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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 

thoracicc aorta 
sixthh rib 
aneurys m m 

diafragm m 

celiacc artery 

kidney y 

aorticc bifurcation 
commonn femoral artery 

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 

11 1 



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 

Arteria ll  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. 

thyrocervica l l 
arter yy trun k 

aort a a 

vertebra ll  arter y 

anterio rr  spina l arter y 

spina ll  cor d 

segmenta ll  arter y 
(Adamkiewicz ) ) 

ventra l l 

posterio rr  spina l arterie s 

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 



C h a p t e rr  1 

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 



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

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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Outlin ee 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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Chapterr  2 

Intraoperativ ee spinal cord monitoring: 

evokedd potentials and cerebrospinal fluid  oxygenation 

Background d 

Surgicall  procedures that involve occlusion of the spinal cord feeding arteries, application of 

correctivee forces to the spine, invasion of the cord or local osteotomy, carry the risk of 

iatrogenicc spinal cord injury. Current reports indicate that the incidence of paraplegia after 

aorticc surgery ranges between less than 0,1% after repair of aortic coarctation and 15% after 

resectionn of thoracoabdominal aneurysms. The incidence of neurologic deficits after 

correctionn of kyphosis and congenital scoliosis varies between 1% and 2%. Definite numbers 

off  spinal cord injury after spinal neurosurgery are lacking, although an increasing use of 
8-10 0 

spinall  cord monitoring is reported in these procedures. 

Thee purpose of intraoperative monitoring of the spinal cord is the detection of spinal cord 

dysfunctionn before irreversible damage has occurred, allowing immediate corrective action. 

Thee worst-case scenario in surgical procedures that carry a risk for spinal cord ischemia is a 

patientt who awakes paraplegic after an otherwise uneventful operation. Because the 

consequencess of iatrogenic paraplegia are so devastating, spinal cord monitoring techniques 

shouldd have a high sensitivity and minimal false negative monitoring results. 

Inn general, the combination of fast and reliable detection of spinal cord dysfunction and 

thee availability of successful surgical measures should reduce the proportion of adverse 

neurologicc outcomes. During spinal (neuro)surgery such measures may include the reduction 

off  traction on the spinal cord, guided decompressive surgery or the increase of spinal cord 

perfusionn pressure. During resection of thoracoabdominal aneurysms, retrograde perfusion of 

thee spinal cord or reattachment of spinal cord feeding vessels in the graft can be applied to 

maintainn spinal cord perfusion. In this review, currently used clinical methods of 

intraoperativee spinal cord monitoring are described and their efficacy for detection of spinal 

cordd ischemia is discussed. 

Spinall  cord monitoring techniques 

Theree are several techniques for intraoperative assessment of spinal cord function. The 

classicall  wake-up test is very specific for spinal cord motor function, but has several practical 

drawbacks.. The patient has to be awake and cooperative, surgical and anesthesiological 
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proceedingss might get disturbed, and monitoring is not continuous. Evoked potentials permit 

thee noninvasive, functional assessment of spinal cord tracts conveying sensory or motor 

information.. Especially somatosensory evoked potentials to electrical stimulation of 

peripherall  nerves (SSEP) are widely used. A newer technique is myogenic motor evoked 

potentialss to transcranial stimulation (tcMEP), which is very specific for ischemic dysfunction 

off  the spinal cord motor pathways. Finally, intrathecal pC>2 measurements (CSF-pOi) can be 

usedd to indirectly assess spinal cord oxygenation. 

SomatosensorySomatosensory evoked potentials are electrophysiological responses of the central 

nervouss system to stimulation of a peripheral nerve. Usually, stimulation is applied to the 

posteriorr tibial nerve at the ankle, because this site is readily accessible during the operation. 

Recordingss are most commonly done over the scalp (cortical SSEP), but can also be obtained 

fromm needle electrodes placed in the interspinous ligaments or the epidural space at different 
12 2 

spinall  cord levels. The SSEP constitutes the integrity of transmission through the ascending 

sensoryy tracts located in the dorsal columns of the spinal cord. 

Thee use of SSEP for the prevention of iatrogenic spinal cord injury is based on the 

assumptionn that severe ischemia of the ascending white matter tracts will result in significant 

changess in latency and amplitude of the cortical signal before irreversible neuronal damage 

occurs.. The criterion for detection of spinal cord ischemia requiring intervention during 

vascularr and spinal surgery was empirically defined as a decrease in signal amplitude of more 
13,14 4 

thann 50% or an increase of the signal latency of more than 10%. Signal averaging is 

necessaryy to separate the relatively small amplitude of SSEP (a factor 1,000 smaller than for 

examplee ECG signals) from the background noise of biological and background signals in the 

operationn room. 

MotorMotor evoked potentials are the responses of the muscle, peripheral nerve or spinal cord 

thatt result from electrical stimulation of the motor cortex or spinal cord. Although at least six 

combinationss of stimulation and recording sites exist, the recording of muscle responses to a 

volleyy of electrical or magnetic transcranial stimulations (tcMEP) appears to elicit the most 

efficientt and stable signal. The tcMEP constitutes the integrity of transmission through the 

descendingg pyramidal tracts and motoneuron synapses that are located in the ventral aspect of 

thee spinal cord. The use of tcMEP for the prevention of iatrogenic spinal cord injury is based 

onn the assumption that ischemia of the most vulnerable segment in the corticospinal motor 

pathway,, i.e. the motoneuronal synapses in the lumbar intumescence, results in significant 

changess in amplitude of the myogenic response before irreversible neuronal damage occurs. 
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Thee criterion for detection of spinal cord ischemia requiring intervention was defined on 
15 5 

empiricall  grounds as a reduction of tcMEP amplitude to less than 25% of the baseline value. 

Thee more restrictive criterion for spinal cord dysfunction during tcMEP monitoring compared 

too SSEP recording was based on the relatively larger amplitude variability of tcMEP signals. 

AA possible reason for the delayed arrival of tcMEP monitoring in the operation room is that 

mostt anesthetic drugs, and especially volatile agents, decrease the excitability of the motor 

pathways.. Compared to ECG readings the myogenic tcMEP amplitude is of comparable 

size,, and signal-acquisition is usually performed once a minute. 

Indirectt monitoring of spinal cord oxygenation is a relatively new technique that has 

beenn introduced recently during aortic surgery. Continuous assessment of parenchymal 

oxygenationn via implanted microprobes was already used clinically to detect cerebral 
19-211 . 

ischemiaa after traumatic brain injury, but direct measurement of spinal cord tissue 

oxygenationn is not feasible with the current technology. However, the changes in 

cerebrospinall  pC"2 (CSF-pC»2) values, which can be more readily assessed, appear to parallel 
19,22 2 

neuronall  tissue oxygenation. Recent observations in experimental models and in patients 

undergoingg resection of thoracoabdominal aortic aneurysms indicate that intrathecal pC>2 
233 24 

decreasess after aortic cross-clamping. ' CSF-pC>2 can be measured with fiberoptic devices 

andd Clark-type electrodes that are inserted in the lumbar intrathecal space. Sampling of p02 

valuess can be performed up to every 2 seconds. In a recent study [see chapter 5] a reduction of 

CSF-p022 with 50% correlated with clinical spinal cord ischemia as measured with tcMEP 

duringg experimental spinal cord ischemia. The technique seems to have a high temporal 

resolutionn for the detection of spinal cord ischemia and reperfusion. 

Comments s 

AnesthesiologicalAnesthesiological effects on evoked potentials 

Manyy anesthetic agents that are commonly used in the operation room can substantially 

influencee the recording of evoked potentials. Anesthetic agents decrease the synaptic 

excitabilityy in the central and peripheral nervous system. Especially the cortical component in 

SSEPP and the cortical and spinal motoneuronal component in tcMEP are vulnerable to 

reductionn of neuronal excitability induced by volatile agents. 

Recordingg of cortical and myogenic responses is possible with nitrous oxide 50% / opioid 

anesthesiaa but evoked potentials are completely abolished when the mixture is combined with 

isofluranee 0.3%. Intravenous agents that are known to possess muscle-relaxing properties, 
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suchh as benzodiazepines, barbiturates and propofol severely depress myogenic tcMEP but do 

nott substantially affect SSEP responses. However, application of multiple transcranial pulses 

withinn a short time interval can partly overcome the observed tcMEP amplitude reductions of 

thesee and most of the other anesthetic agents. Pharmacological agents that increase muscle 

tone,, such as ketamine, fentanyl, sufentanil and etomidate do not affect tcMEP substantially. 
25 5 

Etomidatee is the only anesthetic drug known to increase SSEP amplitude. 

AA widely accepted anesthetic technique during SSEP monitoring consists of the 

combinationn of the following agents: benzodiazepine premedication, barbiturate induction, 

boluss and continuous infusion of fentanyl, sufentanil or alfentanil and N2O 50% with or 

withoutt low concentrations (<0,5 MAC) of volatile agents. An anesthetic technique for the 

monitoringg of myogenic tcMEP might exist of the following: benzodiazepine premedication, 

etomidatee induction, and sufentanil maintenance with a supplement bolus of ketamine. 

Alternatively,, total intravenous anesthesia using continuous infusions of opioid and low-dose 

propofoll  may provide acceptable tcMEP recording conditions. During tcMEP recording, 

partiall  muscle relaxation can be maintained with a closed loop administration of vecuronium. 

Inn general, boluses of centrally active medication should be avoided during monitoring of 

evokedd potentials. Temperature effects influence nerve conduction velocity and should be 

takenn into account during interpretation of latency changes of the SSEP signal. 

ComparisonComparison of monitoring techniques 

Mostt studies indicating that the intraoperative use of SSEP can decrease the incidence of 

postoperativee neurologic deficits were carried out in orthopedic surgery. The correction of 

acutee spinal injuries was associated with a smaller number of new neurologic deficits in 

patientss that were monitored with SSEP during the procedure compared to patients that were 

nott monitored or underwent a wake-up test only. In a retrospective multicenter study SSEP 

weree used in the majority of scoliosis procedures, reducing the incidence of neurologic 
27 7 

deficitss as compared to procedures that were not monitored. 

Althoughh SSEP can increase the safety of certain orthopedic and neurosurgical 

procedures,, the technique assesses mainly sensory spinal cord tracts, which are located in the 

dorsall  aspect of the cord. This part of the spinal cord is perfused via another arterial system 

thann the ventral spinal cord (which comprises the anterior horn motoneurons that innervate 
28 8 

thee leg musculature), and receives a more robust input directly from the aorta. Furthermore, 

synapticc transmission in motoneurons is more sensitive to ischemia than axonal 
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299 30 

transmission.. ' This might explain the long delay (more than 15 minutes) between onset and 
31,32 2 

detectionn of ischemia with SSEP after aortic cross-clamping or hypoxia. Thus, there is a 

distinctt albeit rare chance that a stable SSEP signal is measured throughout a surgical 

proceduree in the presence of a motor pathway dysfunction. Indeed, several reports indicate 

false-negativee monitoring results of SSEP that can hamper the application of the technique in 
4,10,33-35 5 

proceduress that carry a risk of spinal cord motor pathway ischemia. Also, especially 

duringg resection of aortic aneurysms, in which immediate and continuous feedback is 

warrantedd to guide reattachment of spinal cord feeding arteries to the graft, the delayed 

detectionn time of SSEP might hamper the use this technique for the detection of fast changes 

inn spinal cord perfusion. 

TcMEPP are highly specific for the integrity of motor pathway conduction and are lost 

almostt instantaneously after cross-clamping of the thoracic aorta, ' probably as a result of 

ischemicc synaptic failure in the anterior horn motoneurons. The loss of myogenic tcMEP 

correlatess with a severe reduction of anterior spinal cord blood flow. The high sensitivity 

andd specificity of tcMEP for the detection of spinal cord ischemia might depend on the cut-off 

valuee (e.g. 25% of baseline) that is associated with severe hypoperfusion of the spinal cord. 

Contributingg to the variability of tcMEP amplitude is the use of partial muscle relaxation, 

whichh balances the surgical considerations of patient immobility and movements after 

transcraniall  stimulation and the minimal requirements for myogenic evoked potentials 
399 40 

recording.. ' The fast detection of spinal cord ischemia by tcMEP provided identification of 

segmentall  arteries that were critical to spinal cord perfusion in both the clinical and the 
411 42 

experimentall  setting. ' Although the predictive value of intraoperative tcMEP for 

postoperativee neurologic outcome is presently unknown, there is evidence indicating that loss 
43 3 

off  tcMEP signals precedes irreversible damage during experimental spinal cord ischemia. 

Functionall  assessment of the spinal cord seems more reliable than indirect measurements 

off  spinal cord oxygenation. However, there are some advantages of CSF-p02 measurement 

comparedd to motor evoked potentials. Movement artifacts that are associated with partial 

neuromuscularr blockade, the delivery of high voltage stimuli to the brain, and the complexity 

off  tcMEP monitoring may render CSF-p02 measurement more suitable for spinal 

neurosurgeryy as compared to tcMEP. There seems to be considerable discussion as to the 

reliabilityy of recording absolute p02 values, but the real-time relative CSF-pC«2 changes after 

occlusionn of spinal cord feeding vessels appear valid. Several physiologic parameters, such as 
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end-tidall  CO2, mean arterial pressure, intracranial pressure, pH and temperature, have to be 

controlledd meticulously to avoid artifacts in CSF-p02 measurement. 

Moree research is needed to determine if CSF-p02 detects spinal cord ischemia before 

irreversiblee neuronal damage has occurred. A first step might be a validation of the technique 

withh functional assessment of the spinal cord during rapid changes in experimentally induced 

spinall  cord hypoperfusion. 

Conclusions s 

Thee currently available techniques for intraoperative monitoring of the spinal cord aim to 

detectt spinal cord ischemia before irreversible neuronal damage has occurred during spinal 

andd vascular surgical procedures. Evoked potentials assess conduction in motor, sensory or a 

mixedd motor/sensory spinal trajectory. Myogenic responses to transcranial stimulation are 

completelyy specific for motor pathway function and reduce rapidly during spinal cord 

ischemia,, but preclude the use of volatile agents and complete neuromuscular blockade. SSEP 

reliablyy detects global spinal cord ischemia after an initial delay, but lacks sensitivity for the 

detectionn of isolated motor pathway dysfunction. The continuous measurement of intrathecal 

oxygenationn might be used intraoperatively in addition to motor evoked potentials, or in 

criticall  care environments 
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Chapterr  3 

Thee role of transcranial motor  evoked potentials in predicting neurologic and 

histopathologicc outcome after  experimental spinal cord ischemia 

Abstract t 

Background:Background: Monitoring of myogenic motor evoked potentials to transcranial stimulation 

(tcMEP)) is clinically used to assess motor pathway function during aortic and spinal 

proceduress that carry a risk of spinal cord ischemia (SCI). Although tcMEP presumably 

detectt SCI before irreversible neuronal deficit occurs, and prolonged reduction of tcMEP 

signalss is thought to be associated with impending spinal cord damage, experimental evidence 

too support this concept has not been provided. In this study histopathologic and neurologic 

outcomee was examined in a porcine model of SCI after different durations of intraoperative 

losss of tcMEP signals. 

Methods:Methods: In fifteen ketamine-sufentanil anesthetized pigs (weight 35-45 kg) the spinal cord 

feedingg lumbar arteries were exposed. TcMEP were recorded from the upper and lower limbs. 

Underr normothermic conditions, animals were randomly allocated to undergo short-term 

tcMEPP reduction (group A, <10 min, n = 5) or prolonged tcMEP reduction (group B, 60 min, 

nn - 10), resulting from temporary or permanent clamping of lumbar segmental arteries. 

Neurologicc function was evaluated every 24 h, and infarction volume and the number of 

eosinophilicc neurons and viable motoneurons in the lumbosacral spinal cord was evaluated 72 

hh after induction of SCI. 

Results:Results: In all animals except one, segmental artery clamping reduced tcMEP to below 25% 

off  baseline. All but one animals in group A had reduced tcMEP for less than 10 min, and had 

normall  motor function and no infarction at 72 h after the initial tcMEP reduction. Seven 

animalss in group B (70%) had reduced tcMEP signals for more than 60 min, and were 

paraplegicc with massive spinal cord infarction at 72 h. Two animals (one in both groups) had 

tcMEPP loss for 40 min, with moderate infarction and normal function. In general, 

histopathologicc damage and neurologic dysfunction did not occur when tcMEP amplitude 

recoveredd within 10 and 40 min after the initial decline, respectively. 

Conclusion:Conclusion: Prolonged reduction of intraoperative tcMEP amplitude is predictive for 

postoperativee neurologic dysfunction, while recovery of the tcMEP signal within 10 min after 

thee initial decline corresponds with normal histopathology and motor function in this 

experimentall  model. This finding confirms that intraoperative tcMEP have a good prognostic 
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valuee for neurologic outcome during procedures in which the spinal cord is at risk for 

ischemia. . 

Introductio n n 

Prolongedd spinal cord ischemia (SCI) during surgery on the aorta or the spine can result in 

irreversiblee neurologic deficit. Although recent reports indicate that the incidence of 

neurologicall  complications has declined, resection of thoracoabdominal aneurysms is still 
1-6 6 

associatedd with a 5-15% incidence of spinal cord injury. 

Losss of motoneuron function that occurs during temporary reduction of spinal cord 

perfusionn pressure resulting from, e.g., occlusion of critical segmental arteries that are located 

withinn the excluded aortic segment, can be detected with myogenic transcranial motor evoked 
7-9 9 

potentialss (tcMEP). This technique provides continuous assessment of motor tract 
10-12 2 

conductionn integrity and the amplitude of tcMEP recorded from the lower limb was 

minimisedd almost instantaneously after aortic cross-clamping. The early detection of SCI 

byy tcMEP allows prompt institution of measures to restore spinal cord perfusion, such as 
increasingg distal aortic perfusion pressure and reattachment of critical segmental arteries to 

nn
 16'17 

thee graft. 

AA considerable body of evidence indicates a good agreement between intraoperative 
,, , - , ,  , 11,16,18,19 T T 

motorr evoked potentials and postoperative neurological status. However, a 

prospectivee evaluation that indicates that tcMEP consistently detects SCI before irreversible 

spinall  cord injury occurs, and that a prolonged reduction of tcMEP predicts postoperative 

neurologicc deficit has been lacking. In the current study, spinal cord ischemia was induced in 

aa porcine model with segmental artery clamping. This method reduced spinal cord blood flow 

(SCBF)) to a level similar to that observed after aortic occlusion, sufficient to result in tcMEP 
20-23 3 

loss.. A similar prolonged reduction of SCBF can result in spinal cord infarction and 
24 4 

neurologicc dysfunction. The purpose of this study was to investigate the predictive value of 

myogenicc tcMEP for short-term neurologic and histopathologic outcome. 

Materiall  &  Methods 

Animall  care and experimental procedures were performed in compliance with The National 

Guideliness for Care of Laboratory Animals in the Netherlands. The study protocol was 
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approvedd by the Animal Research Committee of the Academic Hospital at the University of 

Amsterdam,, the Netherlands. Fifteen pigs, weighing 41  5 kg, were included in the study. 

Anesthesia Anesthesia 

Premedicationn consisted of ketamine 15 mg.kg"1 intramuscularly (i.m.). Anesthesia was 

inducedd with inhalation by mask of 2.0% isoflurane in a mixture of 50% O2 in air. Two 

intravenouss catheters (18 G) were placed in an ear vein and normal saline was infused at a 

ratee of 15 ml.kg'.h"1. After induction of anesthesia sufentanil 15 ug.kg"1 and clonidine 2 

ug.kg"11 was given intravenously (i.v.), isoflurane was discontinued, and anesthesia was 

maintainedd with a continuous infusion of ketamine (15 mg.kg" '.h'1), sufentanil (5 ng.kg'.h"1), 

andd clonidine (1 ug.kg"1.h"1). The tracheas were intubated and animals were ventilated using 

Intermittentt Positive Pressure Ventilation. End-tidal CCVconcentration was measured by a 

mainstreamm capnograph (Hewlett-Packard, Boebingen, Germany) and PaC02 was maintained 

betweenn 36 and 40 mm Hg. Adequacy of ventilation was confirmed by blood gas analysis at 

37°C. . 

Thee level of neuromuscular blockade was monitored electromyographically using a Datex 

Relaxographh (Datex-Ohmeda, Helsinki, Finland), placed at the animal's wrist equivalent after 

stimulationn of the median nerve. A closed loop infusion system with Pancuronium was used 

too maintain 40% relaxation as referenced to the control situation. This level of muscle 

relaxationn was chosen to provide an optimal trade off between spontaneous movements of the 

animall  and the minimal requirements for myogenic evoked potential recording and 

assessmentt of adequate depth of anesthesia. 

Arteriall  blood pressure and central venous pressure were measured from catheters placed 

inn the right popliteal artery and the left cephalic vein respectively. Oxygen saturation was 

continuouslyy assessed by pulse oximetry. Nasopharyngeal temperature was monitored and 

keptt at 38°C by means of a heating lamp. Urinary output was measured throughout the 

experiment.. Before incision, the skin of the animal was pinched with a forceps, and absence 

off  spontaneous movement or an increase of arterial blood pressure was an indication for 

adequatee depth of anesthesia. Before the start of ischemic manipulations, arterial pH, PaC*2, 

PPaaC02,C02, hemoglobin concentration and hematocrit were measured. 
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OperativeOperative procedure 

Animalss were placed in the right decubitus position. Under sterile conditions a laparotomy 

wass made through a midline incision and the viscera were transposed to the right. The 

abdominall  aorta, the arising lumbar arteries, and the sacral artery were exposed. The thoracic 

duct,, which in pig is much larger compared to the thoracic duct in man, is at risk during the 

exposuree of segmental arteries. Rupture may result in development of severe dyspnea during 

thee postoperative phase, as observed in a pilot study. To avoid damage, we separated the 

entiree lumbar part of the duct from the aorta. Incidental leaks were meticulously sutured, and 

alll  animals in the study remained free from pulmonary complications. Permanent occlusion of 

segmentall  arteries (group B) was carried out with a clip application instrument (ligaclip 

MCA,, Ethicon, Somerville, New Jersey, USA). After induction of spinal cord ischemia (see 

experimentall  design) the abdomen was closed in layers. The spinal cord was harvested at 72 h 

duringg which procedure the interior of the aorta was inspected to determine whether all 

lumbarr and intercostal SAs had been identified. 

ExperimentalExperimental design 

Figuree 1 shows the experimental setup. Fifteen minutes before ischemic manipulations 

baselinee values for tcMEP were obtained. Animals were randomized to undergo either 

transientt tcMEP reduction (group A, n = 5) or prolonged tcMEP reduction (group B, n = 10). 

Thee target period of tcMEP loss was < 10 minutes in group A, and 60 minutes in group B. To 

inducee SCI, SAs were clamped in a caudal-to-cranial direction. A time interval of 5 min was 

appliedd between the occlusion of two successive arteries. In group A, a number of SAs were 

occludedd sequentially with removable arterial clamps, that was sufficient to abolish tcMEP 

completely.. One or several clamps were then sequentially released, starting at the most 

craniall  arterial clamp, until tcMEP returned to values > 75% of baseline The remaining 

clampss were replaced by vascular clips that permanently occlude an artery. Permanent 

clippingg of these arteries was performed to approach the clinical situation of aortic aneurysm 

repair,, during which only SAs that are critical for spinal cord perfusion (as identified by 

tcMEPP recording) are reattached to the graft. TcMEP monitoring was discontinued at 60 

minutess after the initial loss of the tcMEP signal. In group B, all arteries were sequentially 

occludedd with permanent vascular clips. TcMEP monitoring was discontinued at 60 minutes 

afterr the primary loss of tcMEP signals. After termination of tcMEP recording anesthesia was 

discontinuedd in all animals. 
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Att 72 h after the initial tcMEP loss animals underwent the final neurologic scoring, and spinal 

cordss were harvested after the animals were killed. 

Transcraniall cortical stimulation 
Anode e 

Quadriceps s 
Muscles s 

Figuree 1: 
Schematicc representation of the experimental set up. From top to bottom of the picture, transcranial stimulation 
off  the motor cortex, sequential clamping of segmental arteries and myogenic recording of evoked potentials is 
shown,, respectively. 

EvokedEvoked potential recording 

TcMEPP stimuli were applied with a transcranial electrical stimulator (Digitimer D 185 

corticall  stimulator, Welwyn Garden City, UK) through four needle electrodes attached to the 

scalp.. A train of four square wave pulses (peak voltage 600 - 1200 V), with a duration of 50 

(iss and an inter-stimulus interval of 2 ms, was distributed over the motorcortex via an anode 

locatedd at the occiput and three interconnected cathodes placed behind the ears and in the soft 

palate.. Compound muscle action potentials (CMAP) were recorded from the skin over the 

rightt upper limb triceps muscle and bilaterally over the lower limb quadriceps muscles using 
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adhesivee gel Ag/AgCl electrodes. The signals were amplified 5,000-20,000 times (adjusted to 

obtainn maximum vertical resolution), and filtered between 30 and 1500 Hz using a 3T PS-800 

biologicc amplifier (Twente Technology Transfer, Twente, the Netherlands). Stimulus 

intensityy was adjusted to acquire maximal responses and recording was performed at a setting 

off  10% above the stimulus level that obtained maximal amplitude. 

