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Chapterr 1 

Generall introduction 

Onee possible definition of the word ischemia is 'insufficient supply of blood to an organ 

resultingg from a blocked artery'. Ischemic damage to the spinal cord results from temporary 

orr permanent interruption of spinal cord blood supply that causes neuronal hypoxia and 

energyy deprivation, eventually leading to neuronal cell death and spinal cord injury. The most 

devastatingg of these complications is irreversible impairment of motor control by the spinal 

cord.. In the literature, neurologic complications after iatrogenic spinal cord ischemia have 

predominantlyy been reported in three classes of surgical procedures. 

Inn the field of vascular surgery, aneurysms of the aorta are associated with 

postoperativee paraplegia. Aortic aneurysms have been differentiated into 4-5 types according 

too the location and the extent of the aortic lesion (fig.1). Aneurysms of the thoracoabdominal 

andd thoracic aorta resulting from atherosclerosis or dissection have a reported incidence of 6 

perr 100,000 people in an American survey. Since the first successful resections of large 
22 3 

aorticc aneurysms in the mid 1950s by Etheredge and DeBakey ' it has been known that 

especiallyy surgery on the thoracoabdominal (TAAA, type 11) and descending thoracic (type 1) 
4 4 

variantt have high rates of neurologic morbidity. Although present reports indicate a decline 

off  the incidence of paraplegia after aortic surgery compared to earlier decades, the incidence 
5-10 0 

off  lower limb paralysis still ranges between 3% and 16% after TAAA surgery. 

Duringg spinal neurosurgery and orthopedic surgery, procedures that involve an 

anterolaterall  approach of the spinal cord or manipulation of the anterior spinal artery are 

particularlyy associated with postoperative neurologic deterioration. Although definite 

numberss are lacking, incidences of new neurologic deficits have been reported in 

retrospectivee studies that range between 1% after anterior fusion and scoliosis procedures on 
11-133 . . 14-16 

thee vertebral column and 6% after decompression of spinal cord neoplastic disease. 

Severall  intraoperative strategies exist that aim to prevent neurologic deficits during 

thesee surgical procedures. A general division can be made into detection of spinal cord 

ischemiaa (monitoring) and the application of measures that protect the neuronal tissue in the 

spinee against an ischemic period. 

10 0 



I n t r o d u c t i o n n 

Afterr a brief discussion of the neuroanatomy and vascularization of the spinal cord, an 

overvieww of current measures of detection and protection is presented, highlighting the 

problemss we have studied. Finally, previous findings are discussed and the outline of the 

thesiss is provided. 

II II III IV 
Figuree 1: 

Classificationn of aneurysms of the thoraco-abdominal aorta 
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Functionall anatomy of motor and sensory pathways in the spinal cord 

Thee spinal cord is the caudal part of the central nervous system. In a transversal plane, an 

outerr zone of white matter, and a butterfly-shaped central zone of gray matter can be 

discriminatedd (fig.2). The peripheral white matter is subdivided into three columns. Sensory 

informationn from the skin, joints and muscles travels in the ascending dorsal columns and 

anterolaterall  system (fig.2). Point discrimination, vibration and conscious proprioception is 

conductedd through fibers in the dorsal columns, and signals of pain and temperature travel in 

thee anterolateral system. Motor control signals initiated at the primary motor cortex and the 

premotorr areas leave the cortical areas as the corticospinal tracts. The major part of these 

tractss travels in the descending lateral corticospinal tracts in the lateral columns (LCST, 

fig.2). fig.2). 

Thesee efferents control the motoneurons of the anterior horn that innervate the limb 

muscles,, and interneurons in the intermediate zone of the spinal cord that modulate motor 

controll  and reflex pathways. The lateral corticospinal tracts and the anterior horn 

motoneuronss are the most important spinal components of locomotion. One-quarter of the 

corticospinall  fibers travels (uncrossed) in the ventral corticospinal tracts in the ventral column 
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C h a p t e rr 1 . 

andd terminates at motoneurons in the ventromedial portion of the gray matter that innervate 

axiall  muscles. Thus, in particular damage to the ventral two-third of the spinal cord results in 

losss of motor function. 

