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Chapterr 9 

Generall discussion 

Detection Detection 

Ischemia-reperfusionn injury of spinal cord tissue during aortic aneurysm resection or spinal 

surgeryy results from temporary interruption of the spinal cord blood supply. In the worst case 

scenarioo the patient awakes with paraplegia of the lower limbs after an otherwise uneventful 

surgicall  procedure. Especially during resection of thoraco-abdominal aortic aneurysms 

(TAAA) ,, several strategies have been applied to decrease the incidence of postoperative 

neurologicc deficits. Presently, the multimodality approach that is used for neuroprotection 

includess the detection of spinal cord ischemia (SCI) in an early stage and spinal cord blood 

floww related measures. 

Itt is difficult to determine the precise benefit of a single protective strategy for the 

outcomee of surgical procedures that carry a risk of SCI. It is important to realize that there 

mayy be a complex interaction between the various adjuncts that influence the outcome in 

trialss that study the clinical application of experimentally developed neuroprotective adjuncts. 

Ideally,, the most reliable evidence for the efficacy of a particular strategy comes from 

randomizedd controlled trials. However, the majority of clinical studies that evaluated 

neuroprotectivee adjuncts during TAAA surgery used the methodology of a nonrandomized 

observationall  study, using either concurrent or historical controls. 

Thee present thesis describes some aspects of currently used methods to monitor spinal 

cordd ischemia (chapters 3,4,5,6). Myogenic motor evoked potentials to transcranial electrical 

stimulationn (tcMEP) are very specific for ischemic dysfunction of the spinal cord motor 

pathways.. Because tcMEP allow rapid and accurate detection of spinal cord ischemia (SCI), it 

cann guide decisions of the surgical team to apply intraoperative measures that optimize 

adequatee spinal cord perfusion, and identification (or successful reimplantation) of segmental 

arteriess that are critical for the spinal cord blood supply. In a porcine model of sequential 

clampingg of segmental arteries we studied the diagnostic value of intraoperative tcMEP for 

postoperativee lower limb dysfunction. A high positive predictive value and sensitivity of 

tcMEPP loss for postoperative paraplegia and spinal cord infarction was observed when the 

responsess were lost for more than 60 min, while restoration of tcMEP within 10 minutes 

resultedd in normal motor function and no evidence of neuronal tissue damage 72 hours after 

reperfusion.. Also, when spinal cord blood supply was compromised by permanently 
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occludingg several segmental arteries, tcMEP had a good predictive value for neurologic 

outcome.. Although the study was designed to evaluate the prognostic value of intraoperative 

tcMEPP loss for postoperative paraplegia, it would have been useful when more intermediate 

periodss of tcMEP loss (10-40 min) were included to indicate a "safe window" of tcMEP loss 

thatt agrees with a high probability of normal postoperative motor function. However, the 

reproducibilityy of spinal cord lesions is not optimal in this porcine model, necessitating a 

largee number of animals to allow for a reliable interpretation of the precise relation between 

tcMEPP loss and postoperative motor function. 

Thee rapid reduction of tcMEP amplitude after aortic crossclamping or occlusion of a 

numberr of critical segmental arteries probably results from synaptic dysfunction of 

motoneuronss in the lumbar anterior horn of the spinal cord. When severe reduction of spinal 

cordd blood flow (SCBF) was confined to the thoracic spinal cord segments in pig, the interval 

betweenn the onset of occlusion and tcMEP amplitude reduction was five times longer 

comparedd to a similar reduction of SCBF in the lumbar spinal cord. Possibly, anterior horn 

synapticc signal transduction is more sensitive to transient ischemia compared to conduction in 

corticospinall  axons, while both structures are vulnerable to ischemic damage. Although in the 

majorityy of TAAA procedures the vascular manipulations induce ischemia of the entire 

thoraco-lumbarr spinal cord, normal tcMEP signals may not agree with normal spinal cord 

functionn when only the blood supply of the thoracic spinal cord is compromised. 