Amplitudee of the CMAP was defined as the peak-to-peak distance in uV. A reduction 

off  tcMEP amplitude on the muscle groups monitored to less than 25% of the baseline value 

wass considered an indication of ischemic spinal cord dysfunction. This criterion is based on 

thee assumption that an amplitude decrease below three times the standard deviation should 

providee optimal detection of ischemia while limiting the rate of false positive monitoring 
16 6 

results,, and our previous observation of a 26% within-patient variability of the tcMEP. Loss 

off  tcMEP signal was defined as reduction of the amplitude to below 40 uV (this value 

representedd approximately 2 times the peak-to-peak noise level in waveforms acquired 

withoutt stimulation). This complete reduction of tcMEP amplitude is presented in the results 

ass tcMEP absence. 

Baselinee motor evoked potentials were obtained during laparotomy by averaging 10 

consecutivee responses before the clamping of segmental arteries (SAs). Responses were 

displayedd and stored on a Macintosh Quadra computer (Apple Computer, Cupertino, CA) 

withh 12-bit A/D conversion and acquisition software written in the Lab VIEW programming 
25 5 

environmentt (National Instruments, Austin, Texas). 

PostoperativePostoperative period 

Beforee extubation animals received buprenorphine 0.01 mg.kg1 i.m., and a non steroid anti-

inflammatoryy drug (flunixin 2 mg.kg_1 i.m.) for analgesia. During the night following surgery 

thee animals received buprenorphine 0.01 mg.kg"1 i.m at 8 h and 16 h after awaking, and 

flunixinn 2 mg.kg"' i.m. at 12 h after awaking. All animals received total parenteral nutrition 

(Intralipidd 20%, Fresenius, Homburg, Germany) 100 ml, during the first hours following 

awaking. . 
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NeurologicNeurologic evaluation 

Twenty-four,, 48 and 72 h after the ischemic insult, the neurologic status of the animals was 

assessedd by an observer blinded to the surgical intervention. After stimulation of the animals 

withh the placement of food rewards several feet away from their resting location, neurologic 

functionn was evaluated according to a modified Tarlov score (five-point scale of motor 
26 6 

function)) : 0 = paraplegic with no lower-extremity function; 1 = poor lower-extremity 

function,, weak anti-gravity movement only; 2 = good movement, not able to stand; 3 = able 

too stand, not to walk; 4 = normal motor function. 

SpinalSpinal cord pathology 

Afterr final scoring of neurologic function at 72 h, the animals were premedicated (ketamine 

155 mg.kg"1i.m.), and anesthetized with ketamine (15 mg.kg'.h"1), sufentanil (5 (ig.kg'.h"1), 

andd clonidine (1 ug.kg"1.!!"1) and 2.0% isoflurane in a mixture of 50% O2 in air. After 

administrationn of heparin, animals were killed with pentobarbital (100 mg, i.v.) and KCL (10 

ml,, i.v.), and the vertebral column containing the vertebral bodies L2 - SI was perfusion 

fixatedd with formalin 3.6%. 

Thee lumbosacral segment of the spinal cord was removed en bloc and immersed in 

formalinn for at least 10 days. The whole lumbosacral portion of the spinal cord was sampled 
27 7 

systematically.. Twelve equidistant transverse slices (1 mm thick) were dissected and 

embeddedd in paraffin. From each paraffin block, randomly selected 4-um thick sections were 

cutt and stained with hematoxylin and eosin. In the resulting series of sections, the spinal cord 
28 8 

segmentt that gives rise to the lumbosacral plexus (L4 - L6 and S1 - S4) in pig was located 

betweenn the fifth and the eleventh section. 

InfarctionInfarction volume 

Att a low magnification all of the sections were digitized and the areas of 1) total gray matter 

andd 2) infarcted gray matter were measured interactively using image analysis software 

(Qwin,, Leica, Camebridge, U.K.) by two observers that were blinded to the experimental 

results.. The areas (mm2) were then integrated with the known distance between each 

transversee level to provide an estimate of the infarction volume of the spinal cord. In each 

animal,, the extent of infarction was expressed as the percentage of necrotic tissue of the total 

grayy matter volume. To further specify the localization of infarctions, gray matter area was 
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separatedd into dorsal, intermediate and ventral zones by dividing the dorsoventral axis of gray 

matterr into three equal parts. 

SelectiveSelective neuronal necrosis 

Too quantify selective necrosis, eosinophilic neurons were counted in every section of the 

spinall  cord using lightmicroscopy (Leica, Camebridge, U.K.). Individual counts were added 

too give an aggregate of eosinophilic neurons for all 12 sections. The effective magnification 

wass lOOx. 

VentralVentral horn motoneurons 

Thee total number of apparently viable ventral horn (alpha) motoneurons was determined in 

eachh section. Morphologic viability was defined according to the following criteria: fine 

granularr cytoplasm with basophilic stippling (presence of Nissl substance), prominent 
29 9 

nucleoli,, and a soma diameter of 30-60 jim. Results were expressed as aggregates of 12 

countss for each animal, one count being the total number of motoneurons for one section. 

GroupGroup size and presentation of results 

Power-analysiss was used to calculate the minimal group size that allowed for detection of 

significantt differences in neurologic outcome between the two groups. We wished to have 

sufficientt power (1-0 = 0.8, a = 0.05) to be able to detect a reduction of the incidence of 

paraplegiaa from 80 % in the permanently clamped group to 0% in the intervention group 

(transientt tcMEP reduction). This required a group size of 5 in the intervention group (A) and 

100 in the permanently clamped group (B). We assumed that the expected difference in 

neurologicc events would agree with a relevant difference in duration of tcMEP loss between 

thee groups. This would allow for a reliable determination of the predictive value of short and 

prolongedd tcMEP loss for postoperative neurologic function. Because the degree of 

postoperativee neurologic injury was the dependent variable in this study, the expected 

outcomee in the intervention group (100% normal motor function) was less informative. 

Therefore,, the number of animals in the intervention group was limited, resulting in unequal 

groupp sizes. 

Arteriall  blood pressure, blood gases, weight and temperatures are expressed as means + 

standardd deviation (SD). Neurologic scores, tcMEP amplitude, infarction volumes, and 

neuronn counts are presented as medians and interquartile ranges. The physiologic variables 
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weree analyzed with a one-way analysis of variance and when significant differences were 

identified,, student's t tests for inter-group comparisons with appropriate correction for 

multiplee comparisons were carried out. Neurologic scores, infarction volumes, and neuron 

countss were analyzed with the use of a rank-sum statistical test (Mann-Whitney U-test). A P 

valuee of less than 0.05 was considered significant. Sensitivity (true positive / true positive + 

falsee negative), specificity (true negative / true negative + false positive), positive predictive 

valuess (true positive / true positive + false positive), negative predictive values (true negative 

// true negative + false negative) of different reduction times of tcMEP for postoperative spinal 

cordd injury were calculated. 

Results s 

Theree were no differences in animal weight between group A (40  4 kg) and group B (41 6 

kg).. Table 1 summarizes the hemodynamic and blood gas data before the onset of arterial 

clamping,, and rectal temperature after placement of the clamps. No differences in pH, PaC>2, 

PaC02,, Hb, hematocrit and rectal temperature were observed between the groups. Mean 

arteriall  blood pressure during and after tcMEP reduction was the same for animals in group A 

(822  3 mm Hg) and group B (83  5 mm Hg). Six lumbar SAs and the medial sacral artery 

weree identified. Complete loss of the hind limb tcMEP signal was established after clamping 

off  7  1 (S.D.) arteries during sequential clamping. In group A, motor transmission recovered 

afterr de-clamping of 2 - 4 arteries following the initial tcMEP loss. The viscera were 

repositionedd after termination of tcMEP recording to avoid the possible influence of increased 

circulatingg volume and subsequent reduction of the intensity of the induced ischemia. 

Tablee 1. Physiologic parameters 

pH pH 
group p 

InterventionIntervention (A, n = = 4) 7.46  0.03 

Ischemiaa (B, n = 10) 7.49  0.08 

PaC02, , 
mmHg g 

37.66 8 

35.22 6 

Pa02, , 
mmm Hg 

2022 + 25 

2377  27 

Ht, , 
% % 

30.66  2.2 

31.77  1.0 

Hb, , 
g/dl l 

9.77 3 

10.33 3 

Temp, , 
°C C 

38.33 + 0.4 

38.77 5 

Al ll  values are means  SD. Intervention = group A, short tcMEP reduction. Ischemia = group B, prolonged 
tcMEPP reduction. Ht = hematocrit; Hb = Hemoglobin; Temp = rectal temperature during the last hour of tcMEP 
recording. . 
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Reproduciblee tcMEP were recorded in all animals. The median amplitude before ischemic 

manipulationss was 1934 (interquartile range: 1498 - 2727) uV. In one animal (Group A), 

tcMEPP could not be reduced to below 25% of baseline with the maximum numbers of SAs 

clamped.. Staged aortic clamping was used to determine if all arteries were found. Postmortem 

observationn showed one segmental artery that was not identified during the first surgical 

procedure.. Because repeated aortic clamping was used, this animal was not included in the 

analysis.. The time interval between the start of segmental artery clamping and reduction of 

tcMEPP to below 25% of baseline was the same in group A (median 16 min (iqr: 13 - 23)) and 

groupp B (19 min (12-21)). The subsequent interval, between the initial reduction of tcMEP 

too 25% of baseline and complete loss of tcMEP waveform, was not different in group A (4 (3 

-- 5) min) and group B (2 (1 - 5) min). 

Figuree 2 show the tcMEP for every successive segmental artery clamping stage for 

bothh groups. In group A, the de-clamping of segmental arteries after an initial reduction of 

tcMEPP amplitude, resulted in prompt recovery (within 10 min) of tcMEP signals to baseline 

valuess in three animals. No spinal cord infarction was present in these animals, and motor 

functionn was normal at 72 h after tcMEP reduction. In one animal of group A, tcMEP 

reductionn was more prolonged (Animal #3, tcMEP < 25%: 61 min, tcMEP absence: 43 min). 

Thiss animal showed minimal infarction of the lumbosacral spinal cord and had a normal 

motorr function at 72 h after tcMEP reduction. In seven (70%) animals in group B, the tcMEP 

waveformm was rapidly abolished and remained absent. These animals had massive infarction 

off  the spinal cord segments giving rise to the lumbosacral plexus, and were all paraplegic 72 h 

afterr the initial tcMEP loss. In three animals (30%) of group B, tcMEP returned to values 

abovee 25% of baseline after the primary decrease within 8, 10, and 42 min, despite the 

permanentt occlusion of all lumbar SAs. Their total infarction volumes were 9.6%, 31.3%, and 

95.1%,, respectively and their Tarlov scores were 4,4, and 3 respectively. No additional SAs 

weree found during postmortem observations at 72 h after tcMEP reduction. 

Thee period of tcMEP reduction, neurologic score and infarction volumes for 

individuall  animals are shown in table 2. Both in group A and B, reduction of tcMEP to below 

25%% of baseline was a continuous period. Continuous absence of tcMEP waveform occurred 

inn all animals except one in both groups (animal #3 in group A and animal #6 in group B). In 

thesee animals, three short periods of waveform absence were observed, the summation of 

whichh is given in table 2. 
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Figuree 2: 
Thee time course of tcMEP during sequential clamping of segmental arteries and 60 min of recording after the 
initiall  tcMEP reduction is shown in all animals (n = 14). On the X-axis the time in minutes is shown with zero 
beingg the initial disappearance of tcMEP. Individual graphs are arranged according to the moment of initial 
tcMEPP loss. On the Y-axis the relative amplitude of tcMEP compared to baseline is shown. The thin horizontal 
liness at the bottom of each graph represent the value 0 for relative tcMEP. A. = group A; B. = group B. Min = 
timee in minutes. The animal number is depicted on the top of each graph and corresponds with outcome 
parameterss in Table 2. Dichotomous neurologic outcome at 72 h is indicated (N = normal motor function, P = 
paraplegic). . 
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Tablee 2. TcMEP reduction times and neurologic status after  72 h 

Group p 

partial l 
reperfusion n 
afterr tcMEP 

loss s 
(A) ) 

permanent t 
segmental l 

artery y 
occlusion n 

(B) ) 

Animal l 

1 1 
2 2 
3 3 
4 4 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 

Interval, , 
min n 
18 8 
36 6 
13 3 
13 3 

18 8 
7 7 
19 9 
12 2 
22 2 
40 0 
8 8 
21 1 
17 7 
20 0 

tcMEPP <25%, 
min n 

3 3 
2 2 
61 1 
7 7 

47 7 
60 0 
60 0 
60 0 
25 5 
37 7 
63 3 
62 2 
62 2 
62 2 

tcMEPP absence, 
min n 
2 2 
0 0 

43' ' 
2 2 

42 2 
60 0 
60 0 
60 0 
8 8 

10* * 
60 0 
60 0 
60 0 
60 0 

Motorr score, 
0 - 4 4 

4 4 
4 4 
4 4 
4 4 

3 3 
0 0 
0 0 
0 0 
4 4 
4 4 
0 0 
0 0 
0 0 
0 0 

Infarction, , 

% % 
0 0 
0 0 

11.6 6 
0 0 

95.1 1 
38.9 9 
92.4 4 
100 0 
9.6 6 
31.3 3 
43.7 7 
73.8 8 
92.7 7 
54.1 1 

Absolutee and relative values for individual animals are shown. Interval = time in min between clamping the first 
segmentall  artery and reduction of tcMEP to below 25%. tcMEP<25% = time in min that tcMEP were reduced to 
beloww 25% of baseline; tcMEP absent = time in min that tcMEP waveform was absent (< 40 nV); Motor score = 
neurologicc function at 72 h, with 0 being total paraplegic and 4 normal motor function; Infarction = relative 
infarctionn volume of the lumbosacral spinal cord. * In these animals, three short periods of waveform absence 
weree observed, of which the summation is given. 

Neuronall  counts for three different periods of tcMEP reduction are shown in fig. 3. The total 

numberr of viable motoneurons and eosinophilic neurons was not different among these 

groups.. In animals with massive infarction of the spinal cord, individual neurons could often 

nott be identified in the penumbral region of the lesion. In figure 4 the relation is shown 

betweenn the time of tcMEP reduction and neurologic function at 72 h after the initial loss of 

tcMEPP amplitude. 

Too determine the diagnostic characteristics of intraoperative tcMEP reduction for 

postoperativee spinal cord damage, animals were re-grouped according to their tcMEP 

reductionn times. Four different periods of tcMEP reduction were defined and the respective 

diagnosticc characteristics for paraplegia and spinal cord infarction are shown in Table 3. The 

positivee predictive values (PPV) and negative predictive values (NPV) of fast recovery of 

tcMEPP signals (within 10 min) for normal postoperative motor function were 1.00 and 0.64, 

respectively.. The PPV and NPV of fast recovery of tcMEP for absence of spinal cord 

infarctionn were 1.00 and 1.00, respectively. 
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Figuree 3: 
Neuronall  counts, with animals group according to the total period of tcMEP reduction. Three periods are shown: 
<< 10 = tcMEP recovery within 10 min; 20 - 50 = tcMEP reduction between 20 and 50 min, after which recovery 
wass observed; > 60 = tcMEP reduction for more than 60 minutes. The Y-axis for the total number of 
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Figuree 4: 
Thee Tarlov motor score as a function of duration of tcMEP reduction (panel A) or tcMEP absence (panel B). 
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Tablee 3. Diagnostic characteristics for different periods of tcMEP loss for postoperative paraplegia and 
spinall  cord infarction 

paraplegia a 

criticall  > 30 
criticall  > 60 
absentt  > 30 
absentt  > 60 

sens s 

1,00 0 
1,00 0 
1,00 0 
1,00 0 

spec c 

0,57 7 
0,86 6 
0,71 1 
1,00 0 

PPV V 

0,70 0 
0,88 8 
0,78 8 
1,00 0 

NPV V 

1,00 0 
1,00 0 
1,00 0 
1,00 0 

infarctionn > 20% 

sens s 

1,00 0 
0,78 8 
0,89 9 
0,78 8 

spec c 

0,80 0 
0,80 0 
0,80 0 
1,00 0 

PPV V 

0,90 0 
0,88 8 
0,89 9 
1,00 0 

NPV V 

1,00 0 
0,67 7 
0,80 0 
0,71 1 

Fourr different tcMEP reduction times are shown and their corresponding predictive power for paraplegia and 
spinall  cord infarction at 72 h after ischemic manipulations. Critical > 30, 60 = reduction of tcMEP for more than 
30,, 60 min; absent > 30, 60 = complete loss of tcMEP for more than 30, 60 min; sens = sensitivity; spec = 
specificity;; PPV = positive predictive value; NPV = negative predictive value; paraplegia = Tarlov 0; infarction 
>> 20% = more than 20% infarction of the total gray matter volume of the lumbosacral spinal cord. 

Discussion n 

Inn the present study, intraoperative absence of tcMEP signals for more than 1 h consistently 

resultedd in paraplegia and extensive spinal cord infarction 72 h later, while SCI followed by 

promptt restoration of tcMEP signals corresponded with normal histopathology and normal 

motorr function. The data indicate that tcMEP predict neurologic outcome after short and 

permanentt intraoperative loss of the responses. 

Thee present results are in agreement with observations following aortic occlusion in 

dogs,, where loss of intraoperative spinal tcMEP correlated with worse neurologic outcome 24 
30 0 

hh after reperfusion. The authors concluded that neurogenic motor evoked potentials were too 

sensitivee to use as an indicator of spinal cord damage, because the responses disappeared 

withinn one minute after the onset of spinal cord ischemia. However, to reduce adverse 

outcomee it is imperative that an intraoperative spinal cord monitoring technique detects 

ischemiaa before the occurrence of irreversible neuronal damage. The present data indicate that 

prolongedd loss of myogenic tcMEP predicts postoperative neurologic dysfunction, and that 

detectionn of acute spinal cord ischemia with tcMEP before irreversible damage has occurred 

iss feasible. In a porcine model of spinal cord ischemia, 10 min reduction of spinal cord 

evokedd potentials recorded from the lumbar spine, followed by reperfusion, was associated 

withh paraplegia in 2 of 4 animals at 3 h after reperfusion. In contrast, recovery of myogenic 

tcMEPP within 10 min was associated with normal motor function in the present study. Our 

dataa support the hypothesis that myogenic tcMEP provide a more sensitive and clinically 

relevantt assessment of both ischemia and irreversible damage of the spinal cord in 

comparisonn with spinal cord evoked potentials. In a previous study we used tcMEP to assess 
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adequacyy of SCBF when segmental arteries (SAs) were selectively perfused during aortic 
32 2 

cross-clamping.. In all animals (n = 5) where SAs were not perfused, tcMEP were 

permanentlyy lost and paraplegia was observed 72 h later. Although a good correlation 

betweenn intraoperative loss of tcMEP amplitude and postoperative neurologic deficit was 

present,, that study was not designed to prospectively evaluate the validity of tcMEP criteria 

forr the prediction of neurologic outcome. 

Becausee the consequences of iatrogenic paraplegia are so devastating, spinal cord 

monitoringg techniques should have a high sensitivity for the detection of intraoperative spinal 

cordd dysfunction, in order to allow prompt intervention. In addition, false negative monitoring 

resultss should be absent. For the prediction of adverse outcome, tcMEP can be regarded as a 

repetitivee application of a diagnostic test, so that the prognostic power of a sequence of 

positivee monitoring results is important. Loss of neurogenic motor evoked potentials recorded 

inn dogs that were subjected to permanent segmental artery ligation predicted postoperative 
33 3 

neurologicc injury in 67% of the cases. Unfortunately, the difference in evoked potentials 
34 4 

recordingg site and the extensive collateral circulation in dogs as compared to pig and man 

hamperss the comparison with the present data. 

Inn the current study, a high positive predictive value and sensitivity of tcMEP loss for 

postoperativee paraplegia was observed after loss of the responses for more than 60 min, while 

300 min of tcMEP loss was already highly predictive of spinal cord infarction involving more 

thann 20% of the total grey matter volume. The total number of paraplegic animals was less 

thann expected and one animal was excluded from the analysis, resulting in a smaller than 

proposedd group size in the intervention group. However, it is unlikely that this influenced the 

predictivee power of the present data because the overall incidence of paraplegia remained 

constant. . 

Inn some animals in group B (animals #1,#5,#6, fig. 2), tcMEP did not remain absent 

duringg the entire study period, but gradually recovered. These animals had less extensive 

histopathologicc damage and better neurologic score at 72 h after the initial tcMEP reduction. 

Onee possible explanation is the recruitment of collateral blood vessels that partially restored 

SCBFF to a level sufficient for recovery of tcMEP signals. The postoperative motor score and 

histopathologicc damage in these animals was similar to that observed after fast restoration of 

tcMEPP signals in the animals of group A, that underwent reperfusion of the spinal cord 

throughh de-clamping of the most cranial lumbar SAs. In general, a good correlation was 

observedd between histopathologic damage and neurologic function. However, in two animals 
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(animall  #3 in group A, #1 in group B) a similar intermediary duration of tcMEP loss resulted 

inn normal motor function in both animals while histopathologic damage was less in the 

animall  of group A. A possible explanation for this discrepancy is the higher number of 

permanentlyy clamped segmental arteries that was present in the animal in group B (seven 

comparedd to five in the animal of group A). The greater number of occluded SAs in the 

animall  of group B might have resulted in a more compromised SCBF and subsequent more 

extensivee neuronal loss during the postoperative period. 

Wee reduced SCBF by sequential clamping of segmental arteries. Compared to aortic 

cross-clamping,, this model minimizes the risk of false positive responses due to ischemia of 

thee peripheral nerve and muscles, and avoids the major cardiovascular changes associated 

withh aortic occlusion and the subsequent reperfusion period. The spinal cord blood supply of 

thee pig resembles that of man because it comprises a plurisegmental artery supply of a 
35,36 6 

continuouss anterior spinal artery (ASA). The vulnerable region of the spinal cord with 

regardss to SCBF is located in the lower thoracic region, facilitating flow in the lumbar region, 

becausee of a large decrease in diameter of the anterior spinal artery in the cranial direction, 
35,36 6 

andd the presence of extensive collateral circulation in the lumbar spinal cord. In a 

previouss study we confirmed with Laser Doppler Flowmetry that SCBF of the anterior horn is 
23 3 

severelyy reduced after segmental artery clamping. However, because placement of the flow 

probess on the ventral aspect of the spinal cord involved extensive removal of vertebral bone, 

thiss would preclude survival of the animals and therefore we chose not to measure SCBF in 

thee present study. 

Thee rationale for the 25% tcMEP amplitude decrease criterion that is used clinically to 
37 7 

detectt SCI is based on theoretical considerations and has been confirmed empirically. In 

general,, the criterion for spinal cord ischemia during somatosensory evoked potentials 

monitoringg is a decrease of amplitude to less than 50% of baseline or a 10% latency 
38 8 

increase.. The more restrictive criterion for spinal cord dysfunction during tcMEP 

monitoringg was based on the larger amplitude variability of tcMEP signals compared to 

somatosensoryy evoked potentials. The cortical and spinal motoneuronal components of 

tcMEPP are vulnerable to agents that reduce neuronal excitability, and the myogenic 

componentt of tcMEP is severely depressed by agents that possess muscle-relaxing properties. 
16,39 9 

Thee combination of ketamine / sufentanil anesthesia in the current study is used clinically, 

andd probably depresses myogenic tcMEP less than total intravenous anesthesia such as low-
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40 0 

dosee propofol / opioid. The present experimental data support the validity of the empirical 

criterionn (25% tcMEP amplitude reduction) for initiating interventions to maintain spinal cord 

perfusionn pressure during surgical procedures on the thoraco-abdominal aneurysm or the 

spine. . 

Conclusions s 

Thee present observations in this porcine model demonstrate that prolonged reduction of 

intraoperativee tcMEP amplitude predicts spinal cord injury following spinal cord ischemia. In 

contrast,, immediate restoration of SCBF after tcMEP amplitude loss results in full tcMEP 

recoveryy and prevents spinal cord neuronal damage even in the presence of permanent 

occlusionn of several segmental arteries. Our finding supports the concept that prompt 

restorationn of spinal cord perfusion after disappearance of the tcMEP signal may prevent 

neurologicc deficit. 
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Chapterr  4 

Delayedd detection of motor  pathway dysfunction 

afterr  selective reduction of thoracic spinal cord blood flow in pigs 

Abstract t 

Objective:Objective: Clinical monitoring of myogenic motor evoked potentials to transcranial 

stimulationn (tcMEP) provides rapid evaluation of motor pathway function during surgical 

proceduress in which spinal cord ischemia (SCI) can occur. However, a severe reduction of 

spinall  cord blood flow (SCBF) that remains confined to the thoracic spinal cord might render 

ischemicc only the descending axons of the corticospinal pathway. In this situation, lower limb 

tcMEPP could respond relatively late compared to a similar SCBF reduction of the lumbar 

spinall  cord that renders predominantly motoneurons ischemic. 