Figuree 2: 
Neuroanatomyy of the spinal cord sensory and motor pathways. On the left an overview of the brain and the 
spinall  cord, on the right a transversal magnification of the lumbar spinal cord is shown. On the left and right side 
off  the spinal cord section only the sensory and motor pathways are illustrated, respectively. Cerebral cortex: 1 = 
premotorr area, 2 = primary motor cortex, 3 = primary somatic sensory cortex. Sensory pathways: DC = dorsal 
column,, ALS = anterolateral system. Motor pathways: LCST = lateral corticospinal tract, AH = anterior horn 
containingg motoneurons, VCST = ventral corticospinal system. V = ventral 

Arteriall vascularization of the spinal cord 

Thee spinal cord gray and white matter is perfused by spinal arteries. The caudal and major 

partt of a spinal artery consists of the vertical anastomosis of ascending and descending 

branchess of radicular arteries that arise subsequently from the segmental arteries and the aorta 

(fig.3).. The cranial vascular input of a spinal artery, consisting of the vertebral and 

costocervicall  truncal artery, meets the caudal part in the mid-thoracic (Th4-Th9) 'watershed 

area'' of the spinal cord. ' There are three spinal arteries, one at the anterior aspect and two 

onn the posterior side of the spinal cord. The anterior spinal artery perfuses the ventral part of 

thee spinal cord, containing the corticospinal tracts and the motoneurons in the anterior horn. 

Thee posterior spinal arteries perfuse the ascending sensory tracts running in the dorsal 

columnss of the spinal cord. The spinal arteries on the ventral and dorsal aspect of the spinal 

12 2 



I n t r o d u c t i o n n 

cordd can be viewed as two 'longitudinal perfusion columns' that have only modest 

anastomoticc contacts. 
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ventral l 
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Figuree 3: 
ArterialArterial vascularization of the spinal cord. The right drawing is a magnification of the spinal cord section 
indicatedd with an asterisk in the left drawing. The shaded area of the spinal cord in transversal plane is perfused 
byy the anterior spinal artery. 

Inn particular at the ventral, locomotive compartment of the spinal cord, a thoracic 'watershed 

area'' exists that is relatively vulnerable to ischemic injury. An extensive collateral circulation 

off  the spinal cord may develop in the patient with atherosclerosis, especially when the ostia of 

segmentall  arteries eventually occlude. In this case, the application of knowledge about the 

normall  vasculature to the etiology of ischemic spinal cord injury is hampered. 

Inn the present studies, pig and rabbit models were used. The pig has a heterogeneous 

segmentall  blood supply to the spinal cord and a longitudinal spinal artery system, which is 
19 9 

quitee similar to the human anatomy. In contrast to the swine, rabbit spinal cord blood supply 

iss homogeneous and segmental with poor collateral flow between the segments. With respect 

too its anatomy, this model seems less suitable for simulations of fast changes in spinal cord 

bloodd flow that might occur in humans. However, because it lacks an extensive collateral 

spinall  circulation, it seems adequate for the assessment of effects of neuroprotective adjuncts 

onn standardized ischemic lesions of the spinal cord. 

13 3 



C h a p t e rr 1 

Thee pathophysiologic background of neurologic deficits that occur during resection of aortic 

aneurysmss is the aortic clamping and occlusion or ligation of segmental arteries that result in 

temporaryy or permanent interruption of spinal cord perfusion. In the absence of sufficient 

collaterall  circulation to the spinal cord, this can lead to irreversible neuronal loss and 

neurologicc deficit. During spinal surgery, the application of mechanical forces, e.g., 

compressionn and placement of instruments near the spinal cord, and vascular stretching, may 

resultt in spinal cord ischemia and subsequent neurologic deficits. 

Spinall cord monitoring 

Preventionn of ischemic injury to the spinal cord starts with a clinically safe and effective way 

too detect spinal cord dysfunction. The use of intraoperative spinal cord monitoring for the 

benefitt of patients also implies that detection of ischemic dysfunction is possible in an early 

stage,, allowing immediate corrective action before irreversible neuronal or functional damage 

hass occurred. Most importantly, the combination of (expensive) monitoring and intervention 

shouldd be expected to improve neurologic outcome. 