Continuouss assessment of changes in cerebrospinal fluid pC>2 (CSF-pC)̂ values 

agreedd with tcMEP during graded SCI in the pig. The high variations in absolute values of 

baselinee CSF-pCh favor the use of relative units for the interpretation of the monitoring 

results.. Measurement of CSF-pC>2 is probably not influenced by the conductive properties of 

thee underlying neuronal tissue. Reduction of CSF-p02 to values below a critical threshold of 

60%% compared to baseline preceded tcMEP loss during ischemia that was confined to the 

thoracicc spinal cord. However, SCI was not defined with an independent measurement (such 

ass Laser Doppler Flowmetry) in this study. Therefore, the contrast between the ischemic and 

non-ischemicc segment in terms of spinal cord perfusion was unknown. Although CSF-pC>2 

measurementt does not directly assess spinal cord function, the monitoring technique is 

relativelyy simple and lacks the movement artifacts and complex technological setup of 

intraoperativee tcMEP recording, and has a thirty times higher sampling rate compared to 

tcMEP.. A clear step-wise reduction of CSF-pC»2 values paralleled the clamping of single 

segmentall  arteries in the pig model. Especially for the preservation of critical segmental 
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arteriess during aneurysm repair CSF-pC>2 measurement seems a fast and reliable addition to 

classicall  tcMEP monitoring. 

ClinicalClinical application of findings on detection of spinal cord ischemia 

Thee fast detection of SCI with tcMEP is used to guide intraoperative measures that optimize 

adequatee spinal cord perfusion, and identification (or successful reimplantation) of segmental 

arteriess that are critical for the spinal cord blood supply. The experimental findings in this 

thesiss indicate that fast reduction of tcMEP amplitude is associated with 75% reduction of 

bloodd flow in the anterior horn of the lumbar spinal cord. Prolonged blood flow reduction of 

similarr magnitude was known to be associated with postoperative neurologic dysfunction and 

spinall  cord infarction. Neurologic outcome might now be related to intraoperative tcMEP 

monitoringg results. Reduction of tcMEP amplitude to values below 25% of baseline is a 

pragmaticc but useful critical threshold to indicate spinal cord ischemia, requiring immediate 

correctivee action. However, complete absence of tcMEP amplitude seems a strong sign of 

massivee neuronal ischemia, pending irreversible damage within 40 minutes. 

AA gradual decline of tcMEP that is not related to hypothermic or anesthetic influences 

iss occasionally encountered in the operation room. The studies in this thesis suggest that a 

severee reduction of spinal cord blood flow that remains confined to the thoracic spinal cord 

resultss in delayed tcMEP reduction. Thus, the possibility that occlusion of segmental arteries 

inn the thoracic aortic region is followed by a 15 min time interval of false-negative tcMEP 

monitoringg results should be considered. Thoracic spinal cord ischemia is probably a 

relativelyy rare event, especially when most or all of the segmental arteries are reattached to 

thee graft in an atherosclerotic patient with sufficient collateral circulation to the spinal cord. 

However,, to assure optimal monitoring of ischemia that remains confined to a part of the 

spinall  cord, CSF-p02 measurements might be used in addition to lower limb tcMEP 

recording.. The fast changes in spinal cord perfusion are easily determined with CSF-pC>2 that 

iss in agreement with lower limb tcMEP recording. It must be emphasized that tcMEP 

providess the most reliable assessment of spinal cord status because it directly conveys signal 

transmissionn in the spinal cord. After an ischemic episode of such severity that irreversible 

neuronall  loss occurred, spinal cord blood flow or oxygenation might return to normal. 

Functionall  assessment by tcMEP might prevent such false-negative monitoring results. Thus, 

tcMEPP recording provides fast and reliable detection of spinal cord ischemia. To prevent 
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false-negativee monitoring results in rare cases of isolated thoracic spinal cord ischemia CSF-

pC>22 measurements might be used to supplement tcMEP recording. 

AA critical note on detection of spinal cord ischemia 

Thee use of intraoperative monitoring for the benefit of patients implies the careful beforehand 

considerationn of two questions. First, when a harmful situation is detected, do we have an 

adequatee intervention that can be readily applied? Second, when the combination of 

(expensive)) monitoring and intervention is routinely applied, will we observe an overall 

improvementt in outcome? 