Methods:Methods: Selective thoracic and lumbar SCI was induced by sequential clamping of 

segmentall  arteries during continuous assessment of Laser Doppler flow (ld_SCBF) at the 

thoracicc and lumbar spinal cord. TcMEP were recorded from the upper and lower limbs. The 

timee to loss of tcMEP signals was compared (n = 11) during reduction of IdSCBF below 

25%% of baseline (ischemic segment), while flow was maintained >75% of baseline in the non-

ischemicc segment, both during thoracic and lumbar SCI. 

Results:Results: Average ld_SCBF in the ischemic segment was similar during thoracic (26  15 % 

(SD))) and lumbar (26  16 %) ischemia, while normal flow was maintained in the non-

ischemicc segment. The time to tcMEP loss was considerably longer after thoracic SCI (15

111 min) than after lumbar SCI (3  2 min, P< 0.005). 

Conclusion:Conclusion: In this experimental model of selective spinal cord ischemia, a severe reduction 

off  lumbar SCBF results in rapid loss of tcMEP, while a similar blood flow reduction in the 

thoracicc spinal cord results in relatively slow loss of tcMEP signals. The effectiveness of 

myogenicc tcMEP to rapidly assess spinal cord integrity might be limited when spinal cord 

ischemiaa is confined to the thoracic segments. 

Introductio n n 

Rapidd detection of spinal cord transmission failure can guide interventions aimed at 

maintainingg spinal cord blood flow (SCBF) in surgical procedures that carry a risk of spinal 

cordd ischemia. Either sensory or motor pathways can be monitored. Intraoperative monitoring 

off  the spinal cord dorsal columns with somatosensory evoked potentials only, may result in 
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false-positivee and delayed detection of SCBF reduction. Myogenic transcranial motor 
33 4 

evokedd potentials (tcMEP) allow assessment of the integrity of motor tract conduction. ' 

Theyy are lost almost instantaneously after cross-clamping of the thoracic aorta, ' probably as 

aa result of synaptic failure in the anterior horn. 

However,, with this technique the signal traverses at least three synapses (motor cortex, 

anteriorr horn and neuromuscular junction), and it is not possible to distinguish between 

ischemiaa of gray matter and white matter. Synaptic conduction block precedes axonal 
77 8 

transmissionn failure during severe reduction of SCBF, or hypoxia, while both structures are 
9-11 1 

vulnerablee to ischemia. Therefore, a critical reduction of SCBF that remains confined to 

thee thoracic spinal cord might render ischemic only the descending axons in the corticospinal 

pathwayy of tcMEP. This could delay the time needed for tcMEP to decrease below the 

ischemicc threshold, as compared to a similar SCBF reduction of the lumbar spinal cord where 

thee anterior horn motoneurons are located. In this situation there is a definite risk of false 

negativee monitoring results. The purpose of this study was to compare lower limb recorded 

tcMEPP response times in a porcine model of selective reduction of lumbar and thoracic 

SCBF. . 

Materiall  &  Methods 

Animall  care and experimental procedures were performed in compliance with The National 

Guideliness for Care of Laboratory Animals in the Netherlands. The study protocol was 

approvedd by the Animal Research Committee of the Academic Hospital at the University of 

Amsterdam,, the Netherlands. Eleven pigs, weighing 61  5 kg, were included in the study. 

Anesthesia Anesthesia 

Premedicationn consisted of ketamine 15 mg.kg"' intramuscularly (i.m.). Anesthesia was 

inducedd with inhalation by mask of 2.0% isoflurane in a mixture of 50% O2 in air. Two 

intravenouss catheters (18 G) were placed in an ear vein and normal saline was infused at a 

ratee of 15 mLkg^.h"1. After induction of anesthesia sufentanil 15 ug.kg"1 and clonidine 2 

ug.kg""  was given intravenously (i.v.), isoflurane was discontinued, and anesthesia was 

maintainedd with a continuous infusion of ketamine (15 mg.kg"1.h"1), sufentanil (5 ug.kg"1.^1), 

andd clonidine (1 ug.kg" .h" ). The tracheas were intubated and animals were ventilated using 

Intermittentt Positive Pressure Ventilation. End-tidal C02-concentration was measured by a 
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mainstreamm capnograph (Hewlett-Packard, Boebingen, Germany) and PaCC>2 was maintained 

betweenn 36 and 40 mm Hg. Mean arterial pressure (MAP) was maintained between 50 and 70 

mmm Hg. Adequacy of ventilation was confirmed by blood gas analysis at 37°C. The level of 

neuromuscularr blockade was monitored electromyographically using a Datex Relaxograph 

(Datex-Ohmeda,, Helsinki, Finland), placed at the animal's wrist equivalent after stimulation 

off  the median nerve. A closed loop infusion system with Pancuronium was used to maintain 

40%% relaxation as referenced to the control situation. Arterial blood pressure and central 

venouss pressure were measured from catheters placed in the right femoral artery and the left 

cephalicc vein respectively. Oxygen saturation was continuously assessed by pulse oximetry. 

Nasopharyngeall  temperature was monitored and kept at 36°C by means of a heating lamp. 

Urinaryy output was measured throughout the experiment. Before the induction of ischemia, 

arteriall  pH, PaC>2, PaCC«2, hemoglobin concentration and hematocrit were measured. 

MotorMotor evoked potential recording 

TcMEPP stimuli were applied with a transcranial electrical stimulator (Digitimer D 185 

corticall  stimulator, Welwyn Garden City, UK) through four needle electrodes attached to the 

scalp.. A train of four pulses with an inter-stimulus interval of 2 ms was distributed over the 

motorr cortex via an anode located at the occiput and three interconnected cathodes placed 

behindd the ears and in the soft palate. Compound muscle action potentials (CMAP) were 

recordedd bilaterally from the skin over the upper limb triceps muscles and over the lower limb 

quadricepss muscles using adhesive gel Ag/AgCl electrodes. The signals were amplified 

5,000-20,0000 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, the 

Netherlands).. Stimulus intensity was adjusted to acquire maximal responses and recording 

wass performed 10 % above the level that obtained maximal amplitude. 

Amplitudee of the CMAP was defined as the peak-to-peak distance in uV. A reduction 

off  tcMEP amplitude on the muscle groups monitored to less than 25 % of the baseline value 

wass considered an indication of ischemic spinal cord dysfunction. Baseline tcMEP were 

obtainedd during the surgical procedure by averaging 10 consecutive responses before the start 

off  spinal cord ischemia (SCI) induction. During the ischemic manipulations tcMEP were 

acquiredd every minute. Responses were displayed and stored on a Macintosh Quadra 

computerr (Apple Computer, Cupertino, CA) with 12-bit A/D conversion and acquisition 
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softwaree written in the Lab VIEW programming environment (National Instruments, Austin, 

Texas). . 

OperativeOperative procedure 

Animalss were placed in the right decubitus position. The thoracoabdominal aorta, the 

segmentall  arteries, and the medial sacral artery were exposed by way of a left-sided 

thoracophrenicc laparotomy. The arterial truncus giving rise to the left subclavian and 

vertebrall  artery was exposed. The group of vessels recruited for the induction of SCI 

consistedd of all segmental arteries, the left vertebral artery and the sacral artery. After that, the 

thoraxx and pelvis were rotated for the removal of vertebral bone. At the end of the experiment 

thee interior of the aorta was inspected to determine whether all lumbar and intercostal 

segmentall  arteries had been identified. 

Laser-Dopplerflowmetry Laser-Dopplerflowmetry 

Too assess real time microcirculatory changes in the spinal cord following the clamping of 

segmentall  arteries, the dura over the spinal cord was exposed after drilling two holes ( 2 x2 

cm)) in the ventral aspect of the vertebral bodies ThlO and L5. The tips of two separate fiber 

opticc Laser-Doppler flow (LDF) probes (model 408, Perimed, Stockholm, Sweden) were 

placedd in contact with the intact dura of a spinal cord area devoid of macroscopically visible 

bloodd vessels, and connected to a Laser-Doppler flowmeter (Periflux 4001, Perimed, 

Stockholm,, Sweden). The area surrounding the interface between the probe and the dura was 

cleanedd to optimize signal transduction. Valid flow signals were defined as having arterial 

pulsations.. The probes were fixated in a riding position over the spinal cord while special care 

wass taken to avoid compression of spinal cord tissue. 

Outputt signals were collected continuously throughout the experiment and averaged 

everyy 0.5 s. Two periods of 15 minutes were taken for stabilization and measurement of 

baselinee LDF values respectively, after which induction of SCI was started immediately. 

Movementt artifacts caused by transcranial stimulation were filtered out during off-line 

analysis,, and the signals were corrected for their biological offset values (as collected after 

euthanizingg the animals). 
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ExperimentalExperimental design 

Figuree 1 shows the experimental setup. Fifteen minutes before the induction of spinal cord 

ischemiaa baseline values for tcMEP and SCBF were obtained. Animals were randomized to 

undergoo selective lumbar spinal cord ischemia followed by thoracic SCI (n = 5), or selective 

thoracicc SCI followed by lumbar SCI (n = 6). To produce selective thoracic SCI, segmental 

arteriess were clamped in a cranial-to-caudal direction. To produce selective lumbar SCI, 

segmentall  arteries were clamped in a caudal-to-cranial direction. The total number of clamped 

arteriess was dependent on the SCBF reduction attained in each of the two spinal cord 

sections. . 

Previouss studies that measured SCBF after occlusion of the thoracic aorta using 
133 14 

microspheress or LDF showed that a 75% reduction in SCBF abolished evoked potentials. 

Inn the present study the SCBF levels in the respective spinal cord sections were adjusted by 

clampingg and declamping of segmental arteries until SCBF levels obtained were below 25% 

off  baseline for the ischemic spinal cord section, while SCBF remained above 75% of baseline 

inn the non-ischemic spinal cord section. Since it is not always possible to produce such a clear 

bloodd flow contrast between adjacent segments, priority was given to maintaining normal 

floww in the non-ischemic segment, even when the target in the ischemic segment (<25% of 

baselinee value) was not reached. Therefore, in some animals the SCBF level of the ischemic 

segmentt was allowed to remain above 25% of the baseline value. After loss of the lower limb 

tcMEPP signal (tcMEP amplitude below 25% of baseline) all clamps were released. Before the 

startt of the alternative ischemic episode a stabilization period of 15 minutes was taken. 

StatisticalStatistical analysis 

Hemodynamicc data, blood gases, weight and temperatures are expressed as means  SD, after 

groupingg according to the primary ischemic event (lumbar or thoracic). TcMEP are expressed 

ass medians and 10th to 90th percentiles. The physiologic variables were analyzed with one-

wayy analysis of variance and when significant differences were identified, student's t tests for 

intergroupp comparisons with appropriate correction for multiple comparisons were carried 

out.. The interval between induction of selective SCI and loss of lumbar tcMEP was compared 

usingg an unpaired t-test. A P value of less than 0.05 was considered significant. 
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Figuree 1: 

Schematicc representation of tcMEP and Laser Doppler Flow recording. 

Results s 

Pre-ischemicc physiologic parameters including pH, Pa02, hematocrit, hemoglobin, and 

esophageall  temperature were similar for animals that underwent thoracic SCI first compared 

too animals that underwent lumbar SCI first (see Table 1). The medial sacral artery, five to six 

lumbarr segmental arteries (SAs), seven to nine intercostal SAs, and the left vertebral artery 

couldd be identified in all animals. To obtain a selective reduction of lumbar SCBF, a mean 

numberr of 9  3 (SD) arteries had to be clamped in a caudal-to-cranial direction (starting from 

thee medial sacral artery). It was necessary to clamp 1 2 +1 arteries in a cranial-to-caudal 

directionn (starting from the left vertebral artery) to provide selective reduction of thoracic 

SCBF.. Figure 2 shows representative tcMEP and IdSCBF recordings in one experiment. 
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Tablee 1. Physiologic parameters 

Firstt pH 
Episode e 

Lumbarr SCI (n = 5) 7.44  0.06 

Thoracicc SCI (n = 4) 7.47 1 

paco2, , 
mmm Hg 

37.44 + 5.6 

37.22 4 

Pa02, , 
mmHg g 

191.22 2 

253.99 + 57.6 

Ht, , 
% % 

33.33 6 

30.88 0 

Hb, , 
g/dl l 

10.88  1.2 

10.00  1.7 

Temp, , 
°C C 

35.77  1.7 

35.66 0 

Al ll  values are means  SD. SCI = spinal cord ischemia. First episode, lumbar SCI = lumbar SCI was performed 
first,first, followed by thoracic SCI; First episode, thoracic SCI = thoracic SCI was performed first, followed by 
lumbarr SCI. Ht = hematocrit; Hb = Hemoglobin; Temp = esophageal temperature. 

Thoraci cc  SCI Lumba rr  SCI 

1 0 0 - 1 1 

CD D 
uu % 
inin '0 

L5 5 
Th10 0 

20 0 40 0 60 0 100 0 120 0 140 0 

10000 -i 

Q. . 

100 0 120 0 140 0 

Figuree 2: 
Motorr evoked potential (tcMEP) amplitudes and relative Laser-Doppler flow values during thoracic and lumbar 
spinall  cord ischemia in one animal are shown. The downward vertical arrows indicate the time points (22 and 
1099 min respectively) at which flow values reached the desired thresholds (<25% for the ischemic spinal cord 
segment,, >75% for the non-ischemic spinal cord segment) to induce selective thoracic or lumbar spinal cord 
ischemia.. Note the gradual reduction of tcMEP amplitude after thoracic SCI compared to rapid tcMEP loss after 
lumbarr SCI. The upward vertical arrows indicate the time points (42 min 112 min respectively) at which all 
arteriall  clamps were released. SCI = spinal cord ischemia; ld SCBF = Laser Doppler spinal cord blood flow; 
tcMEPP = transcranial motor evoked potentials; L5 = relative flow values at the fifth lumbar vertebral level; ThlO 
== relative flow values at the tenth thoracic vertebral level; min = time in minutes. 
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Laser-DopplerLaser-Doppler Flowmetry 

Physiologicc IdSCBF signals were obtained in all animals. In three animals the LDF probes 

hadd to be repositioned during baseline recordings because of low or very high light output. In 

thee 15 min period preceding ischemic manipulations, average deviation of IdSCBF values 

fromfrom baseline was 7% and 9% for the thoracic and lumbar level respectively before thoracic 

SCI.. Preceding lumbar SCI, the average deviation of IdSCBF values was 9% and 10% for 

thee thoracic and lumbar level respectively. 

Individuall  values of IdSCBF and times until loss of lower limb tcMEP signals are 

shownn in figure 3. The average relative IdSCBF level of the ischemic spinal cord segment 

duringg lumbar SCI (26  16%) and thoracic SCI (26  15%) was the same. In two animals 

duringg lumbar SCI and in one during thoracic SCI, IdSCBF in the ischemic spinal cord 

segmentt could not be reduced to less than 50% of baseline value (figure 3). Spinal cord blood 

floww in the non-ischemic segment was maintained during lumbar (90 + 17%) and thoracic SCI 

(944  16%). No differences in MAP were detected during lumbar SCI (52  7 mm Hg) and 

thoracicc SCI (50  6 mm Hg). The time needed to achieve relevant IdSCBF differences 

betweenn the ischemic and non-ischemic segment during lumbar (5  5 min) or thoracic SCI (7 

++ 6 min) was similar. There were no differences in reductions of SCBF obtained in the 

ischemicc and non-ischemic segment alter grouping the animals according to the first ischemic 

eventt (thoracic or lumbar, see Table 2). 

MotorMotor Evoked Potentials 

Reproduciblee tcMEP were obtained in all animals. The median amplitude of the lower limb 

tcMEPP before ischemic manipulations was 804 (81-3114, 10th to 90th percentile) ^V and 775 

(147-2449)) uV for animals first undergoing lumbar and thoracic SCI, respectively. Complete 

disappearancee of the lower limb tcMEP was observed in all animals both during selective 

thoracicc SCI and selective lumbar SCI. The time to loss of tcMEP signals (amplitude < 25% 

off  baseline value) was much shorter with lumbar SCI (3  2 minutes) than during thoracic 

SCII  (15  11 minutes, P < 0.005). 

Theree were no differences in time to tcMEP loss between animals that first underwent 

reductionn of thoracic SCBF compared to animals mat first underwent reduction of lumbar 

SCBF,, both during lumbar SCI and thoracic SCI (see Table 2). 
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Figuree 3: 
Individuall  values of ld_SCBF and times until loss of lower limb tcMEP during lumbar and thoracic spinal cord 
ischemia.. Animals are ranked according to these times. In the animals indicated by arrows thoracic SCI was 
inducedd first, followed by lumbar SCI. Closed bars, that represent relative ld_SCBF values in the ischemic 
segment,, are superimposed on the open bars that represent relative ld SCBF values in the non-ischemic 
segment.. SCI = spinal cord ischemia; time = time in minutes until loss of the lower limb tcMEP signal (tcMEP 
amplitudee below 25% of baseline); IdSCBF = relative Laser-Doppler flow values. A, B = animals in which 
targett levels in the ischemic segment during lumbar SCI were not reached. 
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Tablee 2. tcMEP responses and SCBF after  grouping according to 1*  ischemic event 

timee to tcMEP loss (min) during 

timee to tcMEP loss (min) during 

SCBFF (%) during 
lumbarr SCI 

SCBFF (%) during 
thoracicc SCI 

lumbarr SCI 

thoracicc SCI 

L5 5 

ThlO O 

L5 5 

ThlO O 

Thoracicc First 

2.99 8 

13.77 3 

17.55 6 

92.55 4 

85.22 1 

21.S  11.5 

Lumbarr First 

2.44 5 

16.66 7 

32.55  17.5 

94.77 5 

94.00  20.2 

28.99 8 

Al ll  values are means  SD. Thoracic First = thoracic SCI was performed first, followed by lumbar SCI; Lumbar 
Firstt = lumbar SCI was performed first, followed by thoracic SCI. Time to tcMEP loss = time in min between 
onsett of flow reduction and tcMEP amplitude reduction of more than 75%. SCBF = spinal cord blood flow. SCI 
== spinal cord ischemia. L5 = lumbar vertebral level 5. ThlO = thoracic vertebral level 10. 

Discussion n 

Inn the present study we selectively reduced spinal cord blood flow in either the thoracic or 

lumbarr segments, as evidenced with Laser Doppler Flowmetry measurements. After severe 

reductionn of lumbar SCBF lower limb responses to transcranial stimulation were abolished 

withinn 3 min, but a similar SCBF reduction in the thoracic spinal cord required 15 minutes for 

losss of tcMEP. These data suggest that myogenic tcMEP are not a fast detector of SCI that is 

confinedd to the thoracic spinal cord. 

Wee opted to reduce spinal cord blood flow by sequential clamping of segmental 

arteries.. Compared to aortic clamping, this model minimizes the risk of false positive 

responsess due to ischemia of the peripheral nerve and muscles, and avoids major 

cardiovascularr changes during aortic occlusion and the subsequent reperfusion period. The 

spinall  cord blood supply of the pig resembles that of man because it comprises a 
15,16 15,16 

plurisegmentall  segmental artery supply of a continuous anterior spinal artery (ASA). The 

criticall  region of SCBF is located in the lower thoracic region, facilitating flow in the lumbar 

region,, because of a large decrease in diameter of the anterior spinal artery in the cranial 
,, 15,16 

direction,, and the presence of extensive collateral circulation in the lumbar spinal cord. 

Animalss were randomized to undergo reduction of thoracic SCBF or reduction of lumbar 

SCBFF as the primary ischemic event, to avoid the possible confounding effect of the first 

SCBFF reduction on the second SCBF reduction (table 2). We clamped or undamped SAs in 
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orderr to reach and maintain the target SCBF levels in the ischemic and non-ischemic spinal 

cordd segments. The design of this study required a gradient between the ischemic-, and non-

ischemicc segments. In three animals, however, we were unable to decrease SCBF in the 

ischemicc segment without compromising flow in the adjacent (non-ischemic) segment. In 

thesee animals we accepted a flow reduction in the ischemic segment that was less than the 

75%% target. Interestingly, in two animals (animals A and B, fig 3), a moderate reduction of 

lumbarr Id SCBF resulted in a relatively fast loss of tcMEP signals, suggesting that the 

IdSCBFF threshold for transmission block in the lumbar spinal cord might be considerably 

higherr than the SCBF levels commonly associated with ischemic dysfunction. 

Wee measured spinal cord blood flow using Laser-Doppler flow probes placed on the 

ventrall  aspect of the spinal cord. This allowed estimation of SCBF in the spinal cord area 

suppliedd by the ASA. In contrast to other methods of measuring SCBF, the high temporal 

resolutionn of LDF makes it possible to detect rapid changes in SCBF, ' as occur during 

transientt spinal cord ischemia. For our experiment it was crucial to have immediate feedback, 

inn order to achieve the targeted flow reductions. 

Severall  drawbacks of the LDF technique have been described. Blood accumulation 

aroundd the probe tip can underestimate the flow signal, and the technique is very sensitive to 

movementt artifacts. We prevented excessive movement due to transcranial stimulation with 

partiall  neuromuscular blockade. In addition, Laser-Doppler flowmetry (LDF) provides only 

relativee values of tissue blood flow. Nonetheless, a strong correlation exists between SCBF 
19 9 

measuredd with radiolabeled microspheres and LDF. To decrease the possibility of traumatic 

neuronall  tissue damage during the tcMEP stimulations, LDF probes were placed on the intact 

dura.. With the application of this technique, SCBF and cerebral blood flow has been reliably 
20,21 1 

assessedd in swine. Placement of the probes on the intact dura has the possible 

disadvantagee that the optical characteristics of the tissue between the probe and the spinal 

cordd might influence the Doppler signal. However, this seems unlikely because the dura is 
222 23 

translucentt and contains very few vessels. Furthermore, LDF measures up to 1 mm depth, 
24 4 

andd the thickness of the porcine dura is not more than 0.1 mm. In a recent study, signals 

derivedd from intracerebral and epidural LDF probes showed similar values in a porcine model 
25 5 

forr hemorrhagic hypotension. Thus, in the present study the relative IdSCBF values 

providedd real time evaluation of blood flow in the ventral portion of the spinal cord that 

containss the corticospinal motor pathways. 
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Losss of tcMEP responses was defined as a reduction of tcMEP amplitude to less than 

25%% of the baseline value. In general, the criterion for spinal cord ischemia during 

somatosensoryy evoked potentials monitoring is a decrease of amplitude to less than 50% of 
26 6 

baselinee or a 10% latency increase. The more restrictive criterion for spinal cord 

dysfunctionn during tcMEP monitoring was based on the larger amplitude variability of tcMEP 
27 7 

signalss compared to somatosensory evoked potentials. In the present study a closed loop 

infusionn system provided partial neuromuscular blockade, which may have contributed to the 

observedd amplitude variability of the tcMEP signals. Partial muscle relaxation balances the 

surgicall  considerations of patient immobility and movements after transcranial stimulation 
288 29 

andd the minimal requirements for myogenic evoked potentials recording. 
Thee present results are consistent with studies reporting that (poly)synaptic 

30,31 1 

transmissionn is more sensitive to ischemia than axonal transmission. In general, the 

sensitivityy of synaptic versus axonal transmission to ischemia correlates with the vulnerability 

off  these structures to irreversible ischemic damage. Local differences in pC>2 profiles and 

spinall  cord blood flow (SCBF) are thought to render motoneurons less resistant to ischemia 
32 2 

thann white matter, and histological evaluation of spinal cord structures after transient 
33 3 

ischemiaa showed a relative sparing of white matter. However, SCI induced by clamping of 

thee thoracic aorta can result in axonal damage confined to the pyramidal tracts.'"* 

Furthermore,, the similarities between myelinated axons and neurons with respect to ischemic 
11,34 4 

injuryy processes indicate that white matter is vulnerable to ischemic injury. Thus, the 

axonall  conductive properties appear to be relatively more resistant to ischemia, which may 

hamperr early detection of impending white matter injury. 