Althoughh several techniques for intraoperative assessment of spinal cord function exist, 

basicallyy two methods are currently applied to monitor the spinal cord during surgery. First, 

evokedd potentials are used to evaluate the integrity of electrophysiological conduction in the 

spinall  cord tracts. Severe reduction or loss of these signals should indicate ischemic or 

mechanicall  dysfunction of the monitored pathways. 

SomatosensorySomatosensory evoked potentials (SSEP) are electrophysiological responses of the 

brainn or the spinal cord to stimulation of a peripheral nerve. The SSEP measures the integrity 

off  transmission through the ascending sensory tracts that are predominantly located in the 

dorsall  columns of the spinal cord. The monitoring of SSEP increased the safety of certain 
20,21 1 

orthopedicc and neurosurgical procedures. However, there is a risk of measuring a stable 

SSEPP signal throughout a surgical procedure in the presence of a motor pathway 
22,23 3 

dysfunction.. Also, especially during resection of aortic aneurysms, in which continuous 

feedbackk is warranted to guide reattachment of segmental arteries to the graft, SSEP have 

limitedd use because the long detection time of SSEP for spinal cord ischemic dysfunction 
24 4 

hamperss the use of this technique for the evaluation of fast changes in spinal cord perfusion. 

14 4 



I n t r o d u c t i o n n 

TranscranialTranscranial motor evoked potentials (tcMEP) are the responses of the limb muscles that 

resultt from electrical or magnetic stimulation of the cerebral motor cortex (fig.4). TcMEP 

specificallyy measure the integrity of transmission through the descending corticospinal tracts 

andd anterior horn motoneuron synapses, the latter being the segment in the motor pathway 

thatt is most vulnerable to ischemia. 

Figuree 4: 
Schematicc representation of motor evoked potentials to transcranial stimulation (tcMEP). CMAP = compound 
musclee action potential. 

Thee intraoperative use of tcMEP for the prevention of neurological complications is based on 

thee assumption that ischemia of the motor pathways results in significant changes in 

amplitudee of the myogenic response before irreversible functional damage has occurred. The 

criticall  threshold of tcMEP requiring intervention was defined on empirical grounds as a 
25 5 

reductionn of tcMEP amplitude to less than 25% of the baseline value. 

Theree are several factors that influence baseline variation of tcMEP. First, changes in 

facilitationn from spinal and supraspinal inputs may modulate tcMEP. Second, in order to 

maintainn acceptable surgical conditions, partial muscle relaxation is required, which may vary 

overr time. Moreover, the cortical and spinal motoneuronal components of tcMEP are 

vulnerablee to agents that reduce neuronal excitability, and the myogenic component of tcMEP 

iss severely depressed by agents that possess muscle-relaxing properties. Despite this 

vulnerabilityy of tcMEP to anesthetic influences, many of the commonly used anesthetics may 

providee acceptable tcMEP recording conditions, especially when multi-pulse stimulation 
28 8 

paradigmss are applied. 
TcMEPP are lost almost instantaneously after cross-clamping of the thoracic aorta, 

29 9 

probablyy as a result of synaptic failure in the anterior horn. The sensitivity of tcMEP 

monitoringg for the detection of spinal cord ischemia seems very high, and the fast detection of 

15 5 
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spinall  cord ischemia makes it possible to use tcMEP for identification of segmental arteries 
30,31 1 

thatt are critical for spinal cord blood supply during aortic surgery. However, it is not 

possiblee to distinguish between ischemia of gray matter and white matter with this technique. 

Becausee conduction through white matter tracts is less vulnerable to ischemia than synaptic 

function,, there is a possibility that tcMEP respond slow to ischemia when it is confined to 

whitee matter tracts. Furthermore, the predictive value of intraoperative tcMEP loss of a 

particularr duration for postoperative neurologic complications is not provided. 

Changess in cerebrospinal fluid pÖ2 (CSF-pCh) values parallel neuronal tissue 
322 33 

oxygenation.. Recently developed fiberoptic devices that can be inserted in the intrathecal 

spacee might provide real time information of spinal cord oxygenation. These devices function 

accordingg to the Clark principle. The electrode in the probe contains an anode and cathode in 

contactt with an electrolyte solution that is covered by a membrane permeable to gases. At a 

constantt voltage, a current is then generated which is directly proportional to the partial 

pressuree of oxygen that is diffusing through the membrane to the reactive surface of the 

electrode. . 