Inn the majority of surgical procedures, detection of a harmful iatrogenic situation, such 

ass ischemia, ideally will be followed by an attempt to return to the 'old situation' of normal 

physiologicc conditions. In the case of ischemia, this usually implies restoration of blood flow 

too the organ, for example by augmentation of perfusion pressure. The success of the 

combinationn monitoring / intervention might be expressed as the magnitude of the reduction 

inn adverse outcome. However, when the adverse outcome is a rare event, accumulating 

sufficientt evidence indicating that a particular monitoring device and associated therapeutic 

interventionn improves outcome might be severely hampered. For example, to be able to detect 

aa reduction of 50% of an adverse outcome, which has an incidence of 1%, would require 2000 

patientss in every arm of a prospective randomized trial. However, although in these 

circumstancess it is extremely difficult to 'prove' that monitoring improves outcome, this 

shouldd not preclude the clinical application of experimentally developed monitoring adjuncts. 

Becausee it is extremely unlikely that such trials will ever be funded and executed, 

severall  centers have taken a more pragmatic 'outcomes based' approach by integrating the 

monitoringg technique with its associated preventive strategies in routine care and benchmark 

theirr results against those of similar centers serving the same surgical subpopulation. The 

developmentt of new monitoring devices, further characterization and fine-tuning of existing 

techniquess often occur in the laboratory environment. 

AA benefit of experimental studies is that the event rate can be controlled. It is useful to 

inducee a high event rate when only limited differences in treatment effect between groups are 

expected.. The expected differences in treatment effects should then be incorporated in the 

studyy design, together with the statistical estimation of group sizes. It is important that the 

monitoredd organ or pathway is well defined, and that the monitoring technique is safe and has 

beenn shown to be effective in detecting ischemia. With these prerequisites, experimental 
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evidencee might lead to the justified implementation of intraoperative adjuncts that on sheer 

ethicall  grounds will never be evaluated in a prospective randomized clinical trial. For 

example,, if the adverse outcome is devastating to a patient's life, such as paraplegia, a 

randomizedd trial that determines the precise benefits of a monitoring device that at least does 

nott worsen outcome is not feasible. Thus, a large responsibility seems to dwell on the quality 

off  experimental evidence that preludes the implementation of new intraoperative monitoring 

techniquess or refinement of the present technology. 

Protection Protection 

Evenn with the currently applied neuroprotective adjuncts such as distal aortic bypass, CSF 

drainagee and reimplantation of segmental arteries in the graft, transient spinal cord ischemia 

cannott always be avoided during TAAA surgery. An increased tolerance of spinal cord tissue 

againstt ischemia-reperfusion might reduce postoperative neurologic deficits during surgical 

proceduress that carry a risk of spinal cord ischemia. Several cellular processes and 

pathophysiologicc changes that are initiated during ischemia-reperfusion can be modulated 

withh pharmacological agents. 

Thee binding of increased extracellular glutamate to its receptors, such as the N-metyl-

D-aspartatee (NMDA) receptor, plays an important damaging role during focal cerebral 

ischemia.. Also, blockade of the NMDA receptor itself resulted in decreased infarction 

volumess in spinal cord ischemia models. The substance riluzole has glutamate-release 

inhibitingg properties and has probably an antagonistic action on NMDA receptors. Ketamine 

iss an anesthetic agent with NMDA receptor antagonist properties. In a rabbit model of 

transientt spinal cord ischemia riluzole treated animals showed improved neurologic outcome 

comparedd to saline treated animals. The combined application of riluzole and ketamine did 

nott provide additional protection. Because ketamine alone did not provide neuroprotection, 

singlee treatment with high dosage ketamine does not seem a potent neuroprotective strategy in 

thiss ischemia-reperfusion model. 

AminoguanidineAminoguanidine inhibits inducible nitric oxide synthase (iNOS), a damaging protein 

thatt is upregulated by means of ischemia - induced gene activation. Another effect of 

aminoguanidinee that is induced early after reperfusion of the ischemic tissue is inhibition of 

thee damaging poly amine oxidase enzyme system and reduction of advanced gly cation end 

products.. In a rabbit model of transient SCI, the maximum tolerable dose of aminoguanidine 

didd not improve neurologic outcome or histopathologic damage in the spinal cord compared 
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too control animals. Because of the small group size no conclusion could be made regarding 

thee magnitude of inhibition of iNOS upregulation in the spinal cord. Because studies that 

showedd less histopathologic damage in aminoguanidine treated rats also showed iNOS 

inhibitionn the results of the rabbit study may not be compatible with the present literature. 