Thesee observations in the pig model may have clinical relevance for surgical 

procedures,, such as repair of thoracoabdominal aneurysms, during which evoked potentials 

aree applied for detection of spinal cord ischemia. Ideally, these techniques should detect the 

onsett of ischemia, before irreversible neuronal damage has occurred. In a recent study, we 
2 2 

observedd delayed loss of tcMEP after clamping of a thoracic segment in three patients. If 

applicablee to the human condition, the present data emphasise that thoracic spinal cord 

ischemiaa might occur even when the tcMEP signal remains present for 10 - 15 min in these 

procedures. . 
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Conclusion n 

Thee results of this study indicate that in pigs a large blood flow reduction that is limited to the 

lumbarr spinal cord invariably results in rapid loss of tcMEP due to synaptic failure. In 

contrast,, lower limb tcMEP respond relatively late to blood flow reduction that is confined to 

thee thoracic spinal cord. This finding might have implications for the interpretation of tcMEP 

duringg procedures in which the spinal cord is at risk for ischemia. 
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Chapterr  5 

Continuouss monitoring of cerebrospinal fluid oxygen tension 

inn relation to motor  evoked potentials during spinal cord ischemia in pigs 

Abstract t 

Object.Object. Perioperative assessment of spinal cord oxygenation might guide measures to prevent 

neurologicall  deficits secondary to traumatic or ischemic damage of the spinal cord. Although 

cerebrospinall  fluid (CSF)-p02 measurement has been used to detect spinal cord ischemia 

(SCI),, the diagnostic value and the spatiotemporal resolution of CSF-pC»2 measurement 

comparedd to functional assessment of the spinal cord is presently unknown. This study 

comparedd CSF-pC«2 with transcranial motor evoked potentials (tcMEP) for detection of 

experimentall  spinal cord ischemia. 

Methods.Methods. The aorta and segmental arteries (SAs) were exposed in ten sufentanil/ketamine-

anesthetizedd pigs (40-50 kg). Myogenic tcMEP were recorded from the upper and lower 

limbs,, and continuous assessment of CSF-p02 was provided by two Clark type microcatheters 

insertedd in the lumbar and thoracic intrathecal space. Graded lumbar SCI was produced by 

sequentiall  clamping of segmental arteries. The relationship between CSF-pC>2 and tcMEP 

duringg graded SCI was determined using linear regression. Diagnostic characteristics of CSF-

p022 for clinical SCI were determined using different cut-off points of CSF-pC>2. 

Results.Results. Lumbar CSF-p02 (baseline = 44 mmHg (iqr: 38 - 54)) decreased below 50% in all 

animalss and was linearly related to loss of tcMEP amplitude in all animals. The median 

lumbarr CSF-p02 during reduction of tcMEP to below 25% of baseline was 11 mmHg (4 -

29),, while thoracic CSF-p02 remained constant (40 mmHg (28 - 50)). During absence of the 

tcMEPP signal, lumbar CSF-p02 was below 20 mmHg in 80% of the animals. Optimal 

sensitivityy and predictive values of CSF-p02 measurement for SCI were between the critical 

thresholdss 40 - 60% of baseline. 

Conclusions.Conclusions. The data indicate that intrathecal p(>2 measurement is a sensitive monitoring 

techniquee to track real-time changes in local spinal cord oxygenation. Continuous monitoring 

off  CSF-p02 might be applied for evaluation of patients who are at risk for direct or secondary 

spinall  cord ischemia. 

Introductio n n 

Evaluationn of spinal cord integrity during spinal surgery or after traumatic injury aims to 

preventt functional deficit following prolonged periods of spinal cord ischemia. Myogenic 
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transcraniall  motor evoked potentials (tcMEP) allow fast and reliable assessment of the 
1,2 2 

integrityy of motor tract conduction. However, the movement artifacts that are associated 

withh partial neuromuscular blockade, the delivery of highh voltage stimuli to the brain, and die 

complexityy of the technique might hamper the use of tcMEP in neurosurgical and critical care 

environments. . 
Continuouss assessment of parenchymal oxygenation via implanted microprobes is 

4-6 6 

usedd clinically to detect cerebral ischemia after traumatic brain injury, but direct 

measurementt of spinal cord tissue oxygenation is not feasible with the current technology. 

Changess in cerebrospinal pC»2 (CSF-PO2) values, which can be more readily assessed, appear 
4,7 7 

too parallel neuronal tissue oxygenation, and recently, intrathecal p02 reduction was reported 
too correlate with early ischemic neuronal changes after one hour of incomplete spinal cord 

ischemia. . 

Thee present study was designed to evaluate the temporal and spatial resolution of 

CSF-pC»22 measurement with tcMEP during rapid changes in experimentally induced spinal 

cordd hypoperfusion. Furthermore, in order to detect spinal cord hypoxia before irreversible 

neuronall  damage has taken place, determination of a critical threshold of CSF-pÜ2 is 

desirable.. Loss of tcMEP signals probably precedes irreversible damage during spinal cord 
9 9 

ischemia.. Myogenic recorded tcMEP are lost almost instantaneously after cross-clamping of 

thee thoracic aorta, ' which correlates with a severe reduction of spinal cord blood 
99 12 

flow.. Although CSF-pC«2 measurement techniques have been applied in patients, validation 

off  CSF-p02 with monitoring methods that directly measure neurophysiologic function has not 

beenn reported. The purpose of this study was to determine the agreement and correlation 

betweenn local CSF-p02 values and lower limb tcMEP during progressive spinal cord 

ischemia. . 

Material ss and Methods 

Animall  care and experimental procedures were performed in compliance with The National 

Guideliness for Care of Laboratory Animals in the Netherlands. The study protocol was 

approvedd by the Animal Research Committee of the Academic Hospital at the University of 

Amsterdam,, the Netherlands. Ten pigs, weighing 47  5 kg, were included in the study. 
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Anesthesia Anesthesia 

Premedicationn consisted of ketamine 15 mg.kg"1 intramuscularly (i.m.). Anesthesia was 

inducedd with inhalation by mask of 2.0% isoflurane in a mixture of 50% O2 in air. Two 

intravenouss catheters (18 G) were placed in an ear vein and normal saline was infused at a 

ratee of 15 ml.kg"'.h"'. After induction of anesthesia sufentanil 15 lig.kg"1 and clonidine 2 

ug.kg"11 were given intravenously (i.v.), isoflurane was discontinued, and anesthesia was 

maintainedd with a continuous infusion of ketamine (15 mg.kg'.h"1), sufentanil (5 ug.kg'.h1), 

andd clonidine (1 ng.kg"\h"L). The tracheas were intubated and animals were ventilated using 

Intermittentt Positive Pressure Ventilation. End-tidal C02-concentration was measured by a 

mainstreamm capnograph (Hewlett-Packard, Boebingen, Germany) and PaCC>2 was maintained 

betweenn 4.8 and 5.3 kPa (36-40 mmHg). Mean arterial pressure (MAP) was maintained 

betweenn 60 and 70 mm Hg. Adequacy of ventilation was confirmed by blood gas analysis at 

37°C.. The level of neuromuscular blockade was monitored electromyographically using a 

Datexx Relaxograph (Datex, Finland), placed at the animal's wrist equivalent after stimulation 

off  the median nerve. A closed loop infusion system with Pancuronium was used to maintain 

40%% relaxation as referenced to the control situation. Arterial blood pressure and central 

venouss pressure were measured by means of a pressure line placed in the right femoral artery 

andd the left cephalic vein respectively. Oxygen saturation was continuously assessed by pulse 

oximetry.. Nasopharyngeal temperature and urinary output were monitored throughout the 

experiment.. Before the induction of ischemia, and every 30 min during ischemic 

manipulations,, arterial pH, PaC«2, PaCCh, hemoglobin concentration and hematocrit were 

measured. . 

MotorMotor evoked potential recording 

TcMEPP stimuli were applied with a transcranial electrical stimulator (Digitimer D 185 

corticall  stimulator, Welwyn Garden City, UK) through four needle electrodes attached to the 

scalp.. A train of four pulses with an inter-stimulus interval of 2 ms was distributed over the 

motorcortexx via an anode located at the occiput and three interconnected cathodes placed 

behindd the ears and in the soft palate. Compound muscle action potentials (CMAP) were 

recordedd bilaterally from the skin over the upper limbs triceps muscles and over the lower 

limbb quadriceps muscles using adhesive gel Ag/AgCl electrodes. The signals were amplified 

5,000-20,0000 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, the 
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Netherlands).. Stimulus intensity was adjusted to acquire maximal responses and recording 

wass performed 10% above the level that obtained maximal amplitude. Amplitude of the 

CMAPP was defined as the peak-to-peak distance in (iV. . 

AA reduction of tcMEP amplitude on the muscle groups monitored to less than 

255 % of the baseline value was considered an indication of ischemic spinal cord dysfunction. 

Baselinee tcMEP were obtained during the surgical procedure by averaging 15 consecutive 

responsess before the start of spinal cord ischemia (SCI) induction. During the ischemic 

manipulationss tcMEP were acquired every minute. Responses were displayed and stored on a 

Macintoshh Quadra computer (Apple Computer, Cupertino, CA) with 12-bit A/D conversion 

andd acquisition software written in the Lab VIEW programming environment (National 

Instruments,, Austin, Texas). 

OperativeOperative procedure 

Thee animals were placed on their right flank. Two laminectomies were performed at the L5 

andd Th9 level, with sufficient lateral extension to allow bilateral exposure of the local spinal 

roots.. After minimal incision of the yellow ligament and the dura mater two polarographic 

Clarkk type microcatheters (LICOX pC>2 probe, GMS, Kiel, Germany) were carefully 

introducedd into the subdural space and advanced in a cranio-ventral direction for 

approximatelyy 3 cm, so that the tip of the probes was located over the ventral aspect of the 

spinall  cord. Likewise, two temperature probes (LICOX temperature probe, GMS, Kiel, 

Germany)) were inserted and advanced in a position 1 cm cranial to the pC>2 probes. Finally, a 

33 F catheter for cerebrospinal fluid (CSF)-pressure measurement was inserted at the L5 level 

andd advanced in a cranial direction for 5 cm. The catheters were carefully secured by closing 

thee dura mater and yellow ligament with purse-string sutures, and the dorsal vertebral muscles 

weree approximated. 

Animalss were then placed in the right decubitus position. The thoracoabdominal aorta, 

thee segmental arteries, and the medial sacral artery were exposed by way of a left-sided 

thoracophrenicc laparotomy. The group of vessels recruited for the induction of SCI consisted 

off  all segmental arteries and the medial sacral artery. At the end of the experiment the interior 

off  the aorta was inspected to determine whether all lumbar and intercostal segmental arteries 

hadd been identified. 
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ExperimentalExperimental design 

Figuree 1 shows the experimental setup. Fifteen minutes before the induction of SCI, baseline 

valuess for tcMEP and CSF-p02 were obtained. Graded SCI was induced by sequential 

clampingg of segmental arteries in a caudo-to-cranial direction, thus occluding the arteries that 

aree most critical for the perfusion of the lumbar spinal enlargement at the beginning of the 

clampingg sequence. A time interval of 5 min was applied between the clamping of two 

successivee arteries. In pilot experiments this period was sufficient for CSF-p02 values to 

equilibratee after clamping of an artery. After complete loss of the hind limb tcMEP signal, all 

clampss were released, and after 15 minutes of reperfusion animals were euthanized. 

Transcrania ll  cortica l 

IBB ® 1 
stimulatio n n Anode e 

>w**»» 1 

- \\ O \v 

aort a a 

-clampe d d 
segmenta l l 
arter y y 

-spina l l 
cor d d 

Figuree 1: 
Schematicc representation of the experimental set up. In the left side of the picture the recording sites are shown 
off  tcMEP and CSF-p02, and on the right the principle of graded spinal cord ischemia via the clamping of 
segmentall  arteries is illustrated. 
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DataData collection and analysis 

Analogg signals of MAP, ICP, CSF-pC>2 and CSF-temperature were digitized every 3 seconds, 

andd stored on a PC with acquisition software written in the LabVIEW programming 

environment.. Movement artifacts of the CSF-pC>2 measurements caused by transcranial 

stimulationn were filtered out during off-line analysis. All tcMEP and CSF-pCh data were 

examinedd by an observer blinded to the experimental design using a replay module of the 

monitoringg program, and recordings with poor signal quality were excluded from further 

analysis. . 

Thee statistical analysis was based on 9 cases of graded spinal cord ischemia (325 

tcMEP/CSF-pC>22 pairs, with an average duration of 29 minutes (inter quartile range 27-36 

minutes)).. In order to examine the relationship between CSF-pC>2 and tcMEP, we fitted a 

linearr mixed-effects model with tcMEP as the independent variable and CSF-pĈ as the 
14 4 

dependentt variable (statistical package S-PLUS 2000, Insightful, Surrey, UK). We included 

aa random intercept for each animal. In order to account for the error structure, we assumed a 

differentt variance of errors for each animal. 

Individuall  receiver operating characteristic (ROC) curves were constructed to 

determinee the accuracy of CSF-pC>2 measurement to detect SCI. A ROC curve is a graphical 

representationn of the trade-off between false positive and false negative rates for every 

possiblee cut-off in a regression analysis of binary outcomes. The graph plots the false 

positivee rate on the x-axis and the true positive rate (1 - the false negative rate) on the y-axis. 

Thee area under the ROC curve, which ranges between 0 to 1 (1 = optimal accuracy), was 

presented.. Sensitivity, specificity and predictive values were calculated using standard 

equations. . 

MAP,, cerebrospinal fluid pressure (CSFP), pH, Pa02, PaC02, Hb, and hematocrit are 

expressedd as means  standard deviation (SD). Raw and relative (compared to baseline) 

tcMEPP amplitudes, absolute CSF-p02 values and time are presented as medians (and 

interquartilee ranges). A P value of less than 0.05 was considered significant. 

Results s 

Throughoutt the experiment, pH, PaC02, Pa02, hemoglobin concentration, and hematocrit were 

withinn normal limits in all animals. Mean arterial blood pressure (MAP) before and during 

SCII  was 59  4 mmHg and 58  3 mmHg, respectively. During sequential clamping, 

cerebrospinall  fluid pressure was 7 + 3 mmHg. Eight to twelve intercostal segmental arteries 
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(SAs),, six lumbar SAs and the medial sacral artery were identified. Complete loss of the hind 

limbb tcMEP signal was established after sequential clamping of 8  4 arteries. 

Reproduciblee tcMEP were recorded in all animals and the median amplitude before ischemic 

manipulationss was 2750 (1320 - 3865) uV. During sequential clamping of SAs, tcMEP were 

reducedd to below 25% of baseline value in all animals except one. In this animal, postmortem 

observationn showed that two SAs had not been identified during operation. This animal was 

nott included in the analysis. 

Figuree 2 shows tcMEP and CSF-pĈ for every successive clamping stage during 

gradedd spinal cord ischemia. Individual absolute CSF-pC>2 values during four stages of graded 

spinall  cord ischemia are shown in Table 1. 

125 5 

100 0 

% % 

Figuree 2: 

criticall p02 

criticall tcMEP 

L66 L4 L2 Th14 

Levell of clamping 

— ii 1 

55 10 

min n 

Thee time course of tcMEP (A ) and CSF-p02 (O) (means + SEM) during sequential clamping of segmental 
arteriess and 10 min of reperfusion for all animals (n = 9). On the X-axis subsequent clamping of segmental 
arteriess is shown, with L (lumbar) and T (thoracic) levels. Light shaded - proposed critical area for relative CSF-
p022 values (below 50% of baseline). Dark shaded = critical area for relative tcMEP values (below 25% of 
baselinee = clinical criterion for SCI). The vertical arrow on the left depicts the start of sequential segmental 
arteryy clamping, the vertical arrow on the right marks the onset of reperfusion. Min = time in minutes during 
reperfusion. . 
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Tablee 1. Individua l CSF-p02 values durin g gradual loss of spinal cord conduction 

Animal l 

1 1 
2 2 

3 3 

4 4 

5 5 

6 6 

8 8 

9 9 

10 0 

Baseline, , 
mmHg g 

55 5 

53 3 

41 1 

22 2 

30 0 

56 6 

55 5 

43 3 

44 4 

Lumbarr segment 

MEPP 50%, 
mmHg g 

35 5 
62 2 

16 6 

14 4 

1 1 

25 5 

32 2 

34 4 

2 2 

MEPP 25%, 
mmHg g 

21 1 
38 8 

4 4 

7 7 

0 0 

27 7 

11 1 

34 4 

2 2 

noo wf, 
mmHg g 

15 5 
23 3 

1 1 

2 2 

0 0 

29 9 

12 2 

13 3 

2 2 

Thoracic c 

Baseline, , 
mmHg g 

56 6 
48 8 

28 8 

51 1 

23 3 

49 9 

26 6 

40 0 

40 0 

segment t 

MEPP 25%, 
mmHg g 

55 5 

37 7 

28 8 

60 0 

23 3 

64 4 

22 2 

35 5 

42 2 

Individuall  lumbar CSF-p02 values during four main stages of graded spinal cord ischemia, and thoracic CSF-
p022 before and during spinal cord ischemia. Abbreviations: baseline = CSF-p02 just before clamping; MEP 50% 
== CSF-p02 at the moment that MEP was reduced to below 50% of its baseline value; MEP 25% = CSF-p02 at 
thee moment that MEP was reduced to below 25% of baseline, being equal to clinical spinal cord ischemia; no wf 
== no wave form, CSF-p02 during complete absence of corticospinal conduction. 

Thee period between the start of ischemic manipulations and the reduction of tcMEP signals to 

beloww 25% was 24 (22 - 27) minutes. The local CSF-pC>2 values during baseline recording 

weree not different at the lumbar (44 mmHg (iqr: 38 - 54)) and the thoracic level (40 mmHg 

(288 - 50)). During absence of the tcMEP signal, CSF-p02was below 20 mmHg in 80% of the 

animals.. Median lumbar CSF-pC>2 values when tcMEP was reduced to values below 50%, 

25%% and 0% of baseline, were 25 mmHg (11 -34), 11 mmHg (4 - 29), and 12 mmHg (2 -

17),, respectively. 

TcMEPP reduction to below 25% was associated with a CSF-p02 of 30% (13 - 49%) 

comparedd to baseline at the lumbar level. In contrast, thoracic CSF-p02 was 99 % (84 -

106%)) compared to baseline after the same tcMEP reduction. An original continuous 

registrationn of local oxygenation and tcMEP recording during graded spinal cord ischemia in 

onee animal is shown in figure 3. 
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L66 L5 L4 J-3 L22 REP 
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Figuree 3: 
Graphh showing original continuous registration of five parameters in one animal. Dashed vertical lines represent 
thee events of placing a clamp on the segmental artery indicated with SA (sacral artery), or Lx (x,h lumbar level). 
Notee that reduction of lumbar CSF-p02 precedes the decline of tcMEP (arrow). Sensitivity and specificity of 
CSF-p022 measurement in this animal has been marked in fig.4. Abbreviations: MABP = mean arterial blood 
pressure;; CSFP = cerebrospinal fluid pressure; CSF-p02 Th8 = p02 values at the 8th thoracic vertebral level; 
CSF-p022 L5 = p02 values at the 5th lumbar vertebral level; tcMEP = transcranial Motor Evoked Potentials.; mV 
== millivolts; REP = reperfusion. 

Relativee values of both lumbar p02 and tcMEP were used for the statistical analysis because 

thee variability of baseline tcMEP amplitudes did not allow for comparison of absolute values. 

Onn average, one percent point reduction of relative tcMEP was associated with 0.90 percent 

pointt reduction of CSF-p02 (95% confidence interval = 0.85 - 0.94) with an average intercept 

off  12 percentage points. 
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Thee area under the receiver operating characteristic (ROC) curve was 1 for all animals except 

forr animal #6 and #10 with respective areas of 0.942 and 0.923. This gives an average area 

underr the ROC of 0.985. Sensitivity and specificity for several cut-off points of CSFp02 in all 

individuall  animals are shown in figure 4 (the animal shown in figure 3 has been marked in 

figurefigure 4). The optimal diagnostic accuracy of CSF-pÜ2 for SCI was between the cut-off points 

400 - 60%. The validity of the CSF-p02 monitoring results was further characterized with 

predictivee values. Positive, and especially, negative monitoring results were most reliable in 

thee range between 40% and 60% of CSF-p02 cut-off points. Positive predictive values 

(proportionn of true positive observations within one animal) > 0.85 were observed in 50%, 

40%% and 40% of all animals for the respective CSF-p02 cut-off points of 40, 50 and 60%. 

Negativee predictive values (proportion of true negative observations within one animal) > 

0.955 were observed in 90% of all animals for the same CSF-p02 cut-off points. 

p0 2 %% baseline 10 20 30 40 50 60 70 80 

1.000 -i 

igg 0.80
'o o 

_ww 0.60

:>:> o.4o
*̂  ^ 
II 0.20

00

Figuree 4: 
Sensitivityy and specificity of CSF-p02 for SCI detection (defined as reduction of tcMEP amplitude to below 
25%% of baseline) in all animals (n = 9) for different CSF-p02 cut-off points. Sensitivity (O), and specificity (O) 
aree shown. Every symbol represents one animal. The relative cut-off points (10,...80%) of CSF-p02 on the top of 
eachh diagram are shown as relative values compared to the baseline of CSF-p02. Note (asterisk) that the optimal 
combinationn of a high sensitivity and minimal false negative monitoring results of CSF-p02 measurement occur 
withinn the cut-off point range 40% - 60%. The black symbols depict the sensitivity and specificity of the same 
animall  that is shown in fig. 3. 
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Discussion n 

Inn the present study continuous measurement of lumbar cerebrospinal fluid oxygenation 

correlatedd with the neurophysiologic state of the porcine spinal cord during progressive 

ischemia.. In all animals a similar linear relation was present between tcMEP and CSF-pC>2. 

Furthermore,, CSF-pC>2 measurement showed a high sensitivity and specificity for clinical 

spinall  cord ischemia (SCI). The predictive power of CSF-pC>2 measurement for the detection 

off  SCI was optimal between the relative cut-off points 40% and 60% of CSF-pC<2 baseline 

value. . 

Model Model 

Wee opted to induce graded SCI by sequential clamping of segmental arteries in pigs. The 

spinall  cord blood supply of this animal resembles that of man because it comprises a 

plurisegmentall  segmental artery supply of a continuous anterior spinal artery, with the most 
16 6 

vulnerablee region regarding spinal cord blood flow located at the lower thoracic level. 

Moreover,, the same range of baseline CSF-pC>2 values was described in the CSF in the lateral 
4,17 7 

ventricless of pigs and humans. 

Too evaluate the diagnostic accuracy of CSF-pC>2 measurement we opted to use tcMEP 

amplitudee decrease as a functional criterion for SCI for several reasons. First, in contrast to 

mostt target areas of on-line brain tissue oxygenation measurements, functional evaluation of 

thee corticospinal motor pathways can be reliably carried out by the recording of myogenic 
22 18 

tcMEP.. ' Second, after an ischemic episode of such severity that irreversible neuronal loss 

occurred,, spinal cord blood flow or oxygenation may return to normal. Functional assessment 

byy tcMEP might prevent such false-negative monitoring results. Third, in contrast to the 

recordingg of somatosensory evoked potentials (SSEP), the monitoring of tcMEP appears to 
•• 19_21 

havee good diagnostic properties for the detection of spinal cord motor pathway ischemia. 

Thus,, tcMEP was used as the independent variable in the present study because this 

monitoringg technique allows for direct functional assessment of the spinal cord. 

Losss of tcMEP responses was defined as a reduction of tcMEP amplitude to less than 

25%% of the baseline value. A generally accepted criterion for SCI during SSEP monitoring is 
22 2 

aa decrease of amplitude to less than 50% of baseline or a 10% latency increase. Our more 

restrictivee criterion for spinal cord dysfunction was based on the larger amplitude variability 
23 3 

off tcMEP signals compared to SSEP. Possibly, this amplitude variability depends on the 
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partiall  muscle relaxation that is a minimal requirement for myogenic evoked potentials 

recording. . 

p0p02 2 

Progressivee SCI was associated with a median decrease of CSF-pC«2 to 32% of baseline, 

correspondingg with absolute values between 9 and 27 mmHg. The observed decreases in 

CSF-pC>22 are in agreement with previously reported data in animal models of spinal cord 
8,244 25 

ischemiaa and focal cerebral ischemia, and are also similar to transient decreases in brain 
26 6 

tissuee oxygenation during cerebrovascular occlusion in patients. Moreover, CSF-pC»2 values 

duringg complete abolishment of tcMEP were similar to earlier reports of intraspinal and 
27 7 

surfacee p(>2 measurements after experimental aortic occlusion. 

Thee present baseline spinal CSF-pC>2 values were approximately 20 mmHg lower than 

baselinee values found in porcine ventricular CSF-pC<2 at a PaÜ2 of 100 mmHg, but they are 

consistentt with values observed in the subarachnoidal space. No significant change in 

thoracicc CSF-pCh was observed during ischemic manipulations, indicating that the spinal 

hypoxiaa that was induced with this model was restricted to the lumbar intumescence. In 

theory,, extension of the CSF-pC>2 gradient along the rostrocaudal axis over time can not be 

ruledd out. However, we did not study the influence of a long duration of focal SCI on 

oxygenationn of different levels in the intrathecal compartment. 

