim  of  the thesis 
Inn this thesis, an effort is made to further improve protective strategies for the spinal cord 

tnn the context of TAAA surgery. Adequacy of these strategies can be assessed perioperatively 

byy spinal cord function monitoring with a relatively new technique: transcranial myogenic 

motorr evoked potentials (tc-MEPs). Tc-MEPs rapidly detect ischemic motor neuron 

dysfunctionn of the spinal cord. 

Localizedd spinal cord cooling is a powerful adjunct to increase the tolerable duration for 

ischemia.. However, the influence of this technique on tc-MEP responses has never been 

established,, so the reliability of the monitoring modality during regional (or systemic) 

hypothermiaa is undocumented. In a porcine model of transient spinal cord ischemia, the 

influencee of localized spinal cord cooling on the reliability of tc-MEPs is assessed, (chapter 2) 

Inn order to apply localized spinal cord cooling, two techniques are at hand: epidural and 

subdurall cooling. As both methods induce an increase in CSF-pressure, which might impair 

spinall cord perfusion pressure, application of this technique during TAAA repair might 

resultt in spinal cord ischemia. In pigs, epidural and subdural spinal cord cooling are compared 

too assess the cooling properties of both modalities, and to study the adverse affects of 

concomitantt CSF-pressure increases of both techniques on spinal cord motor neuron 

function,, assessed with tc-MEPs. (chapter 3) 

Limitingg the duration of transient ischemia during aortic crossclamping can be achieved by 

variouss bypass techniques that provide distal aortic perfusion. Nonetheless, spinal cord 

perfusionn is hampered if critical segmental arteries are situated within the crossdamped 

aorticc segment. Selective segmental artery perfusion during aortic crossclamping might 

thereforee be beneficial. In chapters 4 and 5, this new technique is evaluated in a porcine 

modell of transient spinal cord ischemia. 

Spinall cord function monitoring can provide on-line information concerning the spinal 
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cord'ss functional status during TAAA procedures. In this way, protective strategies can be 

appliedd and adjusted before the onset of irreversible damage to the cord. In chapter 6, the 

clinicall use of tc-MEPs is described in detail in a group of TAAA patients, at high risk for 

paraplegia,, and a surgical protocol guided by tc-MEPs is discussed. 

Somatosensoryy evoked potentials (SSEPs) is an accepted technique worldwide for the 

detectionn of spinal cord ischemia during TAAA repair. However, SSEPs do not represent 

functionn of the ischemia sensitive anterior horn motor neurons, and false positive and false 

negativee results were frequently reported. Chapter 7 provides a prospective comparison 

betweenn SSEPs and tc-MEPs in a series of patients undergoing TAAA repair. 
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Abstract Abstract 

Background ::  Myogenic motor evoked responses to transcranial electrical stimulation (tc-MEP) 

cann rapidly detect spinal cord ischemia during thoracoabdominal aortic aneurysm 

repair.. Recent evidence suggests that regional spinal cord hypothermia increases 

spinall cord ischemia tolerance. We investigated the influence of subdural infusion 

coolingg on tc-MEP characteristics and the time to detect spinal cord ischemia in six 

pigs. . 

Methods ::  Regional hypothermia was produced by subdural perfusion cooling. A laminectomy 

andd durotomy were performed at L2 to advance two inflow catheters at L4 and L6 

too cool the lumbar subdural space with saline. Two temperature probes were 

advancedd at L3 and L5 and one cerebrospinal fluid (CSF)-pressure line at L4. 

Spontaneouss CSF outflow was allowed. Spinal cord ischemia was produced by 

clampingg a set of critical lumbar arteries, previously identified by tc-MEPs and lumbar 

arteryy clamping. The time between the onset of ischemia and detection with tc-

MEPss (amplitude < 25%) was determined at CSF-temperatures of C and . 

Thereafter,, the influence of progressive CSF cooling on tc-MEP-amplitude and latency 

wass determined. 

Results ::  The time necessary to produce ischemic tc-MEPs, following clamping of critical 

lumbarr arteries, was not affected at moderate subdural hypothermia (3.8  0.9 

min)) compared to subdural normothermia (3.2  0.5 min).(p= 0.6) Thereafter, 

progressivee cooling resulted in a tc-MEP-amplitude increase at 28-30 , and was 

followedd by a progressive decrease. Response amplitudes decreased below 25% at 

14.00  1.1 C The influence of CSF-temperature on tc-MEP-amplitude was best 

representedd by a quadratic regression curve with a maximum at C In contrast, 

tc-MEP-latenciess increased linearly with decreasing subdural temperatures. 

Conclusion ::  Detection of spinal cord ischemia with tc-MEPs is not delayed at moderate subdural 

hypothermiaa in pigs. At a CSF-temperature of 28 , tc-MEP-amplitudes are increased. 

Furtherr CSF-temperature decreases result in progressive amplitude decreases and 

latencyy increases. 
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introduction introduction 
Paraplegiaa is a complication of surgical repairs of thoracoabdominal aortic aneurysms (TAAA). 

Thee incidence varies between 1% and 40%, depending on extent of the aneurysm, 

dissection,, rupture and crossdamp time.1 Protective strategies attempt to reduce the 

occurrencee of this complication by either maintaining adequate spinal cord perfusion or 

increasingg the spinal cord ischemia tolerance.2,3 

Monitoringg spinal cord function during TAAA repair allows selective modification of surgical 

techniquee or application and adjustment of protective measures. Somatosensory evoked 

potentialss (SSEPs) are widely used for spinal cord function monitoring. However, their use 

iss limited by false negative results and a relatively long delay between the onset of spinal 

cordd ischemia spinal cord ischemia and detection.4 Monitoring of transcranial myogenic 

motorr evoked potentials (tc-MEPs) during TAAA surgery allows immediate detection of 

anteriorr horn ischemia and no false negative results have been described to date.5-6 

Regionall hypothermia is a promising technique to protect the spinal cord against transient 

episodess of spinal cord ischemia.7*8 One observational study suggested a clinical benefit of 

epidurall spinal cord cooling in patients undergoing TAAA repair.9 Regional hypothermia 

avoidss the systemic complications associated with cooling, such as cardiac dysrythmias10, 

coagulopathy111 and an increased rate of postoperative infection.12 To date, no data are 

availablee regarding the influence of regional hypothermia on spinal cord function monitoring 

withh tc-MEPs. 

Wee investigated in pigs the influence of moderate subdural cooling on the time between 

thee onset of spinal cord ischemia and detection by tc-MEPs. In addition, we investigated 

thee effect of progressive subdural cooling on myogenic tc-MEP signals. 

Methods Methods 
Animall care and all procedures were performed in compliance with The National Guidelines 

forr Care of Laboratory Animals in the Netherlands. The study protocol was approved by 

thee Animal Research Committee of the Academic Hospital at the University of Amsterdam, 

thee Netherlands. Six female domestic pigs, weighing 45-55 kg, were studied. 

Anesthesi a a 

Anestheticss used in this experiment have no major effect on tc-MEP responses, and are 

alsoo used in our clinic for tc-MEP guided TAAA repair. Ketamine (15 mg/kg, i.m.) was used 

ass premedication. Anesthesia was induced with 2.0% isoflurane by mask in a mixture of 

50%% 02 in N20. After induction, two intravenous lines (18 G) were introduced in ear veins. 
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Thee animals received sufentanil 15 mg/kg and clonidine 2 mg/kg. Isoflurane was 

discontinuedd and anesthesia was maintained with infusion of ketamine 15 mg/kg/h, 

sufentanill 5 mg/kg/h, clonidine 1 mg/kg/h and N20 (60%). Animals were intubated and 

ventilatedd using intermittent positive pressure ventilation. Ventilation was adjusted to 

maintainn an end-tidal C02 between 4.8 to 5.3 kPa (36 to 40 mmHg) throughout the 

experiment.. Adequacy of ventilation was confirmed by blood gas analysis at 37 . Arterial 

bloodd pressure was measured with a catheter placed into the axillary artery and central 

venouss pressure by means of a catheter advanced via the right jugular vein into the superior 

cavall vein. Electrocardiogram (ECG), central venous pressure, mean arterial pressure (MAP), 

end-tidall C02and nasopharyngeal temperature were monitored continuously. Fluids were 

substitutedd by Ringers lactate, as required. 

Tc-MEPP monitoring technique 
Tc-MEPss were evoked using a multi-pulse transcranial electrical stimulator (Digitimer D 185 

corticall stimulator, Welwyn Garden City, UK). The stimuli were applied to the scalp with 

fourr needle electrodes, using a train of 5 pulses. The interstimulus interval between pulses 

wass 2.0 ms. The anode was placed at the occiput and the cathode consisted of three 

a/ / Cathodes s 

Anodee on occiput 
w. w. E E 

transcraniall Cortical Stimulator 

Quadricepss muscles 
Myogeni cc Tc -MEPs 

Amplifier r 

Figuree 1. Schematic representation of tc-MEP recording in the experimental animal (ventral view). 
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interconnectedd cathodes placed behind the ears, in the mastoid bone, and in the soft 

palate.. Compound muscle action potentials were recorded from the skin over the quadriceps 

muscless and foreleg muscles using adhesive gel Ag/AgCI electrodes.{Fig. 1) The signals 

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

andd filtered between 30 and 1,500 Hz. Data acquisition, processing and analysis were 

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

programmingg environment (National Instruments, Austin, Texas). Tc-MEPs were recorded 

att a stimulus intensity of 10% above the level that produced maximal tc-MEP-responses, 

typicallyy 400-500V. Tc-MEP-amplitude was defined as the maximum peak-to-peak distance 

inn mV of the compound muscle action potential and latency as the time between transcranial 

stimulationn and the first negative deflection of the compound muscle action potential. A 

25%% intra-animal variation of tc-MEP-amplitude was accepted as normal, in agreement 

withh tc-MEP analysis during TAAA repairs in our clinic.5 Baseline tc-MEP-amplitude and 

latenciess were assessed during laparotomy by averaging 5 consecutive responses. Ischemic 

spinall cord dysfunction was defined as an amplitude decrease below 25% of baseline 

values.. Because of inter-animal variation, amplitudes are given as percentages of baseline 

values.. Tc-MEP-amplitude and latencies of the left leg were used for data analysis. Tc-MEP-

responsess of forepaw muscles were used to recognize potential systemic or technical causes 

off tc-MEP-decrease. 

Regiona ll  spina l cor d coolin g 

Thee aim was to cool the lumbar spinal cord segment containing the hind limb motor 

neuronss while minimizing CSF-pressure increases. In pilot experiments we learned that 

twoo separate inflow catheters were necessary to obtain uniform cooling of this segment. 

AA laminectomy at the L2 level and a durotomy assured sufficient outflow and prevent CSF-

pressuree increases above 15 mmHg. Two 3F inflow catheters, connected to an infusion 

pumpp and heat exchanger, were introduced via the durotomy and advanced caudally. One 

tipp was positioned at the L6 level and the other at the L4 level. Another 3F catheter was 

placedd with the tip at the L5 level for CSF-pressure measurements. Temperature probes 

(Subcutaneouss Temperature Sensor, Monatherm Inc., St. Louis, USA), connected to a Mon-

a-therm,, model 6510 (Mallinkrodt Medical, Inc., St. Louis, USA) were placed at the L3 and 

L55 levels, and one probe was placed within the inflow catheter approximately 10 cm 

beforee reaching the subarachnoid space.(Fig.2) Normal saline solution was used for 

perfusion.. Cooling was performed using a heat exchanger (Hyp 10, Gambro, Sweden), 

placedd between the infusion pump and the perfusion catheters. Perfusate temperature 

couldd be varied between C andd . 
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LOCATION N 

Spinall cord Dura 
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Figuree 2. Experimental setup. A laminectomy and durotomy is performed at the L2 level. Inflow 
catheterss are introduced into the subarachnoid space with the tips advanced to the L4 and L6 level. 
(I,, + l2) Temperatures are measured at the L5 level (T1), the L3 level (T2) and within the common 
afferentt perfusate catheter (T3). Subarachnoidal CSF-pressure is measured at the L5 level (CSFP). 

Spinall cord ischemia 
Thee animals were placed in the right decubitus position. The abdomen was opened through 

aa midline incision and the viscera were rotated to the right. The left kidney was mobilized 

andd placed to the right and the aorta, aortic bifurcation, lumbar arteries the sacral artery 

weree carefully dissected. 

Thereafter,, critical segmental arteries were identified by sequentially clamping the lumbar 

arteriess in a caudo-cranial direction, starting with the L6 artery. After placement of each 

additionall segmental artery clamp, an observation period of 5 minutes was allowed to 

detectt whether ischemic spinal cord dysfunction developed, as evidenced by a tc-MEP-

amplitudee decrease below 25% of baseline.(Fig. 3) When tc-MEPs indicated spinal cord 

ischemia,, the presently clamped set of segmental arteries was considered critical for spinal 

cordd blood f low and clamps were immediately removed. A period of at least 15 minutes 

wass allowed for the tc-MEP responses to recover completely. 

Too induce spinal cord ischemia in the subsequent experiments, these clamps were placed 

simultaneouslyy on the previously defined set of critical segmental arteries. 
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STEPP 1: clamp L6 STEPP 5: clamps L6-L2 
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Figuree 3. Identification of a set of critical segmental arteries. Clamps are placed on individual segmental 
arteriess in a caudal to cranial direction every 5 min, until spinal cord ischemia is detected with tc-
MEPs.. This example demonstrates detection of spinal cord ischemia when the L6, L5, L4, L3 and L2 
segmentall arteries are clamped. 

Thee influence of moderate subdural hypothermia on spinal cord ischemia detection 

Thee time interval between clamping a set of critical segmental arteries and the onset of 

spinall cord ischemia was assessed (ischemia detection time) during normothermic perfusion. 

Afterr determining the ischemia detection time at normothermia, at least 15 minutes were 

allowedd for the tc-MEP-response to return to baseline. At that time, subdural perfusion cooling 

wass started by decreasing the infusate temperature, until the CSF-temperature reached 

approximatelyy 28 . An inflow rate of 700 ml/hr was used to reach this target. CSF-

temperaturess were maintained at 28 C for 15 min. Then, clamping of the set of critical 

segmentall arteries was repeated and the ischemia detection time was determinedd at 28 CC. 

Clampss were removed as soon as ischemia was detected. Perfusion cooling was stopped and 

CSF-temperaturee was allowed to increase to 37 C spontaneously. Subsequently, a recovery 

periodd of at least 30 minutes was regarded after tc-MEP recovered to baseline values. 
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Thee influence of progressive subdural hypothermia on tc-MEPs 
Finally,, the effect of CSF-temperature decreases on tc-MEP amplitude and latency was 

assessedd by cooling the perfusate to 4 . Tc-MEPs were assessed every minute until tc-

MEP-amplitudee decreased below 25% of baseline. The relationship between CSF-temperature 

andd tc-MEP-amplitude and latency was assessed. At the end of the experiment animals 

weree euthanized by infusion of pentobarbital i.v. 

Statisticall analysis 
Alll data are expressed as mean  standard error of the mean (SEM). Differences in ischemia 

detectionn time between normo- and hypothermic conditions were compared using paired 

t-tests. . 

Tc-MEP-amplitudess and latencies are presented as medians (+ 10th and 90th percentiles). 

Thee effect of progressive CSF-temperature decreases on tc-MEP-amplitude and latency was 

analyzedd using regression for each individual animal. The mean regression equation was 

calculatedd as a result of the unweighted mean of the regression coefficients of each animal. 

Results Results 
Meann arterial pressure was 84  4 mmHg during laparotomy and 87  6 mmHg when 

setss of critical segmental arteries were clamped at moderate subdural cooling. CSF-

pressuress were compared during laparotomy, at moderate subdural cooling and at 

maximall perfusion rates and were 7.9  2.3 mmHg, 13.3  3.5 mmHg and 14.6  4.0 

mmHg,, respectively.(p= 0.2, p = 0.2 and p = 0.3) As a result, spinal cord perfusion 

pressuress remained at 72.9  6.8 mmHg in all animals during the experiment. 

Nasopharyngeall temperatures decreased during the experiment from 37.8 C to 

. . 

Reproduciblee tc-MEPs could be recorded in all animals. Supramaximal stimuli were obtained 

inn every animal by using 400-500V stimulation intensity. Response amplitude was 3707 

(3182-4569)) (iV at baseline. Baseline latency was 16.8 (15.7-17.7) ms. In animal #4, tc-

MEP-amplitudess of the left leg decreased after introduction of the subdural catheters, 

possiblyy as a result of nerve root compression by one of the catheters. In this animal, 

amplitudess recorded from the right leg were used for analysis. 

Sixx lumbar arteries were present in each animal. During sequential clamping of these arteries, 

startingg from the L6 level in a cranial direction, one animal showed tc-MEP evidence of 

spinall cord ischemia after the L6-L3 level was clamped, 4 animals when the L6-L2 arteries 

weree clamped and one animal after damping the L6-L1 arteries. 
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Thee influence of moderate subdural hypothermia on spinal cord ischemia detection 
Noo significant difference was observed between the onset of spinal cord ischemia and a tc-

MEP-amplitudee decrease below 25% at normothermic perfusion or moderate subdural 

perfusionn cooling (28.3  0.7 . Tc-MEPs detected spinal cord ischemia within 3.2  0.5 

andd 3.8  0.9 minutes, respectively.(p = 0.6) Tc-MEPs of the forepaws remained at 89.6% 

44 during this part of the experiment. At a perfusion rate of 700 ml/h, CSF-temperatures 

off 28 C were reached within 15.7  4.9 minutes. Average inflow temperatures of 23.7

1.44 C were necessary to reach this target. After removing the arterial clamps, tc-MEP 

amplitudess rapidly returned to baseline in all animals. 

Thee influence of progressive subdural hypothermia on tc-MEPs 
Afterr the start of progressive CSF cooling, tc-MEP-amplitudes initially increased in all 

animals.. Below 30 , tc-MEP-amplitudes decreased progressively, and amplitudes 

decreasedd to values below 25% of baseline at an average CSF-temperature of 14.0 1 

.. The mean regression equation for log(tc-MEP-amplitude) was: -2.2 + 0.47*CSF-

temperaturee - 0.008*(CSF-temperature)2. The variance for the intercept, CSF-temperature 

andd (CSF-temperature)2 were -2.2, 0.17 and 0.002, respectively. The maximum of the 

quadraticc function was at C (25 C - 34 . Figure 4 shows the raw tc-MEP-amplitude 

-a -a 
Z3 3 

cL cL 

00 5 10 15 20 25 30 35 

CSF-temperaturee ) 

Figuree 4. The influence of a progressive CSF-temperature decrease on tc-MEP-amplitudes. Raw data 
aree shown as triangles. The average regression curve (continuous line) shows an initial increase with 
aa maximum at 29.6 C and, thereafter, a progressive tc-MEP-amplitude decrease. 
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Figuree 5. The influence of a progressive CSF-temperature decrease on tc-MEP-latencies. Raw data 
aree shown as triangles. The average regression curve (continuous line) shows a linear increase when 
CSF-temperaturess decrease. 

dataa and the average regression curve. The equation predicts a tc-MEP-amplitude decrease 

beloww 25% at 15.5 . For log(tc-MEP-latency), the mean regression equation was: 3.1 -

0.009*CSF-temperature,, with a variance of 0.2 for the intercept and 0.005 for the CSF-

temperature.. Figure 5 shows raw tc-MEP-latencies and the mean regression curve. Average 

infloww rates of 966  20 ml/h at 4 C were necessary to reach CSF-temperatures that 

resultedd in tc-MEP loss. At these perfusion rates, CSF-pressures remained below 15 mmHg. 

Inn one animal, CSF-temperature did not decrease below 22 , despite the maximum 

pumpp flow rate of 999 ml/h and tc-MEP-amplitude remained at 25.7% of baseline. Tc-

MEPP amplitudes of the forepaws remained at an average of 92.5%  4.8 of baseline 

duringg this part of the experiment. After stopping the infusion pump, CSF-temperatures 

andd tc-MEP-amplitudes increased to baseline within 10 min in all animals. 

Discussion Discussion 
Moderatee subdural hypothermia did not increase the time between the onset of spinal 

cordd ischemia and the detection of this state with tc-MEPs in this porcine experiment. 

Thesee data suggest that myogenic tc-MEPs can rapidly detect spinal cord ischemia when 
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moderatee regional cooling protocols are applied in order to increase spinal cord ischemia 

tolerancee during aortic clamping. 