Onee hour of aortic cross-clamping resulted in CSF-pCh decreases that correlated with 
34 4 

earlyy postoperative neuronal tissue damage in pigs. Although CSF-pC>2 measurement does 

nott provide information of spinal cord function, there are several advantages of indirect 

assessmentt of spinal cord oxygenation during spinal and aortic surgery. Partial neuromuscular 

blockadee and the delivery of high voltage stimuli to the brain, which are disadvantages of the 

complexx tcMEP monitoring technique, are not present with CSF-pChmonitoring. 

Furthermore,, CSF-pC>2 measurements might be able to detect isolated changes in underlying 

whitee matter tract oxygenation with the same precision as detection of neuronal oxygenation 

changes.. Validation of CSF-pC>2 with monitoring methods that directly measure 

neurophysiologicc function of the spinal cord is lacking. The critical threshold of CSF-pC>2 for 

spinall  cord ischemia that precedes irreversible neuronal damage is unknown. 

Spinall cord protection 

Duringg resection of aortic aneurysms, cross-clamping of the aorta can not be avoided. 

MaintenanceMaintenance of spinal cord perfusion is essential for the prevention of neurologic deficits 

duringg aortic occlusion. Several strategies can be applied to maintain perfusion. Because 

aorticc clamping reduces aortic pressure distal to the clamp, retrograde aortic perfusion can be 

appliedd using various bypass techniques. This perfusion technique perfuses both the aorta and 

16 6 
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segmentall  arteries below the level of repair, and decreases the left ventricle afterload by 

reducingg the arterial blood pressure proximal to the cranial clamp. Adequate distal perfusion 

cann be assessed with tcMEP recording. Although the safe period of aortic clamping might be 

extendedd with maintenance of sufficient distal aortic pressure, it remains unclear whether this 
35 5 

techniquee actually prevents paraplegia during TAAA surgery. 

Aorticc occlusion increases cerebrospinal fluid (CSF) pressure, probably as a result of 

ann increased venous pressure of vessels within the relatively confined dural space. Especially 

inn the situation of a reduction of spinal cord perfusion pressure (mean arterial blood pressure 

minuss the intracranial pressure or the central venous pressure, SCPP) to values low enough to 

disturbb the autoregulation of the spinal cord blood flow, an increased CSF pressure might play 

ann important role in the development of ischemic spinal cord injury. In general, CSF pressure 

shouldd not exceed 10 mmHg during aortic surgery. Drainage of CSF decreased CSF pressure 
36,37 7 

andd improved neurologic outcome in animal studies. In a randomized trial, Crawford et al. 
38 8 

foundd no significant neuroprotective effect of CSF drainage during TAAA surgery. 

However,, the authors assumed a very large difference in event rate between the groups. 

Althoughh this is an efficient way to arrive at smaller group sizes, it may compromise the 

statisticall  relevance of the findings. In a qualitative overview of the present literature, Ling et 

al.al. showed that definite evaluation of the neuroprotective effects of CSF drainage during 

aorticc surgery could not been provided, mainly owing to methodological shortcomings of the 
39 9 

studyy designs. Although providing excellent unloading by reducing arterial blood pressure, 
40,41 1 

thee pharmacological agents nitroprusside and nitroglycerine also increase CSF pressure. 

Thiss latter effect can only partially be reversed by continuous CSF drainage, especially during 
42 2 

administrationn of nitroprusside. 

Anotherr potential approach to reduce ischemic injury to the spinal cord is the 

conditioningg of spinal neurons and glial cells so that their endurance against a future period of 

ischemiaa is temporarily increased. In models of cerebral ischemia and spinal cord ischemia, 

hypothermiaa has potent neuroprotective properties. 

Thee use of hypothermia for neuroprotective purposes can be divided into systemic 

andd regional reduction of temperature. Although a 10 - 20% decrease of core temperature 
43-45 5 

protectedd the spinal cord against a period of ischemia in animal studies, decisive clinical 

evidencee of the neuroprotective effects of hypothermia during surgical procedures that carry a 

riskrisk of spinal cord ischemia has currently not been provided. Moreover, in clinical and 

17 7 
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experimentall  practice, considerable disadvantages of cooling have been reported. First, whole 

bodyy cooling induces postoperative morbidity resulting from an increased hemorrhagic 

11  i -  4 6 ' 4 7 

diathesiss and a higher risk of wound infections compared to normothermic conditions. 
Second,, regional cooling of spinal cord tissue has the drawback that there is a need to 

48-50 0 

introducee a high volume of hypothermic solution in the non-compliant intrathecal space. 