Clinicall  application 

Locall  brain tissue oxygen monitoring is used in head-injured patients to detect and prevent the 
4-6 6 

effectss of cerebral ischemia. Similarly, spinal cord tissue oxygen measurement could be 

usefull  to monitor intraoperative spinal cord ischemia or secondary ischemic episodes after 

acutee spinal cord injury. However, the vulnerability of the spinal cord to intraparenchymal 

probee placement limits the use of direct evaluation of spinal tissue oxygenation by the current 

devices.. The strong relationship between tcMEP and CSF-pC>2 values, the high temporal 

resolutionn of the latter technique, and the diagnostic properties in relation to tcMEP recording 

mightt render spinal CSF-pC>2 measurements a feasible, minimally invasive monitoring 

techniquee of spinal cord oxygenation in several surgical and critical care settings. In addition, 

CSF-pC<22 monitoring does not carry the risks of sudden patient movements as introduced by 

tcMEPP application. 
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Especially,, after traumatic spinal cord injury, patients are at risk of developing secondary 

spinall  cord hypoxia and ischemic damage due to a prolonged period of decreased spinal cord 
28 8 

perfusionn pressure or transient local hypoperfusion. Therefore, reliable, and fast detection of 

spinall  cord ischemia might increase the effectiveness of pharmacological interventions after 

traumaticc injury. Also, spinal cord decompressive surgery might be guided by on-line spinal 

CSF-pC>22 measurements, e.g. during procedures on syringomyelia or myeloradiculopathy. 
Recently,, intrathecal oxygenation was monitored to detect spinal cord ischemic 

12 2 

dysfunctionn in patients undergoing aortic aneurysm resection. Three measurements of CSF-

p022 were presented during ischemic manipulations: a baseline reading, 30 min after aortic 

clamping,, and 30 min reperfusion. The authors described a rapid decline of CSF-pC>2 after 

aorticc clamping. However, no conclusions could be drawn regarding the diagnostic accuracy 

andd temporal resolution of the technique. Because false-negative monitoring results have 

devastatingg consequences for the patient, it is essential to determine the optimal test properties 

off  CSF-p02 measurement. The present data indicate the relevant pathophysiologic levels of 

CSF-p022 that correspond with varying degrees of spinal cord dysfunction. This might 

attributee to the reliable detection of fast ischemic changes in the spinal cord before 

irreversiblee neuronal damage has occurred, in several pathologic conditions. The presence of 

residuall  flow during tcMEP loss, as measured with Laser Doppler Flowmetry, and radioactive 
9,30 0 

microspheress supports the idea that detection of SCI before actual damage has taken place 

iss feasible. Moreover, neuronal loss and infarction seldom occur clinically when the duration 

off  spinal cord ischemia is less than 15 minutes. However, clinical studies are needed to 

determinee the critical threshold of CSF-p02 as a function of the ischemic period in relation to 

neurologicc outcome. 

Conclusion n 

Thee data indicate that continuous pC>2 measurement in the spinal cerebrospinal fluid might 

becomee a reliable and sensitive technique to detect real-time changes in local spinal cord 

oxygenationn in patients who are at risk for direct or secondary spinal cord ischemia. 

90 0 



I n t r a t h e c a ll  C S F - p O ? i n r e l a t i o n t o t c M E P 

References s 
1.. Kalkman CJ, Been HD, Ongerboer de Visser BW. Intraoperative monitoring of spinal cord function. A 

review.review. Acta Orthopaedica Scandinavica 1993; 64: 114-23 

2.. Tabaraud F, Boulesteix JM, Moulies D, Longis B, Lansade A, Terrier G, Valtat JM, Dumas M, Hugont 

J.. Monitoring of the motor pathway during spinal surgery. Spine 1993; 18: 546-50 

3.. Stinson LW, Jr., Murray MJ, Jones KA, Assef SJ, Burke MJ, Behrens TL, Lennon RL. A computer-

controlled,, closed-loop infusion system for infusing muscle relaxants: its use during motor-evoked 

potentiall  monitoring. J Cardiothorac Vase Anesth 1994; 8: 40-4 

4.. Maas AI, Fleckenstein W, de Jong DA, van Santbrink H. Monitoring cerebral oxygenation: 

experimentall  studies and preliminary clinical results of continuous monitoring of cerebrospinal fluid 

andd brain tissue oxygen tension. Acta Neurochir Suppl (Wien) 1993; 59: 50-7 

5.. Valadka AB, Gopinath SP, Contant CF, Uzura M, Robertson CS. Relationship of brain tissue P02 to 

outcomee after severe head injury. Crit Care Med 1998; 26: 1576-81 

6.. van Santbrink H, Maas AI, Avezaat CJ. Continuous monitoring of partial pressure of brain tissue 

oxygenn in patients with severe head injury. Neurosurgery 1996; 38: 21-31 

7.. Venkatesh B, Boots R, Tomlinson F, Jones RD. Thee continuous measurement of cerebrospinal fluid gas 

tensionss in critically il l neurosurgical patients: a prospective observational study. Intensive Care Med 

1999;; 25: 599-605 

8.. Hellberg A, Ulus AT, Christiansson L, Westman J, Leppanen O, Bergqvist D, Karacagil S. Monitoring 

off  intrathecal oxygen tension during experimental aortic occlusion predicts ultrastructural changes in 

thee spinal cord. J Thorac Cardiovasc Surg 2001; 121: 316-23 

9.. Reuter DG, Tacker WA, Badylak SF, Voorhees WD, Konrad PE. Correlation of motor-evokedd potential 

responsee to ischemic spinal cord damage. J Thorac Cardiovasc Surg 1992; 104: 262-72 

10.. de Haan P, Kalkman CJ, Ubags LH, Jacobs MJ, Drummond JC. A comparison of the sensitivity of 

epidurall  and myogenic transcranial motor-evoked responses in the detection of acute spinal cord 

ischemiaa in die rabbit. Anesthesia & Analgesia 1996; 83: 1022-7 

11.. Machida M, Yamada T, Ross M, Kimura J, Hitchon P. Effect of spinal cord ischemia on compound 

musclee action potentials and spinal evoked potentials following spinal cord stimulation in the dog. 

Journall  of Spinal Disorders 1990; 3: 345-52 

12.. Christiansson L, Karacagil S, Thelin S, Bergqvist D. Continuous monitoring of intrathecal p02, pC02 

andd pH during surgical replacement of type 11 thoracoabdominal aortic aneurysm. Eur J Vase Endovasc 

Surgg 1998; 15: 78-81 

13.. Kalkman CJ. Lab VIEW: a software system for data acquisition, data analysis, and instrument control. 

Journall  of Clinical Monitoring 1995; 11: 51-8 

14.. Pinheiro JC, Bates DM. Mixed-Effects Models in S and S-PLUS. 2000 

15.. Altman DG. Practical Statistics For Medical Research. 1991;: 417-418 

16.. Dommisse GF. The blood supply of the spinal cord. A critical vascular zone in spinal surgery. Journal 

off  Bone & Joint Surgery - British Volume 1974; 56: 225-35 

17.. Fleckenstein W, Nowak G, Kehler U, Maas AIR, Deltbrügge HJ, De Jong DA, Hess M, Nollert G. 

Oxygenn pressure measurements in cerebrospinal fluid. Med Tech 1990; 110: 44-53 

91 1 



C h a p t e rr  5 

18.. Sala F, Niimi Y, Krzan MJ, Berenstein A, Deletis V. Embolization of a spinal arteriovenous 

malformation:: correlation between motor evoked potentials and angiographic findings: technical case 

report.. Neurosurgery 1999; 45: 932-7 

19.. Dawson EG, Sherman JE, Kanim LE, Nuwer MR. Spinal cord monitoring. Results of the Scoliosis 

Researchh Society and the European Spinal Deformity Society survey. Spine 1991; 16: S361-4 

20.. Meylaerts SA, Jacobs MJ, van Iterson V, De Haan P, Kalkman CJ. Comparison of transcranial motor 

evokedd potentials and somatosensory evoked potentials during thoracoabdominal aortic aneurysm 

repair.. Ann Surg 1999; 230: 742-9 

21.. Deutsch H, Arginteanu M, Manhart K, Perin N, Camins M, Moore F, Sternberger AA, Weisz DJ. 

Somatosensoryy evoked potential monitoring in anterior thoracic vertebrectomy. J Neurosurg 2000; 92: 

155-61 1 

22.. Brown RH, Nash CL, Berilla JA, Amaddio MD. Cortical evoked potential monitoring. A system for 

intraoperativee monitoring of spinal cord function. Spine 1984; 9: 256-61 

23.. 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. Journal of Thoracic & Cardiovascular Surgery 1997; 113: 87-100. 

24.. Ishizaki M, Sugiyama S, Uchida H, Nawa S, Shimizu N. Identification and selective perfusion of the 

spinall  cord-feeding arteries by intrathecal p02 monitoring for spinal cord protection. Eur J Vase 

Endovascc Surg 1999; 18: 17-24 

25.. Doppenberg EM, Zauner A, Watson JC, Bullock R. Determination of the ischemic threshold for brain 

oxygenn tension. Acta Neurochir Suppl (Wien) 1998; 71: 166-9 

26.. Hoffman WE, Charbel FT, Gonzalez-Portillo G, Ausman JI. Measurement of ischemia by changes in 

tissuee oxygen, carbon dioxide, and pH. Surg Neurol 1999; 51: 654-8 

27.. Wadouh F, Amdt CF, Metzger H, Hartmann M, Wadouh R, Borst HG. Direct measurements of oxygen 

tensionn on the spinal cord surface of pigs after occlusion of the descending aorta. Journal of Thoracic & 

Cardiovascularr Surgery 1985; 89: 787-94 

28.. Tator CH, Fehlings MG. Review of the secondary injury theory of acute spinal cord trauma with 

emphasiss on vascular mechanisms. Journal of Neurosurgery 1991; 75: 15-26 

29.. Young WF, Tuma R, O'Grady T. Intraoperative measurement of spinal cord blood flow in 

syringomyelia.. Clin Neurol Neurosurg 2000; 102: 119-23 

30.. Lips J, de Haan P, Kalkman CJ. Delayed detection of motor pathway dysfunction after selective 

reductionn of thoracic spinal cord blood flow in pigs. J Thor Cardiovasc Surg 2002; 123: 531-538. 

92 2 







Chapterr  6 

Rapidd detection of thoracic spinal cord ischemia with continuous 

monitoringg of cerebrospinal fluid oxygen tension in a porcine model 

SubmittedSubmitted for publication 

J.J. Lips 

P.P. de Haan 

M.J.M.J. Jacobs 

C.J.C.J. Kalkman 



C h a p t e rr  6 _____ 

Chapterr  6 

Rapidd detection of thoracic spinal cord ischemia with continuous monitoring of 

cerebrospinall  fluid oxygen tension in a porcine model 

Abstract t 

Object.Object. The recording of myogenic motor evoked potentials to transcranial stimulation 

(tcMEP)) provides fast and reliable assessment of lumbar spinal cord function, guiding 

strategiess to prevent neurological deficits during aortic aneurysm repair. However, tcMEP 

respondd slowly to ischemia that remains confined to the thoracic spinal cord. In this study pCh 

measurementt in the cerebrospinal fluid was compared to tcMEP recording during selective 

thoracicc and lumbar segmental artery occlusion in the pig. 

Methods.Methods. The thoracoabdominal aorta and segmental arteries (SAs) were exposed in nine 

sufentanil/ketamine-anesthetizedd pigs (40-50 kg). Myogenic tcMEP were recorded from the 

upperr and lower limbs, and continuous assessment of CSF-p02 was provided by two Clark 

typee microcatheters inserted in the midthoracic and lower lumbar intrathecal space. In a 

randomisedd order, ischemia that remained confined to the thoracic and the lumbar spinal cord 

wass produced by sequential clamping of SAs. The critical threshold of local CSF-p02 during 

lumbarr and thoracic SCI was determined. The time between onset of progressive SCI and 

reductionn to below the critical threshold was compared for both monitoring techniques. 

Results.Results. Thoracic CSF-p02 (baseline: 40 mmHg (26 - 48)) was reduced to below 60% of 

baselinee in all animals during graded thoracic SCI. Time to reduction of thoracic CSF-p02 

wass shorter compared to clinical tcMEP toss (51 (34 - 66) min vs 68 (64 - 87) min, P< 0.05) 

duringg thoracic SCI. Lumbar CSF-p02 (baseline: 44 mmHg, iqr: 41 - 53) was reduced to 

beloww 50% of baseline in all animals during graded lumbar SCI. There was a linear relation 

betweenn tcMEP and CSF-p02 values during graded lumbar spinal cord ischemia. 

Conclusions.Conclusions. The data indicate that intrathecal p02 measurements agree well with tcMEP 

recordingss and that a CSF-p02 reduction of 40% precedes clinical tcMEP loss during 

ischemiaa of the thoracic spinal cord segments. Continuous monitoring of CSF-p02 might be 

usedd as an addition to tcMEP monitoring in patients who are at risk for spinal cord ischemia. 
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Introductio n n 

Lowerr limb paralysis complicates resection and stent graft repair of thoracoabdominal aortic 

aneurysmss (TAAA) in up to 16% of elective cases. Spinal cord monitoring during TAAA 

surgeryy aims to guide measures that prevent functional deficit following transient or 

permanentt interruption of the spinal cord blood supply. Myogenic motor evoked potentials to 

transcraniall  stimulation (tcMEP) assess the motor component of the spinal cord and respond 

withinn minutes to aortic cross-clamping, ' allowing immediate corrective action before 

irreversiblee functional damage has occurred. However, in a recent experimental study we 

showedd that the response of tcMEP is slow during ischemia that is confined to the thoracic 
8 8 

spinall  cord compared to lumbar spinal cord ischemia. This probably reflects the difference in 

sensitivityy of signal transmission through thoracic white matter tracts and motoneurons in the 

lumbarr anterior horn. 

Continuouss assessment of cerebrospinal fluid oxygenation with flexible Clark type 

microprobess detected fast changes of spinal cord perfusion, irrespective of the conductive 
9,10 0 

propertiess of the underlying gray and white matter. Reduction of cerebrospinal fluid p(>2 
(CSF-p02)) has been observed during TAAA surgery, and decreased CSF-pC«2 correlated 

12 2 
withh early ischemic neuronal changes after one hour of aortic occlusion in pig. Recently, we 

showedd that a linear relation was present between tcMEP and CSF-pC*2 during progressive 
13 3 

lumbarr spinal cord ischemia. However, it is unknown if a critical CSF-p02 reduction 

precedess clinical tcMEP loss during ischemia that remains confined to the thoracic spinal 

cord.. The purpose of this study was to determine the critical value and response time of local 

CSF-pC>22 compared to lower limb tcMEP in a porcine model of progressive ischemia of the 

thoracicc and lumbar spinal cord. 

Material ss and Methods 

Animall  care and experimental procedures were performed in compliance with The National 

Guideliness for Care of Laboratory Animals in the Netherlands. The study protocol was 

approvedd by the Animal Research Committee of the Academic Hospital at the University of 

Amsterdam,, the Netherlands. Nine pigs, weighing 48  5 kg, were included in the study. 
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Anesthesia Anesthesia 

Premedicationn consisted of ketamine 15 mg.kg"1 intramuscularly (i.m.). Anesthesia was 

inducedd with inhalation by mask of 2.0% isoflurane in a mixture of 50% O2 in air. Two 

intravenouss catheters (18 G) were placed in an ear vein and normal saline was infused at a 

ratee of 15 ml.kg'.h"1. After induction of anesthesia sufentanil 15 ng.kg" and clonidine 2 

Hg.kg"11 were given intravenously (i.v.), isoflurane was discontinued, and anesthesia was 

maintainedd with a continuous infusion of ketamine (15 mg.kg"1.h"1), sufentanil (5 (xg-kg'-h"1), 

andd clonidine (1 ug.kg'.h"1). The tracheas were intubated and animals were ventilated using 

Intermittentt Positive Pressure Ventilation. End-tidal CC^-concentration was measured by a 

mainstreamm capnograph (Hewlett-Packard, Boebingen, Germany) and PaCC>2 was maintained 

betweenn 4.8 and 5.3 kPa (36-40 mmHg). Mean arterial pressure (MAP) was maintained 

betweenn 60 and 70 mm Hg. Adequacy of ventilation was confirmed by blood gas analysis at 

37°C. . 

Thee level of neuromuscular blockade was monitored electromyographically using a 

Datexx Relaxograph (Datex, Finland), placed at the animal's wrist equivalent after stimulation 

off  the median nerve. A closed loop infusion system with Pancuronium was used to maintain 

40%% relaxation as referenced to the control situation. This level of muscle relaxation was 

chosenn to provide an optimal trade off between spontaneous movements of the animal and the 

minimall  requirements for myogenic evoked potential recording and assessment of adequate 

depthh of anesthesia. Arterial blood pressure and central venous pressure were measured by 

meanss of a pressure line placed in the right popliteal artery and the left cephalic vein 

respectively.. Oxygen saturation was continuously assessed by pulse oximetry. 

Nasopharyngeall  temperature and urinary output were monitored throughout the experiment. 

Beforee the induction of ischemia, arterial pH, Pa02, PaCC>2, haemoglobin concentration and 

hematocritt were measured. 

MotorMotor evoked potential recording 

TcMEPP stimuli were applied with a transcranial electrical stimulator (Digitimer D 185 

corticall  stimulator, Welwyn Garden City, UK) through four needle electrodes attached to the 

scalp.. A train of four pulses with an inter-stimulus interval of 2 ms was distributed over the 

motorcortexx via an anode located at the occiput and three interconnected cathodes placed 

behindd the ears and in the soft palate. Compound muscle action potentials (CMAP) were 

recordedd bilaterally from the skin over the upper limbs triceps muscles and over the lower 
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limbb quadriceps muscles using adhesive gel Ag/AgCl electrodes. The signals were amplified 

5,000-20,0000 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, the 

Netherlands).. Stimulus intensity was adjusted to acquire maximal responses and recording 

wass performed 10% above the level that obtained maximal amplitude. 

Amplitudee of the CMAP was defined as the peak-to-peak distance in uV. A reduction 

off  tcMEP amplitude on me muscle groups monitored to less than 25 % of the baseline value 

wass considered an indication of ischemic spinal cord dysfunction. Baseline tcMEP were 

obtainedd during the surgical procedure by averaging 15 consecutive responses before the start 

off  spinal cord ischemia (SCI) induction. During the ischemic manipulations tcMEP were 

acquiredd every minute. Responses were displayed and stored on a Macintosh Quadra 

computerr (Apple Computer, Cupertino, CA) with 12-bit A/D conversion and acquisition 

softwaree written in the Lab VIEW programming environment (National Instruments, Austin, 

Texas). . 

OperativeOperative procedure 

Thee animals were placed on their right flank. Two laminectomies were performed at the L5 

andd Th9 level. After minimal incision of the ligamentum flavum and the dura mater two 

polarographicc Clark type microcatheters (LICOX p(>2 probe, GMS, Kiel, Germany) were 

introducedd into the subdural space, and advanced in a cranio-ventral direction for 

approximatelyy 3 cm, so that the tip of the probe was located over the ventral aspect of the 

spinall  cord. Likewise, two temperature probes (LICOX temperature probe, GMS, Kiel, 

Germany)) were inserted and advanced in a position 1 cm cranial to the pÜ2 probes. Finally, a 

3FF catheter for cerebrospinal fluid (CSF)-pressure measurement was inserted at the L5 level 

andd advanced in a cranial direction for 5 cm. The catheters were secured by closing the dura 

materr and ligamentum flavum with purse-string sutures, and the dorsal vertebral muscles 

weree approximated. 

Animalss were then placed in the right decubitus position. The thoracoabdominal aorta, 

thee segmental arteries, and the medial sacral artery were exposed by way of a left-sided 

thoracophrenicc laparotomy. The arterial truncus giving rise to the left subclavian and 

vertebrall  artery was exposed. The group of vessels recruited for the induction of SCI 

consistedd of all segmental arteries, the left vertebral artery and the medial sacral artery. At the 
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endd of the experiment the interior of the aorta was inspected to determine whether all lumbar 

andd intercostal segmental arteries had been identified. 

ExperimentalExperimental design 

Fifteenn minutes before the induction of SCI, baseline values for tcMEP and CSF-p02 were 

obtained.. In a randomised order, ischemia that remained confined to the thoracic and the 

lumbarr spinal cord segments was induced by sequential clamping of SAs in a cranio-to-caudal 

andd a caudo-to-cranial direction, respectively. A time interval of 5 min was applied between 

thee clamping of two successive arteries. In pilot experiments this period was sufficient for 

CSF-p022 values to equilibrate after clamping of an artery. After complete loss of the hind 

limbb tcMEP signal, all clamps were released, and after 15 minutes of reperfusion animals 

underwentt the second ischemic episode. After this the animals were euthanized. 

DataData collection and analysis 

Signalss of MAP, ICP, CSF-p02 and CSF-temperature were digitized every 3 seconds, and 

storedd on a PC with acquisition software written in the Lab VIEW programming environment. 

Movementt artifacts of the CSF-p02 measurements caused by transcranial stimulation were 

filteredd out during off-line analysis. All tcMEP and CSF-p02 data were examined by an 

observerr blinded to the experimental design using a replay module of the monitoring 

program,, and recordings with poor signal quality were excluded from further analysis. All 

dataa are expressed as means  standard deviation (SD), except for raw and relative (compared 

too baseline) tcMEP amplitudes, which are presented as medians (and 10th to 90' percentiles). 

Thee intervals between onset of thoracic SCI and clinical tcMEP loss (25% of baseline) and 

locall  CSF-p02 reduction (40% of baseline) respectively, were compared using a paired t test. 

Sensitivity,, specificity and predictive values were calculated using standard equations. A P 

valuee of less than 0.05 was considered significant. 
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Results s 

Figuree 1 shows the experimental setup. The data of all animals were grouped according to the 

clampingg direction applied, resulting in a thoracic spinal cord ischemia (SCI) group (cranio-

caudall  clamping direction) and a lumbar SCI group (caudo-cranial clamping direction). 

Reproduciblee tcMEP were recorded in all animals and the median amplitude before ischemic 

manipulationss was 2710 (1406 - 3780, 10*  to 90th percentile) uV. Relative values of both 

lumbarr pC>2 and tcMEP were used for the statistical analysis because the variability of 

baselinee tcMEP amplitudes did not allow for comparison of absolute values. 

Transcrania ll  cortica l stimulatio n 
Anode e 

aort a a 

-clampe d d 
segmenta l l 
arter y y 

spina l l 
cor d d 

Figuree 1: 
Schematicc representation of the experimental set up. On the left side of the picture the recording sites are shown 
off  tcMEP and CSF-pd, and on the right the principle of graded spinal cord ischemia via the clamping of 
segmentall  arteries is illustrated. 

Duringg sequential clamping of segmental arteries, tcMEP were reduced to below 25% of 

baselinee value in all animals. For all animals, the time between the start of ischemic 

manipulationss and the reduction of tcMEP signals to below 25% was 65 (63 - 80) minutes 

duringg thoracic SCI and 26 (32 - 30) minutes during lumbar SCI. Before the onset of arterial 

clamping,, physiologic parameters, including pH (7.43  0.03), PaCC>2 (36.7  2.4), Pa02 

(195.55 + 20.6), hemoglobin (9.6  1.4), and hematocrit (29.6 + 4.1) were similar for animals 

thatt underwent thoracic SCI first compared to animals that underwent lumbar SCI first. 
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Meann arterial blood pressure during SCI was 60  4 rnmHg and 58  3 mmHg, during 

thoracicc and lumbar SCI, respectively. During sequential clamping, cerebrospinal fluid 

pressuree was the same for both groups (7  3 mmHg). The left vertebral artery, eight to 

twelvee intercostal segmental arteries (SAs), six lumbar SAs and the medial sacral artery were 

identified.. Complete loss of lower limb tcMEP was established after clamping of 15  1 

arteriess during thoracic and 8  4 arteries during lumbar SCI. 

Figuree 2 shows tcMEP and CSF-p02 for every successive clamping stage during 

gradedd spinal cord ischemia of the thoracic and the lumbar spinal cord. Median CSF-p02 

valuess during three stages of graded spinal cord ischemia are shown in Table 1. The local 

CSF-p022 values during baseline recording were not different at the lumbar (44 mmHg (iqr: 41 

-- 53)) and the thoracic level (40 mmHg (26 - 48)). During thoracic SCI, local CSF-p02 

decreasedd less compared to during lumbar SCI (P< 0.01, Table 1). Median absolute CSF-p02 

valuess of the ischemic segment during tcMEP reduction to below 25% of baseline were 20 

mmHgg (11 -25) and 11 mmHg (4 - 29), during thoracic and lumbar spinal SCI, respectively. 