Att , there is considerable protection against neuronal damage following transient 

episodess of ischemia.13 Because hypothermia decreases the ischemia induced release of 

excitatoryy neurotransmitter release14 and slows metabolic rate,1516 we hypothesized that 

motorr neuron function during spinal cord ischemia might be preserved when moderate 

subdurall hypothermia is applied, possibly delaying tc-MEPs detection of spinal cord ischemia 

att this CSF-temperature. However, at 28 C we did not observe an increased time between 

thee onset of spinal cord ischemia and detection with tc-MEPs. These results are in accordance 

withh observations by Svensson, who investigated spinal cord motor evoked potentials during 

aorticc clamping in pigs.17 Infusion of cold liquid into the occluded aorta did not preclude a 

rapidd evoked potential decrease to values of approximately 25% of baseline, when the 

aorticc segment was clamped. However, peri-spinal temperatures were not assessed during 

thiss experiment. Apparently, spinal cord ischemia during moderate subdural hypothermia 

resultss in a loss of synaptic activity as rapidly as during normothermia. These results do, 

however,, not imply that spinal cord protection will not be achieved at this CSF-temperature. 

Duringg the second part of the experiment, where progressive CSF-cooling was performed 

withoutt segmental artery clamping, an initial tc-MEP-amplitude increase was followed by a 

decreasee in all animals, while tc-MEP-latencies increased progressively. 

Hypothermiaa induces several neurophysiologic changes, including decreases in resting 

potential,, decreases in potential amplitude, an increase in duration of the action potential, 

reductionn of nerve conduction velocity and depression of synaptic transmission.18-22 

Ultimately,, severe hypothermia will result in complete suppression of both axonal and 

synapticc transmission. However, in the present study, an initial tc-MEP-amplitude increase 

precededd the eventual decrease. This phenomenon was also observed in cats when 

neurogenicc corticomotor evoked potentials and SSEPs were measured during progressive 

hypothermia.233 This hyper-responsiveness during moderate cooling is thought to be the 

resultt of increased release of neurotransmitter in the synaptic space because of longer 

durationn of the action potential.'9'24 Increased duration of individual potentials may even 

resultt in summation.25 The tc-MEP-amplitude decreases and latency increases observed 

whenn CSF-temperatures were further decreased in this experiment are consistent with 

clinicall reports concerning the influence of systemic hypothermia on SSEPs.2627 Progressive 

coolingg could mimic SSEP evidence of spinal cord ischemia. In our study, tc-MEP-amplitudes 

beloww 25% of baseline amplitudes were observed at CSF-temperatures of 14.0 1 . 

Thesee results imply that progressive subdural hypothermia could also mimic tc-MEP-evidence 

off spinal cord ischemia, rendering spinal cord monitoring unreliable at these CSF-

temperatures.. In addition, tc-MEP-latencies increased during moderate spinal cord 
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hypothermia.. However, tc-MEP-potential latency is not considered to be a sensitive ischemia 

predictor55 and these findings may therefore have less clinical significance. 

Inn our institution, tc-MEP monitoring is an integral part in the selective application of spinal 

cordd protective measures and guides strategies that improve spinal cord perfusion, i.e. 

distall aortic perfusion, reattachment of segmental arteries and maintaining adequate 

proximall and distal arterial pressure.56 The protective qualities of regional spinal cord 

hypothermiaa have been described extensively in experimental studies, and could theoretically 

offerr spinal cord protection during prolonged aortic damping. Indeed, a clinical series 

suggestedd a benefit in 70 patients undergoing surgical repair for type I and II TAAA, when 

epidurall cooling during aortic clamping resulted an overall incidence of neurologic deficits 

off 2.9%, only.9 Using this technique, systemic complications, such as increased cardiac 

excitability10,, coagulation defects28 and an increased risk for postoperative wound 

infections12,, can be avoided. When the data from these experiments are applicable in the 

humann situation, protection of the spinal cord during prolonged aortic crossclamp episodes 

couldd possibly be performed using regional spinal cord moderate hypothermia while accurate 

detectionn of spinal cord ischemia remains possible. However, at CSF-temperatures below 

255 , tc-MEP monitoring might become unreliable because of significant decreases in the 

tc-MEPP response, that may be indistinguishable from spinal cord ischemia. 

Thee experimental sequence used in the present study had several disadvantages. Firstly, 

spinall cord ischemia was induced three times in the same animal, which might have 

influencedd later tc-MEP recordings. The induction of a relatively short period of neuronal 

ischemiaa might generate tolerance or increase sensitivity to a subsequent period of spinal 

cordd ischemia. This would only be of influence if neuronal survival was the endpoint. 

However,, in the present study neuronal transmission was assessed. Secondly, the influence 

off regional hypothermia was assessed after these episodes of ischemia, which is arguable. 

Wee opted to follow this sequence because we were uncertain whether the assessment of 

thee influence of deep regional hypothermia on tc-MEP characteristics, before the 

determinationn of the spinal cord ischemia detection time at different CSF-temperatures, 

mightt actually preclude the latter. Nevertheless, tc-MEP responses recovered to baseline 

valuess after each manipulation, suggesting that motor neuron function was not permanently 

impaired. . 

Inn conclusion, the results of this study suggest that myogenic tc-MEPs can be recorded 

reliablyy during moderate subdural hypothermia in pigs. Detection of acute spinal cord 

ischemiaa with tc-MEPs is not delayed at regional CSF-temperatures of 28 . At this 

temperature,, tc-MEP-amplitudes are increased. When CSF-temperature is decreased further, 

aa progressive amplitude decrease and latency increase occurs. 
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Abstract Abstract 

Background ::  Regional spinal cord cooling can increase the tolerable duration for spinal cord ischemia 

resultingg from aortic clamping. We compared the efficacy of epidural and subdural 

coolingg and the effect of the resulting CSF-pressure increases on spinal cord motor 

neuronn function. 

Methods ::  In 8 pigs, CSF-temperature and pressure were assessed in the subdural space at L4, 

T155 and T7. Saline was infused at 333,666 and 999 ml/h at 4 consecutive locations: 

L44 subdural, L4 epidural, T15 subdural and T15 epidural. First, the influence of CSF-

pressuree increases during normothermic infusion on transcranial motor evoked potentials 

(tc-MEPs)) was assessed. Then, hypothermic infusion ) was performed to assess 

CSF-temperaturee changes. 

Results ::  During normothermic infusion, baseline CSF-pressures increased uniformly from 6  4 

mmHgg to 34  18, 42  17 and 50  18 mmHg with increasing infusion rates (p < 

0.001),, and did not differ between epidural or subdural infusion. Tc-MEPs indicated 

spinall cord ischemia in 6 animals when CSF-pressures reached 65  11 mmHg. 

Duringg hypothermic infusion, CSF-temperatures decreased from C to 35 , 

311 C and 28 , but increasing CSF-temperature gradients were observed 

betweenn the infusion location and distant segments. Subdural cooling resulted in lower 

CSF-temperaturess (p < 0.001), but caused larger CSF-pressure increases (p < 0.001). 

Conclusion ::  Subdural and epidural infusion cooling produce localized spinal cord hypothermia in 

pigs.. The concurrent pressure increases, however, are uniformly distributed and can 

resultt in tc-MEP evidence of ischemia. 
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Introduction Introduction 
Aorticc crossdamping during thoracoabdominal aortic aneurysm (TAAA) repair can cause 

spinall cord ischemia. A prolonged aortic crossdamp time is associated with an increased 

incidencee of irreversible spinal cord damage.1 Hypothermia has consistently been shown to 

increasee the time that spinal cord ischemia can be sustained without irreversible neurologic 

damage.. M 

Systemicc hypothermia has been used as a protective measure in TAAA repair and the results 

concerningg neurologic outcome are promising.5 However, systemic hypothermia has several 

disadvantagess such as increased cardiac excitability, sometimes resulting in dysrythmias6, 

coagulationn defects7, and an increased risk for postoperative wound infections.8 Regional 

hypothermiahypothermia avoids these systemic complications by confining cooling to the spinal cord 

region.. In several animal studies, this adjunct prevented paraplegia following transient aortic 

damping.2A99 One clinical study suggested a benefit of epidural infusion cooling in 70 patients 

undergoingg TAAA repair.10 

Nonetheless,, it remains unclear whether regional spinal cord cooling produces generalized 

spinall cord hypothermia or that the effect is confined to several spinal cord segments only. 

Thee latter would imply that the protective effect is only localized. In contrast, regional infusion 

coolingg can cause considerable cerebrospinal fluid (CSF) pressure increases, which are 

thoughtt to be uniformly distributed along the subdural space. These pressure increases can 

resultt in spinal cord perfusion pressure decreases.311 

Thee efficacy of epidural and subdural infusion for the production of regional spinal cord 

hypothermiahypothermia has never been compared. In this experimental study, we compared the 

influencee of epidural and subdural cooling on CSF-temperatures and CSF-pressures along 

thee spinal cord. Furthermore, we assessed with transcranial motor evoked potentials (tc-

MEPs)) whether CSF-pressure increases were sufficient to impair spinal cord motor function. 

Methods Methods 
Animall care and all procedures were performed in compliance with The National Guidelines 

forr Care of Laboratory Animals in the Netherlands. The study protocol was approved by the 

Animall Research Committee of the Academic Hospital at the University of Amsterdam, the 

Netherlands.. Eight female domestic pigs were studied. Weight of the animals varied between 

400 and 50 kg. 

Thee anesthetics used in this experiment have no major effect on tc-MEP responses and are 

similarr to those used in TAAA patients in our clinic.1215 Ketamine (15 mg/kg, Lm.) was used 

ass premedication. Anesthesia was induced with 2.0% isoflurane by mask tn a mixture of 

50%% 02 in N20. After induction, one intravenous line (18 G) was introduced in an ear vein. 
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Thee animals received sufentanil 15 mg/kg. Isoflurane was discontinued and anesthesia 

wass maintained with infusion of ketamine 15 mg/kg/h, sufentanil 5 mg/kg/h and N20 

(60%).. Animals were intubated and ventilated using intermittent positive pressure ventilation. 

Ventilationn was adjusted to maintain an end-tidal C02 (mainstream capnograph [Hewlett-

Packard,, Boebingen, Germany]) within 4.8 to 5.3 kPa (36 to 40 mmHg) throughout the 

experiment.. Adequacy of ventilation was confirmed with blood gas analysis at 37 . Arterial 

bloodd pressure was measured with a catheter placed into the axillary artery. 

Electrocardiogramm (ECG), mean arterial pressure, end-tidal C02 and nasopharyngeal 

temperaturee were monitored continuously. Fluids were substituted by Ringers lactate. As 

demonstratedd in previous reports, fluid infusion into the perispinal space can cause a 

compensatoryy MAP increase.411 We aimed to maintain mean arterial pressure between 

70-900 mmHg with fluid administration or sodium-nitroprusside titration as required. 

Becausee increases in CSF-pressure, resulting from regional liquid infusion, can impair spinal 

cordd blood flow (spinal cord perfusion pressure = MAP - CSF-pressure), this technique 

mightt result in spinal cord ischemia. The detection of spina! cord ischemia during regional 

infusionn was performed with tc-MEPs, a technique which was described in detail previously.14'5 

Tc-MEPss were evoked using a multipulse transcranial electrical stimulator (Digitimer D 185 

corticall stimulator, Welwyn Garden City, UK). The stimuli were applied to the scalp with four 

needlee electrodes. The anode was placed at the occiput and the cathode consisted of 

threee interconnected cathodes placed behind the ears, in the mastoid bone, and in the soft 

palate.. The stimulus consisted of a train of 5 pulses with a interstimulus interval of 2.0 ms. 

Compoundd muscle action potentials were recorded from the skin over the quadriceps 

muscless and foreleg muscles. Data acquisition, processing and analysis were performed on 

computerr with a AD-converter and software written in the LabVIEW programming 

environmentt (National Instruments, Austin, Texas). The supramaximal stimulus was assessed 

(typicallyy 400-500 V, 1.0-1.2 amperes) and tc-MEPs were recorded at a stimulus intensity 

off 10% above the level that produced maximal tc-MEP-amplitude. A 25% intra-animal 

variationn of tc-MEP-amplitude was accepted as normal. Baseline tc-MEP-amplitudes were 

assessedd by averaging the 5 consecutive responses before the first infusion episode. Ischemic 

spinall cord dysfunction was defined as an amplitude decrease below 25% of baseline 

values.. Because of inter-animal variation, amplitudes are given as percentages of baseline 

values.. Tc-MEP-amplitudes of the left leg were used for data analysis. 

Thee animals were placed on their right flank. Three laminectomies were performed at the 

L4,, T15 and the T7 level. At these levels, the ligamentum flavum and dura were minimally 

incised.. Four infusion catheters (4F) were introduced into the epidural and subdural space 

att both the L4 and T15 level, and advanced in a cranial direction for approximately 3 cm. 

Threee temperature probes (Subcutaneous Temperature Sensor, Monatherm Inc., St. Louis, 
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MO,, USA), connected to a Mon-a-therm, model 6510 (Mallinkrodt Medical, Inc., St. Louis, 

MO,, USA)) and three 3F catheters for CSF-pressure measurements were positioned in the 

subdurall space at the L4, Th15 and Th7 level. (Fig. 1) The catheters and probes were secured 

byy closing the dura and ligamentum flavum with purse-string sutures, and dorsal muscles 

T7 7 

CSFP P 

CSFT T 

Epidurall space 

Subdurall space 

Spinall cord 

Figuree 1. Schematic view of the experimental setup. Four infusion catheters are introduced into the 
epidurall and subdural space at the L4 and T15 level, resulting in 4 infusion locations. Three CSF-
temperaturee probes (CSFT) and 3 CSF-pressure catheters (CSFP) are introduced in the subdural space at 
thee L4, T15 and T7 level. T = thoracic, L = lumbar, SD = subdural, ED = epidural. 

weree approximated to prevent CSF leakage. The inflow catheters were connected to an 

infusionn pump (IVAC 591, IVAC, San Diego, CA, USA), permitting a infusion rate between 

11 and 999 ml/h. From reports in literature, it was established that an infusion rate of 500-

12000 could result in profound CSF-temperature decreases.2,49 We equally divided the 

maximumm pump rate into 3 successive infusion rates; 333, 666, and 999 ml/hr. Normal 

salinee solution was used for infusion, and cooling of the infusate was performed with a 

heatt exchanger (Hyp 10, Gambro, Sweden), placed between the infusion pump and the 

subdurall and epidural inflow catheters. The infusate temperature could be varied between 

44 C and 40 . 

Becausee evoked potential responses can be altered by spinal cord temperature decreases'6, 

thee influence of subdural and epidural infusion on CSF-pressure and the resulting effect on 

motorr neuron function was first assessed during normothermic infusion. This prevented tc-

MEPP changes by CSF-temperature decreases. Thereafter, hypothermic infusion was 

performedd in the same animals to assess the influence of regional infusion cooling on CSF-

temperaturess throughout the subdural space. 
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Normothermicc infusion 
Att each of the four infusion locations (L4 subdural, L4 epidural, T15 subdural, T15 epidural), 

infusionn was performed at three successive rates; 333, 666 and 999 ml/h. Each rate was 

continuedd for 10 min. CSF-pressures and tc-MEPs were assessed at the end of each 10 min 

infusionn episode. Every time infusion at the maximum rate was concluded at each of the 

fourr infusion locations, spontaneous recovery of CSF-pressure was awaited before infusion 

wass recommenced at one of the other infusion locations. In animals 1,3,5 and 7, L4 and 

T155 infusion was started in the epidural space and followed by subdural infusion. The 

remainingg animals were studied in a reverse infusion sequence. 

Hypothermicc infusion 
Thee infusion speed, location and sequence was identical as during normothermic infusion. 

However,, the infusate temperature was decreased to 4 . Every time infusion at the 

maximumm rate was concluded at each of the four infusion locations, spontaneous recovery 

off the CSF-temperature was awaited before infusion was recommenced at one of the other 

infusionn locations. At the end of the experiments, animals were euthanized with pentobarbital 

infusion. . 

Statisticall analysis 
Alll data are expressed as mean  standard deviation, except for raw tc-MEP-amplitudes, 

whichh are presented as medians (+ range). Repeated measures analysis of variance was 

performedd with a nested model design to analyze differences between the variables. The 

SPSSS 7.5 for windows package was used for statistical analysis. 

Results Results 
Meann arterial pressure was maintained between 70 and 90 mmHg in 5 animals. In the 

remainingg 3 animals, pressures increased to values between 91 and 111 mmHg, in spite of 

highh doses of Na-nitroprusside. These MAP-increases concurred with CSF-pressure increases 

too values between 70 and 88 mmHg. Nasopharyngeal temperatures decreased from 37.8 

 1.1 C to 37.1 C during the experiment (p = 0.004). Reproducible tc-MEPs could be 

recordedd in all animals. Response amplitude was 321 mV (180-4900 u.V) at baseline. Before 

thee onset of infusion, CSF-pressures at level L4, T15 and T7 were 5  3, 6  5 and 7  5 

mmHg,, respectively and CSF-temperatures were 37.4  1, 37.0  1 and 37.1 1 . 

Normothermicc infusion 
Thee influence of epidural and subdural normothermic infusion on CSF-pressures at the 3 

measurementt locations is shown in figure 2. CSF-pressures increased significantly with 
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Figuree 2. CSF-pressures during normothermic infusion. A) infusion at the L4 level, b) infusion at the T15 
level.. The histogram shows the CSF-pressures, measured at the L4, T15 and T7 level during infusion at 
thee L4 level and the T15 level at the 3 subsequent infusion rates. At every infusion speed, CSF-pressures 
a t t heL4 ((  ),T15(  ) and T7 level (  ) are shown. 

increasingg infusion rates in all animals during both epidural and subdural infusion.(p = 0.001) 

Duringg epidural infusion at the L4 level, CSF-pressures at the infusion level were consistently 

higherr than at the T15 and T7 level, but this difference did not reach statistical significance. 

Duringg infusion at the 3 other infusion locations, the resulting CSF-pressure increases were 

uniformlyy distributed along the subdural space. Overall, epidural infusion resulted in slightly 

largerr CSF-pressure increases than did subdural infusion, but this difference did not reach 

significance.(433  20 vs. 41 + 1 8 , respectively, p = 0.5) 

Thee CSF-pressure increases resulted in tc-MEPs decreases below 25% of baseline in 6 animals. 

Thiss occurred when the CSF-pressure increased to an average of 65  11 mmHg, which 

resultedd in an average spinal cord perfusion pressure reduction to 16  9 mmHg. In 1 

animal,, tc-MEP loss occurred during infusion at 333 ml/h and in 3 animals during infusion 

att 666 ml/h. In the 2 remaining animals, infusion rates of 999 ml/h were necessary to 
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Figuree 3. Tc-MEP-amplitude and CSF-pressure measurements in an experimental animal. X-axis: infusion 
rates,, Y-axis: tc-MEP amplitude (» *-) and CSF-pressure ( ) during infusion at different infusion 
ratess and locations. Epidural infusion at the L4 level rapidly resulted in CSF-pressures exceeding 60 
mmHgg causing tc-MEP amplitude to decrease below 25%. Tc-MEPs recovered when CSF-pressures 
remainedd below 60 mmHg during subdural infusion at the L4 level and epidural infusion at the T15 
level.. When CSF-pressure again increased above 60 mmHg during subdural infusion at the T15 level, 
tc-MEPss again decreased below 25%. 

causee motor neuron dysfunction. Fig. 3 demonstrates the effect of CSF-pressure variations 

onn tc-MEP amplitudes in one of the animals. One animal demonstrated a tc-MEP decrease 

beloww 25%, immediately following the introduction of the infusion catheters. Tc-MEP 

amplitudess remained below 25% for the remaining experiment in this animal. 

Hypothermicc experiments 
Duringg hypothermic infusion, average CSF-temperatures decreased significantly with 

increasingg infusion rate, irrespective of the infusion location.(p < 0.001) The average CSF-

temperaturess decreased to 35 + 1.2, 31  2.2 and 28 + 2.8 C at the successive infusion 

rates.. CSF-temperature decreases, however, were not uniformly distributed along the 

subdurall space, but a temperature gradient was consistently present. As demonstrated in 

figuree 4, the CSF-temperature decreases were most pronounced at the infusion location, 

duringg infusion at both the L4 and the T15 level. For example, infusion at a rate of 999 ml/ 

hrr resulted in an average CSF-temperature of 21 + 2 C at the infusion locations, but 

remainedd as high as 34  1 C at the location where the effect was least pronounced. In 

orderr to decrease CSF-temperatures below 30 C at 2 different measurement locations, an 
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Figuree 4. CSF-temperatures during hypothermic infusion, a) infusion at the L4 and b) infusion at the T15 
level.. The histogram shows the CSF-temperatures, measured at the L4, T15 and T7 level during infusion 
att the L4 level andd the T15 level at the 3 subsequent infusion rates. At every infusion speed, 
CSF-temperaturess at the L 4 ( H ). T 1 5 ( Ü ) and T7 level ) are shown. 

infusionn rate of 999 ml/hr was necessary. The maximum CSF-temperature gradient was 

analyzed.. During infusion at L4, the maximum gradient was observed between L4 and T7. 