Itt is conceivable that the increased CSF pressure and reduced SCPP that is associated with the 

presentt regional cooling techniques, might result in compression of the spinal cord and may 

evenn cause new neurologic deficits 

Thee idea of pharmacological intervention is that critical functional and structural 

changess in the nerve cell that lead to necrotic or apoptotic cell death can be prevented or 

ameliorated.. The duration and intensity of ischemia-induced energy deprivation, the type of 

neuronall  populations involved and the pre-ischemic state of the subject are important factors 

thatt determine the degree and rate of development of neurologic morbidity after an ischemic 

insult.. The same preconditions determine the type and therapeutic window of most 

neuroprotectivee agents. The largest body of evidence concerning pharmacological 

neuroprotectionn has been derived from cerebral stroke models. However, in contrast to stroke, 

thee timing of the ischemia in several surgical procedures on the brain, the spine, or the aorta is 

known,, so that neuroprotective agents can be administered before the actual ischemia has 

takenn place. This increases the number of targeted structures and critical events during the 

ischemicc cell death process that might be influenced by pharmacological agents. Presently, 

veryy few clinical randomized studies that show improved neurologic outcome after peri-

ischemicc administration of putative neuroprotective agents have been performed. One reason 

mayy be that the majority of animal studies that reported neuroprotective effects of 

pharmacologicall  agents during spinal cord ischemia lack statistical power. Also, clinical 

applicationn of several agents that showed protective effects in experimental neuronal ischemia 
52 2 

iss hampered by their side-effects. 

Finally,, the standard use of multiple neuroprotective adjuncts during aortic and spinal 

surgeryy might reduce the chance that additional protection provided by pharmacological 

agentss is detected. However, despite these obvious difficulties for the clinical evaluation of 

neuroprotectivee agents, the theories of neuronal ischemic cell death are a large focus of 

attentionn in the medical literature and experimental evidence of neuroprotection can most 

likelyy contribute to the reduction of iatrogenic ischemic injuries to the spinal cord. 

18 8 
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AA scheme of cellular cascades leading to ischemic neuronal death that might apply to 

experimentall  spinal cord ischemia is shown in fig. 5. It must be emphasized that it is outside 

thee scope of this preface to discuss the several pathways and their interactions. There is an 

earlyy and a late biochemical stage of neuronal cell death after a period of ischemia. Initially, 

depletionn of adenosine triphosphate, decreased intracellular pH, inhibition of electron 

transportt through the cell membrane, glutamate release and increased cytosolic free calcium 

aree key processes that start reactions that are damaging to the cell and its nucleus. Subsequent 

activationn of calcium dependent cytosolic enzymes and the expression of genes that lead to 

thee production of potentially damaging proteins result in the production of free radicals and 

peroxynitrite.. These latter substances are very damaging to the cell and result in long-term 

changess in macromolecules, e.g. in the mitochondria and cytoskeleton. 

Inn this thesis two substances were studied for their neuroprotective effects during 

spinall  cord ischemia. First, the substance riluzole most likely influences glutamate-mediated 

excitotoxicityy (fig.5, Chapter 7). Neurons in the central nervous system release toxic amounts 

off  glutamate (and other excitatory amino acids) as a result of anoxic depolarization or cellular 

damagee following an ischemic event. Riluzole probably inhibits release of glutamate from 

nervee terminals. Second, the substance aminoguanidine inhibits the enzyme inducible nitric 

oxidee synthase, which produces toxic quantities of nitrous oxide starting several hours after 

reperfusionn of the previously ischemic neuronal tissue (fig.5, Chapter 8). Although the 

pathwayss that are modified by these two substances do not necessarily overlap, both an early 

andd a late stage of ischemic neuronal damage were modulated in these studies. 