Tablee 1. Median CSF-pQ2 values during graded spinal cord ischemia at three levels of spinal cord function 

Thoracicc SCI 

tcMEPP 50% 
tcMEPP 25% 
tcMEPP 0% 

Th88 CSF-p02 L5 CSF-p02, 
%% ' % 

57(43-60)) 82(50-95) 
54**  (40 - 59) 78(55 - 90) 
53(40-58)) 68(19-90) 

Lumbarr SCI 

Th88 CSF-p02 L5 CSF-p02 

%% * % 
100(94-108)) 25(14-34) 
99(84-100)) 27*  (13-37) 
95(86-101)) 18(7-29) 

Mediann (+interquartile ranges) local CSF-p02 values during three main stages of graded spinal cord ischemia. 
Abbreviations:: tcMEP 50% = amplitude MEP reduced to below 50% of its baseline value; tcMEP 25% = 
amplitudee MEP reduced to below 25% of baseline, being equal to clinical spinal cord ischemia; tcMEP 0% = 
completee absence of corticospinal conduction; Th8 CSF- p02 = the relative level of intrathecal thoracic p02. L5 
CSF-- p02 = the relative level of intrathecal lumbar p02. * = relative thoracic CSF-p02 versus relative lumbar 
CSF-p022 during clinical loss of spinal cord conduction: P < 0.01. 
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SAA L4 
levell of clamping 

ThSCI I 

Figuree 2: 
Thee time course of tcMEP (•») and CSF-
p022 (O) (means  SEM) during two 
sessionss of graded spinal cord ischemia and 
reperfusionn for all animals (n = 9). The 
upperr diagram indicates the measurements 
duringg lumbar spinal cord ischemia (caudo-
to-craniall clamping direction). The lower 
diagramm depicts the values during thoracic 
SCII (cranio-to-caudal clamping direction). 
Onn the X-axis subsequent clamping of 
segmentall arteries is shown, with L 
(lumbar)) and T (thoracic) levels. VA = 
vertebrall artery. Horizontal dotted lines = 
proposedd critical area for relative CSF-p02 

valuesvalues (below 60% of baseline) and relative 
tcMEPP amplitudes (below 25% of baseline, 
clinicall criterion for SCI). The vertical 
arrowsarrows marks the onset of reperfusion. Min 
== time in minutes during reperfusion. 

VAA Th6 Th9Th12 L1 
levell of clamping 

L44 SA 5 15 (min) 

Ann original continuous registration of local oxygenation and tcMEP recording during graded 

thoracicc spinal cord ischemia in one animal is shown in figure 3. The diagnostic accuracy of 

locall CSF-pC>2 measurement in comparison to tcMEP to detect lumbar SCI was most accurate 

inn the range between 40 and 60% CSF-pC>2 reduction compared to baseline (Table 2). 

Reductionn of thoracic CSF-pC>2 during thoracic SCI to values below 40, 50 and 60% of 

baselinee was observed in 27, 44 and 89% of the animals, respectively. In 5 of nine animals 

thee critical value of 40% thoracic CSF-pC>2 reduction was not followed by additional 

reductionn of more than 10% during continued sequential clamping (6  4 arteries). The time 

betweenn the onset of progressive spinal cord ischemia (tcMEP = 25% of baseline amplitude) 

andd reduction of CSF-p02 to below the critical value (60% of baseline), was shorter for 

thoracicc CSF-p02 compared to tcMEP (51 (34 - 66) min vs 68 (64 - 87) min, P< 0.05). 
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VAA T7 T9 T11 T13 L1 L3 L5 REP 

Timee (min ) 

Figuree 3: 
Graphh showing original continuous registration of four parameters in one animal. Dashed vertical lines represent 
thee events of placing a clamp on the segmental artery indicated with SA (sacral artery), Lx (xlh lumbar level), 
andd Thx (xth thoracic level). Note that reduction of thoracic CSF-p02 (first arrow) precedes the decline of tcMEP 
(second(second arrow). Abbreviations: MABP = mean arterial blood pressure; CSF-p02 Th8 = p02 values at the 8th 

thoracicc vertebral level; CSF-p02 L5 = p02 values at the 5th lumbar vertebral level; tcMEP = transcranial Motor 
Evokedd Potentials.; mV = millivolts; REP = reperfusion. 
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Tablee 2. Diagnostic characteristics of different relative cut-off values of lumbar  CSF-pQ2. 
300 40 50 60 70 

senss 0.96(0.65-1.00) 1.00(0.85-1.00) 1.00(0.81-1.00) 1.00(0.96-1.00) 1.00(0.98-1.00) 
specc 0.98(0.88-1.00) 0.96(0.85-1.00) 0.90(0.79-1.00) 0.84(0.67-0.98) 0.75(0.63-0.94) 
PPVV 0.95 (0.55 - 1.00) 0.95 (0.49 - 1.00) 0.71 (0.44 - 1.00) 0.64 (0.32 - 0.94) 0.60 (0.32 - 0.89) 
NPVV 0.98(0.81-1.00) 1.00(0.96-1.00) 1.00(0.96-1.00) 1.00(0.99-1.00) 1.00(0.99-1.00) 

Sensitivity,, specificity and predictive values of CSF-p02 for SCI detection (defined as reduction of tcMEP 
amplitudee to below 25% of baseline) in all animals (n = 9) for different CSF-p02 cut-off points. Medians and 
interquartilee ranges are shown. The relative cut-off points (30,...70%) in the first row are shown as relative 
valuess compared to the baseline of CSF-p02. Note that the optimal combination of a high sensitivity and 
minimall  false negative monitoring results of CSF-p02 measurement occur within the cut-off point range 40% -
60%.. Sens = sensitivity; spec = specifity; PPV = positive predictive value; NPV = negative predictive value. 

Discussion n 

Inn the present study continuous measurement of spinal cerebrospinal fluid oxygenation agreed 

welll  with the measurement of myogenic motor evoked potentials during progressive spinal 

cordd ischemia in the pig. Local CSF-pÜ2 measurement showed good diagnostic accuracy for 

lumbarr spinal cord ischemia (SCI). During ischemia that remained confined to the thoracic 

spinall  cord the critical threshold of 60% local CSF-pC«2 was reached more than 15 minutes 

beforee clinical spinal cord dysfunction as evidenced by critical reduction of tcMEP amplitude. 

Wee opted to induce graded SCI by sequential clamping of segmental arteries in pigs. 

Thee spinal cord blood supply of this animal resembles that of man because it consists of a 

longitudinall  spinal artery system that is formed by ascending and descending anastomotic 

branchess of radicular arteries that arise subsequently from several segmental arteries. Like in 

man,, the most vulnerable region with the least collateral circulation to the spinal cord is 

locatedd at the lower thoracic level. ' Moreover, the same range of baseline CSF-p02 values 
9 9 

wass described in pigs and humans. 

Lumbarr SCI was associated with a median decrease of CSF-p02 to 27% of baseline, 

correspondingg with absolute values between 5 and 25 mmHg. Similar decreases of local CSF-

pC>22 were observed during experimental spinal cord ischemia resulting from aortic occlusion, 
122 17 

ass measured with mass spectrometry and polarographic techniques. The local CSF-p02 

valuess that we observed during lumbar spinal cord dysfunction are in agreement with 
188 19 

intraspinall  and surface p(>2 measurements during experimental spinal cord ischemia. In 

contrast,, thoracic SCI was associated with a median decrease of local CSF-p02 to 54% of 

baselinee (11 - 25 mmHg). One possible explanation for the less extensive reduction of CSF-
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p022 during thoracic SCI is that we reduced spinal cord perfusion with cranio-caudal clamping 

off  segmental arteries to levels that were not sufficient to induce oxygenation shifts that were 

similarr to during lumbar SCI. However, this is unlikely, because in a previous study the same 

strategyy and recruitment of vessels resulted in a reduction of local spinal cord blood flow that 
g g 

wass similar during thoracic and lumbar spinal cord ischemia. Another explanation is that in 

thee lumbar spinal region more anatomical structures receive perfusion from the same 

radicularr artery that also perfuses the spinal cord in comparison to the thoracic spinal region. 

Thus,, the value of thoracic and lumbar p02 might parallel the local anterior horn oxygenation 

moree or less precise, depending on the relative importance of the other components that 

contributee to the local CSF-p02 level. 

Clinicall  application 

Thee strong relationship between tcMEP and CSF-p02 values, the high temporal resolution of 

thee latter technique, and the diagnostic properties in relation to tcMEP recording might render 

spinall  CSF-p02 measurements a feasible, minimally invasive monitoring technique of spinal 

cordd oxygenation in several surgical and critical care settings. Reperfusion of the spinal cord 

afterr declamping of segmental arteries was detected rapidly with CSF-p02 measurement. 

Becausee CSF-p02 measurement has a high temporal resolution, the identification of 

segmentall  arteries that are critical for the spinal cord blood supply is feasible with this 

technique. . 

Itt must be emphasized that evoked potentials recording and oxygenation 

measurementss assess different physiologic phenomena. For example, after an ischemic 

episodee of such severity that irreversible neuronal loss occurred, spinal cord oxygenation may 

returnn to normal during the reperfusion period. In contrast, tcMEP evaluate spinal cord 

functionn and preclude such false-negative monitoring results. The present data indicate the 

relevantt pathophysiologic levels of CSF-p02 that correspond with varying degrees of spinal 

cordd dysfunction, as evidenced with tcMEP. This might attribute to the reliable detection of 

fastt ischemic changes in the spinal cord before irreversible neuronal damage has occurred. 

Thee presence of residual flow during tcMEP loss, as measured with Laser Doppler 
88 20 

Flowmetry,, and radioactive microspheres ' supports the idea that detection of SCI before 

actuall  damage has taken place is feasible. Moreover, neuronal loss and infarction seldom 

occurr clinically when the duration of spinal cord ischemia is less than 15 minutes, and loss of 

tcMEPP for less than 10 minutes did not result in histopathologic or functional damage in a 
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21 1 

previouss study. However, clinical studies are needed to determine the critical threshold of 

CSF-pC>22 as a function of the ischemic period in relation to neurologic outcome. 

Conclusion n 

Continuouss pC>2 measurement in the spinal cerebrospinal fluid seems a fast detection method 

off  spinal cord ischemia. During ischemia that remains confined to the thoracic spinal cord and 

forr the identification of segmental arteries, tcMEP recording might be supplemented with 

CSF-pC>22 measurements. 
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Chapterr  7 

Neuroprotectivee effects of riluzole and ketamine during transient spinal cord ischemia 

inn the rabbit 

Abstract t 

Background:Background: Massive release of central excitatory neurotransmitters is an important initial 

stepp in ischemic neuronal injury, and modification of this process may provide 

neuroprotection.. We studied the protective effects of the voltage-dependent sodium channel 

antagonistt riluzole and the N-methyl-D-aspartate receptor antagonist ketamine on hind limb 

motorr function and histopathologic outcome in an experimental model of spinal cord 

ischemia. . 

Methods:Methods: Temporary spinal cord ischemia was induced by 29 min of infrarenal balloon 

occlusionn of the aorta in sixty anesthetized New Zealand white rabbits. Animals were 

randomlyy assigned to one of four treatment groups (n = 15 each): group C: saline (control); 

groupp R: riluzole, 8 mg.kg"1 intravenously; group K: ketamine, 55 mg.kg" i.v.; group RK: 

riluzolee and ketamine. After reperfusion, riluzole treatment was continued with intraperitoneal 

infusions.. Normothermia (38 °C) was maintained during ischemia and rectal temperature was 

assessedd before and after i.p. infusions. Neurologic function (Tarlov) was evaluated every 24 

hours,, infarction volume and the number of eosinophilic neurons and viable motoneurons in 

thee lumbosacral spinal cord was evaluated after 72 hours. 

Results:Results: Neurologic outcome was better in group R and RK. All animals in group C and all 

butt one in group K (93%) were paraplegic 72 h after the ischemic insult, versus 53% in group 

RR and 67% in group RK (P < 0.01 each). More viable motoneurons were present in group R 

andd RK compared to controls (P < 0.05). 

Conclusions:Conclusions: The data indicate that treatment with riluzole can increase the tolerance of spinal 

cordd motoneurons to a period of normothermic ischemia. Intra-ischemic ketamine did not 

providee neuroprotection in this model. 

Introductio n n 

Selectivee blocking of receptors involved in excitatory neurotransmission can protect neuronal 
1-3 3 

populationss against normothermic ischemic injury in vivo. In particular, glutamate release 

andd its postsynaptic action exerted via the N-methyl-D-aspartate (NMDA) receptor are key 
4,5 5 

featuress in the triggering of processes that ultimately result in ischemic neuronal damage. 
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Thee sodium channel inhibitor riluzole (2-ammo-6-trifluoromethoxybenzothiazole) has been 
++ 6 7 

reportedd to decrease K -evoked and spontaneous glutamate release, and seems to possess 
8 8 

non-competitivee NMDA receptor antagonist properties. The drug is used clinically for the 

treatmentt of patients with amyotrophic lateral sclerosis, a neurodegenerative disease that 
9 9 

involvess compromised glutamate handling by motoneurons. Riluzole was found to be 
10,11 1 

neuroprotectivee in behavioral and histological models of cerebral ischemia. Recent 

evidencee indicates that intra-ischemic treatment with riluzole improves early neurologic 

outcomee (24 h) and may alter the pattern of ischemia-induced apoptosis and necrosis after 
12 2 

transientt spinal cord ischemia. 
Thee anesthetic agent ketamine, which has known properties of a non-competitive 

1,13 3 

NMDAA receptor antagonist, reduced neuronal damage from incomplete cerebral ischemia 

andd was used as part of the anesthetic technique in some surgical procedures that carry a risk 
14,15 5 

off  paraplegia. While riluzole influences glutamate release at the level of the nerve 

terminals,, additional postsynaptic blockade by ketamine might result in a synergistic 

protectivee effect on spinal cord neurons during a transient ischemic period. The purpose of 

thiss study was to investigate the effects of riluzole and ketamine, alone and in combination, on 

neurologicc and histopathologic outcome after 72 h in a rabbit model of temporary spinal cord 

ischemia. . 

Material ss and Methods 

Animall  care and all procedures were performed in compliance with the national guidelines for 

caree 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.. Sixty New Zealand White rabbits weighing 3.4  0.3 (mean  SD) kg were used 

inn this study. 

AnesthesiaAnesthesia and monitoring 

Anesthesiaa was induced by inhalation of a mixture of 50% O2 in N2O followed by isoflurane 

(3%)) by mask, and after intubation of the trachea, anesthesia was maintained with a 

combinationn of isoflurane (1.5%) and intravenous sufentanil (5 ug.kg^.min1). Cefamandol 

(1000 mg) was given before incision. End-tidal CO2 was measured by a mainstream 

capnographh (Hewlett-Packard, Boeblingen, Germany) and PaCC>2 was maintained within 35-

400 mmHg. The initial tidal volume was 20 ml/kg and the respiratory rate 40/min. Rectal and 
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paraspinall  muscle temperatures were monitored and kept at 38° C (normothermia) by means 

off  a heating lamp. Paraspinal muscle temperature was measured using a needle probe 

(subcutaneouss temperature sensor, Monatherm Inc., St.Louis, USA), connected to a Mon-a-

therm,, model 6510 (Mallinkrodt Medical, Inc., St. Louis, USA). The electrocardiogram was 

recordedd with pediatric surface electrodes and the mean arterial blood pressure (MAP) was 

measuredd with a double lumen wedge pressure balloon catheter placed in the abdominal aorta. 

Iff  MAP decreased below 60 mm Hg during reperfusion, animals were given 2.5 mg ephedrine 

i.v.. Before, during and after aortic occlusion arterial blood samples (1 ml) were drawn for 

measurementt of blood gases, and hematocrit. 

OperativeOperative technique 

Underr sterile conditions, a right femoral arteriotomy was performed 3-4 cm distal to the 

inguinall  ligament. A 5 Fr. double lumen wedge pressure balloon catheter (AI 07025, Arrow, 

USA)) was advanced 15 cm into the femoral artery. This resulted in a balloon location 0.5 -
16 6 

1.55 cm distal to the left renal artery in the abdominal aorta in a previous study. Before 

catheterr insertion heparin 500 I.U was administered (i.v.) followed by 500 I.U. every 30 min 

thereafterr until catheter removal. The balloon was inflated until loss of pulsatile distal aortic 

pressuree (as measured at the distal orifice of the catheter). The duration of aortic occlusion 

wass 29 min, based on an expected 80-85% paraplegia rate as observed in halothane 
17 7 

anesthetizedd animals. After balloon removal the wound was closed. A catheter (nasal probe-

PVC,, 8 Fr, 1 = 50 cm, Vygon, France) was placed from a subcutaneous port in the neck into 

thee intraperitoneal [i.p.] cavity. Thereafter animals were allowed to recover. The period 

betweenn reperfusion and extubation was kept constant (80 min) to account for a possible 

confoundingg neuroprotective effect of a longer duration of anesthesia in the animals treated 

withh one or both of the study agents. Inhalation of isoflurane was stopped just before the end 

off  the 80-min period. Animals were replaced when postoperative systemic complications 

necessitatedd a premature termination of the individual experiment. 

DrugDrug administration 

Animalss were randomly assigned to one of four treatment groups (n = 15 in each group): 

controll  (C), riluzole (R), ketamine (K) and riluzole + ketamine (RK). Riluzole (Rhöne-

Poulencc Rorer, Antony, France) was dissolved in a solvent containing 0.9% NaCl and 4% 

HC11 0.1 M (pH = 3, maximal volume 10 ml.kg"1). Ketamine was dissolved in 0.9% NaCl (pH 
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== 7.5, maximal volume 3 ml.kg"1). Fifteen minutes before aortic occlusion the animals 

receivedd an i.v. injection of solvent (group C and K) or riluzole 8.0 mg.kg"1 (group R and 

RK).. Subsequently, a second i.v. injection containing ketamine 10 mg.kg"1 was given to group 

KK and RK. Ten min after reperfusion ketamine 1.5 mg.kg"1.min"1 i.v. was given for 30 min 

(totall  dose: 45 mg.kg"1) to animals in group K and RK. After emergence from anesthesia the 

animalss received solvent (group C, K) or riluzole (8 mg.kg"': group R, RK) in the same 

dosagee twice daily for three days via the i.p. catheter. Rectal temperature was measured just 

beforee and one hour after each i.p. infusion. 

NeurologicNeurologic evaluation 

Twenty-four,, 48 and 72 h after the ischemic insult, the neurologic status of the animals was 

assessedd by an observer blinded to the treatment allocation, according to Tarlov's criteria 

(5-pointt grading scale): 0 = paraplegic with no lower-extremity function, 1 = poor lower-

extremityy function, weak anti-gravity movement only, 2 = some lower-extremity motor 

functionn with good anti-gravity strength but inability to draw legs under body and/or hop, 3 = 

abilityy to draw legs under body and hop but not normally, 4 = normal motor function. In 

paraplegicc animals bladder contents were expressed manually when required. 

SpinalSpinal cord pathology 

Afterr final scoring of neurologic function at 72 h, the animals were anesthetized with 

ketaminee (50 mg.kg"1 intramuscularly (i.m.)), xylazine (10 mg.kg"1, i.m.) and isoflurane 

(11 MAC) in a mixture of 50% O2 in N2O. After administration of heparin (2500 IU), animals 

weree killed with pentobarbital (100 mg, i.v.), and perfusion fixated with formalin 3.6%. 

Lumbosacrall  spinal cord was removed en bloc and immersed in formalin for at least 10 days. 
18 8 

Thee whole lumbosacral portion of the spinal cord was sampled systematically. Twelve 

equidistantt transverse slices (1 mm thick) were dissected and embedded in paraffin. From 

eachh paraffin block, randomly selected 4-̂ im thick sections were cut and stained with 

hematoxylinn and eosin. One section from each block was evaluated by an observer blinded to 

thee treatment condition as described below. 
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InfarctionInfarction volume 

Att a low magnification all of the sections were digitized and the areas of 1) total gray matter 

andd 2) infarcted gray matter were measured interactively using image analysis software 

(Qwin,, Leica, Cambridge, U.K.). The areas (mm2) were then integrated with the known 

distancee between each transverse level to provide an estimate of the infarction volume of the 

spinall  cord. In each animal, the extent of infarction was expressed as the percentage of 

necroticc tissue of the total gray matter volume. To further specify the localization of 

infarctions,, gray matter area was separated into dorsal, intermediate and ventral zones by 

dividingg the dorsoventral axis of grey matter into three equal parts. 

SelectiveSelective neuronal necrosis 

Too quantify selective necrosis eosinophilic neurons were counted in every section of the 

spinall  cord using lightmicroscopy (Leica, Camebridge, U.K.). Individual counts were added 

too give an aggregate of eosinophilic neurons for all 12 sections. The effective magnification 

wass lOOx. 

VentralVentral horn motoneurons 

Thee total number of apparently viable ventral horn (alpha) motoneurons was determined in 

eachh section. Morphologic viability was defined according to the following criteria: fine 

granularr cytoplasm with basophilic stippling (presence of Nissl substance),19 prominent 

nucleoli,, and a soma diameter of 30-60 um. Results were expressed as aggregates of 12 

countss for each animal, one count being the total number of motoneurons for one section. 

StatisticalStatistical analysis and presentation of results 

Power-analysiss was used to calculate the minimal group size that allowed for detection of 

significantt differences in neurologic outcome between the treatment groups. We wished to 

havee sufficient power (1-p = 0.8, a = 0.05 ) to be able to detect a 50 % reduction of the 

paraplegiaa rate in the riluzole group, assuming a 85% event rate in the reference group; this 

requiress a group size of 15. Hemodynamic data, blood gases and temperatures are expressed 

ass means  SD. Tarlov scores are presented as medians and 10th to 90th percentiles. 

Infarctionn volumes, and neuron counts are expressed as medians and interquartile ranges. The 

physiologicc variables were analyzed with a one way analysis of variance and when significant 

differencess were identified, student's t tests for intergroup comparisons with appropriate 
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correctionn for multiple comparisons were carried out. Rectal temperature before and after i.p. 

infusionn was analyzed with ANOVA for repeated measurements. Comparison of the overall 

incidencee of neurologic deficits (Tarlov < 4), incidence of paraplegia (Tarlov = 0) and 

paraparesiss (Tarlov = 1,2,3) was carried out using the Fisher exact test. To test for the 

possibilityy that treatment can influence the pattern of improvement or worsening of 

neurologicc function over time, a repeated measurements test for non-parametric data 

(Friedman)) was performed, using riluzole treated / non-riluzole treated as grouping variable. 

Too examine the correlation between neurologic function and infarction volumes, neurologic 

scoress were classified as: paraplegia, paraparesis and normal motor function. Infarction 

volumes,, neuron counts and Tarlov scores were analyzed via the Kruskall-Wallis test 

followedd by the Mann-Whitney U test when indicated. A P value of less than 0.05 was 

consideredd significant. 

Results s 

Theree were no differences in animal weight between the treatment groups. Table 1 

summarizess the hemodynamic and blood gas data, before, during and after aortic occlusion. 

Noo differences in MAP, heart rate, pH, Pa02, PaC02 and hematocrit were observed between 

thee four groups. Drug treatment decreased MAP in several animals; ephedrine (single 

injectionn before occlusion, 2.5 mg) was necessary to maintain MAP in three rabbits both in 

groupp C and R, seven in group RK and eight in group K. Normothermia (38.0 °C) was 

maintainedd during the operation, and no differences in paraspinal or rectal temperatures were 

observedd between the four groups (Table 2). 

Temperaturess before and after i.p. injection were similar in all groups (Table 2). Post-

mortemm examination of the abdominal wall and organs did not reveal any reactive serosal 

changess as a result of the low pH of the i.p. infusion fluids. Seven animals were replaced 

duringg the course of the study: four animals were sacrificed intraoperatively (insufficient 

durationn of SCI due to technical failure of the catheter, resulting in premature balloon 

deflationn (n = 3); expiration of the riluzole solution, detected after i.v. administration (n = 1)). 