Duringg infusion at T15, the maximum gradient was observed between T15 and L4. The 

CSF-temperaturee gradient significantly increased wi th increasing infusion rates.(p < 0.001) 

Att 333 ml/hr, the maximum gradient was 6 + 3 C and increased to 8  5 CC and 13  6 C 

att rates of 666 and 999 ml/hr, respectively. Subdural infusion resulted in an average CSF-

temperaturee gradient of 12  5 C while epidural infusion resulted in a gradient of only 9 

 5 p < 0.001) Overall, subdural infusion resulted in lower CSF-temperatures than did 

epidurall infusion.(p < .0001) 

Duringg hypothermic infusion, the average CSF-pressure increases were larger than during 

normothermicc infusion.(47  20 vs 41 + 1 9 mmHg, p = 0.02) Furthermore, no CSF-pressure 

gradientt was observed during hypothermic infusion at any location. CSF-pressures were 

consistentlyy higher during subdural hypothermic infusion as compared to epidural 

hypothermicc infusion, (p < 0.002) 
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Everyy time regional infusion at the maximum infusion rate was terminated, CSF-temperatures 

spontaneouslyy returned to 37 C within 12 3 min. CSF-pressures returned to values below 

155 mmHg within 2 min in all animals. 

Discussion Discussion 
Thee results of this porcine experiment demonstrated that infusion of cold saline into the 

epidurall or subdural space, in order to produce regional spinal cord hypothermia, resulted 

inn localized CSF-temperature decreases, only. Subdural cooling was more effective in 

decreasingg local CSF-temperature, but it did not extend the cooling over a larger number 

off spinal cord segments. The CSF-temperature decreases were obtained at the expense of 

significantt CSF-pressure increases, distributed along the entire spinal cord. The resulting 

reductionn in spinal cord blood flow was sufficient to produce electrophysiologic evidence 

off spinal cord ischemia. 

Thee rationale of spinal cord hypothermia as a protective measure for spinal cord ischemia 

duringg TAAA surgery is the fact that it increases the tolerable duration of spinal cord ischemia 

too the extent that reattachment of segmental arteries and reestablishment of spinal cord 

bloodd flow can be completed before irreversible damage has occurred. While systemic 

hypothermiaa is accompanied by coagulation abnormalities, cardiac dysrythmias and an 

increasedd risk for postoperative infection6"8, regional spinal cord hypothermia avoids these 

complicationss at comparable levels of protection. It was demonstrated in animal studies 

thatt moderate regional hypothermia (25 C - 27 ) offers sufficient protection during 

transientt aortic clamping.34 In a clinical series, comparable CSF-temperatures were obtained 

withh epidural cooling to protect the spinal cord in 70 patients undergoing TAAA repair, 

resultingg in a low rate of neurologic deficit.10 

Nevertheless,, experimental as well as clinical reports emphasize the risk of unavoidable but 

potentiallyy hazardous CSF-pressure increases. In rabbits, lethal intracranial hypertension was 

described.33 Cambria et al described a patient who developed a cervical spinal cord lesion 

duringg epidural infusion cooling, which they ascribedd to the high CSF-pressure.10 During the 

normothermicc infusion experiments in our series, CSF-pressures also increased significantly. 

Pressuree increases were mostly uniformly distributed throughout the subdural space. Only 

duringg epidural normothermic infusion at the L4 level, a pressure gradient was observed, 

whichh can possibly be explained by the fact that infusion at the L4 level only allows fluid to 

movee in a cranial direction. The contents of the epidural space {fat, veins) possibly act as a 

resistancee that induces a pressure gradient. The CSF-pressure increases reduced the spinal 

cordd perfusion pressure to values which impaired motor neuron function, as evidenced by 
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tc-MEPs,, in all but two animals. These data imply that regional infusion could impair spinal 

cordd perfusion in spinal cord segments at the infusion site, but also at distant spinal cord 

segments. . 

Thee hypothermic infusion experiments demonstrated that spinal cord hypothermia is limited 

too several spinal cord segments only, since CSF-temperatures decreased principally at the 

infusionn location. In order to extend moderate hypothermia over a larger spinal cord 

segment,, infusion rates had to be increased to 999 ml/h. Nonetheless, CSF-temperatures 

att distant levels remained relatively unaffected. The CSF-temperature gradient, which 

increasedd with increasing infusion rates, stresses the limitations of this technique. Spinal 

cordd segments, not at risk for ischemia resulting from aortic crossclamping, neither protected 

byy regional hypothermia, now become at risk for spinal cord ischemia as a result of infusion 

cooling.. Lower CSF-temperatures at distant levels could possibly be accomplished when 

thee infusion episodes would have been prolonged. Berguer et al reached CSF-temperatures 

off 15 C at the cistema magna after 37 min of subdural infusion at the L6 level in dogs, but 

ann inflow rate of 1500 ml/h was used and outflow was obtained by a durotomy.9 In this 

series,, the CSF-temperature decrease reached a plateau within the 10 min infusion period. 

Furthermore,, durotomies are not clinically feasible, and our model may therefore represent 

aa better approximation of the clinical situation. 

Interestingly,, CSF-temperatures at the L4 level hardly decreased when infusion cooling was 

performedd at the T15 level in this experiment. One explanation for this observation is that 

thee tips of the infusion catheters were directed cranially, and saline inflow was thereby 

directedd to the T7 measurement location. 

Wee observed higher CSF-pressures during hypothermic infusion compared to normothermic 

infusion.. This could possibly be explained by the fact that perispinal vasoconstriction, caused 

byy the CSF-temperature decrease, decreased the resorption of infused saline, resulting in 

higherr CSF-pressures during hypothermic infusion. 

Inn the present study we were unable to find a distinct advantage of either infusion method 

forr the purpose of regional spinal cord cooling. Subdural cooling seemed to be more efficient 

inn decreasing local CSF-temperature, but larger CSF-temperature gradients annulled this 

effectt at distant spinal cord segments. Furthermore, subdural catheter introduction was a 

possiblee cause for the persistent motor neuron function decrease in one of the animals 

causedd by local spinal cord compression. However, clinical application of this method would 

nott imply multicatheter introduction, so the risk for mechanical damage would be smaller. 

Introductionn of infusion catheters into the epidural space might be safer and therefore turn 

thee scale towards epidural infusion. 

Thee difference in the recovery of CSF-pressures and temperatures after the termination of 

infusionn suggests a possible solution for the problem of CSF-pressure increases during regional 
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infusionn cooling. If spontaneous CSF-pressure normalization occurs within minutes while 

CSF-temperaturess remain within protective values for a longer period of time, efficient spinal 

cordd cooling might be obtained with intermittent infusion. This requires confirmation in 

furtherr investigations. 

Thee experimental setup of this study has a possible limitation. Actual spinal cord tissue 

temperaturess were not assessed. As Berguer demonstrated during regional cooling in dogs, 

aa difference of several degrees Celsius occurs between the infusate and the spinal cord 

temperature.99 However, introduction of a temperature needle probe into the spinal cord 

wouldd have prevented motor neuron function assessment with tc-MEPs, because of 

mechanicall damage to the spinal cord. 

Inn conclusion, both epidural and subdural infusion cooling produce relatively localized areas 

off spinal cord hypothermia, dependent on the speed of infusion. The concurrent CSF-

pressuree increases, however, are uniformly distributed along the subdural space and result 

inn reductions of spinal cord perfusion pressure sufficient to produce spinal cord ischemia. 
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Background ::  During thoracoabdominal aortic aneurysm repair, a temporary interruption of the spinal 

cordd blood supply can result in cord ischemia and subsequent neurologic deficit. The 

aimm of this study was to evaluate whether selective segmental artery perfusion could 

reversee ischemia and maintain adequate spinal cord motor neuron function during 

aorticc clamping in pigs. 

Methods ::  Spinal cord motor function was assessed with transcranial motor evoked potentials 

(tc-MEPs).. In ten pigs the abdominal aorta and segmental arteries were exposed. The 

aorticc segment containing critical segmental arteries was identified via subsequent 

segmentall artery clamping, starting with the L6 artery, and concomitant tc-MEP 

recording.. This segment was bypassed via an aorto-aortic bypass pump system and 

excludedd from the circulation with aortic damps. After disappearance of tc-MEPs, an 

aortotomyy was followed by selective segmental artery perfusion for 60 min with specially 

designedd catheters, which were connected to the bypass system. The effect on spinal 

cordd motor function was assessed with tc-MEPs. 

Results ::  After exclusion of the critical aortic segment, tc-MEPs disappeared in 3.7  3.7 min in 

alll animals. Tc-MEPs returned in all animals in 8.5  5.3 min following selective perfusion. 

Threee animals showed full recovery (110% -113%) within the study period, and the 

remainingg 7 animals increased to values between 28 - 63%. Tc-MEP-amplitudes 

recoveredd to 49% (median and range 30 -113%) of control. Total bypass flow was 

8800  294 ml/min, of which 184  54 ml/min was directed to the selective perfusion 

catheters.. The average flow in individual catheters was 52  13 ml/min. In 5 animals, 

33 segmental arteries were perfused and 4 arteries inn the remaining 5 animals. 

Conclusion ::  Selective segmental artery perfusion with specially designed catheters can provide 

sufficientt spinal cord blood flow to reverse tc-MEP evidence of spinal cord ischemia 

causedd by aortic clamping and maintain motor neuron function in pigs. 
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Introduction Introduction 
Duringg thoracoabdominal aortic aneurysms (TAAA) repair, spinal cord ischemia can develop 

followingg aortic clamping. Strategies described to maintain adequate spinal cord perfusion 

duringg aortic replacement are segmental aortic crossdamping combined with distal aortic 

perfusion,, cerebrospinal fluid drainage and reimplantation of segmental arteries.13 However, , 

aa period of spinal cord ischemia can not be avoided when feeding arteries of the spinal 

cordd are located within the excluded aortic segment and collateral circulation is insufficient. 

Spinall cord function monitoring using transcranial myogenic motor evoked potentials (tc-

MEPs)) provides information regarding the ischemia sensitive anterior horn motor neurons. 

Thiss information can help to identify the aortic segment containing critical segmental arteries 

andd confirms successful reimplantation and adequate distal aortic perfusion during TAAA 

repair.44 However, reimplantation of segmental arteries will increase crossclamp duration. 

Durationn of aortic crossdamping is an independent variable associated with the incidence 

off paraplegia.5-6 Consequently, in type II repairs, reimplantation of multiple segmental 

arteriess can cause an increased crossclamp time, resulting in paraplegia rates up to 31 %.5 

Therefore,, it would be advantageous to selectively perfuse segmental arteries during graft 

inclusionn and segmental artery reattachment. 

Selectivee spinal cord perfusion has thus far not been successful because commercially available 

perfusionn catheters can not provide sufficient flow to reverse spinal cord ischemia. This 

studyy describes the feasibility of selective segmental artery perfusion in pigs by means of 

speciallyy designed perfusion catheters. We investigated whether selective perfusion could 

reversee spinal cord ischemia during aortic crossdamping, as evidenced by return of tc-

MEPs,, and maintain anterior horn motor neuron function for 60 minutes. 

Methods Methods 
Animall care and all procedures were performed in compliance with The National Guidelines 

forr Care of Laboratory Animals in the Netherlands. The study protocol was approved by the 

Animall Research Committee of the Academic Hospital at the University of Amsterdam, the 

Netherlands.. Ten female domestic pigs, weighing between 40 and 60 kg, were studied. 

Thee anesthetics used in this experiment have no major effect on tc-MEP responses and are 

similarr to those used in TAAA patients in our clinic.47 Ketamine (15 mg/kg) was used as 

premedication.. Anesthesia was induced with 2.0% isoflurane by mask in a mixture of 50% 

022 in N20. After induction, two intravenous lines (18 G) were introduced in two ear veins. 

Thee animals received sufentanil 15u,mg/kg and clonidine 2jimg/kg. Isoflurane was 

discontinuedd and anesthesia was maintained with an infusion of ketamine 15 mg/kg/ 

hour,, sufentanil 5u,mg/kg/h, clonidine 1 (img/kg/h and N20 (60%). Animals were intubated 
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andd ventilated using intermittent positive pressure ventilation. Ventilation was adjusted to 

maintainn end-tidal C02 (mainstream capnograph [Hewlett-Packard, Boebingen, Germany]) 

withinn 4.8 to 5.3 kPa (36 to 40 mmHg) throughout the experiment. Adequacy of ventilation 

wass confirmed with blood gas analysis at 37 . Proximal mean arterial blood pressure 

(PMAP)) was measured with a carotid line andd distal mean arterial pressure (DMAP) with an 

iliacc line. Central venous pressure was measured by means of a catheter placed in the right 

jugularr vein and advanced into the superior caval vein. Electrocardiogram (ECG), central 

venouss pressure (CVP), PMAP and DMAP, end-tidal C0 2and nasopharyngeal temperature 

weree monitored continuously. Before initiation and at 60 minutes of selective segmental 

arteryy perfusion, hemoglobin concentration and arterial blood gas analysis were determined. 

Arteriall pressures were maintained above 70 mmHg, with fluids replacement with Ringers 

lactatee and a modified gelatin (Gelofusine®), as required. Peri-operative blood loss was 

collected,, processed in a cell saver device (Haemonetics, Soest, the Netherlands) and re-

infusedd during the procedure. 

Tc-MEPss were evoked using a transcranial electrical stimulator (Digitimer D185 cortical 

stimulator,, Welwyn Garden City, UK). The stimuli were applied to the scalp with four needle 

electrodes.. The stimulus consisted of a train of 5 pulses. The interstimulus interval between 

pulsess was 2.0 ms. The anode was placed at the occiput and the cathode consisted of 

threee interconnected cathodes placed behind the ears, in the mastoid bone, and in the soft 

palate.. Compound Muscle Action Potentials were recorded from the skin over the quadriceps 

musclee and foreleg muscles using adhesive gel Ag/AgCI electrodes.(Fig. 1) The signals were 

A/ A/ 
Cathodes s 

Anodee on occiput 
o®::  H 

transcraniall Cortical Stimulator 

pss muscles 
Myogeni cc Tc -MEPs 

Amplifier r 

Latencyy Amplitude 

A A 

Figur ee 1 . Schematic representation of tc-MEP recordings in the experimental animal (ventral view) 
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amplifiedd 5.000 to 20.000 times (adjusted to obtain maximum vertical resolution), and 

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

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

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

programmingg environment (National Instruments, Austin, Texas). The supramaximal stimulus 

(typicallyy 400-500 V) was assessed and tc-MEPs were recorded at a stimulus intensity of 

10%% above the level that produced maximal tc-MEP-amplitude. Baseline tc-MEP-amplitude 

wass assessed during laparotomy by averaging five consecutive responses before the first 

ischemiaa inducing intervention. A 25% intra-animal variation of tc-MEP-amplitude was 

acceptedd as normal.4 Ischemic spinal cord dysfunction was defined as a tc-MEP-amplitude 

decreasee below 25% of baseline values. Re-establishment of spinal cord perfusion was 

definedd as a recognizable, reproducible tc-MEP-signal with an increasing tc-MEP-amplitude 

exceedingg 200 uV. Tc-MEP-responses of forepaws were used to recognize possible systemic 

orr technical causes of tc-MEP-decrease. 

Thee catheters used in this experiment were designed and manufactured by our department 

andd the department of Medical Technical Development at the Academic Medical Center, 

Universityy of Amsterdam, the Netherlands. The device consisted of a configuration of six 

perfusionn catheters, with a one-to-six connector, which could be connected to the 3/8th 

tubing,, used for the extracorporeal bypass system. The 15 F catheters consisted of 600 mm 

doublee lumen tubing with 3 mm internal diameter. The 20 mm tip had a 2 mm external 

andd 1 mm internal diameter. An inflatable latex balloon at the tip assured fixation in the 

ostiaa of the segmental arteries.(Fig. 2) The large lumen was used for perfusion and the 

smalll lumen for balloon inflation. The configuration was connected to the bypass system 

ass a side-arm, using a 3/8,h x 3 connector. In this way, oxygenated blood from the proximal 

aortaa could be directed into the iliac arteries, as well as to the critical segmental arteries. 

Balloon n 

}3 3 mmm }1 mm 

600 cm 20 mm 

Figur ee 2. Schematic representation of one of six double lumen perfusion catheters 
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Eachh perfusion catheter was connected to a Transonic flowmeter (Transonic Systems, Ithaca, 

NY,, USA) during selective perfusion. 

Beforee performing the animal experiments, ex vivo flow measurements of individual catheters 

att different bypass pressures were executed, using the identical bypass configuration as in 

thee following animal experiments, but without a counter pressure at the tip. Packed cells 

(humann blood) diluted with saline to a hematocrit of 28 % were used for this purpose. A 

bypasss pressure of 20 mmHg resulted in a catheter flow of 25  3 ml/min and increased 

linearlyy to average flows of 86  11 ml/min at bypass pressures of 100 mmHg. 

Thee animals were placed in the right decubitus position. A laparotomy was performed 

throughh a midline incision and the viscera were placed to the right. The left kidney was 

mobilizedd and placed to the right. The abdominal aorta was carefully exposed. Thereafter, 

thee lumbar arteries, the aortic bifurcation and the sacral artery were exposed. First, in vivo 

floww in the lumbar arteries L1 to L5 was assessed with flowmeters (Transonic Systems, 

Ithaca,, NY, USA). Heparin (100 lU/kg) was then administered. Thereafter, critical segmental 

arteriess were identified by sequentially clamping the lumbar arteries in a caudo-cranial 

direction,, starting with the L6 artery. After placement of each additional segmental artery 

clamp,, an observation period of 5 minutes was allowed to detect whether ischemic spinal 

cordd dysfunction developed, as evidenced by a tc-MEP-amplitude decrease below 25% of 

baseline.. When tc-MEPs indicated spinal cord ischemia, the presently clamped set of 

segmentall arteries was considered critical for spinal cord blood flow and clamps were 

immediatelyy removed.(Fig. 3) A period of at least 15 minutes was allowed for the tc-MEP 

responsess to recover completely. 

Thee aorta was canulated one segment above the defined critical aortic segment with a 

Sarnss 6.5 High Flow Canula for inflow of the bypass pump. In order to maintain lower limb 

perfusionn for tc-MEP recording, the aortic bifurcation was canulated with a Medtronic 12 F 

Highh Flow Venous Return canule (Medtronic DLP, Grand Rapids, Ml, USA). The canula 

weree connected to the bypass system, resulting in an aorto-aortic bypass. The bypass system 

consistedd of 3/8* heparin coated tubings (Baxter, Uden, the Netherlands), a Sarns Delphin 

centrifugall pump, a Biotherm heat exchanger (A.B. Medical, Roermond, the Netherlands) 

whichh was connected to a heat exchanger pump (Hyp 10, Gambro, Sweden). 

Afterr the pump was started, the proximal clamp was placed distally from the aortic canula 

andd the distal clamps were placed on the distal aorta and the sacral artery. Hereby, the 

aorticc segment containing the set of previously defined critical segmental arteries was 

excludedd from the circulation. DMAP was maintained above 70 mmHg. After the tc-MEPs 

decreasedd below 25%, the aorta was opened via a longitudinal incision. The tips of the 

perfusionn catheters were inserted into the orifices of the critical segmental arteries and the 

balloonss were inflated for fixation. Flow to the critical segmental arteries was started by 
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STEPP 1: clamp L6 STEPP 5: clamps L6-L2 

Myogenicc tc- MEPs Myogenicc tc MEPs s 

u u 

M M 

Figuree 3. Identification of a set of critical segmental arteries with tc-MEPs. Successive clamps are placed 
onn individual segmental arteries every 5 min in a caudal to cranial direction, starting at the L6 artery, until 
spinall cord ischemia is detected with tc-MEPs. This example only shows the first and last step (step 1 
andd 5) of the identification of critical segmental arteries The tc-MEP-amplitude decrease demonstrated 
thatt the L6-L2 arteries were critical for the spinal cord blood supply. L1-L6: lumbar arteries, Land R:tc-
MEPP response from the left and right leg. 

unclampingg the selective perfusion catheters, and continued for 60 minutes.(Fig. 4) During 

thiss period, tc-MEPs were recorded every minute to determine whether selective perfusion 

couldd restore and maintain motor neuron function. Initial bypass flow was adjusted to 

maintainn distal arterial pressures above 70 mmHg, when necessary. Therefore, initial selective 

perfusionn catheter flow was determined by the bypass flow. When tc-MEPs remained absent 

despitee 10 min selective perfusion, the flow per selective perfusion catheter was increased 

inn steps of 10 ml/min every 10 min until tc-MEP-amplitude returned. This was accomplished 

byy increasing bypass flow. 

Afterr 60 minutes of selective segmental artery perfusion, selective flow was interrupted by 

clampingg the selective perfusion catheters. It was assessed whether tc-MEP responses 

disappearedd when selective perfusion was interrupted. At the end of the experiment, the 

animalss were terminated with pentobarbital i.v. 