19 9 
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Figuree 5: 
Simplifiedd scheme of the ischemic pathways that lead to neuronal death after ischemia-reperfusion. The diagram 
att the left side illustrates the cellular changes in ion and chemical concentrations after inhibition of oxidative 
phosphorylation.. Eventually, these activate secondary, mostly enzymatic, downstream processes in the cascade 
whichh damage the critical functions and structures in the cell through products such as free radicals and 
peroxynitrite.. The numbers 1 and 2 indicate the approximate targets of the substances riluzole and 
aminoguanidine,, respectively. ATP = adenosine triphosphate; Glu = glutamate release; Na+ = sodium; Ca = 
calcium;; gene = gene activation (e.g.: immediate early genes c-jun, c-fos); NO = nitrous oxide; ONOO = 
peroxynitrite. . 

20 0 
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Previouss research from our group 

Inn the following, previous research performed by members of our research group in 

Amsterdamm is briefly described, to provide the reader with the scientific framework in which 

thee subject of this thesis resides. The first two theses describe the optimisation of 

intraoperativee SSEP and tcMEP recording; the last two describe detection, perfusion and 

pharmacologyy related strategies for the prevention of experimental spinal cord ischemia. 

Influencess of anesthetics, temperature and the use of diathermy on the recording of 

SSEPP in humans were investigated by Kalkman et al. In this work it was shown that 

propofoll  / opioid anesthesia may be used as an alternative for nitrous oxide during 

intraoperativee SSEP recording; the latency of SSEP is prolonged by hypothermia; acquisition 

off  SSEP signals can be halted before diathermy becomes active. 

Thee work of Ubags et al. describes the influence of anesthetics and the stimulus 
54 4 

paradigmm on the recording of tcMEP. The amplitude of tcMEP is the least depressed by 

anestheticc agents (such as propofol and isoflurane) when multi-pulse electrical stimulation 

andd a circumferential cathode are used; tcMEP were found to be a reliable indicator of spinal 

cordd ischemia during scoliosis surgery. 

Thee studies of de Haan et al. describe tcMEP recording as an adjunct to guide 

measuress that aim to increase spinal cord perfusion, and the experimental induction of 
55 5 

motoneuronall  ischemic tolerance. The SCPP determines which and how many segmental 

arteriess are critical for spinal cord function; mild hypothermia protected but 21-aminosteroid 

andd preconditioning did not during transient spinal cord ischemia in the rabbit. 

Inn the studies of Meylaerts et al. the influence of hypothermia and segmental artery 
24 4 

perfusionn on tcMEP were investigated in a pig model of TAAA surgery. The reliability of 

tcMEPP recording in pig reduced dramatically below an intrathecal temperature of 25°C; 

pressuress needed for local hypothermia depressed tcMEP amplitude; selective perfusion of 

segmentall  arteries during aortic cross-clamping preserved spinal cord conduction and 

functionn in pigs; SSEP recording was less reliable to detect spinal cord ischemia compared to 

tcMEPP during aortic surgery. 

21 1 
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Outlinee of the thesis 

Thee present thesis addresses two aspects of iatrogenic ischemic spinal cord injury in animal 

models:: further refinement of intraoperative spinal cord ischemia detection and 

pharmacologicall  neuroprotection of the spinal cord. An overview of the currently applied 

techniquess of intraoperative monitoring of the spinal cord is provided in chapter 2. The 

followingg four chapters describe studies in a porcine model of spinal cord ischemia. The 

meaningg of loss or restoration of intraoperative tcMEP for neurologic and histopathologic 

outcomee after transient or permanent spinal cord ischemia is studied in chapter 3. The 

detectionn time of tcMEP during selective reduction of spinal cord blood flow that remains 

confinedd to the thoracic spinal cord or the lumbar spinal cord is addressed in chapter 4. This 

iss followed by an evaluation of a new technique to detect spinal cord ischemia. Measurement 

off  cerebrospinal pÜ2 is compared with tcMEP recording during progressive spinal cord 

ischemiaa (chapter 5, 6). The study in chapter 7 describes the neuroprotective effects on 

histopathologyy and neurologic outcome of the pharmacological agents ketamine and riluzole, 

alonee and in combination, in a rabbit model of transient spinal cord ischemia. In a similar 

rabbitt model, the neuroprotective effect of aminoguanidine is assessed in chapter 8. 

22 2 
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