However,, because a higher dose resulted in toxic effects in awake animals, further evaluation 

off  neuroprotection by aminoguanidine seems not feasible in the rabbit SCI model. 

AA critical note on experimental models of pharmacological protection 

Thee major aim of spinal cord ischemia models is to simulate the clinical physiological 

conditionss and the neurologic effects as observed during ischemic injury of the spinal cord in 

humans.. The clinical background of most current experimental models is the resection of 

aneurysmss of the thoraco-abdominal aorta, resulting in focal spinal cord ischemia. An 

obviouss difference between the several animal models that have been used to study spinal 

cordd ischemia is the anatomical characteristics of spinal cord vascularization. Especially, the 

humann configuration of a heterogeneous segmental blood supply and an extensive collateral 

circulationn to the spinal cord is also observed in pig, dog and rat. This interspecies similarity 

inn spinal cord vasculature might imply similar patterns of neuronal loss and functional deficit 

afterr transient occlusion of the aorta or segmental arteries. In contrast, the rabbit has a 

homogeneouss segmental blood supply to the spinal cord with poor collateral flow between the 

segments.. Despite the anatomical differences with humans, the rabbit model has the 

advantagee of a very high reproducibility rate of spinal cord ischemic insults. This is one likely 

explanationn for the popularity of this model in studies that evaluated pharmacological 

neuroprotectionn during spinal cord ischemia. 

Evaluationn of motor function after reperfusion is clinically the most relevant outcome 

inn spinal cord ischemia models. Usually, the animals' hind limbs are assessed according to a 

5-pointss grading scale which was modified after a 3-points score, originally developed by 
2 2 

Tarlovv et al., who studied neurologic effects of spinal cord compression in dogs. This scoring 

systemm has been applied mainly to rabbit and pig models, and has a considerable inter-

observerr variation with regards to the scoring of animals that have minor to moderate 

neurologicc deficits. In contrast, the scoring methods that have been used in the rat model seem 

too possess a higher accuracy for quantification of voluntary somatic motor function. The 

advantagee of more objective outcome measurements and the characteristics of spinal cord 
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vasculaturee in the rat model might be more relevant than the drawbacks of comparatively 

smalll  size of the animal and the associated difficulties of microsurgery. 

Pathologyy of the lumbosacral spinal cord can be evaluated with qualitative or semi-

quantitativee assessment of neuronal damage using standard Hematoxylin and Eosin staining. 

Inn general, three modalities of assessment are used for lightmicroscopic evaluation of 

neuronall  damage. First, infarction of the spinal cord gray matter can be described 
6,7 7 

qualitativelyy or the infarction volume can be measured using image analysis. Second, 

individuall  neurons with an eosinophilic appearance (reflecting a necrotic end stage of 

ischemicc neuronal injury) can be counted. Third, the number of viable motoneurons in the 

anteriorr horn can be determined. In the majority of reported studies, a qualitative description 

iss given of a few histopathologic observations that are related to clear neurologic endpoints. 

However,, quantitative assessment of all three modalities as described above might provide 

importantt additional information of neurologic injury and neuroprotection because the 

detectionn threshold of cellular damage is probably lower compared to clinical evaluation of 

motorr function. 

Thee reliability of reported effectiveness of treatment in the medical literature is most 

likelyy to be highest when results are derived from randomized controlled trials. An essential 

partt of planning these trials is the beforehand estimation of sample size to ensure that the 

studyy has sufficient power to be able to detect a treatment effect of a predefined size. Power 

inn this respect means the probability that this observed treatment effect under the said 

preconditionss is real and does not occur by chance. To plan a study in this way also 

minimizess the chance that the conclusion is falsely made that the results are not statistically 

significantt (type 11 error), when the observed effect is clinically meaningful. If a study does 

nott meet these statistical criteria, the risk increases that readers ignore the results, or (even 