Alll data are expressed as mean  standard error of the mean (SEM), except for tc-MEP-

amplitudes,, which are expressed as medians + 10th and 90th percentile, because of skewed 

distributions. . 
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Figuree 4. Aorto-aortic bypass from L1 to the aortic bifurcation. Placement of the proximal aortic clamp 
att the L1 level and distal clamps at the aortic bifurcation and sacral artery. After a longitudinal aortotomy 
andd introduction of the perfusion catheter tips into the critical segmental arteries, selective segmental 
arteryy perfusion is performed through the L2-L6 arteries. L1-L6: lumbar arteries, BP: bypass pressure, 
BF:: total bypass flow, P: centrifugal pump. Only 5 perfusion catheters are shown. 

Results Results 
Reproduciblee tc-MEPs could be recorded in all animals. Median response amplitude at 

baselinee was 2836 (1943-5368) u.V. Hemoglobin concentration, arterial pH and base excess 

duringg laparotomy and at 60 min selective perfusion were 8.6  0.9 and 5.9  1.2 g/dl, 

7.54andd 7.41 and +3.55 and -2.36 mmol/L, respectively. Mean PMAPand DMAP remained 

betweenn 70 and 100 mmHg in all animals during the entire experiment. 

Sixx lumbar arteries were present in all animals. In 2 animals, the set of critical segmental 

arteriess was L6 to L4, in 7 animals L6-L3 needed to be clamped and L6 to L2 in one animal. 

Averagee in vivo lumbar artery flow was 2 8 + 1 3 ml/min, and there were no significant 

differencess between individual lumbar arteries. 

Placementt of the proximal and distal clamps, and thereby excluding the aortic segment 

containingg the set of critical segmental arteries, resulted in a tc-MEP-amplitudes decrease 

beloww 25% within 3.7 + 3.7 min in all animals. Aortotomy, introduction of the selective 

perfusionn catheters into the critical segmental arteries and establishment of selective 

perfusionn was accomplished within 5.9  2.9 min. Tc-MEP signals returned in all animals in 
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Figuree 5. Tc-MEP-amplitudes during 60 minutes of selective perfusion. 1: start bypass pump, 2: placement 
off proximal and distal clamps, resulting in tc-MEP loss, 3: start selective perfusion, 4: stop selective 
perfusion,, resulting in tc-MEP loss. 

8.55  5.3 min after initiation of selective perfusion. Tc-MEP-amplitudes increased above 

25%% of baseline within 14.6  6.8 min after initiation of selective perfusion. During the 60 

minutee study period, tc-MEP-amplitudes increased progressively in all animals and were 

49%% (28-113) of baseline after 60 minutes.(Fig. 5) Three animals demonstrated complete 

tc-MEP-amplitudee recovery within the study period, reaching amplitudes of 110-113%. In 

thee remaining seven animals, tc-MEP-amplitudes recovered to values between 28% and 

63%,, but a progressive increase was still present at this time. Tc-MEP recovery was 

accomplishedd by perfusing 3 lumbar arteries in five animals and 4 lumbar arteries in the 

remainingg five animals. During selective segmental artery perfusion, total bypass flow was 

8800  294 ml/min, of which an average of 184  54 ml/min was directed into the selective 

perfusionn catheters. Average flow per perfusion catheter was 52  13 ml/min. Bypass 

pressuree was 159  19 mmHg. In 2 animals, selective flow was increased 10 ml/min per 

catheter,, because tc-MEP-amplitude was less than 25% of baseline after 20 min of selective 

perfusion.. As a result, amplitudes increased above 25% within 10 min in these animals. 

Whenn selective flow was interrupted after the 60 min study period, tc-MEP-amplitudes 

decreasedd below 25% in 3.4  3.2 minutes. 
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Discussion Discussion 
Inn the present porcine experiment we demonstrated that tc-MEP evidence of spinal cord 

ischemiaa following aortic crossclamping can be reversed by selective perfusion of critical 

segmentall arteries and anterior horn motor function can be maintained for at least 60 

min.. The duration of spinal cord ischemia, determined by the time necessary to apply the 

multicatheterr perfusion system, was reduced to minutes. Selective spinal cord perfusion 

hass the potential to reduce the incidence of paraplegia during aortic surgery, by minimizing 

thee duration of transient spinal cord ischemia, caused by the repair. 

Effortss to optimize spinal cord perfusion during aortic surgery have been the major topic in 

investigationss for the prevention of paraplegia in TAAA patients. Distal aortic perfusion in 

combinationn with segmental aortic clamping can provide sufficient blood flow to the spinal 

cordd when crucial segmental arteries originate within the perfused segment. Several clinical 

reportss demonstrated a beneficial effect of this technique.28 Nevertheless, this technique 

cannott completely prevent paraplegia and neurologic deficit rates still reach 15% in type II 

TAAAs.1'33 In pigs, distal aortic perfusion after intercostal artery ligation could not protect 

thee thoracic spinal cord.9 Possibly as a result of the small diameter of the anterior spinal 

arteryy above the level of the arteria radicularis magna, retrograde aortic perfusion can not 

alwayss provide sufficient spinal cord blood flow to this region.10 Furthermore, retrograde 

aorticc perfusion is not effective when critical segmental arteries originate between 

crossclamps.. Permanent restoration of spinal cord blood flow by reimplantation of 

segmentall arteries is therefore essential to prevent neurologic deficit. However, 

reimplantationn of segmental arteries prolongs crossclamp time and thus increases the 

durationn of transient spinal cord ischemia, which increases the risk for paraplegia.5 In order 

too decrease crossclamp time during TAAA surgery, it was investigated whether 

reimplantationn of segmental arteries, previously identified as critical to the spinal cord 

circulation,, was possible. Nonetheless, identification using evoked potentials or HICI 

(hydrogenn induced current impulse) in combination with sequential aortic clamping did 

nott prevent paraplegia.4'1112 As a result, several authors proposed that all segmental arteries 

betweenn level T11 and L1 should always be reimplanted.13 Still, Svensson reported 

neurologicc deficits in 29% of a subgroup of patients when this strategy was followed. 

Iff selective spinal cord perfusion is applicable in man, this technique could shorten the 

durationn of spinal cord ischemia during reattachment of segmental arteries. This would be 

advantageouss when a prolonged aortic clamping time is expected in order to reimplant a 

largee segment of segmental arteries, as in type II aneurysms. An other important benefit 

forr the surgeon would be the fact that expeditious surgery is no longer required, and a full 

effortt could be made to reimplant all presenting segmental arteries. 

Previouss attempts at selective perfusion were unsuccessful in maintaining spinal cord neuron 

82 2 



Selectivee segmental artery perfusion during aortic cross-clamping I 

function,, possibly as a result of limitations in catheter flow or the use of a shunt.13 Considering 

thatt the ostia of human segmental arteries measure approximately 2 mm in diameter, 

obtainingg physiologic flow through commercially available catheters with this diameter will 

requiree unacceptably high ECC-pressures. We reduced resistance of the perfusion catheters 

usedd in this experiment, by increasing the inner diameter from 1 to 3 mm directly after the 

tipp area. This allowed us to reduce resistance considerably, because diameter is represented 

too the 4th power in the Poiseuille equation for flow and resistance. (Poiseuille: flow = ̂ .^.(Pl -

P2)// Ti.h.L, and resistance = flow.Ti.h.L/jt.r4) As a result, sufficient selective perfusion flow 

waswas generated to restore and maintain motor neuron function during one hour of aortic 

clamping. . 

Selectivee perfusion, following aortic crossclamping with loss of tc-MEPs, resulted in a 

progressivee increase of tc-MEP-amplitude in all animals, but a complete return to baseline 

amplitudess (between 75% and 125%) was only achieved in 3/10 animals. The other 7 

animalss reached tc-MEP-amplitudes of 28%-63%, which is above our currently used criterion 

forr spinal cord ischemia. Because tc-MEP-amplitudes in these seven animals were still 

progressivelyy increasing at 60 minutes selective perfusion, a longer period of selective 

perfusionn might have demonstrated further recovery. In our clinical reports, return of the tc-

MEPP signal above 25% always predicted normal motor function postoperatively, irrespective 

off whether tc-MEP return was incomplete.4'1415 Therefore, we believe that incomplete 

recoveryy of tc-MEP amplitudes in these animals is more likely a consequence of a short 

observationn period than a result of insufficient protection by selective perfusion. 

AA possible drawback of the experimental design is that it remains to be established whether 

selectivee segmental artery perfusion can actually prevent paraplegia. Nonetheless, tc-MEPs 

providee direct information about the functional status of the anterior horn motor neurons, 

whichh are most sensitive to ischemia. In addition, in clinical evaluations of tc-MEPs during 

TAAAA repairs, no false negative results were encountered.4'1415 Because each animal 

demonstratedd evidence of spinal cord ischemia directly following aortic clamping and 

recoveryy of spinal cord motor neuron function after the initiation of selective perfusion, this 

techniquee potentially produces adequate spinal cord protection during aortic crossclamping. 

Inn conclusion, selective segmental artery perfusion during aortic crossclamping with specially 

designedd catheters was effective in reversing tc-MEP evidence of spinal cord ischemia and 

couldd maintain motor neuron function during 60 minutes of aortic crossclamping in pigs. 
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Abstract Abstract 

Background ::  During thoracoabdominal aortic aneurysm repair, a prolonged interruption of the spinal 

cordd blood supply can result in irreversible spinal cord damage. The aim of this study 

wass to investigate whether selective segmental artery perfusion during aortic clamping 

couldd prevent paraplegia in pigs. 

Methods ::  During the experiments, spinal cord motor neuron function was assessed with 

transcraniall motor evoked potentials (tc-MEPs). In ten pigs, the aortic segment L6-L1 

wass bypassed using an aorto-aortic bypass system and centrifugal pump. The aortic 

segmentt was cross-clamped, and after disappearance of tc-MEPs which indicated 

ischemia,, an aortotomy was performed. In five animals (group A), selective segmental 

arteryy perfusion was performed during 60 minutes with specially designed catheters 

whichh were attached to the extracorporeal bypass system. In five control animals (group 

B)) segmental arteries were blocked only during the cross-damping period. Postoperative 

hindd limb function and spinal cord histopathology were evaluated at the third 

postoperativee day. 

Results ::  In both study groups, tc-MEPs disappeared within 3.0  2.0 min after crossclamping. 

Inn group A animals, tc-MEPs returned in 12.6 1 min following selective segmental 

arteryy perfusion and recovered to a median of 47% (28-75%) of baseline values. Control 

animalss demonstrated no tc-MEP recovery during the 60 minute study period. Total 

bypasss flow was 681  158ml/min, of which 216  107 mi/min was directed to the 

selectivee perfusion catheters in group A animals. The flow in individual catheters was 

. . 

Alll perfused animals demonstrated normal hind limb function, while 4 out of 5 control 

animalss were paraplegic at day 3. (P = .04) In perfused animals, histopathological 

examinationn showed no spinal cord damage, or eosinophilic neurons only, whereas 

infarctionn in large areas of the cord occurred in paraplegic controls (P < .0001). 

Conclusion ::  In pigs, selective segmental artery perfusion can provide sufficient spinal cord blood 

floww to prevent paraplegia, resulting from 60 min of aortic clamping, as shown by 

clinicall outcome and histopathological examination. 
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Introduction Introduction 
Irreversiblee spinal cord damage can occur as a result of aortic cross-damping during the 

repairr of thoracoabdominal aortic aneurysms (TAAA). Reimplantation of the spinal cord 

feedingg arteries into the graft is mandatory to restore the spinal cord blood supply. Failure 

too reimplant these arteries has led to increased rates of neurologic deficit.1-2 Segmental 

aorticc replacement in combination with distal aortic perfusion has demonstrated to offer 

additionall protection during re-attachment of segmental arteries.24 However, a period of 

spinall cord ischemia can not be avoided when feeding arteries of the spinal cord are located 

withinn the excluded aortic segment and collateral circulation is insufficient. Moreover, when 

thee ARM is located within the perfused distal aortic segment and lumbar flow is secured, 

protectionn of the thoracic spinal cord segments is not warranted.5'6 

Selectivee organ perfusion during abdominal aortic clamping in TAAA repairs has 

demonstratedd beneficial results concerning kidney and visceral organ protection in several 

descriptivee studies.7-8 Selective spinal cord perfusion might offer a similar protective effect 

duringg aortic clamping. A recent study reported that selective spinal cord perfusion increases 

cerebrospinall fluid p02 during aortic clamping in dogs.9 In pigs, we recently investigated 

thee influence of selective spinal cord perfusion on spinal cord motor neuron function, assessed 

withh transcranial motor evoked potentials (tc-MEPs). We demonstrated that selective 

segmentall artery perfusion could reverse tc-MEP evidence of spinal cord ischemia and 

maintainn motor neuron conduction during 60 minutes of aortic cross-damping.(chapter 4) 

Inn the present study we investigated whether selective segmental artery perfusion can 

preventt neurologic deficit after 60 minutes of aortic clamping in pigs. 

Methods Methods 
Animall care and all procedures were performed in compliance with The National Guidelines 

forr Care of Laboratory Animals in the Netherlands. The study protocol was approved by the 

Animall Research Committee of the Academic Hospital at the University of Amsterdam, the 

Netherlands.. Ten female domestic pigs, weighing between 40 and 60 kg, were studied. 

Thee aim was to investigate whether selective segmental artery perfusion could prevent 

neurologicc deficit after 60 minutes of abdominal aortic clamping in pigs. Before the 

experiments,, animals were randomized into two groups; group A (n=5): experimental group: 

selectivee segmental artery perfusion, group B <n=5): control group: segmental artery blockade. 

Ketaminee (15 mg/kg) was used as premedication. Anesthesia was induced with 2.0% 

isofluranee by mask in a mixture of 50% 02 in N20. The animals received sufentanil 15 mg/ 

kgg and donidine 2 mg/kg. Isoflurane and N20 were discontinued and anesthesia was 

maintainedd with an infusion of ketamine 15 mg/kg/hr, sufentanil 5 mg/kg/h, donidine 1 
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mg/kg/h.. This anesthetic regimen is similar to that used in TAAA patients in our clinic and 

hass no major effect on tc-MEP responses.10'11 Animals were intubated and ventilated using 

intermittentt positive pressure ventilation. Ventilation was adjusted to maintain end-tidal 

C022 within 4.8 to 5.3 kPa (36-40 mmHg) throughout the experiment. Adequacy of 

ventilationn was confirmed with blood gas analysis at 37 . After induction, one intravenous 

linee (18 G) was introduced in an ear vein. Proximal mean arterial blood pressure was 

measuredd with a carotid line and distal mean arterial pressure with a line, introduced in a 

peripherall hind limb artery. Central venous pressure (CVP) was measured by means of a 

catheterr placed into the right jugular vein and advanced into the superior caval vein. 

Electrocardiogram,, CVP, proximal and distal pressures, end-tidal C02and nasopharyngeal 

temperaturee were monitored continuously. Before initiation of selective segmental artery 

perfusionn and at 60 minutes, hemoglobin concentration and arterial blood gas analysis 

weree determined. Peri-operative blood loss was collected, processed in a cell saver device 

(Haemonetics,, Soest, the Netherlands) and re-infused during the procedure. 

Tc-MEPss were evoked using a transcranial electrical stimulator (Digitimer D185 cortical 

nscraniall Cortical Stimulator 

Myogeni cc Tc -MEPs 

Latencyy Amplitude 

r^ LL  :: 

Figuree 1. Schematic representation of tc-MEP recordings in the experimental animal (ventral view). 

stimulator,, Welwyn Garden City, UK). The stimuli were applied to the scalp with four needle 

electrodes.. The stimulus consisted of a train of 5 pulses, with an interstimulus interval of 2.0 

ms.. The anode was placed at the occiput and the cathode consisted of three interconnected 

cathodess placed behind the ears, in the mastoid bone, and in the soft palate. Compound 

musclee action potentials were recorded from the skin over the quadriceps muscle and foreleg 
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muscless using adhesive gel Ag/AgCI electrodes.(Fig. 1) The signals were amplified 5.000 to 

20.0000 times (adjusted to obtain maximum vertical resolution), and filtered between 30 

andd 1500 Hz using a 3T PS-800 biologic amplifier (Twente Technology Transfer, Twente, 

Thee Netherlands). Data acquisition, processing and analysis were performed on computer 

withh a AD-converter and software written in the LabVIEW programming environment (National 

Instruments,, Austin, Texas). The supramaximal stimulus (typically 400-500 V) was assessed 

andd tc-MEPs were recorded at a stimulus intensity of 10% above the level that produced 

maximall tc-MEP-amplitude. Baseline tc-MEP-amplitude was assessed during laparotomy by 

averagingg five consecutive responses before the first ischemia inducing intervention. A 25% 

intra-animall variation of tc-MEP-amplitude was accepted as normal. Ischemic spinal cord 

dysfunctionn was defined as a tc-MEP-amplitude decrease below 25% of baseline values. This 

criterionn is based on the assumption that an amplitude decrease below 3 times the standard 

deviationn should provide optimal detection of ischemia while limiting false positive rate, and 

ourr previous observation of a 26% within-patient variability of the tc-MEP.10 

Re-establishmentt of spinal cord perfusion was defined as a recognizable, reproducible tc-

MEP-signall with an increasing tc-MEP-amplitude exceeding 200 mV. However, reperfusion 

wass considered successful when tc-MEP amplitudes increased above 25% of baseline values. 

Tc-MEP-responsess of forelegs were used to recognize possible systemic or technical causes 

off tc-MEP-decrease. 

Thee catheters used in this experiment were designed and manufactured by our department 

andd the department of Medical Technical Development (Academic Medical Center, University 

off Amsterdam, the Netherlands). The device consisted of a configuration of six perfusion 

catheters,, with a one-to-six connector. The 15 French perfusion catheters consisted of 60 cm 

doublee lumen tubing with 3 mm internal diameter. The 2 cm tapered tip had a 2 mm external 

andd 1 mm internal diameter. An inflatable latex balloon at the tip assured fixation in the ostia 

off the segmental arteries. The large lumen was used for perfusion and the small lumen for 

balloonn inflation. The configuration was connected to the bypass system as a side-arm, using 

aa 3/8* x 3 connector. In this way, oxygenated blood from the proximal aorta could be directed 

intoo the iliac arteries, as well as to the segmental arteries. Each perfusion catheter was 

connectedd to a Transonic flowmeter (Transonic Systems, Ithaca, NY, USA). 

Thee animals were placed in the right decubitus position. A laparotomy was performed 

throughh a midline incision and the viscera were placed to the right. The left kidney was 

mobilizedd and placed to the right. The abdominal aorta was carefully exposed. Thereafter, 

thee aortic bifurcation and the sacral artery were dissected. 

Thee aorta was then canulated at L1 with a Sams 6.5 High Flow Canula for inflow of the 

bypasss pump. In order to maintain lower limb perfusion for tc-MEP recording, the aortic 

bifurcationn was canulated with a Medtronic 12 F High Flow Venous Return canule 
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(Medtronicc DLP, Grand Rapids, Ml, USA). The canula were connected to the bypass system, 

resultingg in an aorto-aortic bypass. The bypass system consisted of 3/8th heparin coated 

tubingss (Baxter, Uden, the Netherlands), a Sams Delphin centrifugal pump, a Biotherm 

heatt exchanger (A. B. Medical, Roermond, the Netherlands) which was connected to a heat 

exchangerr pump (Hyp 10, Gambro, Sweden). 

Afterr the pump was started, the proximal clamp was placed distally from the proximal 

aorticc canule and distal clamps were placed on the distal aorta and on the sacral artery. In 

thiss way, the aortic segment that was crossclamped and bypassed was standardized in 

bothh groups, and consisted of the abdominal aorta between L1 and the bifurcation. 

Furthermore,, to produce ischemia of sufficient magnitude to result in spinal cord neuronal 

damagee when only the abdominal aortic segment was excluded, it was necessary to 

decreasee arterial pressure to reduce collateral flow to the cord. To accomplish this, arterial 

hypotensionn to 50 mmHg using propranolol and labetalol i.v, and titrating sodium 

nitroprussidee as necessary was induced during the study period. 

Whenn the aorto-aortic bypass was started and proximal and distal pressures were decreased 

too values between 45 and 55 mmHg, tc-MEPs were assessed to assure that the spinal cord 

bloodd flow was within normal autoregulatory limits. Aortic clamps were placed and when 

tc-MEPss decreased below 25%, indicating spinal cord ischemia, the aorta was opened with 

aa longitudinal incision. Renal and mesenteric arteries were blocked using 9 F Pruitt catheters 

(Baxter,, Uden, the Netherlands) to minimize blood loss. In group A animals, the tips of the 

perfusionn catheters were then inserted into the orifices of the segmental arteries and the 

balloonss were inflated for fixation.(Fig 2) Flow to the segmental arteries was started by 

unclampingg the catheters and selective perfusion was continued for 60 minutes. An initial 

floww of at least 50 ml/min per catheter was targeted. During this period, tc-MEPs were 

recordedd every minute to verify that selective perfusion was sufficient to maintain motor 

neuronn conduction. Initial bypass-flow was adjusted to maintain distal arterial pressures at 

approximatelyy 50 mmHg, but extracorporeal system pressures above 100 mmHg were 

allowedd to ensure adequate selective spinal cord perfusion pressures. When tc-MEPs 

remainedd absent, despite 10 min of selective perfusion, flow was increased by increasing 

bypasss flow. 