Threee rabbits were killed to relieve postoperative systemic complications. One of these 

animalss (group RK; Tarlov score = 3) had pneumonia and two animals were killed because of 

stresss associated with the neurologic deficit (one animal in both group C and R; Tarlov score 

== 0 and 1 respectively)). 
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Tablee 1. Physiologic variables 

Group p 

Proximal l 
MAP, , 
mmHg g 

Distal l 
MAP P 

mmHg g 

HR, , 
beats/min n 

/>H H Pa02, , 
mmHg g 

PaC02, , 
mmHg g 

Hematocrit t 

pre-ischemia a 
ischemia a 
reperfusion n 

Riluzole e 
pre-ischemia a 
ischemia a 
reperfusion n 

Ketamine e 
pre-ischemia a 
ischemia a 
reperfusion n 

Riluzole--
Ketamine e 

pre-ischemia a 
ischemia a 
reperfusion n 

70+11 1 
799 2 
655 1 

622 1 
888 0 
66+11 1 

755 9 
888 + 27 
566 9 

622 9 
777 8 
64+19 9 

--
4 4 

--

--
144 6 

--

--
144 7 

--

--
200 + 7 

--

4 4 
2044 + 64 

7 7 

1777 2 
1877 3 
2088  47 

1 1 
2044  60 
2188 + 42 

2122 9 
2033  50 
2166 6 

7.499  0.09 
7.511 5 
7.466  0.07 

7.499 + 0.07 
7.500  0.03 
7.422  0.04 

7.522  0.06 
7.41+0.08 8 
7.444  0.05 

7.477 1 
7.455  0.07 
7.43  0.06 

1733 8 32.0 4 33.5  8.3 
1888 8 33.5 1 34.1 4 
1633 1 29.7 + 4.5 35.8 3 

1999 7 32.7 1 36.0 9 
1766 6 29.7 4 35.2 8 
1666 1 33.2 2 35.7 7 

1722 + 29 35.8 5 35.0 7 
1600 1 34.4 7 34.4 5 
1788 6 28.3 3 32.3  6.2 

1866 2 34.4 + 7.2 31.3 3 
1622 5 29.2 1 33.0 5 
1644 7 34.2 + 7.8 31.4 9 

Al ll  values are means  SD. MAP = mean arterial pressure; HR = heart rate; pre-ischemia = period before 
occlusion;; Ischemia = occlusion; Reperfusion = period after occlusion 

Tablee 2. Paravertebral and rectal temperatures 

Operation n 

Treatment t 
group p 

Control l 

Riluzole e 

Ketamine e 

Rilu+Keta a 

Intravenous s 
administration n 

NaCl l 

riluzole riluzole 

ketamine e 

riluzoleriluzole + 
ketamine e 

Paravertebral l 
muscle e 

Temperature, , 
°C C 

37.88 5 

38.00 5 

37.77  0.8 

37.88 6 

Rectal l 
Temperature, , 

°C C 

37.88 6 

37.99 6 

37.77 + 0.6 

37.88 5 

Postoperativee period 

Intraperitoneal l 
administration n 

NaCl l 

riluzole e 

NaCl l 

riluzole riluzole 

Before e 
Infusion, , 

°C C 

39.00 7 

39.11 6 

38.99 + 0.9 

38.99 7 

11 hr after 
infusion, , 

°C C 

39.00 8 

38.99 + 0.5 

39.11 8 

38.77 7 

Paravertebrall  and rectal temperatures were recorded during operation; rectal temperatures were recorded 
immediatelyy before and 1 hour after intraperitoneal infusion of the study drug. Data are expressed as means 

. . 
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NeurologicNeurologic outcome 

Riluzolee treated animals in group R and RK exhibited a significant reduction of overall 

neurologicc deficits, a decrease in the incidence of paraplegia and improved Tarlov scores in 

comparisonn to controls (P < 0.05, P < 0.001 and P < 0.01 respectively, Fig.1, Table 3). 

Thee median Tarlov scores (+ inter quartile ranges) 72 hr after induction of ischemia were 

respectivelyy 0 ((0-1), group C), 2 ((1-3.8), group R), 0 ((0-1), group K), 1 ((1-4)), group RK). 

Onee animal in group K and none in group C had normal hind limb function. In contrast, seven 

animalss in group R and five in group RK were able to hop. Most of the neurologic deficits 

weree present one day after spinal cord ischemia. In 26% of the animals the Tarlov score 

changedd after the initial score at 24 hours after reperfusion (Table 3). There was no significant 

effectt on recovery pattern over time: neither worsening of neurologic function in the non-

riluzoleriluzole group, nor improvement in the riluzole group. 

Tablee 3. Neurologic damage 24,48 and 72 hours after spinal cord ischemia in the four treatment groups 

Treatment t 

Group p 

Control l 

Riluzole e 

Ketamine e 

Riluzolee + 
Ketamine e 

Incidence e 

Completee Paraplegia 

(Tarlovv = 0) 

244 h 48 h 72 h 

88 8 9 

44 1" 1" 

66 9 8 

55 3 3* 

Incidence e 

Paraparesis s 

(Tarlovv =1,2 or 3) 

244 h 48 h 72 h 

77 7 6 

77 10 10 

88 5 6 

55 8 7 

Eachh group consists of 15 animals. Tarlov-score: 0 = paraplegic with no lower-extremity function, I = poor 
lower-extremityy function, weak anti-gravity movement only, 2 = some lower-extremity motor function with 
goodd anti-gravity strength but inability to draw legs under body and/or hop, 3 = ability to draw leg under body 
andd hop but not normally, 4 = = normal motor function. *  P < 0.05, **  P < 0.01 as compared with controls. 
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Histopathoiogy Histopathoiogy 

Inn the animals with histologic injury, the infarctions typically affected intermediate gray 

matterr and the anterior horn (infarction volumes were 46% and 44% of gray matter total 

volumee respectively). Damage to the dorsal horn was rare (10% of gray matter total volume). 

Fourr animals were excluded from histopathologic analysis because of damaged and / or 

insufficientt material (2 in group C and 2 in group K). 

Thee histopathologic results are shown in table 4. In the ventral horn of riluzole treated animals 

moree viable motoneurons were present compared to controls (see Fig. 2, Table 4; P < 0.05). 

Thee total number of eosinophilic neurons was not different between the groups. 

Fig.. 1 shows individual scores of neurologic function (Tarlov) and infarction volume for all 

animals.. Ten animals had a normal motor function (Tarlov = 4), of which nine had received 

riluzole.riluzole. These animals showed minimal histopathologic injury. Infarction volumes were not 

significantlyy different between the treatment groups. There was no difference in relative or 

absolutee infarction volume after subdivision of the total infarcted area into ventral, 

intermediatee and dorsal zones. To investigate the correlation between histopathologic injury 

andd neurologic function to a further extent, the Tarlov score was recoded into paraplegia 

(Tarlovv = 0; n = 17), paraparesis (Tarlov = 1,2,3; n = 29), and normal motor function (Tarlov 

== 4; n = 10). A significant difference in infarction volumes was shown between these three 

groupss (Table 5). Infarction volumes of paraplegic animals were less in the ventral (mean

S.D.:: 56.4  25.1 mm3), intermediate (63.5  23.5 mm3) and dorsal zone (16.8  12.5 mm3), 

comparedd to neurologic normal animals (4.3 + 8.0 mm3, 6.2  13.6 mm3, and 0.6  1.3 mm3 

inn the respective zones; P < 0.0001). Infarction volumes in the paraparetic group were less in 

thee intermediate (20.4  19.3 mm3) and dorsal (10.3  8.4 mm3; P < 0.05), but not in the 

ventrall  zone (44.4  17.4 mm3; P = 0.06) compared to paraplegic animals. Infarction volumes 

weree more extensive in the paraparetic group compared to the normal motor function group 

(ƒ><< 0.0001). 
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Figuree 1: 
Histogramss of neurologic score (Tarlov) and relative infarction volume per individual animal in the four 
treatmentt groups. Infarction volume is shown at the left of each diagram (abscissa at bottom), neurologic score 
iss shown at the right of each diagram (abscissa at top). Neurologic score: 0 = paraplegic with no lower-extremity 
function,, 1 = poor lower-extremity function, weak anti-gravity movement only, 2 = some lower-extremity motor 
functionn with good anti-gravity strength but inability to draw legs under body and/or hop, 3 = ability to draw leg 
underr body and hop but not normally, 4 = normal motor function. C = control; K = ketamine; R = riluzole; RK = 
riluzolee + ketamine. Asterisk: image of the infarcted gray matter of this animal is shown in fig. 3B. 
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Figuree 2: 
Histogramss of neurologic score (Tarlov) and the total number of viable motoneurons in the ventral horn per 
individuall  animal in the four treatment groups. The number of motoneurons is shown at the left of each diagram, 
neurologicc score is shown at the right of each diagram. Neurologic score: 0 = paraplegic with no lower-extremity 
function,, 1 = poor lower-extremity function, weak anti-gravity movement only, 2 = some lower-extremity motor 
functionn with good anti-gravity strength but inability to draw legs under body and/or hop, 3 = ability to draw leg 
underr body and hop but not normally, 4 = normal motor function. C = control; K = ketamine; R = riluzole; RK = 
riluzolee + ketamine. Viable MN = total number of viable motoneurons in the ventral horn. Tarlov = neurologic 
score. . 
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Tablee 4. Infarctio n volumes and neuronal cell counts in the treatment groups 

Group p 

Controll  (n= 13) 

Riluzolee (n = 15) 

Ketaminee (n= 13) 

Riluzole-Ketaminee (n = 15) 

Total l 
gray y 

171.9 9 
(158.1-205.3) ) 

203.3 3 

(183.7-206.9) ) 

232.1 1 

(209.9-241.1) ) 

216.2 2 
(203.2-242.5) ) 

total l 
Infarction n 

84.9 9 
(57.22 - 134.6) 

75.9 9 

(7.9-112.1) ) 

122.4 4 

(108.2-189.9) ) 

110.2 2 
(42.00 - 154.2) 

Infarction n 
% % 

50.2 2 
(31.0-69.2) ) 

41.7 7 

(4.0-62.6) ) 

62.0 0 

(48.66 - 77.5) 

44.8 8 
(18.7-70.0) ) 

Viable e 
moto-neurons s 

62 2 
(388 - 94) 

117* * 

(86-213) ) 

39 9 

(8-112) ) 

78 8 
(53-156) ) 

Eosinophilic c 
neurons s 

7 7 
(1-34) ) 

6 6 

(2-24) ) 

2 2 

(0 -5) ) 

11 1 
(3-23) ) 

Dataa are expressed as medians + interquartile ranges. Total gray = total volume of gray matter (mm3); Total 
Infarctionn = total volume of infarcted gray matter (mm3); Infarction % = relative volume of infarcted gray 
matter.. P < 0.05 as compared with controls 

Tablee 5. Infarctio n volumes and neuronal cell counts in three motor  function groups 

Group p 

Paraplegiaa (n = 17) 

Paraparesiss (n = 29) 

Normall  (n = 10) 

Total l 
gray y 

203.3 3 
(166.5-239.1) ) 

201.9 9 
(183.2-233.6) ) 

206.9 9 
(206.9-217.4) ) 

Total l 
infarction n 

126.22 *" 
(102.0-189.9) ) 

110 . 2̂  ^ 
(72.8-135.1) ) 

0 0 
(0-9.8) ) 

Infarction n 
% % 

71.3 3 
(50.1-78.2) ) 

50.11 m 

(40.5-64.7) ) 

0 0 
(00 - 3.9) 

Viable e 
motoneurons s 

39 9 
(155 - 66) 

89 9 
(57-117) ) 

243 3 
(184-323) ) 

Eosinophilic c 
neurons s 

r r 
(0-19) ) V* V* 

(2-12) ) 

24 4 
(8-67) ) 

Dataa are expressed as medians + interquartile ranges. Volumes are shown in mm3. Paraplegia: Tarlov = 0; 
paraparesis:: Tarlov = 1,2,3; normal motor function: Tarlov = 4. Total gray = total volume of gray matter (mm3); 
Totall  Infarction = total volume of infarcted gray matter (mm3); Infarction % = relative volume of infarcted gray 
matter.. * P < 0.05, **  P < 0.01, "*  P < 0.001 as compared with normal motor function. 

Discussion n 

Peri-ischemicc riluzole improved neurologic outcome 72 h after temporary spinal cord 

ischemiaa (SCI). This effect was not dependent on drug-induced mild hypothermia. These 

resultss are consistent with studies in which riluzole improved memory deficit, and reduced 

11 • • u • neuronall injury in gerbils that underwent transient bilateral carotid occlusion. 

Inn the present study we produced spinal cord ischemia in the rabbit by infrarenal aortic 

occlusion.. This is a highly reproducible model for the production of spinal cord ischemic 

injury,, because this animal has a segmental blood supply to the spinal cord with poor 

collaterall flow between the segments. In general, a clear relationship exists between the 
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occlusionn period, histopathologic damage, and clinical function. This makes it a reliable 

modell  for assessment of putative neuroprotective pharmacological agents. 

Inn a recent study a pre-ischemic single dose administration of riluzole 8 mg.kg 

improvedd short term (24 h) neurologic outcome, and reduced the number of necrotic and 
12 2 

TUNEL-stainedd neurons after SCI. To allow for maturation of the infarcted spinal cord 

tissuee we assessed spinal cord injury 72 h after aortic occlusion. Our data suggest that, 

dependingg on the drug regimen, both deterioration and improvement of neurologic function 

cann occur between 24 h and 72 h. As illustrated in table 3, some animals that were treated 

withh saline in the postoperative period (group C and K) showed worsening of the neurologic 

functionn over time, whereas some riluzole treated animals had better neurologic scores after 

488 and 72 h as compared to the early (24 h) postoperative period. A possible explanation is 

thatt continuation of riluzole treatment into the postoperative period provided persistent 

inhibitionn of glutamate receptor activation. 

RiluzoleRiluzole and ketamine 

Inn theory, inhibition of both the presynaptic and postsynaptic influences of glutamate 

mediatedd excitotoxicity via the combined application of intra-ischemic riluzole and ketamine 

mightt result in an additional or synergistic neuroprotective effect. However, controversy 

remainss whether NMDA receptor blockade by ketamine can provide sufficient neuronal 

protectionn in focal cerebral ischemia and SCI. ' ' The present data indicate that a 55 mg.kg" 

dosee of intra-ischemic ketamine in a temperature controlled model for SCI does not improve 

neurologicc outcome. One possible explanation is that ketamine, which has a very short half-
23 3 

lif ee in the brain (50 min in rats), may have been present for a too short period to provide 

protectionn in our model. 

Inn contrast to riluzole, clinically relevant concentrations of ketamine were not present in the 

postoperativee period, since continued postoperative administration of ketamine was not 

feasiblee because of the anesthetic and hypotensive effects. Riluzole treated animals showed 

betterr hind limb motor function compared to controls during every neurologic evaluation (24, 

488 and 72 h). However, no differences in neurologic scores were present between controls and 

ketaminee treated animals throughout the survival period. This makes it less probable that 

continuationn of ketamine treatment in the postoperative phase, using the same administration 

regimee as with riluzole treated animals, would have improved neurologic and histopathologic 

outcome. . 
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Loww ketamine concentrations in the post-ischemic period might explain the lack of 

additionall  protection with combined riluzole and ketamine. Another explanation might be that 

thee suppression of glutamatergic neurotransmission with riluzole was so efficient that a 

secondd NMDA receptor blocker did not further reduce excitotoxic damage. However, since 

ketaminee alone did not improve neurologic function in this study, the latter seems unlikely. 

Thus,, intraoperative ketamine did not provide neuroprotection in this model, possibly because 

treatmentt with the agent was not extended into the postoperative period. 

Similarr to cerebral ischemia, the neuronal damage following transient SCI is thought 
24,25 5 

too involve glutamate excitotoxicity. Riluzole may reduce glutamatergic 
26,27 7 

neurotransmission,, possibly by a stabilizing effect on inactivated voltage-dependent 
288 29 

sodiumm channels located on glutamatergic nerve terminals, or by interaction with a GTP-
30 0 

bindingg signal transduction protein (G-protein). In the caudate nucleus of the cat riluzole 
7 7 

reducedd spontaneous release of glutamate, but Kwon et ah did not find an inhibition of 

extracellularr hippocampal glutamate accumulation by riluzole in a rabbit model of global 
31 1 

cerebrall  ischemia. Postsynaptic effects might, at least in part, also contribute to the 

neuroprotectivee mechanism, since rat motoneurons were protected from glutamate induced 
32 2 

degenerationn in vitro by application of riluzole. Furthermore, riluzole appears to have a 

directt inhibitory effect on the NMDA receptor. Taken together, these results suggest that 

neuroprotectionn by riluzole involves both decreased glutamate release and inhibition of its 

deleteriouss effects. 

Temperature Temperature 

Thee present data show that spinal cord protection by peri-ischemic administration of riluzole 

iss not caused by drug-induced reduction of core temperature. A temperature decrease of 2 °C 
33 3 

cann significantly reduce neuronal necrosis in the ischemic brain, possibly by reducing the 
34 4 

intra-ischemicc release of excitatory amino acids. Mild hypothermia may result from sedative 
35 5 

sidee effects of some neuroprotectants, e.g., NMDA-antagonists. This implicates that in order 

too rule out possible influences on temperature regulation, accurate maintenance of 

temperaturee at the site of the ischemic insult is a prerequisite in experimental studies of 
36,37 7 

neuroprotectivee agents during ischemia. In our study paraspinal muscle temperature was 

maintainedd at 38 °C throughout the operative procedure. The intraperitoneal infusion of 

riluzoleriluzole did not reduce rectal temperature 1 hour after administration of the substance. 
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Histopathology Histopathology 

Inn general, severity of injury as assessed with Tarlov scores correlated well with the extent of 

grayy matter infarctions, and was inversely related to the number of viable motoneurons. 

Inn animals that had significant impairment of motor function there was no difference in gray 

matterr necrosis between treatment groups. However, riluzole increased the proportion of 

animalss that had normal motor function, and in these animals necrosis was absent and more 

viablee motoneurons were present. Quantification of viable motoneurons in the ventral horn 

mayy correlate better with the clinical evaluation of motor function compared with 

measurementss of necrotic damage of the spinal cord gray matter. Matsumoto et al. described 

thee preservation of motoneurons in the anterior spinal cord of rabbits that underwent transient 

SCI,, which correlated well with the neurologic outcome.38 The present results are consistent 

withh in vitro studies that provide evidence for the selective protection of motoneurons by 

riluzole.322 Animals that had normal motor function (irrespective of the treatment received) 

showedd more eosinophilic neurons than paraparetic or paraplegic animals. One possible 

explanationn is the more difficult identification of eosinophilic neurons in necrotic areas, 

becausee of the disappearance of well-defined cellular morphology. 

Thesee data indicate that the effects of riluzole on spinal cord histopathology are 

predominantlyy an increased proportion of undamaged animals - with corresponding lack of 

motorr function deficits - rather than a global reduction of infarction volume. 

126 6 



N e u r o p r o t e c t i v ee e f f e c t s o f r i l u z o l e a n d k e t a m i n e 

Figuree 3: 
Representativee photomicrographs of spinal cord segments at L3-L5. All animals had a normal motor function at 
722 hours after reperfusion. Inset: Low power overview. The bottom of each picture is the ventral side of the 
spinall  cord. (A) right ventral horn without infarctions of a riluzole treated animal. Note numerous viable 
motoneuronss (arrows). (B) massive infarction of a large part of the intermediate and ventral gray matter of a 
riluzoleriluzole treated animal (same as indicated in fig. 1). Infarcted gray matter is delineated. Note the peripheral rim 
off  surviving motoneurons (arrows) Asterisk indicates the central canal. (C) viable motoneurons. The 
motoneuronss indicated by arrows display a clear nucleolus, Nissl substance (basophilic stippling of the 
cytoplasm)) and large neurites (open arrowheads). (D) several eosinophilic neurons in the ventral horn. Note the 
darklyy stained cytoplasm of dead neurons (arrowheads) compared to the fine granular cytoplasm and Nissl 
substancee of viable cells (arrows). Eosinophilic neurites are clearly visible (open arrow heads). Note nuclear 
condensationn and the absence of nucleoli in eosinophilic neurons. Micrographs are taken from HE stained 
paraffinn sections. Scale bars represent 265 um (A,B), 134 um (C), and 84 urn (D) respectively. 
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PotentialPotential use in humans 

Surgicall  settings with a high probability of transient neuronal ischemia, for example patients 

undergoingg surgery for intracranial aneurysms or temporary crossclamping of the aorta, might 

benefitt from adjuncts, e.g. hypothermia or pharmacological agents, that can increase ischemic 

tolerancee of the neuronal populations at risk. However, clinical application of several agents 
39 9 

thatt were protective in experimental neuronal ischemia, is hampered by their side effects. 
9 9 

Orall  riluzole is well tolerated in humans. If the neuroprotective effects of riluzole can be 

confirmedd in other models and different species, a clinical trial of spinal cord protection, 

e.g.. during thoracoabdominal aneurysm surgery, might be considered. 

Conclusion Conclusion 

Thee results of this study indicate that treatment with riluzole before and after transient spinal 

cordd ischemia can improve neurologic outcome. In contrast, peri-ischemic ketamine did not 

providee neuroprotection, and combined treatment with riluzole and ketamine was not more 

effectivee than riluzole alone. 
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Chapterr  8 

Periischemicc aminoguanidine fails to ameliorate neurologic and histopathologic outcome 

afterr  transient spinal cord ischemia 

Abstract t 

Background:Background: Inhibition of neurotoxic events that lead to delayed cellular damage might 

preventt motor function loss after transient spinal cord ischemia. An important effect of the 

neuroprotectivee substance aminoguanidine (AG) is the inhibition of inducible nitric oxide 

synthasee (iNOS), a perpetrator of focal ischemic damage. We have studied the protective 

effectss of AG on hind limb motor function and histopathological outcome in an experimental 

modell  for spinal cord ischemia, and related these findings to the protein content of iNOS in 

thee spinal cord. 

Methods:Methods: Temporary spinal cord ischemia was induced by 28 min of infrarenal balloon 

occlusionn of the aorta in forty anesthetized New Zealand white rabbits. Animals were 

randomlyy assigned to two treatments: saline (n = 20) or AG (n = 20, 100 mg.kg"1 

intravenouslyy [i.v.] before occlusion). Postoperatively, treatment was continued with 

subcutaneouss [s.c] injections twice daily (saline or AG 100 mg.kg"1). Normothermia (38 °C) 

wass maintained during ischemia and rectal temperature was assessed before and after s.c. 

injections.. Animals were observed for 96 h for neurologic evaluation (Tarlov score), and the 

lumbosacrall  spinal cord was examined for ischemic damage after pertusion-fixation. Finally, 

iNOSS protein content was determined using Western blot analysis 48 h after ischemia in 5 

animalss of each group. 

Results:Results: Neurologic outcome at 96 h after reperfusion was the same in both groups. The 

incidencee of paraplegia was 67% in the saline treated group versus 53% in the AG treated 

group.. No differences in infarction volumes, total number of viable motoneurons, or total 

numberr of eosinophilic neurons were present between the groups. At 48 h after reperfusion 

iNOSS protein content in the spinal cord was increased in one animal in the AG treated group 

andd in three animals in the control group. 

Conclusion:Conclusion: The data indicate that periischemic treatment with high dose aminoguanidine in 

rabbitss offers no protection against a period of normothermic spinal cord ischemia. There was 

noo conclusive evidence of spinal cord iNOS inhibition following treatment with 

aminoguanidine. . 
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Introductio n n 

Spinall  cord injury is among the most disabling complications following aneurysm surgery of 

thee thoracoabdominal aorta. Presumably, a prolonged period of spinal cord blood flow 

reductionn results in a dynamic and extended activation of cytotoxic biochemical processes 

thatt ultimately results in neuronal cell death and function loss. In experimental cerebral 

ischemiaa aminoguanidine (AG) has been shown to improve neurologic injury, both with early 

andd delayed administration. 

Neuroprotectivee effects by AG might be mediated by diverse mechanisms of action. 

Aminoguanidinee is a modestly selective inhibitor of the inducible nitric oxide synthase 
4 4 

(iNOS)) isoform. Excessive production of nitric oxide resulting from upregulation of iNOS 

hass been thought to play an important role in the extension of neuronal injury during the 
2,5,6 6 

reperfusionn period following the ischemic insult. In addition to iNOS inhibition, AG also 

modulatess at least two other enzymatic systems that are associated with ischemia. Inhibition 

off  the potentially damaging polyamine oxidase enzyme system and reduction of advanced 

glycationn endproducts by AG might decrease ischemic neuronal damage in the early 
1,7-9 9 

reperfusionn phase. It is presently unknown if the neuroprotective effects of AG, as 

reportedd in cerebral ischemia models, can prevent neuronal damage following transient spinal 

cordd ischemia. 

Inn the present study we have investigated the effects of periischemic AG treatment on 

neurologicc and histopathologic outcome in a rabbit model of transient spinal cord ischemia. 

Too investigate the role of AG-induced iNOS modulation during spinal cord ischemia, we 

additionallyy measured iNOS protein content in the spinal cord with and without AG 

treatment. . 

Material ss and Methods 

Animall  care and all procedures were performed in compliance with the national guidelines for 

caree 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.. Forty New Zealand White rabbits weighing 3.5  0.2 kg were used in this study. 
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AnesthesiaAnesthesia and monitoring 

Animalss were premedicated with ketamine (SOmg.kg1 intramuscular (i.m.)) and xylazine 

(lOmg.kg1,, i.m.). After intubation of the trachea anesthesia was maintained with a 

combinationn of isoflurane (1.5%) in a mixture of 50% O2 in N2O by mask and intravenous 

sufentanill  (5|ag. kg"1.min"1). Cefamandol (lOOmg) was given before incision. End-tidal CO2 

wass measured by a mainstream capnograph (Hewlett-Packard) and PaC02 was maintained 

withinn 35-40 mmHg. The initial tidal volume was 20 ml.kg"1 and the respiratory rate 40.min"1. 