worse)) the assumption could be made that the treatment under study did not make a 

difference.. Another reason for planning group sizes is that when a trial is too small to detect 

clinicallyy relevant changes, and is therefore scientifically useless, this would imply unethical 

usee of animals or subjects and resources. The concerns here raised are not without a realistic 

counterpartt in the current literature of experimental spinal cord ischemia. In particular, a 

recentt literature database on pharmacological neuroprotection during spinal cord ischemia 

showss rather modest evidence of sample size calculation. Ideally, a minimum set of items 

shouldd be mentioned in the text of reports of such animal studies to increase the statistical 

relevancee of the results. First, a clinically relevant treatment effect should be mentioned. 
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Second,, the statistical test, directionality, alpha level, and statistical power used to estimate 

samplee size should be reported. Without a priori estimation of group size, the statistical 

interpretationn of both negative and positive findings of a study should be approached with the 

utmostt caution. 

RemarksRemarks towards the future 

Intraoperativee transcranial motor evoked potentials detect spinal cord ischemia in an early 

stage,, and predict neurologic outcome after long and short-term loss of amplitude. To provide 

aa "safe window" of opportunity during tcMEP loss in which the surgeon might compromise 

vascularr input to the spinal cord without functional consequences, a mixed group of periods 

off  tcMEP loss should be compared with postoperative neurologic function in an experimental 

model.. The concentration of metabolites in the cerebrospinal fluid, such as neurotransmitters, 

SI00,, NSA, and Ca"1-1-, that can be analyzed during TAAA surgery, could be compared 

intraoperativelyy to different levels of spinal cord function or oxygenation. In addition to 

tcMEP,, monitoring of CSF oxygenation by introducing a pC>2 sensor in the intrathecal space 

mightt find clinical application, especially to rapidly detect the situation where spinal cord 

ischemiaa remains confined to the thoracic part of the cord. It would be interesting to define 

thee critical temporal threshold of hypoxygenation for the development of motoneuronal and 

functionall  damage in an ischemia-reperfusion model. 

Att present, it is unlikely that large-scale clinical trials of single-treatment regimens 

wil ll  be executed in the complex setting of surgical treatment for aortic and spinal pathology. 

Thee evidence for pharmacological neuroprotection of the spinal cord from experimental 

studiess is simply too weak to justify randomization of patients. In experimental spinal cord 

ischemia,, the evidence for neuroprotection might be most valid if the particular drug or 

strategyy (such as preconditioning) is studied in several models and species before a clinical 

triall  is designed. Moreover, novel approaches might be to study experimentally the 

neuroprotectivee effects of drug combinations (each targeted to modify a specific step in the 

ischemicc cascade) or to characterize the molecular mechanisms of preconditioning. The latter 

iss pursued in the hope of finding future ways by which we can preoperatively switch on (or 

off)) the genes that are relevant for inducing a state of 'neuronal hibernation' that will make 

thee spinal cord more resistant to the anticipated transient episode of ischemia. Although there 

iss littl e hope for a neuroprotective 'silver bullet', the relative advantage of perioperative 

ischemiaa is that the time of the potential ischemic insult is known so that the protective 
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strategyy can be applied before and during the ischemic insult as opposed to the situation in 

clinicall  stroke where the only therapeutic option is to administer the drug after the referral 

andd doctor delay. 

ConcludingConcluding comments 

Thiss thesis is part of a (pre-) clinical series of studies that aim to prevent spinal cord damage 

afterr aortic and spinal surgery. The fundaments of this work were introduced 15 years ago and 

comprisedd the refinement of somatosensory evoked potentials and the introduction of reliable 

motorr evoked potentials recording in the operation room. Subsequent development of porcine 

andd rabbit models of SCI in order to study spinal cord perfusion related measures and 

neuropharmacologicall  questions, respectively, made the present studies possible. The 

achievementt of a real improvement in neurologic outcome after TAAA surgery will probably 

takee the skills and knowledge of a highly motivated surgical team in the setting of a 

technologicallyy advanced medical system. Experimental findings such as those presented in 

thee present thesis are imperative to refine or improve the treatment of patients that are at risk 

forr iatrogenic spinal cord ischemia. 
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