Inn group B, the segmental arteries were blocked with 3 F Pruitt catheters (Baxter, Uden, the 

Netherlands)) after the aortotomy to prevent a steal effect from the spinal cord towards the 

aorta,, and no selective perfusion was performed during the 60 min study period. 

Inn both groups, the aorta was longitudinally closed using Prolene 5.0 during the 60 min 

studyy period, with the catheters in situ. At exactly 60 min, all catheters were removed and 

closuree of the aorta was rapidly completed. The aortic canula were removed and the left 

kidneyy and viscera were put into place. Administration of arterial hypotension inducing 
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Figuree 2. Aorto-aortic bypass from L1 to the aortic bifurcation. Placement of the proximal aortic clamp 
att the L1 level and distal clamps at the aortic bifurcation and sacral artery. After a longitudinal aortotomy 
andd introduction of the perfusion catheter tips into the segmental arteries, selective segmental artery 
perfusionn is performed through the L2-L6 arteries. L1-L6: lumbar arteries, BP: bypass pressure, BF: total 
bypasss flow, P: centrifugal pump. Only 5 perfusion catheters are shown. 

drugss was discontinued. The abdomen was closed in layers, and tc-MEP measurements 

weree discontinued. 

Postoperativee phase. 
Thee animals remained at the operating table for ventilatory support using intermittent positive 

pressuree ventilation until the next morning. Mean arterial pressures were maintained above 

600 mmHg, with fluid replacement with Ringers lactate and a modified gelatin (Gelofusinea), 

ass required. Then, the animals were extubated and brought to their quarters where food 

andd water was provided. The first, second and third postoperative day, hind limb neurologic 

functionn was evaluated by one investigator, blinded to the group allocation, using the 

Tarlovv score; 0: spastic paraplegia, no movement, 1: spastic paraplegia, slight movement, 

2:: good movement, not able to stand, 3: able to stand, not walk, 4: normal function. 

Afterr assessing the Tarlov score at the third day, the animals were killed with pentobarbital 

i.v.. and the spinal cords were harvested and placed in formaldehyde 4%. Histopathologic 

evaluationn was performed by a neuropathologist, blinded to the experimental set-up, and 
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ischemicc changes were scored. The lumbar spinal cords were divided into 12 equal parts, 

dissectedd and embedded in paraffin. Each of the 12 sections was scored as follows; 0: no 

damage,, 1:1-5 eosiniphilic neurons, 2: 5-10 eosiniphilic neurons, 3: more than 10 eosiniphilic 

neurons,, 4: small infarction (1/3 of the gray matter), 5: moderate infarction (1/3 to V2 of 

thee gray matter), 6: large infarction (more than V2 of the gray area). 

Statisticall analysis 
Alll data are expressed as mean  standard deviation (SD). Unpaired T-tests or Mann Whitney 

UU test were used to identify differences between Group I and II animals in the survival 

experiments. . 

Results Results 
Reproduciblee tc-MEPs could be recorded in all animals. The response amplitude at baseline 

wass 2142  1145 u,V. Hemoglobin concentration during laparotomy and after 60 min aortic 

clampingg were 9.7  1.3 and 7.5  0.9 g/dL, respectively, and did not differ between groups. 

Duringg aortic crossdamping, proximal and distal aortic pressures were decreased to 55  8 

mmHgg and 56  8 mmHg, respectively, and did not differ between groups. (P = .8 and .2, 

respectively)) Exclusion of the abdominal aortic segment resulted in tc-MEP loss within 3.0

2.00 min in all animals. 

Inn group A, aortotomy, establishment of selective perfusion was accomplished within 12.8 

 2.7 min. Tc-MEPs recovered in all experimental animals within 12.6  11.0 minutes after 

initiationn of selective perfusion, and increased above 25% of baseline within 20.0  18.6 

min.. During the 60 min study period, tc-MEP-amplitudes increased progressively in all animals 

too 47% (28-75%) of baseline. 

Bypass-pressuress were 141 0 mmHg and bypass-flows were 681 + 158 ml/min, of 

whichh 216  107 ml/min was directed to the selective perfusion catheters. Catheter flow 

waswas 83  27 ml/min. Due to occasional inflation balloon failure, 3 to 4 perfusion catheters 

weree used for selective perfusion in each animal, only. The remaining segmental artery 

orificess were occluded with 3 F Pruitt catheters in order to minimize backflow. No relation 

betweenn tc-MEP recovery and selective perfusion flow or pressure could be observed. 

Inn group B animals, insertion of Pruitt catheters was accomplished in 5.6  2.3 min. Tc-

MEPss remained absent throughout the experiment in all but one control animal. Tc-MEPs 

recoveredd 24.3 min following cross-clamp removal in this animal. 

Postoperativee neurologic evaluation 
Onee group A animal died at postoperative day 1 due to respiratory failure, resulting in 
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Figuree 3. Bar graph of the histopathologic results. The lumbar spinal cords are divided into 12 equal 
segmentss and scored for ischemic damage in Group I and Group II animals. 1:1-5 eosiniphilic neurons, 
2:: 5-10 eosiniphilic neurons, 3: more than 10 eosiniphilic neurons, 4: small infarction (1/3 of the gray 
matter),, 5: moderate infarction (1/3 to V2 of the gray matter), 6: large infarction (more than V2 of the 
grayy area). 

severee hypoxia and cardiac failure. However, the Tarlov score at day 1 could be obtained 

andd was 4 in this animal. All group A animals demonstrated normal hind limb function 

(Tarlovv 4), whereas all but one group B animals were neurologically impaired (Tarlov 0). 

(Mannn Whitney U test, P = .04) The one neurologically intact animal had tc-MEP recovery 

followingg reperf usion, and showed improving motor function during the three postoperative 

days,, resulting in normal hind limb function at day 3. 

Histopathologicc evaluation 
Inn the 9 animals that survived until day 3, histopathologic examination of the spinal cords 

wass performed. The results are shown in figure 3. Group A animals demonstrated significantly 

lesss gray matter cell damage than the control group. (Mann Whitney U test, P < .0001) 

Histopathologicall differences between both groups were most pronounced in spinal cord 

levelss L3-L6.(Fig 3) One group A animal showed small infarction in 2 segments of the spinal 

cord,, only.(Fig.4a)The remaining group A animals had no damage or eosinophilic neurons, 

only.(Fig.. 4b) The group B animals demonstrated large infarctions in 3-7 segments of the 

spinall cord.(Fig. 4c) One group B animal had moderate infarction in 2 segments only. This 

wass the animal that showed full hind limb function recovery at day 3. 
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Figuree 4. Light micrographs (H&E) from localized spinal cord sections in three different animals. 
44 A: section of an L4 segment of a perfused animal showing normal appearing neurons and no sign of 
vacuolization.(magnificationn 35x) 
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Figuree 4. Light micrographs (H&E) from localized spinal cord sections in three different animals. 
44 B: L6 segment of a control animal showing large infarction within the entire gray matter area. 
Notee the vacuolization (V) and loss of delineation between gray and white matter structure.(C = central 
canal,, magnification 25x) 
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Figuree 4. Light micrographs (H&E) from localized spinal cord sections in three different animals. 
44 C: section of a L5 segment in the perfused animal that had normal neurologic function, despite the 
localizedd small infarction in the anterior horn gray matter (area within arrows).(magnification 50x) 
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Discussion Discussion 
Inn the present porcine experiment we demonstrated that selective spinal cord perfusion can 

preventt paraplegia after a 60 min period of aortic crossdamping, and the protective effect of 

thiss new method was supported by histopathological evidence. Selective spinal cord perfusion 

hass the potential to reduce the incidence of paraplegia during TAAA surgery, by reversing the 

interruptionn of intercostal and lumbar blood flow, caused by aortic cross-damping. 

Techniquess that aim to optimize spinal cord blood flow during aortic cross-damping have 

beenn successfully applied over the last two decades. Arterio-arterial bypass (left atrium-

femorall artery) offers the best means for proximal and distal aortic pressure regulation. In 

thiss way, sufficient blood flow to the spinal cord can be ensured when crucial segmental 

arteriess originate within the perfused aortic segment.12 Possibly the most important beneficial 

effectt of this adjunct was described in several studies which reported a reduced duration of 

intercostall ischemic time when atrio-femoral bypass was applied.3-'3'14 In a prospective non-

randomizedd trial it was demonstrated that atrio-femoral bypass improved neurologic 

outcomee in 99 patients, especially when combined with sequential aortic damping and 

segmentall repairs.2 However, distal aortic perfusion has not been able to prevent paraplegia 

completely,, resulting from the fact that this technique is not able to guarantee sufficient 

spinall cord blood flow when the critical feeding arteries are located within the excluded 

aorticc segment.15 Moreover, when the arteria radicularis magna, which critically perfuses 

thee lumbar spinal cord, is located within the perfused distal aortic segment and lumbar flow 

iss secured, protection of the thoracic spinal cord segments is not warranted 16, because 

vascularr resistance through the anterior spinal artery is approximately 11 times higher in the 

craniall direction.17 

Whenn distal aortic perfusion is combined with tc-MEP monitoring, these specific situation 

cann be identified, where distal aortic perfusion techniques are shortcoming. Recently, we 

reportedd an approach wherein tc-MEP monitoring was combined with a step-by-step surgical 

approach.. With this technique, no paraplegia occurred in 52 patients with type I and II 

TAAAs.188 Nonetheless, postoperative paraplegia or paraparesis may still result from transient 

ischemiaa during the exclusion of the aortic segment containing 'critical' segmental vessels. 

Onlyy two studies have thus far reported the use of selective segmental artery perfusion. 

Svenssonn described selective perfusion of HI CI (hydrogen induced current impu!se)-identified 

criticall segments of the aorta in pigs via a shunt, and evaluated the efficacy by myogenic 

motorr evoked potentials after spinal stimulation (SMEP) and neurologic function.19 

Neurologicc results did not differ from the animals that only underwent preservation of the 

criticall arteries. Furthermore, selective perfusion could not restore SMEP signals during the 

studyy period, indicating sub-marginal spinal cord blood flow. Svensson later stated that the 

resultss were not satisfactory because very high perfusion pressures were needed to allow 
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floww to the segmental arteries, as a result of limitations in catheter diameter.20 A recent 

reportt demonstrated that selective segmental artery perfusion increased cerebrospinal fluid 

p022 during aortic clamping in dogs and restored spinal cord neurophysiologic function, as 

assessedd with evoked spinal potentials (spinal stimulation at L4 and recording at T4).9 

However,, no control group could clarify whether these results were obtained by the beneficial 

effectt of critical segmental artery blockade, only. Furthermore, no histologic or neurologic 

dataa confirmed their effort. Our group recently reported our initial experience with this 

technique.{chapterr 4) We demonstrated that spinal cord neurophysiologic function could 

bee maintained with selective segmental artery perfusion during one hour of aortic cross-

clamping,, as evidenced by tc-MEPs. Tapered catheters allowed sufficient spinal cord blood 

floww at acceptable bypass pressures to obtain these promising results. 

Inn the present experiments, we were able to support these results with neurologic outcome 

data.. Hind limb function could be preserved in all perfused animals, whereas 80% of the 

controll animals suffered from paraplegia. However, complete spinal cord protection could 

nott be obtained in all perfused animals, as evidenced by minor histopathologic damage in 

somee animals. In addition, a full tc-MEP recovery within the 60 min study period was not 

consistentlyy observed. Both the tc-MEP data and histopathologic results suggest that selective 

segmentall artery flow was suboptimal in some animals and could not prevent all neurons 

fromm becoming ischemic. It would be of interest to establish the relation between selective 

perfusionn flow, tc-MEP recovery and histopathology, but the small study groups unfortunately 

preventedd this analysis. 

Ann important difference between our previous experiments (chapter 4) and the present 

studyy was the addition of arterial hypotension in this study. As stated in the Methods section, 

wee aimed to cause irreversible spinal cord damage in a large majority of the control animals 

afterr one hour of aortic crossclamping. This is in contrast to the study described in chapter 

4,, where tc-MEP recovery as a result of selective perfusion was aimed. The spinal cord 

bloodd flow values at which tc-MEPs are lost are possibly higher than those that will result in 

actuall neuronal damage. Whether paraplegia will result from 60 minutes of aortic cross-

clampingg will be determined by factors such as residual spinal cord blood flow and 

temperature.. Moreover, experiments by Wadouh demonstrated that ligation of abdominal 

segmentall arteries for 45 minutes resulted only in a 70% paraplegia rate.21 In order to 

increasee the paraplegia rate in the control animals, we added arterial hypotension to decrease 

residuall spinal cord blood flow. With this model, we demonstrated that selective perfusion 

waswas able to prevent paraplegia in the experimental animals. 

Iff the results of this study can be extrapolated to the human situation, selective spinal cord 

perfusionn has several potential advantages during TAAA repair. First, the duration of spinal 

cordd ischemia can be significantly reduced during reimplantation of critical segmental 
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arteries.. Second, when this technique can provide adequate spinal cord blood flow during 

thee cross-damping period, reimplantation of all presenting segmental arteriescan be pursued. 

Moreover,, when available intercostal arteries are fragile or located in a mushy aorta while 

beingg critical to spinal cord blood flow as assessed with tc-MEPs, a selective graft can be 

anastomosedd around the perfusion catheter, assuring patent reimplantation while 

mainatiningg spinal cord blood flow. 

Inn conclusion, selective segmental artery perfusion with specially designed tapered catheters 

wass effective in preventing paraplegia after 60 minutes of aortic crossdamping in pigs. 

Usingg this new adjunct in combination with tc-MEPs, we demonstrated that spinal cord 

ischemiaa during aortic cross-damping could be reduced to minutes. 
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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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Abstract Abstract 

Objective ::  To compare transcranial motor evoked potentials (tc-MEPs) and somatosensory evoked 

potentialss (SSEPs) as indicators of spinal cord function during thoracoabdominal aortic 

aneurysmm repair. 

Summar yy backgroun d data : 
Somatosensoryy evoked potentials reflect conduction in dorsal columns. Tc-MEPs 

representt anterior horn motor neuron function. This is the first study to compare the 

techniquess directly during thoracoabdominal aortic aneurysm repair. 

Methods ::  In 38 patients, thoracoabdominal aortic aneurysm repair (type I: n = 10, type II: n= 14, 

typee III: n = 6, type IV: n = 8) was performed using left heart bypass and segmental 

arteryy reimplantation. Tc-MEP-amplitudes < 25% and SSEP-amplitudes < 50% and/or 

latenciess >110% were considered indicators of cord ischemia. The authors compared 

thee response of both methods to interventions and correlated the responses at the 

endd of surgery to neurologic outcome. 

Results ::  Ischemic tc-MEP changes occurred in 18/38 patients and could be restored by segmental 

arteryy reperfusion (n = 12) or by increasing blood pressure (n = 6). Significant SSEP-

changess accompanied these tc-MEP events in only 5/18 patients, with a delay of 2 to 

344 min. SSEPs recovered in only two patients. In another 11 patients, SSEP amplitudes 

felll progressively to <50% of control without parallel tc-MEP changes or association 

withh crossclamp events or pressure decreases. At the end of the procedure, tc-MEP 

amplitudess were 84  46% of control. In contrast, SSEP amplitudes were <50% of 

controll in 15 patients (39%). No paraplegia occurred. 

Conclusion ::  In all patients, tc-MEP events could be corrected by applying protective strategies. No 

patientt awoke paraplegic. SSEPs showed delayed ischemia detection and a high rate of 

falsee positive results. 
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Introduction Introduction 
Despitee the introduction of various strategies to protect the spinal cord during 

thoracoabdominall aortic aneurysm (TAAA) repair, paraplegia remains a distinct possibility. 

Itt would be advantageous if the adequacy of spinal cord blood flow could be measured 

continuouslyy during these procedures. This could help to assess the efficacy of retrograde 

aorticc perfusion; to identify segmental arteries, which are critical to the spinal cord blood 

supply;; and to confirm successful segmental artery reimplantation. Evoked potential 

monitoringg might offer such information.12 

Numerouss studies described the use of somatosensory evoked potentials (SSEPs) during 

TAAAA repair.3* Although SSEPs were claimed to be beneficial, SSEPs combined with 

retrogradee aortic perfusion did not improve neurologic outcome in a large prospective 

study.77 In addition, false-negative and false-positive results were reported. Indeed, SSEPs 

monitorr only dorsal column function. Myogenic motor evoked potentials to transcranial 

stimulationn (tc-MEPs) can monitor function of the ischemia-sensitive anterior horn motor 

neurons.. In a recent study, tc-MEPs were used to guide retrograde aortic perfusion and 

aggressivee segmental artery reimplantation in 52 patients with type I and II TAAAs, and no 

paraplegiaa occurred.2 

Untill now, a direct comparison between SSEPs and tc-MEPs has never been performed. In 

thiss prospective study, SSEPs and tc-MEPs were recorded simultaneously during TAAA 

surgery;; interventions were guided by tc-MEPs. We assessed the difference in response to 

perioperativee interventions between both modalities. 

PatientsPatients  and methods 
Patientss characteristics 

Thee preoperative patient characteristics are shown in Table 1. The Crawford classification 

waswas used to describe the extent of the aneurysm.8 Fourty-two consecutive patients were 

includedd in this study between February 1997 and July 1998. Two patients died during the 

procedure.. In 2 patients, no reproducible SSEPs could be recorded due to technical failure. 

Thee study population comprises 38 patients with complete intraoperative tc-MEP and SSEP 

dataa and evaluable postoperative neurologic function. Data from 20 of these patients were 

analyzedd in a previous report.2 

Tc-MEP-monitoringg technique 
AA transcranial electrical stimulator (Digitimer D 185 cortical stimulator, Welwyn Garden 

City,, UK) was used to evoke tc-MEPs. The stimuli were applied to the scalp with four adhesive 

Ag/Agg gel electrodes. The anode was placed at the vertex, and the cathode consisted of 
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Tablee 1 Patient characteristics 

Agee (median + range) 
Sexx ratio (Male/Female) 

Preoperativee variable 
Hypertension n 
Obstructivee pulmonary disease 
Coronaryy artery disease 
Diabetes s 
Renall impairment 
(creatininee > 100 mmol/L) 

Aneurysmm etiology and extent 
Degenerativee aortic disease 
Marfan'ss disease 
Postt type B dissection 

Typee I 
Typee II 
Typee III 
Typee IV 

62 2 
17/21 1 

No.. of patients 
28 8 
17 7 
8 8 
4 4 
7 7 

29 9 
1 1 
8 8 

10 0 
14 4 
6 6 
8 8 

(27-78) ) 

(%) ) 
(76%) ) 
(45%) ) 
(21%) ) 
(11%) ) 
(18%) ) 

(76%) ) 
(3%) ) 
(21%) ) 

(26%) ) 
(37%) ) 
(16%) ) 
(21%) ) 

threee interconnected cathodes placed behind the ears, over the mastoid bone, and on the 

forehead.. The stimulus consisted of a train of three to five pulses, with a 2.0-ms interstimulus 

interval.. Compound muscle action potentials were recorded from the skin over the anterior 

tibiall muscle and forearm muscles using gel Ag/AgCI electrodes. The signals were amplified 

5.0000 to 20.000 times (adjusted to obtain maximum vertical resolution) and filtered between 

300 and 1.500 Hz using a 3T PS-800 biologic amplifier (Twente Technology Transfer, Twente, 

Thee Netherlands). Data acquisition, processing and analysis were performed on a computer 

withh a AD-converter and software (LabVIEW, National Instruments, Austin, TX). The 

computerr displayed tc-MEP amplitude, proximal arterial pressure, distal arterial pressure, 

cerebrospinall fluid pressure and neuromuscular blockade level on-line during the procedure, 

allowingg visualization of all factors that might influence evoked potential interpretation. 

Thee supramaximal stimulus was assessed and tc-MEPs were recorded at a stimulus intensity 

off 10% above the level (typically 400 to 500 V) that produced maximal tc-MEP amplitudes. 

AA 25% intrapatient variation of tc-MEP amplitude was accepted as normal. Ischemic spinal 

cordd dysfunction was considered present when tc-MEP amplitude decreased progressively 

beloww approximately 25% of baseline. This criterion is based on the assumption that an 

amplitudee decrease <3 times the standard deviation should provide optimal detection of 

ischemiaa while limiting false positive rate; we previously observed a 26% within-patient 

variabilityy of the tc-MEP.1 

Ann intervention was considered successful (i.e. to have reestablished flow to the affected 
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spinall cord segment) when a recognizable, reproducible tc-MEP signal returned, with an 

amplitudee progressively increasing to values >25%. Tc-MEP responses of hand muscles 

weree used to recognize potential systemic or technical causes of the tc-MEP decrease. 

SSEPP monitoring technique 
Thee system used for tc-MEP monitoring was also used for the acquisition of SSEPs. Subdermal 

needlee electrodes were inserted 2 cm apart at right angles to the axis of the left and right 

posteriorr tibial nerves at the ankle. For each nerve, the motor threshold was determined. 

Thee posterior tibial nerves were stimulated bilaterally with constant current wave pulses of 

200200 msec duration at a frequency of 3.1 Hz {Digistim Neurotechnology, TX). During surgery, 

thee stimulus intensity was two times the motor threshold to ensure a maximal SSEP response 

{122 to 18 mA). Standard adhesive gel Ag/Ag electrodes were used for Fpz recordings, and 

Ag/Agg chloride cups were used for Cz' (2 cm behind Cz) recordings (international 10-20 

system).. A ground electrode was placed behind the right ear, over the mastoid bone. The 

recordedd signals were amplified and filtered between 5 and 250 Hz (-3 dB). The analysis 

timee was 160 ms.. The responses to 300 stimuli were averaged, and a moving average was 

constructedd every 100 sweeps to obtain one tc-MEP and one SSEP waveform every minute. 

High-voltagee artifacts weree rejected automatically by the computer, and during diathermy 

SSEPP acquisition was automatically halted. 

Thee computer displayed the SSEP waveforms in a trend plot, calculated SSEP-amplitudes 

andd latencies, and stored the waveforms on hard disc for future analysis. For each waveform, 

thee latency of P1 peaks, as well as the peak-to-peak amplitude for P1 andN1 was determined 

usingg on-screen cursors. Ischemic spinal cord dysfunction was defined as a SSEP-amplitude 

decreasee to <50% and/or latency increase >110% of baseline values.4 Recovery of the 

SSEPP responses was considered complete when a recognizable, reproducible signal returned, 

withh amplitude increasing to >50% and or a latency decrease <110%. 

Ann example of tc-MEP and SSEP responses is shown in Figure 1. 

Anestheticc technique 
Anesthesiaa was induced with etomidate 0.3 mg/kg and sufentanil 5 ng/kg and was 

maintainedd with sufentanil (4 ng/kg/hr) and ketamine (2 mg/kg/hr). Additional ketamine, 

500 mg intravenously, was given at signs of inadequate anesthesia. Muscle relaxation was 

inducedd and maintained with vecuronium, with a closed-loop vecuronium infusion to 

maintainn levels of neuromuscular blockade stable within a narrow range (75% to 90%). 

Thiss minimized the influence of fluctuations in relaxation level on the variability of the 

myogenicc tc-MEP signal.910 
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Somatosensoryy evoked potential Transcranial motor evoked potential 

Amplitudee  J \ I \ Amplitude 

Latencyy Latency 

Figuree 1. Examples of a somatosensory evoked potential (SSEP) and a transcranial motor evoked potential 
(tc-MEP).. SSEP latency (duration in ms from stimulation to the first positive peak (P1), and SSEP peak-to-
peakk amplitude (P1-N1 in uV). Tc-MEP latency (duration in ms from stimulation to the first progressive 
negativee deflection) and tc-MEP amplitude (peak-to-peak amplitude in u.V). 

Surgicall protocol 
Alll patients were operated according to a protocol previously described in detail.2 Patients 

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

maintainingg a CSF pressure <10 mm Hg by withdrawing cerebrospinal fluid when necessary. 

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

veinn and the femoral artery. Heparinization was limited (0.5 mg/kg). In eight patients, 

cardiopulmonaryy bypass, with or without deep hypothermia, was used because of 

involvementt of the aortic arch (n = 3), dissection (n = 1), or suspected prolongation of 

spinall cord ischemia (n = 4). Distal aortic perfusion was started before cross-clamping. The 

aimm was to maintain distal aortic pressure at 60 mmHg to ensure adequate perfusion of the 

viscerall organs and legs. Dacron grafts (Sulzer Vascutek, Inchinnan, Scotland) were 

anastomosedd using running Prolene sutures. The aorta was sequentially clamped and 

intercostall arteries reimplanted as described below. 

Inn type II, III and IV aneurysms, graft inclusion in the abdominal aorta was performed while 

thee celiac, superior mesenteric, and renal arteries were selectively perfused." Temperature 

wass allowed to decrease spontaneously, reaching rectal temperatures between C and 

CC during the cross-clamp period. 

Interventionss based on tc-MEP-changes 
Whenn aortic cross-clamping resulted in ischemic tc-MEP changes, attempts were first focused 

onn increasing the distal aortic flow and pressure as well as the proximal arterial pressure. 

Significantt back-bleeding from segmental arteries was managed by introducing 3F balloon 

occludingg catheters to reduce the stealing effect from the anterior spinal artery. 
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Whenn exclusion of an aortic segment resulted in ischemic tc-MEP changes, the intercostal 

orr lumbar arteries in that segment were considered critical to the spinal cord blood supply 

andd were immediately reattached and re-perfused. If the aortic wall was not strong enough, 

separatee Dacron grafts were selectively anastomosed to the segmental arteries, and while 

perfusionn was established by one of the perfusion catheters (side arm of the left heart 

bypass),, the grafts were connected to the tube graft. If tc-MEP changes indicated critical 

ischemiaa and no segmental arteries could be identified, endarterectomy of the aortic wall 

wass performed and selective grafts were anastomosed to patent segmental arteries. If no 

tc-MEPP changes were observed, segmental arteries were also reimplanted, but only when 

thiss was technically simple. SSEP changes with unaltered tc-MEP signals did not prompt 

interventions. . 

Afterr surgery, leg motor function was assessed by the attending intensivist. If a neurologic 

deficitt was suspected, an independent neurologist was consulted. 

Analysi ss  of tc-MEP and SSEP respons e pattern s 

Baselinee tc-MEP amplitude and latency and SSEP amplitude and latency were assessed by 

averagingg five consecutive responses before the placement of the first cross-clamp. All 

evokedd potential variables were expressed as percentages of this baseline value. Before 

labelingg an evoked potential event as potentially induced by spinal cord ischemia, systemic 

factorss such as systemic hypothermia, inadvertent increases in the level of neuromuscular 

blockade,, and peripheral ischemia of the legs were excluded. 

Thee temporal relation between particular perioperative events, such as placement of aortic 

clampss or sudden pressure decreases, and tc-MEP and SSEP data were analyzed. SSEP or 

tc-MEPP changes were linked to these events only when they occurred within 50 minutes of 

thee onset of the event.7 Finally, the responses of both techniques at the end of the procedure 

weree evaluated for their accuracy in predicting postoperative leg motor function. 

Presentatio nn off  data 
Alll data are expressed as mean  standard error of the mean, except for data that 

demonstratedd skewed distributions, which are shown as medians and range. 

Results Results 
Off the 38 analyzed patients, the in-hospital death rate was 8%. The cause of death in three 

patientss was a systemic inflammatory response syndrome, caused by pulmonary 

complications.. Major postoperative complications included pulmonary insufficiency in 20 
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patientss (53%), myocardial infarction in 1 (3%), dysrythmias in 12 patients (32%), and 

minorr stroke in 2 (5%). Two patients had from renal failure requiring temporary dialysis. 

Earlyy or late paraplegia did not occur in any patient. 

Baselinee tc-MEP amplitudes and latencies were 1447 pV (216 to 3684) and 32 ms (21 to 

39),, respectively. Baseline SSEP amplitudes and latencies were 1.9 u,V (0.4 to 11.2) and 46 

mss (38 to 58), respectively. 

Eighteenn segmental arteries were reimplanted in 6 type I TAAAs, 89 in 14 type II TAAAs, 

199 in 6 type III TAAAs, 13 in 6 type IV TAAAs. In the remaining six patients (four type I and 

twoo type IV aneurysms), no segmental arteries were reimplanted and no tc-MEP changes 

occurred.. Tc-MEP amplitudes were 96  28% of baseline at the end of the procedure in 

thesee six patients. 

Tablee 2. Tc-MEP events and accompanying SSEP changes in 18 patients. 

Pt.. TAA Cause of Detection Ischemia Lowest Intervention Tc-MEP 
typee tc-MEP with duration Amp that caused recovery 

eventt tc-MEPs (min) (%) tc-MEP time (min) 
(min)) return 

1 1 
2 2 

3 3 

4 4 

5 5 

6 6 

7 7 
8 8 
9 9 

10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 
17 7 
18 8 

2 2 
4 4 

1 1 

4 4 

3 3 

2 2 

2 2 
4 4 
4 4 
1 1 
1 1 
2 2 
1 1 
4 4 
1 1 
2 2 
1 1 
2 2 

DMAPP < 40 
PMAPP < 40 

AXCC T6-L1 
++ PMAP < 40 
AXCT10-L44 + 
DMAP<< 80 
AXCT11-L44 + 
PMAPP < 60 
AXCC L1-bif 
++ DMAP< 40 

AXCC T7-L1 
AXCC T11-L4 
AXCT11-L4 4 
AXCT6-T12 2 
AXCT6-T12 2 
AXCT12-L4 4 
AXCT6-T12 2 
AXCT11-L4 4 
AXCC T6-L1 
AXCT6-T10 0 
AXCC T8-L1 
AXCC T5 2x 

3 3 
10 0 

5 5 
3 3 

5 5 

12 2 

6 6 
8 8 
7 7 

13 3 
8 8 
5 5 

30 0 
28 8 
26 6 
14 4 
11 1 

2/2 2 

10 0 
7 7 

6 6 
12 2 

5 5 

15 5 

19 9 
53 3 
49 9 
49 9 

8 8 
56 6 
39 9 
38 8 
26 6 
60 0 
32 2 

4/9 9 

8 8 
34 4 

26 6 
27 7 

50 0 

17 7 

5 5 
3 3 
0 0 
0 0 

22 2 
3 3 

17 7 
18 8 
43 3 
32 2 
4 4 

0/0 0 

PMAPP > 60 
PMAPP > 60 

PMAPP > 80 
PMAPP > 110 

PMAPP > 70 

DMAPP > 60 

SAL1 1 
SAT11 1 
SAT11 1 
SAT10 0 
SAT88 + 9 
SAT122 + L3 
SAT77 + 8 
SAT122 + L1 
SAT77 + 10 
SAA T6 + 7 
SAT11 1 
Clampp off 

1 1 
10 0 

1 1 
1 1 

2 2 

12 2 

39 9 
30 0 
18 8 
18 8 
10 0 
28 8 

4 4 
7 7 
2 2 

45 5 
1 1 

15/26 6 

Tablee 2. Tc-MEP events and accompanying SSEP changes in 18 patients. Abbreviations; TAA = 
thoracoabdominall aneurysm, DMAP = distal arterial pressure, PMAP = proximal arterial pressure, AXC 
== aortic crossclamping, SA = segmental artery reattached, T = thoracic level, L »lumbar level. Ischemia 

130 0 



Comparisonn of transcranial motor-evoked potentials and somatosensory-evoked potentials 

Tc-MEPP and accompanyin g SSEP event s 

Nineteenn tc-MEP amplitude decreases occurred in 18 patients (Table 2). Two tc-MEP events 

weree caused by isolated proximal or distal arterial pressure decreases <40 mm Hg (pat 1 

andd 2). After restoring the arterial pressure to >60 mm Hg, tc-MEPs recovered rapidly in 

bothh patients. In only one patient was the tc-MEP event accompanied by a SSEP decrease 

andd recovery, but wi th a delay of 9 minutes. Thereafter, SSEP amplitudes progressively 

decreasedd <50% for the rest of the surgical procedure. 

Anotherr four tc-MEP events (patients 3 through 6) occurred when the arterial pressure 

decreasedd during the exclusion of an aortic segment. In these patients, an arterial pressure 

correctionn was sufficient to restore the tc-MEP responses. The SSEP amplitudes decreased 

too <50% in only one of these patients, but with a delay of 9 minutes. The SSEP responses 

Amp p 
recovery y 

(%) ) 

SSEP--

amp p 
event t 

Delay y 
(min) ) 

Delay y 
recovery y 
(min) ) 

Recovery y 

(%> > 
SSEP--
lat t 
event t 

Delay y 
(min) ) 

Delay y 
Recovery y 
(min) ) 

148 8 
70 0 

91 1 

73 3 
98 8 58 8 

94 4 

42 2 

59 9 
86 6 
77 7 
94 4 
42 2 
59 9 
72 2 
88 8 
96 6 
54 4 
75 5 
84 4 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
1 1 

0/1 1 
10 0 
2 2 20 0 

11 1 
68 8 

34 4 62 2 

detectionn time, recovery time and the SSEP delay in relation to the tc-MEP detection time is presented in 
minutes.. Tc-MEP and SSEP amplitudes are presented in percentages (%) of baseline values. 
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recoveredd 5 minutes after the tc-MEP recovery, but again decreased <50% later in the 

procedure.. Segmental arteries were reimplanted in all four patients. 

Thirteenn tc-MEP events (patients 7 through 18) were the result of aortic cross-damping 

causingg exclusion of an aortic segment. In 11 of these 13 events, tc-MEP recovery followed 

reperfusionn of the reattached segmental arteries. The two remaining events occurred in 

onee patient (patient 18). The aorta was cross-clamped twice to revise the proximal 

anastomosis.. Distal aortic perfusion was no longer present, and both brief clamping episodes 

resultedd in immediate tc-MEP loss. The tc-MEPs changes were accompanied by SSEP 

amplitudee decreases to <50% in only two patients (patients 17 and 18). In one, SSEP 

amplitudess decreased to <50%, 10 minutes after tc-MEPs had decreased to <25%, but the 

SSEPP responses did not recover after reperfusion. In the other patient, in whom the proximal 

anastomosiss was revised, SSEP amplitudes decreased to <50% only after the second clamping 

episode,, and 2 min later than the tc-MEP decrease. Recovery of the SSEP responses occurred 

200 minutes later than the tc-MEP recovery. In patient 10, only SSEP latency changes 

accompaniedd the tc-MEP decrease, but with a delay of 34 minutes. Recovery of the tc-MEP 

responsess was followed by the return to normal of SSEP-latency, with a delay of 62 minutes. 

Tc-MEPss decreased to <25% in a median of 8 minutes (range 2 to 30) after the placement 

off the aortic clamps. Reperfusion of the segmental arteries occurred within 38 minutes 

(rangee 4 to 60), after which tc-MEPs recovered to >25% of control within 18 minutes 

(rangee 1 to 45). The duration of tc-MEP recovery showed a trend to inverse correlation 

withh the time to detect ischemia - that is, when an amplitude decrease rapidly followed 

aorticc clamping, recovery was prolonged. In contrast, when the decrease was gradual, 

recoveryy followed immediately (r = - 0.5, CI - 0.8 to 0.05, p = 0.07). 

Ass shown in Table 2, interventions aimed at improving spinal cord perfusion were performed 

inn six patients in whom the tc-MEP decrease did not reach the 25% criterion (patients 

2,3,4,5,15,, and 16). In four of these patients, perioperative interpretation of the raw tc-

MEPP amplitudes suggested a decrease of approximately 25%, but analysis of the tc-MEP 

amplitudess as a percentage of control revealed that amplitudes decreased only to 26% to 

34%.. In the two other patients, in whom the decrease reached 50% and 43%, the 

progressivee decrease was followed by successful corrections of the spinal cord perfusion 

beforee the 25% level was reached. In these six patients, the recovery time was calculated as 

thee time in which, after reperfusion, reproducible and progressively increasing responses 

increasedd to >50% of control. 

Att the end of the procedure, tc-MEP-amplitudes were >25% of control in all patients, with 

amplitudess of 84  46%. In the patients in whom a tc-MEP event occurred, amplitudes 

recoveredd to 91  72%. 

Significantt tc-MEP latency changes occurred as rapidly as tc-MEP amplitude changes (p = 
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0.4).. Tc-MEP latencies were 97 + 5% at the end of the procedure for the entire group and 

977  6% for the group with tc-MEP events. In the four patients in whom SSEP amplitudes 

decreasedd to <50% (patients 1,4,17, and 18), a simultaneous SSEP latency increase to 

>110%% occurred in only one patient. After reperfusion, SSEP latency recovered within 1 

minutee in this patient, but SSEP amplitudes did not exceed 11 % for the remaining time. 

SSEPP events not associated with tc-MEP events. 
Inn 13 patients, 13 SSEP events occurred that were not associated with ischemic tc-MEP 

changes.. Two of these events occurred in patients who also had tc-MEP events (and/or 

SSEPP events), but during different episodes of the procedure. In one patient, a sudden 

distall arterial pressure decrease accounted for the SSEP-amplitude decreases, with a detection 

delayy of 5 minutes. Pressure correction did not result in recovery of the responses, and 

SSEPP amplitude was 31 % at the end of surgery. Another patient showed SSEP changes 13 

minutess after correction of a pressure decrease to <40 mm Hg lasting 7 minutes. SSEPs 

AXCT8-T12 2 T7-T88 reperfused 

n: : 
E E 
E E 

800 100 

Timee (min) 

111 o% 

25% % 

110% % 

50% % 

120 0 140 0 

Figuree 2. Tc-MEP and SSEP recordings during the repair of a type I thoracoabdominal aortic aneurysm. 
Thee significant tc-MEP amplitude and latency changes after thoracic cross-clamping were not accompanied 
byy significant SSEP changes. Thereafter, SSEP-amplitude decreased gradually to values below 50%, whereas 
tc-MEPss recovered to values within the normal range after reperfusion. Arterial pressures were stable 
duringg the procedure and the patient awoke with normal neurologic function. 
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recoveredd completely in this patient. The remaining 11 patients showed SSEP changes that 

couldd not be associated with cross-damp or pressure events, but a progressive SSEP amplitude 

decreasee to <50% was observed during the procedure. SSEP latency changes did not 

accompanyy these amplitude changes. At the end of the procedure, 15 patients 

demonstratedd SSEP amplitudes <50% of control, with an average value of 28  10%. 

Figuree 2 shows tc-MEP and SSEP changes during the procedure in one patient who 

underwentt a repair of a type I TAAA. The significant tc-MEP changes after aortic 

crossclampingg were not accompanied by significant SSEP changes, but a gradual and 

progressivee SSEP amplitude decrease to <50% was observed after the cross-clamping 

episode,, without a temporal relation with aortic cross-clamping or pressure events. 

Evokedd potential events not related to spinal cord ischemia 
Inn 14 patients, 18 transient events occurred in which a significant evoked potential change 

couldd be credited to peripheral ischemia, increases in the level of neuromuscular blockade, 

orr systemic hypothermia. 

Inn the five patients in whom peripheral ischemia occurred, a unilateral tc-MEP amplitude 

decreasee was observed, accompanied by a latency increase to >110%. This resulted in a 

25%% tc-MEP amplitude decrease within 38  5 minutes and a unilateral disappearance 

withinn 62 + 9 minutes after the initiation of extracorporeal circulation. When unilateral tc-

MEPss disappeared as a result of peripheral ischemia, the combined SSEP amplitude showed 

ann average reduction to 45 + 6 %. 

Temporaryy increases in the level of neuromuscular blockade occurred in two patients despite 

thee closed-loop system. In both patients, intravenous magnesium had been administered 

too decrease cardiac hyperexcitation. The levels of neuromuscular blockade increased from 

75%% to 98% and from 75% to 97%, respectively. Bilateral tc-MEP amplitudes decreased 

too 13% and 11% within 25 and 22 minutes, respectively. Tc-MEP latencies did not change 

duringg these events. 

Temporaryy systemic hypothermia caused significant evoked potential changes in nine 

patients.. In three patients, SSEP latencies increased to >110%. In four patients, both tc-

MEPP and SSEP latencies significantly increased, with systemic temperatures varying from 

26  to . In two patients, transient tc-MEP and SSEP disappearance occurred as a 

resultt of transient deep systemic hypothermia (19.5  and C ). 

Predictionn of postoperative neurologic function 
Nonee of the 38 patients had paraplegia after the procedure. In all patients, tc-MEPs exceeded 

thee 25% criterion and predicted leg motor f unction correctly. SSEPs, however, demonstrated 

ischemicc values at the end of the procedure in 15 patients (39%). 
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Discussion Discussion 
Inn this clinical study, tc-MEPs were used to guide the surgical repair of TAAAs, and no 

neurologicc deficit occurred. Intact tc-MEPs were present at the end of the procedure in all 

patients.. SSEPs, however, showed false-positive results in 39% of the patients. In addition, 

significantt tc-MEP changes, caused by either aortic cross-clamping or blood pressure 

decreases,, were accompanied by SSEP changes in only 22% of the patients. 

Thiss is the first clinical study comparing tc-MEPs with SSEPs for spinal cord function 

monitoringg during TAAA repairs. Since both were recorded concurrently, we had the 

opportunityy to compare evoked potential changes in response to intraoperative events, 

suchh as sequential cross-damping and blood pressure changes. The majority of events that 

producedd spinal cord ischemia, as evidenced by a significant tc-MEP amplitude decrease, 

couldd be detected and successfully corrected before any SSEP abnormality occurred. This 

suggestss that SSEPs offer little additional benefit to tc-MEP monitoring. 

However,, the design of this clinical study has several limitations. Since we did not have an 

independentt measure of spinal cord blood flow and surgical decisions were based on tc-

MEPs,, a possibility exists that several tc-MEP events might have been false-positives. This issue 

cann be resolved only in a controlled experimental setup in which a spinal cord segment is 

madee ischemic. Nonetheless, we suspect that few episodes were indeed false positives, because 

tc-MEPss recovered promptly in all patients after either blood pressure increases or segmental 

arteryy reimplantation. Further, this rapid response is in agreement with other experimental 

reports,, in which tc-MEPs disappeared rapidly after the onset of spinal cord ischemia.1214 

Inn some patients, the tc-MEP amplitude decrease was more gradual. In these patients, 

restorationn of spinal cord blood flow resulted in immediate recovery of the signals. In 

contrast,, those patients in whom tc-MEPs disappeared rapidly, tc-MEP recovery was delayed. 

Onee possible explanation for these observations is that during TAAA repair, some 

manipulationss produce a state of "borderline" spinal cord perfusion, sufficient to decrease 

transmissionn in the motor pathways but compatible with neuronal survival. Conversely, the 

rapidd loss of tc-MEP signals might reflect complete interruption of blood flow, representing 

aa higher risk for neuronal injury. This hypothesis is further supported by the observation that 

tc-MEPP recovery seemed delayed when the signal was lost abruptly. We conclude that the 

tc-MEPP amplitude changes apparently reflected the adequacy of spinal cord blood flow 

accurately.. This is in accordance with an experimental study in which the reduction of spinal 

cordd blood flow correlated with motor evoked potential amplitudes.13 

Inn the present study we could not find a consistent relation between SSEPs and intraoperative 

interventions.. When SSEP changes accompanied tc-MEP changes, they always occurred 

withh a delay. The difference in response time between tc-MEPs and SSEPs to spinal cord 

ischemiaa can be explained physiologically. Axonal conduction of SSEP responses in the 
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dorsall columns is thought to be accomplished in a non-synaptic fashion and requires little 

energyy expenditure. Consequently, this relative resistance to ischemia could explain the 

delayedd 5SEP response.1^17 In addition, aortic clamping results in an interruption of flow in 

thee anterior spinal artery, which could result in selective anterior horn damage. In a large 

prospectivee study, Crawford et al observed ischemia detection times of up to 54 minutes 

withh SSEP and adequate distal aortic perfusion, which precluded timely localization of critical 

segmentall arteries.7 In our study, the majority of tc-MEP events had recovered as a result of 

correctivee interventions before SSEP abnormalities were detected. Although the average 

durationn of aortic cross-clamping or blood pressure decreases was 38 minutes, in 78% of 

thee patients SSEPs were still normal at the end of the ischemic episode. These observations 

suggestt a high false-negative rate of SSEP monitoring during TAAA surgery. 

False-positivee SSEPs were present in 39% of the patients at the end of the procedure. In 

manyy of these patients, a gradual decrease in SSEP amplitude occurred during the surgical 

procedure,, without a temporal relation to pressure or cross-clamping events. This "fade-

outt phenomenon" was previously described by Cunningham et a!.4 They attributed this 

sloww but progressive decrease to inadequate distal aortic perfusion, but this was not the 

casee in our patients. There is no physiologic explanation for this observation, although it 

mightt be the result of physiological adaptation to the repetitive 3.1 Hz stimulation for a 

prolongedd period. 

Inn conclusion, tc-MEPs accurately guided the management of spinal cord protective strategies 

duringg TAAA surgery, and no paraplegia occurred. Concurrent SSEP monitoring did not 

offerr additional benefit due to the delayed responses to ischemia and a high incidence of 

false-positivee results. 
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Generall discussion and concluding remarks 

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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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 





9 9 
Summaryy & Nederlandse samenvatting 





Summaryy & Nederlandse samenvatting 

Summary Summary 
Thee incidence of paraplegia and paraparesis after resection of thoracoabdominal aortic 

aneurysmss (TAAA) has decreased over the past forty years. Where neurologic deficit rates 

exceedingg 20% were reported in the 80's, the risk of neurologic injury has decreased to 8-

10%,, even when procedures are performed by the most experienced surgeons and 

employedd with all apparent protective strategies. 

Thee causing factor of spinal cord injury after TAAA repair is the transient interruption of the 

spinall cord blood flow, caused by aortic cross-damping. Cross-clamp duration remains the 

mostt important variable associated with neurologic deficit. Strategies to protect the spinal 

cordd aim to reduce the severity or duration of ischemia, or try to decrease the damaging 

effectt of ischemia on spinal cord neurons. 

Spinall cord function monitoring with evoked potentials can offer valuable on-line information 

concerningg spinal cord neuron function during TAAA repair. When a monitoring modality 

iss effective and reliable in rapidly detecting spinal cord ischemia, and thereby allows 

applicationn of protective interventions before irreversible motor neuron damage has 

occurred,, neurologic deficits can be prevented. Transcranial myogenic motor evoked 

potentialss (tc-MEPs) seem to meet these requirements. 

Thee present thesis described the application of various protective techniques for the spinal 

cordd in the context of TAAA repair. Tc-MEPs were used to guide these strategies and to 

studyy the effect of various protective adjuncts on spinal cord function. 

Inn chapte r 1 , the strategies that aim to prevent spinal cord damage during TAAA repair are 

discussed.. The prevention of irreversible spinal cord damage during TAAA repair focuses 

onn restoration of the spinal cord blood supply. The spinal cord blood supply is highly variable, 

andd aortic disease further hampers localization of feeding arteries during the repair. To 

date,, preoperative identification of these arteries with techniques, such as selective 

angiography,, has been limited by inaccuracy and complications. Reimplantation of 

segmentall arteries increases the aortic cross-clamping duration. In order to provide sufficient 

spinall cord blood flow during this critical period of the aneurysm replacement, distal aortic 

perfusionn techniques, in combination with sequential clamping and cerebrospinal fluid 

drainagee can be applied. The beneficial effect of these measures are, however, limited, 

whenn the critical spinal cord feeders are located within the cross-damped segment of the 

aorta.. The spinal cord tolerance for ischemia can be effectively increased with induced 

hypothermia,, irrespective of the method of application. Monitoring the spinal cord functional 

statuss with somatosensory evoked potentials does not supply information about the ischemia 

sensitivee anterior horn neurons, and does not represent anterior spinal artery flow. During 

TAAAA surgery, myogenic motor evoked potentials after transcranial stimulation meet these 
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functionall and anatomical requirements. 

Systemicc hypothermia is a powerful tool too increase the spinal cord tolerance for transient 

ischemia,, caused by aortic clamping. Regional cooling of the spinal cord has the potential 

too achieve similar spinal cord protection but avoids systemic complications, such as 

coagulopathy,, cardiac arrhythmia's and an increased infection rate. When regional spinal 

cordd cooling is applied during TAAA repair, it is questionable whether spinal cord function 

monitoringg techniques such as tc-MEPs remain reliable. In Chapte r 2, the influence of 

regionall spinal cord hypothermia on the reliability of tc-MEP measurements was assessed 

inn pigs. The aim was to answer two different questions; a) is detection of spinal cord ischemia 

withh tc-MEPs as rapid at moderate hypothermia ) as it is at normothermia, and b) 

inn what way are tc-MEP responses influenced by progressive regional spinal cord 

hypothermia.. It was demonstrated in a model of spinal cord ischemia that ischemia detection 

withh tc-MEPs at moderate spinal cord hypothermia was not affected. Clamping critical spinal 

cordd feeding arteries resulted in a tc-MEP disappearance within 4 minutes at both 

temperatures.. The progressive CSF-temperature decrease resulted in significant tc-MEP 

changess below CSF-temperatures of . These results imply that deep regional hypothermia 

changess tc-MEP responses in such a manner that spinal cord monitoring is possibly unreliable 

att these CSF-temperatures. When hypothermia is applied at temperatures of , however, 

thee data suggests that tc-MEP monitoring remains reliable in detecting spinal cord ischemia 

duringg TAAA repair. 

Inn order to increase the spinal cord tolerance for transient ischemia, infusion of a cold liquid 

intoo the epidural or subdural space can provide the means for regional spinal cord 

hypothermia.. Both methods, however, induce an increase in cerebrospinal fluid pressure 

{CSF-pressure),, which can impair the spinal cord perfusion pressure. In chapte r 3 we 

investigatedd in pigs which of both methods is most effective in achieving clinically relevant 

spinall cord hypothermia. In addition, the influence of concomitant, and potentially 

hazardouss CSF-pressure increases on spinal cord motor neuron function was assessed with 

tc-MEPs.. Infusion of cold saline ) into the two different perispinal spaces at the L4 and 

T155 level was performed at increasing infusion rates and CSF-temperatures were measured 

alongg the spinal cord. CSF-temperatures decreased from C to C with increasing 

infusionn rates, but increasing CSF-temperature gradients were observed between the infusion 

locationn and distant segments. Subdural cooling resulted in lower CSF-temperatures, but 

thiss difference was not clinically relevant. Baseline CSF-pressures {6 mmHg) increased to 

valuess above 50 mmHg along the entire spinal cord with increasing infusion rates. These 

CSF-pressuree increasess resulted in spinal cord perfusion pressure decreases of such magnitude 
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thatt tc-MEPs were abolished in 6 animals, indicating spinal cord ischemia. In conclusion, 

subdurall cooling results in lower CSF-temperatures than epidural cooling. However, the 

concurrentt pressure increases are uniformly distributed along the spinal cord and can result 

inn spinal cord ischemia at distant segments of the cord. 

Aorticc cross-clamping during TAAA surgery results in an interruption of blood flow through 

thee spinal cord feeding arteries in the cross-clamped aortic segment. Optimization of spinal 

cordd blood flow can be provided with distal aortic perfusion. In this way, the segmental 

arteriess in the undamped aortic segment can be perfused. However, when critical feeding 

arteriess are located within the cross-clamped segment, no benefit can be expected from a 

bypasss technique. In this specific situation, it would be advantageous to selectively perfuse 

thesee critical segmental arteries during reanastomosis. In chapte r 4, we investigated whether 

selectivee perfusion of critical segmental arteries is feasible. The 2 mm diameter of segmental 

arteryy ostia dictated the use of a small catheter diameter. However, obtaining sufficient 

floww through commercially available perfusion catheters would have resulted in unacceptable 

highh perfusion pressures. Therefore, we developed tapered perfusion catheters which 

allowedd high flow at low perfusion pressures. In 10 pigs, the aortic segment containing 

criticall segmental arteries was cross-clamped, and bypassed with an extracorporeal bypass 

systemm to which the perfusion catheters were connected. Tc-MEPs were assessed to evaluate 

thee influence of selective segmental artery perfusion on spinal cord motor neuron function. 

Whenn aortic cross-clamping resulted in disappearance of tc-MEP responses, indicating 

ischemiaa of the cord, critical segmental arteries were selectively perfused and it was assessed 

whetherr this technique could reverse tc-MEP evidence of spinal cord ischemia. In all 

experimentall animals, tc-MEPs recovered and neurophysiologic function could be preserved 

duringg the entire 60 minute study period. The results of this experiment suggested that 

selectivee spinal cord perfusion could preserve motor neuron integrity during a prolonged 

periodd of aortic cross-clamping. 

Inn chapte r 5, we used a similar spinal cord ischemia model in 10 pigs to test whether 

selectivee segmental artery perfusion could indeed prevent paraplegia. In all animals the 

abdominall aorta was cross-clamped and bypassed for 60 minutes to induce spinal cord 

ischemia,, as indicated by tc-MEP loss. In 5 animals, the segmental arteries were blocked 

withh balloon catheters only, and no selective perfusion was performed. In the remaining 5 

animals,, selective perfusion of the lumbar arteries was performed. On the third postoperative 

day,, the neurologic status of all animals was assessed, after which the animals were sacrificed 

andd spinal cords were harvested for histopathologic evaluation. Tc-MEPs remained absent 

throughoutt the 60 minute study period in the non-perfused animals, but recovered in all 
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perfusedd animals. All perfused animals demonstrated normal hind limb function whereas 

alll but one of the non-perfused animals suffered from paraplegia. Histopathologic evaluation 

off the spinal cords confirmed these observations. In pigs, selective segmental artery perfusion 

preventedd paraplegia resulting from aortic cross-clamping. If applicable in humans, this 

techniquee could possibly reduce the neurologic deficit rate by limiting the ischemia duration 

too minutes during the cross-clamping period. 

Inn the study described in chapte r 6, tc-MEPs were monitored during TAAA repair to assess 

spinall cord ischemia and evaluate the subsequent protective strategies to prevent neurologic 

deficit.. Fifty-two consecutive patients with high risk TAAA (type I n=24 and type II n=28) 

weree operated. The surgical protocol included left heart bypass, cerebrospinal fluid drainage 

andd segmental artery reimplantation, guided by tc-MEPs. When spinal cord ischemia was 

detected,, distal aortic pressure and mean arterial pressure were first increased. Then, by 

meanss of sequential crossclamping, tc-MEPs were used to identify critical intercostal or 

lumbarr arteries. Reproducible MEPs could be recorded in all patients and spinal cord ischemia 

wass detected within minutes. Inadequate distal aortic pressure was identified with tc-MEPs 

inn 27% of the patients, which could be corrected by increasing distal aortic pressure. In 

46%% of the patients, tc-MEP evidence of spinal cord ischemia dictated reattachment of 

segmentall arteries. Reperfusion of these segmental arteries was followed by a tc-MEP 

recoveryy in this subgroup of patients. Interestingly, in 9 patients (17%) tc-MEPs disappeared 

completelyy but no intercostal arteries were found. Following aortic endarterectomy, selective 

dacronn grafts were anastomosed to segmental arteries and tc-MEPs returned after 

reperfusion.. Using this aggressive surgical approach based on tc-MEPs no early or late 

paraplegiaa occurred in this series of high risk TAAA patients. 

Spinall cord function monitoring during TAAA repair can be performed with somatosensory 

evokedd potentials (SSEPs) and tc-MEPs. SSEPs reflect signal transduction in the spinal cord 

dorsall columns, while tc-MEPs specifically represent function of the ischemia sensitive anterior 

hornn motor neurons. Numerous studies described the beneficial use of SSEPs during TAAA 

repair,, but false negative and false positive results were reported on many occasions. In 

chapte rr  7, the first study is described which compares spinal cord function monitoring 

usingg both techniques simultaneously during TAAA repair in 38 patients. Application of 

protectivee strategies was based on tc-MEPs changes. The response of both methods to 

interventionss was evaluated and the responses at the end of the operation were compared 

withh neurologic outcome. All ischemic tc-MEP changes could be restored with segmental 

arteryy reattachment or blood pressure increases (n=18). Accompanying SSEP-changes were 

onlyy present in a minority of these patients (n=5), and with a significant delay. Furthermore, 
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SSEPss demonstrated unexplainable changes in 11 patients. At the end of the procedure, 

tc-MEPss were restored in all patients and no paraplegia occurred. In contrast, SSEPs 

suggestedd paraplegia in 15 patients. The study demonstrated that tc-MEP events could be 

correctedd in all patients and no patient awoke paraplegic. SSEPs offered no additional 

benefitt because of delayed ischemia detection, and high false positive results. 

Thee studies in this thesis demonstrate that transcranial myogenic motor evoked potentials 

providee reliable information about the spinal cord functional status in the context of TAAA 

repair.. When clinically applied, this technique offers accurate spinal cord ischemia detection 

andd allows the guidance of protective strategies, which can help to prevent neurologic 

deficit.. There seems no indication for monitoring somatosensory evoked potentials when 

transcraniall motor evoked potentials are available. The experimental studies suggest that 

regionall spinal cord cooling should only be considered as a neuroprotective adjunct when 

concomitant,, and potentially detrimental cerebrospinal fluid increases can be prevented. 

Selectivee segmental artery perfusion has the potential to provide sufficient spinal cord blood 

floww during TAAA repair when critical feeding arteries are situated within the cross-damped 

aorticc segment. 
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NederlandseNederlandse  Samenvatting 
Eenn aneurysma van de thoracoabdominale aorta (TAAA) is een potentieel levensbedreigende 

aandoening.. De enige therapie die een verbeterde prognose biedt is een operatie, waarbij 

hett zieke deel van de aorta wordt vervangen door een vaatprothese. Een gevreesde 

complicatiee van deze operatie is paraplegie (dwarslaesie). De incidentie van paraplegie na 

resectiee van een TAAA is de laatste 40 jaar duidelijk gedaald, en bedraagt niet meer 20% 

zoalss voorheen vaak gerapporteerd. Wanneer de operatie wordt uitgevoerd in een ervaren 

centrumm en alle beschikbare technieken worden ingezet om het ruggemerg te beschermen 

iss de kans op deze complicatie 8-10%. 

Dee oorzaak van irreversibele schade aan het ruggemerg na TAAA resectie is de tijdelijke 

onderbrekingg van de bloedstroom naar het ruggemerg (ischemie). Teneinde een 

vaatprothesee in te hechten wordt de aorta onder en boven het aneurysma afgeklemd, en 

zoo ook de bloedtoevoer naar het ruggemerg onderbroken. De duur van de klemperiode is 

dee belangrijkste variabele geassocieerd met de kans op paraplegie. Er zijn legio technieken 

voorhandenn die ernaar streven de ernst en/of de duur van de ischemie te reduceren, of het 

schadelijkee effect van ischemie op de neuronen proberen te beperken. 

Tijdenss TAAA chirurgie kan het meten van "evoked potentials" waardevolle informatie 

biedenn betreffende de ruggemergfunctie. Wanneer een meetmethode effectief en 

betrouwbaarr is in het snel detecteren van ischemie, kan paraplegie voorkomen worden, 

aangezienn beschermende strategieën kunnen worden toegepast en bijgesteld voordat 

irreversibelee schade aan het ruggemerg optreedt. Myogene motor evoked potentials na 

transcraniëlee stimulatie (tc-MEPs) voldoen aan deze vereisten. 

Inn dit proefschrift worden enkele technieken beschreven die het ruggemerg kunnen 

beschermenn tijdens TAAA chirurgie. Het sturen van deze beschermende technieken met 

behulpp van tc-MEPs staat hierbij centraal. 

Systemischee hypothermie is een krachtige methode om de tolerantie van het ruggemerg 

voorr ischemia te vergroten. Regionale koeling van het ruggemerg bezit dezelfde 

beschermendee kwaliteiten, maar vermijdt tegelijkertijd systemische complicaties zoals 

coagulopathie,, cardiale arrithmieën en een verhoogde kans op infecties. Wanneer regionale 

hypothermiehypothermie van het ruggemerg wordt toegepast tijdens TAAA chirurgie is het onduidelijk 

off een techniek die peroperatief de ruggemergfunctie kan meten, zoals tc-MEPs, nog 

betrouwbaarr is. 

Inn hoofdstu k 2 werd de invloed van regionale hypothermie van het ruggemerg op de 

betrouwbaarheidd van tc-MEPs onderzocht in varkens. Infusie van koude vloeistof (48C) in 

dee subdurale ruimte werd hiervoor toegepast. Het doel was het beantwoorden van de 

tweee volgende vragen; a) is de detectie van ruggemergischemie bij milde hypothermie 
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vergelijkbaarr met die bij normothermie, en b) hoe worden tc-MEP signalen beïnvloed door 

progressievee regionale hypothermie. In een ruggemergischemie model in het varken werd 

aangetoondd dat de betrouwbaarheid van tc-MEPs niet aangetast werd bij hypothermie van 

28aC.. Het afklemmen van kritieke segmentale arteriën werd binnen 4 minuten aangetoond 

bijj onder beide condities. Het progressief koelen van het ruggemerg toonde aan dat tc-MEP 

signalenn significant veranderden bij temperaturen onderde 25QC. De resultaten impliceerden 

datt ischemiedetectie met behulp van tc-MEPs betrouwbaar is bij milde hypothermie, maar 

datt diepere koeling de meettechniek waarschijnlijk onbetrouwbaar maakt. 

Regionalee hypothermie kan worden geïnduceerd op twee verschillende locaties; epiduraal 

enn subduraal. Het is niet bekend welke methode effectiever is in het verlagen van de liquor 

temperatuur.. Er zijn eveneens aanwijzingen dat infusie van (koude) vloeistof in de perispinale 

ruimtess een cerebrospinale drukverhoging kan veroorzaken die de ruggemerg-doorbloeding 

kann belemmeren. In Hoofdstu k 3 werden beide vragen onderzocht in een varkensmodel. 

Infusiee van koude vloeistof ) in de epidurale en subdurale ruimte op het niveau van L4 

enn T15 werd toegepast met oplopende infusiesnelheden. De liquortemperatuur werd 

gemetenn op drie locaties langs het ruggemerg (L4, T15 en T7). Normotherme infusie werd 

toegepastt om de invloed van liqourdrukstijgingen, veroorzaakt door infusie, op de 

ruggemergfunctiee te bepalen met behulp van tc-MEPs. Tijdens progressieve hypotherme 

infusiee daalde de liquortemperatuur van C naar , maar een temperatuurgradient 

ontstondd tussen de infusielocatie en segmenten op afstand. Subdurale koeling was 

effectieverr in het verlagen van de liquortemperatuur, maar dit verschil was niet klinisch 

relevant.. De liquordruk steeg bij toename van de infusiesnelheid, van de uitgangswaarde 

(66 mmHg) tot boven de 50 mmHg. Deze waarden werden gemeten over het gehele 

thoracolumbalee segment van het ruggemerg en verschilden niet belangrijk tussen epidurale 

enn subdurale koeling. De liquordrukstijgingen resulteerden in uitval van tc-MEPs in 6/8 

varkens,, een bewijs van ruggemergischemie. Concluderend, zowel epidurale als subdurale 

koelingg zijn effectief in het verlagen van de perispinale temperatuur. Desalniettemin 

veroorzakenn beide methoden liquordrukstijgingen die de ruggemergperfusie zo kunnen 

belemmeren,, dat ischemie kan ontstaan ter plaatse van de infusie, maar ook in de op 

afstandd gelegen segmenten. 

Teneindee een prothese in te hechten wordt de aorta afgeklemd tijdens TAAA chirurgie. 

Hierdoorr wordt de bloedtoevoer naar het ruggemerg tijdelijk onderbroken en kan ischemie 

ontstaan.. Distale of retrograde aortaperfusie kan de ruggemergdoorbloeding verbeteren 

doordatt segmentaalarteriën via deze techniek toch van bloed worden voorzien. Wanneer 

dee kritische segmentaalarteriën zich daarentegen in het afgeklemde aortasegment 
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bevinden,, biedt distale aortaperfusie geen bescherming. In theorie zou selectieve perfusie 

vann kritieke segmentaalarteriën tijdens het afklemmen van de aorta beschermend kunnen 

zijn.. In Hoofdstu k 4 werd onderzocht of selectieve perfusie van segmentaalarteriën mogelijk 

is.. Voor dit doel werden speciale perf usiekatheters ontwikkeld, die ondanks de tipdiameter 

vann 2 mm voldoende bloedstroom genereerden bij acceptabele perfusiedrukken. In 10 

varkenss werden de kritische segmentaalarteriën geïdentificeerd met behulp van tc-MEPs. 

Hett aortasegment dat deze arteriën bevatte werd afgeklemd, gebypassed met behulp van 

eenn extracorporeel systeem waarmee de katheters konden worden verbonden. Wanneer 

hett klemmen van de aorta resulteerde in tc-MEP uitval, indicatief voor ischemie van het 

ruggemerg,, werden de segmentaalarteriën gedurende 60 minuten selectief geperfundeerd. 

Onderzochtt werd of deze nieuwe techniek in staat was de ischemie op te heffen en de 

motorischee functie te handhaven gedurende de studieperiode. Tc-MEPs herstelden in alle 

dierenn en de neurofysiologische functie van het ruggemerg kon worden gehandhaafd 

gedurendee 60 minuten selectieve perfusie. De resultaten van dit onderzoek impliceerden 

datt selectieve perfusie van segmentaalarteriën de integriteit van het ruggemerg kan 

behoudenn tijdens een klinisch relevante klemperiode. 

Inn hoofdstu k 5 werd in een chronisch experiment onderzocht of selectieve perfusie van 

segmentaalarteriënn ook in staat was de neurologische functie van het ruggemerg te 

behouden.. Hiervoor werd een vergelijkbaar ischemiemodel gebruikt. In 10 varkens werd 

dee abdominale aorta afgeklemd en gebypassed gedurende 60 minuten, teneinde ischemie 

tee induceren. In 5 van deze 10 varkens werden de presenterende segmentaalarteriën 

alleenn geblokkeerd met ballonkatheters, en selectieve perfusie werd niet toegepast. In de 

anderee 5 dieren werden de segmentaalarteriën selectief geperfundeerd. Tc-MEPs werden 

gemetenn om ischemie aan te tonen als gevolg van het afklemmen van de aorta. Tijdens 

selectievee perfusie van de segmentaalarteriën werden tc-MEPs gebruikt om de selectieve 

floww naar het ruggemerg te sturen. De neurologische functie van de achterpoten werd 

onderzochtt op de derde postoperatieve dag, waarna de dieren werden opgeofferd en de 

ruggemergenn werden onderzocht op histopathologische schade. Tc-MEP signalen 

hersteldenn in alle geperfundeerde dieren, maar bleven afwezig gedurende de 60 minuten 

klemtijdd in de controlegroep. Postoperatief onderzoek liet een normale neurologische functie 

zienn in de geperfundeerde dieren, in tegenstelling tot de controlegroep, waarvan 80% 

paraplegischh was. Histopathologisch onderzoek bevestigde deze resultaten. In conclusie, 

selectievee perfusie van segmentaalarteriën tijdens het afklemmen van de aorta voorkomt 

paraplegiee in varkens. Als deze techniek toepasbaar is in patiënten met TAAA, is het mogelijk 

datt de kans op neurologische schade gereduceerd wordt doordat ischemie tijdens het 

afklemmenn van de aorta wordt voorkomen. 
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Inn de studie in hoofdstu k 6 wordt in detail beschreven hoe tc-MEPs tijdens TAAA chirurgie 

ruggemergischemiee kunnen detecteren en vervolgens de beschermende strategieën 

kunnenn sturen opdat dwarslaesies worden voorkomen. In 52 patiënten, met een verhoogd 

risicoo voor paraplegie gezien het type TAAA (type I n=24 en type II n=28) werd een operatie 

uitgevoerd,, waarbij distale aortaperfusie, liquordrainage en reïmplantatie van segmentaal-

arteriënn werd uitgevoerd op basis van de te-MEP resultaten. Wanneer ruggemergischemie 

gedetecteerdd werd, werd ten eerste de proximale en distale aortadruk verhoogd. Tijdens 

dee sequentiële vervanging van de thoracoabdominale aorta werden met behulp van tc-

MEPss de kritische intercostaal- of lumbaalarteriën geïdentificeerd en ingehecht in de 

vaatprothese. . 

Reproduceerbaree tc-MEPs konden worden gemeten in alle patiënten en detecteerden 

ruggemergischemiee in minuten. Inadequate distale aortadruk kon met behulp van tc-MEPs 

wordenn geïdentificeerd in 27% van de patiënten, en correctie van de arteriële druk 

resulteerdee in herstel van de signalen. De algemeen aanvaarde arteriële druk van 60 mmHg 

bleekk in enkele patiënten onvoldoende om ischemie te voorkomen, en de tc-MEP respons 

toondee aan dat verdere verhoging van de druk nodig was om de neurofysiologische functie 

vann het ruggemerg te behouden. In 46% van de patiënten toonden tc-MEPs ischemie aan 

naa afklemmen van een aortasegment en reïmplantatie van segmentaalarteriën volgde. 

Reperfusiee van deze segmentaalarteriën werd gevolgd door tc-MEP herstel in alle patiënten. 

Inn 9 patiënten (17%) verdwenen tc-MEPs volledig maar intercostaalarteriën werden niet 

directt aangetroffen. Endarteriectomie van de aorta en reanastomose van intercostaal-

arteriënn middels selectieve dacron grafts resulteerde in tc-MEPs herstel na reperfusie. Met 

behulpp van deze agressieve chirurgische benadering die ernaar streefde de bloedvoorziening 

vann het ruggemerg te herstellen, gestuurd door tc-MEPs, kwam paraplegie niet voor in 

dezee serie van 52 "high risk" TAAA patiënten. 

Hett meten van de ruggemergfunctie tijdens TAAA chirurgie is mogelijk met behulp van 

somatosensoree evoked potentials (SSEPs) en tc-MEPs. SSEPs vertegenwoordigen 

signaaltransductiee via de dorsale banen van het ruggemerg, terwijl tc-MEPs specifiek de 

functiee meten van de ischemie gevoelige voorhoorncellen. In veel studies wordt beschreven 

datt SSEPs een gunstige uitwerking hadden op het chirurgisch handelen tijdens TAAA 

chirurgie,, ondanks het feit dat vals negatieve en vals positieve resultaten regelmatig werden 

gerapporteerd. . 

Inn hoofdstu k 7 wordt de eerste studie beschreven die prospectief SSEPs en tc-MEPs vergelijkt 

terr registratie van de ruggemergfunctie tijdens TAAA chirurgie in 38 patiënten. De 

beschermendee strategieën voor het ruggemerg werden gestuurd op basis van de tc-MEP 

meetresultaten.. De reactie van beide meetmethoden op interventies (bloeddrukdalingen, 
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klemmenn van een aortasegment) werd vergeleken, en de signalen aan het einde van de 

operatiee werden vergeleken met de postoperatieve neurologische functie. Alle ischemische 

tc-MEPP veranderingen konden worden gecorrigeerd met verhoging van proximale en/of 

distalee aortadruk, of reïmplantatie van segmentaal arteriën (n = 18). Deze tc-MEP 

veranderingenn werden in maar 5 patiënten vergezeld van SSEP veranderingen, en met 

eenn vertraging. Daarnaast toonden SSEPs onverklaarbare veranderingen in 11 patiënten. 

Aann het einde van de procedure waren tc-MEPs hersteld in alle patiënten, en paraplegie 

kwamm niet voor. SEPPs, daarentegen, impliceerden paraplegie in 15 patiënten. Deze studie 

laatt zien dat tc-MEP veranderingen als gevolg van ischemie gecorrigeerd konden worden 

inn alle patiënten en geen patiënt irreversibele schade aan het ruggemerg opliep. SSEPs 

droegenn geen waardevolle informatie bij als gevolg van vertraagde ischemiedetectie en 

valss positieve resultaten. 

Inn dit proefschrift worden verschillende technieken beschreven die tot doel hebben 

dwarslaesiess te voorkomen na TAAA chirurgie. Met behulp myogene motor evoked 

potentialss na transcraniële stimulatie kunnen deze beschermende technieken voor het 

ruggemergg effectief worden gestuurd, zodat de kans op irreversibele schade wordt 

gereduceerd.. Somatosensore evoked potentials bieden hierbij geen toegevoegde waarde. 

Wanneerr de resultaten van de experimentele studies kunnen worden toegepast op de 

klinischee situatie, is selectieve perfusie van segmentaalarteriën tijdens het klemmen van de 

aortaa zeker te overwegen wanneer deze arteriën kritisch blijken te zijn voor de doorbloeding 

vann het ruggemerg. Het toepassen van milde regionale koeling van het ruggemerg tijdens 

TAAAA chirurgie vermindert de betrouwbaarheid van transcraniële motor evoked potential 

metingenn waarschijnlijk niet. De onacceptabele hoge liquordrukken die veroorzaakt worden 

doorr regionale ruggemergkoeling gebiedt grote terughoudendheid voor het toepassen 

vann deze neuroprotectieve techniek in de kliniek. 
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Hett proefschrift is voltooid, en nu heb ik de kans mijn dank te betuigen aan de vele mensen 

diee een bijdrage hebben geleverd aan dit werk. Met hun hulp en toewijding is het gelukt 

omm in betrekkelijk korte tijd alle experimenten te voltooien en uiteindelijk de resultaten te 

bundelenn in dit boekje. Enkele van hen zal ik hier dan ook persoonlijk bedanken. 

Professorr Jacobs, mijn hooggeschatte promotor. Uw chirurgische en organisatorische 

kwaliteitenn hebben er in korte tijd voor gezorgd dat het AMC een toonaangevend centrum 

iss geworden voor de behandeling van thoracoabdominale aneurysmata. Vele "hotshots" 

vanuitt de hele wereld zijn reeds komen kijken hoe deze aandoening nu eigenlijk aangepakt 

moett worden. Ook tijdens mijn onderzoeksperiode heeft uw doelmatigheid en drang naar 

resultaatt ervoor gezorgd dat alle studies snel succesvol afgerond konden worden. Als ik in 

dee toekomst "deze tak van sport" wil leren, weet ik waar ik mij zal moeten aanmelden. Uw 

vertrekk naar het zuiden is een verlies voor het noorden. 

Professorr Kalkman, beste Cor en eveneens promotor. Ook jou vertrek naar een andere 

academiee is een groot gemis voor het AMC. Zonder jouw MEPs was de TAAA chirurgie niet 

gewordenn wat het vandaag is. "The winning team Jacobs en Kalkman is niet meer." Tijdens 

dee vele uren waarin we discussieerden over mijn onderzoek (en vele andere zaken) heb ik 

buitengewoonn veel van je geleerd. De taallessen ("de alinea volgens Drummond") zal ik 

niett vergeten. Het feit dat we vlak bij elkaar wonen heeft het voor mij een stuk makkelijker, 

enn ook gezelliger gemaakt om mijn proefschrift af te ronden. 

Weledelzeergeleerdee de Haan, beste Peter, mijn co-promotor. Wat hebben we veel lol 

gehadd tijdens onze experimenten. Ik ben je zeer dankbaar dat je de anesthesie (en een 

hoopp denkwerk) hebt willen verzorgen tijdens onze experimentele escapades; een luxe 

positiee voor een onderzoeker. Zonder jou was dit alles nooit gelukt. Je geduld, 

doorzettingsvermogenn en perfectionisme waren een inspiratie. Ik hoop dat we in de 

toekomstt nog vaak aan een "projectje" zullen beginnen, gezien jij nu de taak van TAAA-

goeroee op je moet nemen in huis. 

Marloes,, Goos en John, de biotechnici van de experimentele chirurgie. Jullie bereidheid, 

toewijdingg en expertise op de experimentele OK is ongelooflijk. Uiteindelijk kon altijd alles. 

Ikk heb veel lol gehad met elk van jullie tijdens onze "stressy" operaties. Behalve de assistentie 

iss jullie imput bij het uitdenken van de experimenten zeer belangrijk geweest, soms leidend 

tott rare, maar effectieve methoden, zoals het postoperatieve dieet van M&M's en 

chocoladevlaa voor de varkens. 
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Marjoleinn Porsius, onze research nurse. Elke dinsdag zaten we samen achter de MEP-kast 

tijdenss de TAAA operaties. Die dagen waren altijd goed gevuld met gezelligheid en snoep. 

Ookk de vele late maandagen op het lab en de nauwkeurigheid van jouw MEP-bijdragen 

hebbenn ervoor gezorgd dat de klinische en experimentele studies geworden zijn wat ze 

moestenn zijn. Dank je. 

Prof.. dr. Van Gulik, beste Thomas, veel dank voor het meedenken en beschikbaar stellen 

vann de faciliteiten op de experimentele chirurgie. 

Peterr Rutten, Jos meyer en Evert Scholten, de perfusionisten. Jullie bijdrage en meedenken 

magg niet ongemerkt voorbijgaan. Veel dank voor jullie bereidheid en expertise. 

Joriss jaspers, de "Willie Wortel" van het AMC. Dankzij jouw inzet en kennis hebben we de 

selectievee perfusie-experimenten kunnen uitvoeren. Vele van jouw uitvindingen zullen de 

geneeskundee nog vergemakkelijken en verbeteren. 

Vincentt van Iterson. Tijdens je wetenschappelijke stage heb je je interesse voor de chirurgie 

duidelijkk laten zien. Je nauwkeurige bijdrage voor hoofdstuk 7 was aanzienlijk. Ook je 

bereidheidd bij de andere experimenten stel ik zeer op prijs. 

Ivoo Vanicky, dear Ivo, thank you very much for your advise and the evaluation of the porcine 

spinall cords. I hope the Amsterdam-Kosice link remains. 

Dee commissie, Prof. dr. L Eijsman, Prof. dr. B.A.J.M. de Mol, Prof. dr. H. Obertop, Prof. dr. 

J.. Rauwerda, Prof. dr. A. Trouwborst en dr. M.A.A.M. Schepens wil ik hartelijk bedanken 

voorr hun bereidheid deel te nemen aan deze mooie dag. 

Dee afdeling G4; Els, Yolande, Johanna, Nikola, Bart, Mark, Lucienne, Miquel, Karen, Rutger, 

Pascal.. Met jullie waren de lange dagen achter de computer altijd weer lachen, net zoals de 

vrijdagavondenn in de kroeg of op de vele feesten. De coca-cola break zal wel verleden tijd 

zijnn geworden. Velen van jullie zie ik vanaf 1-1-01 weer dagelijks. Het worden leuke tijden. 

Mijnn nimfjes, Djamila Boerma en Peter van Duijvendijk. Blij en natuurlijk vereert dat jullie 

dezee leuke klus wilden verzorgen. Met jullie beiden heb ik veel lol gehad en zal dat hopelijk 

blijvenn hebben de komende jaren. Gelukkig kunnen we op de 23ste John Travolta weer eer 

aann doen. 
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Dee steun en toeverlaat van de G4 dub; Els, Dorien en Saskia. Veel dank voor jullie hulp en 

inzett tijdens deze jaren. 

Stevenn van Sterkenburg, beste Steven, bedankt voor de lessen in de chirurgie tijdens mijn 

eerstee stapjes naar "perfectie". 

Allee medewerkers van de experimentele chirurgie en GDIA; Ties van de berg, Carla Bouwhuis, 

Kittyy Cisse, Peter Schneider en Henk de Wit, veel dank voor jullie uiteenlopende inspanningen. 

Irenee Straatsburg, bedankt voor je planning en schunnige opmerkingen. 

Chriss Bor, bedankt voor de mooie vormgeving van dit boekje. 

Lievee pa en ma, bedankt voor de al decennia durende, en nooit aflatende interesse en 

steun,, en voor de kansen die jullie mij geboden hebben. 

Michèle,, lieve Oekel, zonder jouw geduld en begrip was dit pas echt een zware periode 

geweest.. Altijd een luisterend oor voor de MEP-verhalen. (Welk experiment was dit ook al 

weer?)) Je liefde, vertrouwen en advies bij enkele moeilijke keuzes in de laatste jaren hebben 

voorr mij erg veel betekend. 
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66 months as a junior house officer at the Department of Surgery at the Academic Medical 
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1.. Regionale koeling van het ruggemerg tot 28QC, met als doel de ischemie-tolerantie te 

vergroten,, tast de snelheid waarmee motor evoked potentials ruggemergischemie 

detecterenn niet aan in een varkensmodel. 

2.. Met motor evoked potential monitoring kan worden aangetoond dat regionale koeling, 

doorr infusie van koude vloeistof in de perispinale ruimten, een dermate liquordrukverhoging 

geeftt dat ruggemergischemie ontstaat. 

3.. Het afklemmen van de aorta in een varkensmodel resulteert in irreversibele ischemische 

schadee van het ruggemerg, hetgeen kan worden voorkomen door selectieve perfusie van 

segmentaal-aa rteriën. 

4.. Tijdens de chirurgische behandeling van thoracoabdominale aneurysmata kunnen motor 

evokedd potentials ischemie van het ruggemerg snel detecteren en beschermende technieken 

sturenn zodat irreversibele schade wordt voorkomen. 

5.. De hoge incidentie van vals positieve uitslagen en de trage ischemiedetectie van 

somatosensoree evoked potentials maken deze techniek onbetrouwbaar voor het detecteren 

vann ruggemergischemie tijdens thoracoabdominale aneurysmaresecties. 

6.. Het chirurgisch protocol van een type II thoracoabdominaal aorta aneurysma operatie 

dientt een techniek te bevatten die betrouwbaar ruggemergischemie detecteert. Motor 

evokedd potential monitoring voldoet aan deze eis. 

7.. Wanneer afgewacht wordt met het verrichten van een laparoscopische cholecystectomie 

naa een endoscopische sfincterotomie in verband met symptomatisch galsteenlijden, is de 

kanss op complicaties niet verhoogd, maar de kans op galsteen-gerelateerde klachten wel. 

(D.. Boerma, proefschrift, UVA 2000) 

8.. Wanneer total mesorectal excision wordt gecombineerd met radiotherapie bij patiënten 

mett een rectumcarcinoom, benadeelt dit de postoperatieve anorectale functie significant. 

(P.. van Duijvendijk, proefschrift, UVA 2000) 

9.. De invoering van het rekeningrijden heeft geen nadelige consequenties voor de jonge 

klaree specialist, aangezien deze, gedwongen door zijn honorarium, op de fiets naar het 

werkk komt. 

10.. "There is no disease more conducive to clinical humility than aneurysms of the aorta". (Sir 

Williamm Osier) 
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