Rectall  and paraspinal temperatures were monitored and kept at 38°C by means of a heating 

lamp.. Paraspinal muscle temperature was measured using a needle probe (Subcutaneous 

Temperaturee Sensor, Monatherm Inc., StLouis, USA), connected to a Mon-a-therm, model 

65100 (Mallinkrodt Medical, Inc., St. Louis, USA). The electrocardiogram was recorded with 

paediatricc surface electrodes and the mean arterial blood pressure was measured with a double 

lumenn wedge catheter placed in the abdominal aorta. Before, during and after aortic occlusion 

arteriall  blood samples (1 ml) were drawn for measurement of blood gases, glucose and 

hematocrit.. Just before awaking all animals received buprenorphine 0.05 mg.kg"1 

subcutaneouslyy for analgesia in the early postoperative period. 

OperativeOperative technique 

Underr sterile conditions, a right femoral arteriotomy was performed 3 - 4 cm distal to the 

inguinall  ligament. A 5Fr. double lumen wedge pressure balloon catheter (AI 07025, Arrow 

Holland)) was advanced 14 cm into the femoral artery. In a previous study we confirmed by 

performingg a laparotomy that this resulted in a balloon location 0.5 - 1.5 cm distal to the left 
10 0 

renall  artery in the abdominal aorta. Before catheter insertion heparin 500 I.U. was 

administeredd (i.v.) followed by 500 I.U. every 30 min thereafter until catheter removal. The 

balloonn was inflated until loss of pulsatile distal aortic pressure (as measured at the distal 

orificee of the catheter). The duration of aortic occlusion was 28 min, based on a previous 

studyy in which a 93% paraplegia rate was observed in isoflurane anesthetized animals. After 

catheterr removal the wound was closed and animals were allowed to recover. The period 

betweenn reperfusion and extubation was kept constant to account for a possible additional 

neuroprotectivee effect of longer duration of anesthesia in the animals treated with the studied 

agent. . 
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DrugDrug administration 

Inn a pilot study the maximum tolerable dose and the route of administration was determined 

forr AG. An initial dosage of AG 300 mg.kg"' was based on studies in the rat. This dose 

causedd severe hypotension and bradycardia when given intravenously to rabbits (n = 6) before 

aorticc occlusion. The maximum tolerable dose for rabbits under general anesthesia was AG 

1000 mg.kg"1, and the optimal route of administration in the postoperative period was the 

subcutaneouss route. In a separate group of animals (n = 6) intraperitoneal administration of 

thee substance clearly caused sedation, which interfered with motor function scoring. 

Subcutaneouss AG 100 mg.kg"1 did not cause sedation. 

Animalss were randomly assigned to one of two treatment groups: control (C, n=20) 

andd aminoguanidine ((AG), n=20). Aminoguanidine was supplied by Sigma (St.Louis, 

Missouri,, USA). Fifteen minutes prior to aortic occlusion the animals received an i.v. 

injectionn of saline (C) or AG 100 mg.kg"' (AG). After emergence from anesthesia the animals 

receivedd saline (controls) or AG 100 mg.kg"1 s.c. twice daily for four days following the 

ischemicc episode. Rectal temperature was measured just before and one hour after each 

injection. . 

NeurologicNeurologic and histopathological evaluation 

Att 24, 48, 72 and 96 h after the ischemic insult, the neurologic status of the animals' hind 

limbss was assessed by an observer unaware of the treatment allocation, according to a 
12 2 

modifiedd Tarlov score (5-points grading scale) : 0 = paraplegic with no lower-extremity 

function,, 1 = poor lower-extremity function, weak anti-gravity movement only, 2 = some 

lower-extremityy motor function with good anti-gravity strength but inability to draw legs 

underr body and/or hop, 3 = ability to draw legs under body and hop but not normally, 4 = 

normall  motor function. In paraplegic animals bladder contents were expressed manually when 

required. . 

SpinalSpinal cord pathology 

Afterr final scoring of neurologic function at 96 h, the animals were anesthetized with 

ketaminee (50 mg.kg*1 intramuscularly (i.m.)), xylazine (10 mg.kg"1, i.m.) and isoflurane (1 

MAC)) in a mixture of 50% O2 in N2O. After administration of heparin (2500 I.U.), animals 

weree killed with pentobarbital (100 mg, i.v.), and perfusion fixated with formalin 3.6%. 

Lumbosacrall  spinal cord was removed en bloc and immersed in formalin for at least 10 days. 
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13 3 

Thee whole lumbosacral portion of the spinal cord was sampled systematically. Twelve 

equidistantt transverse slices (1 mm thick) were dissected and embedded in paraffin. From 

eachh paraffin block, randomly selected 4-um thick sections were cut and stained with 

hematoxylinn and eosin. One section from each block was evaluated by an observer blinded to 

thee treatment condition as described below. 

InfarctionInfarction volume 

Att a low magnification all of the sections were digitised and the areas of 1) total gray matter 

andd 2) infarcted gray matter were measured interactively using image analysis software 

(Qwin,, Leica, Camebridge, U.K.). The areas (mm2) were then integrated with the known 

distancee between each transverse level to provide an estimate of the infarction volume of the 

spinall  cord. In each animal, the extent of infarction was expressed as the percentage of 

necroticc tissue of the total gray matter volume. To further specify the localisation of 

infarctions,, gray matter area was separated into dorsal, intermediate and ventral zones by 

dividingg the dorsoventral axis of gray matter into three equal parts. 

SelectiveSelective neuronal necrosis 

Too quantify selective necrosis eosinophilic neurons were counted in every section of the 

spinall  cord using light microscopy (Leica, Cambridge, U.K.). Individual counts were added to 

givee an aggregate of eosinophilic neurons for all 12 sections. The effective magnification was 

lOOx. . 

VentralVentral horn motoneurons 

Thee total number of apparently viable ventral horn (a) motoneurons was determined in each 

section.. Morphologic viability was defined according to criteria used in a previous study: fine 

granularr cytoplasm with basophilic stippling (presence of Nissl substance), prominent 

nucleoli,, and a soma diameter of 30-60 um. Results were expressed as aggregates of 12 

countss for each animal, one count being the total number of motoneurons for one section. 
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StatisticalStatistical analysis and presentation of results 

Power-analysiss was used to calculate the minimal group size that allowed for detection of 

significantt differences in neurologic outcome between the treatment groups. We wished to 

havee sufficient power (1-0 = 0.8, a = 0.05) to be able to detect a 50 % reduction of the 

paraplegiaa rate in the AG group, assuming a 85% event rate in the reference group; this 

requiress a group size of 15. 

Hemodynamicc data, blood gases and temperatures are expressed as means  standard 

deviationn (SD). Tarlov scores are presented as medians and 10th to 90th percentiles. 

Infarctionn volumes, neuron counts and iNOS protein content are expressed as medians and 

interquartilee ranges. The physiologic variables were analysed with a one-way analysis of 

variancee and when significant differences were identified, student's t tests for intergroup 

comparisonss with appropriate correction for multiple comparisons were carried out. Rectal 

temperaturee before and after s.c. injection was analyzed with ANOVA for repeated 

measurements.. Comparison of the incidence of paraplegia (Tarlov = 0) was carried out using 

thee Fisher exact test. To examine the correlation between neurologic function and infarction 

volumes,, the Pearson's correlation coefficient was determined. Infarction volumes, neuron 

counts,, Tarlov scores and iNOS protein content were analysed via the Kruskall-Wallis test 

followedd by the Mann-Whitney U test when indicated. A P value of less than 0.05 was 

consideredd significant. 

WesternWestern blot analysis of spinal cord iNOS content 

Fivee animals treated with AG and five animals treated with saline (these animals were not 

partt of the 96h survival group) were used to examine the iNOS protein content of the 

lumbosacrall  spinal cord level 4-5. After killing the animals with 300 mg nembutal at 48h after 

thee ischemic insult the spinal cord was quickly harvested with the plunger of a 1 ml syringe 

andd immediately frozen in liquid nitrogen. Inducible nitric oxide synthase content was 

determinedd semi-quantitatively with a Western blot analysis, using chemoluminescence. 

Thee spinal cord samples were lysed with an UltraTurrax (Jahnke und Kunkel, 

Germany).. The lysate was centrifuged (15000 g, 10 min) and the supernatant was frozen 

(-70°C).. Lysate (10 JJ.1) was mixed with 10 ul loading buffer (protein concentration 60 mg/ml) 

andd was applied to a standard 10% SDS-page gel and electroblotted onto a polyvinylidene 

difluoridee PVDF membrane. The blot was blocked with 5% casein-hydrolysate (Boehringer 

Mannheim,, Germany) in phosphate buffered saline (PBS). The first antibody (anti-human 
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iNOS;; NOS2 (C-19), sc-649, Santa Cruz Biotechnology, USA) was diluted 1:50 in 5% 

casein/PBSS and incubated for 1 h at 30°C. The gel was washed (3 x 10 min) with PBS/0.05% 

NPP 40. Thereafter the second antibody (goat-anti rabbit peroxidase-conjugated, Dako, 

Denmark)) was administered (diluted 1:1000 in 5% casein/PBS) and incubated for 1 hr at 

30°C.. The gel was washed (3 x 10 min) and the chemolumiscent peroxidase substrate 

(LumiLightPlus,, Roche Molecular Biochemicals) was added for 5 min. Thereafter 

quantificationn and detection was performed with the Lumi-Imager (Roche Molecular 

Biochemicals,, Germany). 

Results s 

Hemodynamicc and blood gas data before, during and after aortic occlusion are summarized in 

tablee 1. No differences in MAP, heart rate, arterial oxygen tension, arterial carbon dioxide 

tension,, hematocrit, or glucose were observed among the two groups. Normothermia (38.0 

°C)) was maintained during the operation, and there were no differences in observed 

temperaturess between the groups. Postoperative rectal temperature before subcutaneous 

injectionn was the same in controls (39.2  0.2 °C) and AG treated animals (39.2  0.3 °C). 

Rectall  temperature did not change 1 hr after injection in controls (39.0  0.2 °C) and in AG 

treatedd animals (39.1  0.4). 

Tenn animals were replaced during the course of the study. Two animals were 

sacrificedd intraoperatively (one in group C and one in group AG, incomplete occlusion 

durationn because of technical failure of the catheter resulting in premature balloon deflation). 

Eightt animals were euthanized because of postoperative systemic complications. Two animals 

hadd pneumonia (both in group AG, Tarlov score = 4 and 0 respectively), one animal had 

peritonitiss (group AG, Tarlov score not evaluated), three animals were euthanized because of 

stresss associated with the neurologic deficit (one in group C and two in group AG, Tarlov = 0, 

00 and not evaluated, respectively), and two animals died before 96 h post reperfusion without 

recognisablee pathology during post mortem evaluation (both in group C, Tarlov scores both 

0). . 
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Tablee 1. Physiologic variables 

Group p 

Controll  (n = 15) 

Preischemia a 
Ischemia a 
Reperfusion n 

Aminoguanidine e 
(n=15) ) 

Preischemia a 
Ischemia a 
Reperfusion n 

Proximal l 
MAP, , 
mmHg g 

57+12 2 
1088 8 
588 5 

633 2 
1044 9 
655 + 9 

Distal l 
MAP, , 
mmHg g 

--
7 7 

--

--
100 5 

--

HR, , 
beats/min n 

1700 + 34 
2011 3 
2000  26 

1977 9 
1744 * 
1855 5 

Pa02, , 
mmHg g 

2477 0 
2277 6 
2800  38 

2522  63 
2577 8 
2555  75 

PaC02, , 
mmHg g 

355 8 
322 2 

4 4 

322 7 
355 3 
344 5 

Hematocrit, , 
% % 

400 3 
388 3 
400 3 

399 3 
377 + 3 
411 3 

Glucose, , 
mmol/1 1 

7.55 4 
--
--

8.00 2 
--
--

Al ll  values are means  SD. MAP = mean arterial pressure; HR = heart rate; Preischemia = period before 
occlusion;; Ischemia = occlusion; Reperfusion = period after occlusion.' P < 0.05 as compared to controls. 

NeurologicNeurologic Outcome 

Thee incidence of paraplegia and the average Tarlov scores at 24, 48, 72 and 96 h after 

reperfusionn were the same for both treatment groups, (figure 1) The median Tarlov scores 

(+interquartilee ranges) 96 h after the ischemic insult were 0 (0 - 3.8) in the control group and 

11 (0.3 - 2.8) in the group treated with AG. Most of the neurologic deficit was present at 24 h 

afterr reperfusion and remained constant over time (24 - 96h). The incidence of paraplegia 

wass 67% in the saline treated group versus 53% in the AG treated group (fig. 1). 

Histopathology Histopathology 

Inn the animals with histologic injury, the infarctions typically affected the intermediate gray 

matterr and the ventral horn gray matter (both 50% of gray matter total volume). The dorsal 

hornn was relatively spared (33% infarction of gray matter total volume). The histopathologic 

resultss are summarised in table 2. The total number of viable motoneurons and eosinophilic 

neuronss was the same in both groups (fig. 2, Table 2). 

Figuree 1 shows individual infarction volumes and neurologic function (Tarlov) scores 

forr all animals at 96 h after reperfusion. There was a good correlation between Tarlov scores 

andd infarction volumes (Spearman correlation coefficient 0.796, P < 0.01). Infarction volumes 

weree not significantly different between the treatment groups. There was no difference in 

relativee or absolute infarction volume between the treatment groups after subdivision of the 

totall  infarcted area into ventral, medial and dorsal zones. 
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SpinalSpinal cord iNOS protein content 

Noo differences in intraoperative MAP, heart rate, arterial oxygen tension, arterial carbon 

dioxidee tension, hematocrit, or glucose were observed between the group treated with saline 

andd the group treated with AG (n = 5 each). There were no differences in paraspinal or rectal 

temperaturess between the groups. At 48 h after reperfusion no difference in neurologic deficit 

wass present between the two treatment groups. In figure 3 the iNOS content in the 

lumbosacrall  spinal cord is shown for each group as the raw data from the Lumi-Imager. At 48 

hh after reperfusion iNOS protein content in the spinal cord was increased in one animal in the 

AGG treated group and in three animals in the control group. The median luminescence was 

301833 in the control group (iqr: 7986 - 104116), and 6030 (4562 - 12087) in the AG group 

(PP = 0.14). One animal (group AG) was not analysed because of insufficient material. 
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Figuree 1: 
Histogramss of neurologic score (Tarlov) and relative infarction volume per individual animal in the two 
treatmentt groups. Infarction volume is shown at the left of each diagram (abscissa at bottom), neurologic score 
iss shown at the right of each diagram (abscissa at top). Neurologic score: 0 = paraplegic with no lower-extremity 
function,, 1 = poor lower-extremity function, weak anti-gravity movement only, 2 = some lower-extremity motor 
functionn with good anti-gravity strength but inability to draw legs under body and/or hop, 3 = ability to draw leg 
underr body and hop but not normally, 4 = normal motor function. C = control; AG = aminoguanidine. 
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Figuree 2: 
Histogramss of neurologic score (Tarlov) and the total number of viable motoneurons in the ventral horn per 
individuall  animal in the two treatment groups. The number of motoneurons is shown at the left of each diagram, 
neurologicc score is shown at the right of each diagram. Neurologic score: 0 = paraplegic with no lower-
extremityy function, 1 = poor lower-extremity function, weak anti-gravity movement only, 2 = some lower-
extremityy motor function with good anti-gravity strength but inability to draw legs under body and/or hop, 3 = 
abilityy to draw leg under body and hop but not normally, 4 = normal motor function. C = control; AG = 
aminoguanidine.. Viable MN = total number of viable motoneurons in the ventral horn. Tarlov = neurologic 
score. . 
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Tablee 2. Infarctio n volumes and neuronal cell counts in the treatment groups 

Group p Totall  gray Total Infarction Viable Eosinophilic 
infarctionn % motoneurons neurons 

Controll  (n= 15) 216.7 127.9 53.1 62 13 
(213.7-239.8)) (53.9-163.3) (23.8-70.7) (39-226) (8-32) 

Aminoguanidinee _--.„ 
( n=15)) 2 2 6- 9 1 1 2-6 47.7 97 20 

(211.9-245.8)) (64.0-154.4) (29.7-65.9) (61-120) (3-37) 

Dataa are expressed as medians + interquartile ranges. Total gray = total volume of gray matter (mm3); Total 
Infarctionn = total volume of infarcted gray matter (mm3); Infarction % = relative volume of infarcted gray 
matter. . 
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Figuree 3: 
Thee iNOS protein content at 48 hr post reperfusion as raw chemoluminescent data from the Lumi-Imager. The 
verticall  axis represents chemoluminescence in light units (LU). Controls = animals (n = 5) treated with saline; 
AGG = animals (n = 4) treated with aminoguanidine. 
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Discussion n 

Inn the present study, periischemic aminoguanidine (AG) did not improve neurologic and 

histopathologicc outcome 96 hours after temporary spinal cord ischemia (SCI). These findings 

aree in contrast to the results found with AG treatment in models of focal cerebral ischemia. 

Mostt experimental evidence for the cerebroprotective effects of AG treatment is related to the 
1,2,5,9 9 

improvementt of morphologic endpoints only, i.e. reduction of infarct size. The one study 

inn which neurologic function scores were reported after AG treatment, carried out by 

Nagayamaa and co-workers, showed less deficit between 48 and 96 hr in a small group of rats 
3 3 

afterr permanent occlusion of the middle cerebral artery. 

Wee determined the maximum tolerable dose of AG in a pilot study based on doses that 

weree protective in the rat. ' Doses higher than 100 mg.kg"1 might be toxic for rabbits, 

probablyy based on inhibition of diamine oxidase by AG [Personal communication: Dr Xian-

Liangg Tang, M.D.Assistant Professor, Cardiology Division, University of Louisville and Dr 

Michaell  Brownlee, M.D., Anita and Jack Saltz Professor of Diabetes Research, Dept. of 

Medicinee and Pathology, Albert Einstein College of Medicine, New York] 

Severall  mechanisms have been proposed for the neuroprotective effects of AG, each 

off  which occurs at different time windows during the ischemic cell death process. Delayed 

administrationn of AG reduced infarction size in rats submitted to focal cerebral ischemia, 
2,3,5 5 

whichh was attributed to inhibition of iNOS upregulation. ' ' The presence of excessive 

concentrationss of nitric oxide (NO) during the reperfusion phase of focal cerebral ischemia 

hass been related to a worsened outcome in terms of infarct size, which can be improved by 
22 14 

inhibitionn of nitric oxide synthases. ' Especially activation of the iNOS isoform results in 

concentrationss of NO that are toxic for surrounding neurons. Other evidence from transgenic 

modelss indicates that mice that lack the gene for iNOS have smaller infarcts than wild-type 
16 6 

controlss after focal cerebral ischemia. 

Semi-quantitativee determination of spinal cord iNOS protein content suggests that in 

AGG treated animals 48 h after reperfusion iNOS upregulation is prevented. Moreover, two 

animalss in the control group showed no iNOS upregulation (fig.3). However, because of the 

smalll  sample size of the iNOS protein assay, the present data lack statistical power, and we 

cannott conclude that the maximum tolerable dose of AG induces consistent iNOS inhibition 

inn rabbits. The possibility exists that in the current experimental design, timing of iNOS 

determinationn was not adequate for optimal detection of the treatment effect of AG. However, 
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thiss seems unlikely because ladecola et al. showed that iNOS mRNA expression in rat peaked 
17 7 

att 48 hr reperfusion after cerebral ischemia. Thus, there appears to be some inhibition of the 

iNOSS system in the present study, although the small number of animals weakens the power 

off  statistical comparison. 

Earlyy treatment with single-dose AG (320 mg-kg"1) decreased infarction volume 24 h 
1,9 9 

afterr reperfusion in a rat model of focal cerebral ischemia. The authors suggested that apart 

fromm inhibition of iNOS, the reduction of polyamine oxidase (PAO) activity might have 

playedd a role in the neuroprotective effects of AG. Enhanced PAO activity occurs after stroke 

andd results in an increased putrescine level, a polyamine that is involved in augmentation of 

glutamatergicc effects on N-Methyl-D-aspartate receptor function at the neuronal 
18,19 9 

membrane.. Also, toxic by-products of PAO upregulation in the early reperfusion phase 

afterr stroke, such as aldehydes and hydrogen peroxide, are very damaging to neurons in the 
20,21 1 

penumbrall  region. Ivanova et al. showed that the reduction of cytotoxic 3-aminopropanal, 

whichh is a catabolic product of PAO, was associated with reduced cerebral infarction in AG 
9 9 

treatedd animals. The effect of AG on polyamine metabolism was not determined in the 

presentt study. However, to provide optimal neuroprotection both in the early and late 

reperfusionn phase we opted to administer AG both before and after aortic occlusion in order 

too have sufficient circulating levels to block the PAO pathway and prevent iNOS 

upregulation. . 

Inn the current study, a lower than expected incidence of severe neurologic deficit 

(definedd as the total number of animals with Tarlov 0 or 1) was observed in the control group, 

whichh reduced the power. While in a previous study 93% of the animals were paraplegic at 72 

hrr after aortic occlusion this was only 67% inn the present study. Pretreatment with ketamine 

andd xylazin in stead of isoflurane might explain the relatively low number of paraplegic 

animalss in the present control group because at least ketamine seems to have 
•• 22 

cerebroprotectivee properties. However, ketamine did not provide neuroprotection in the 
presentt model of rabbit spinal cord ischemia. 

Thee possible insufficient inhibition of the iNOS enzyme system might have precluded the 

detectionn of neuroprotective effects of AG treatment in the present study. However, there are 

otherr possible reasons that might explain the difference in treatment effect compared to 

previouss studies. Because the neuroprotective effect of periischemic AG was studied in a 
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rabbitt model of transient spinal cord ischemia, the current findings might not be compatible 

withh studies that tested AG in cerebral ischemia models. For example, biochemical and 

physiologicc differences between spinal cord and the brain or interspecies differences might 

accountt for the observed differences in neurologic outcome after AG treatment. 

ExperimentalExperimental Model 

Inn the present study we produced spinal cord ischemia in the rabbit by infrarenal aortic 

occlusion.. This is a highly reproducible model for the production of spinal cord ischemic 

injury,, because this animal has a segmental blood supply to the spinal cord with poor 

collaterall  flow between the segments. In general, a clear relationship exists between the 
23 3 

occlusionn period, histopathologic damage, and clinical function. This makes it a reliable 

modell  for assessment of putative neuroprotective pharmacological agents. Evaluation of the 

effectss of periischemic AG consisted of neurologic function scoring, the quantification of 

globall  and selective neuronal necrosis, and the determination of the total number of viable 

motoneuronss in the ventral horn. Thus, in the present study differences in outcome between 

thee treatment groups were not detected both with functional measurements and extensive 

histopathologicc estimation of neuronal damage. In addition, the possible toxic effects of high 

dosess of AG in the awake rabbit may not justify further assessment of the neuroprotective 

effectss of the substance in the present model. 

Conclusion n 

Thee results of this study indicate that periischemic aminoguanidine fails to ameliorate both 

functionall  and histopathologic evidence of ischemic neuronal damage after transient spinal 

cordd ischemia in the rabbit. There was no conclusive evidence of spinal cord iNOS inhibition 

followingg treatment with aminoguanidine. 
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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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Samenvatting g 

Hett ruggenmerg is afhankelijk van een continue toevoer van zuurstof en glucose via de 

bloedbaan.. Een vermindering van de bloedstroom in het ruggenmerg kan optreden tijdens 

chirurgiee van de aorta en de wervelkolom. Een dergelijke ischemie kan optreden na het 

afklemmenn van de aorta of de segmentaalarteriën, en bij mechanische rek van de 

microcirculatiee van het ruggenmerg. Dit kan leiden tot onherstelbare neuronale schade 

wanneerr er geen collaterale circulatie bestaat die de functie van het ruggenmerg kan 

behouden.. Op dit moment varieert de incidentie van paraplegie van de benen na resectie van 

aneurysmataa van de thoraco-abdominale aorta (TAAA) tussen 6% en 15%. Spinale chirurgie 

iss geassocieerd met een risico op het ontwikkelen van nieuwe neurologische defecten bij 

maximaall  6% van de ingrepen. 

Verschillendee neuroprotectieve strategieën zijn ontwikkeld, voornamelijk in het kader 

vann de TAAA-chirurgie. Het detecteren van ischemie van het ruggenmerg en het beschermen 

vann ruggenmergweefsel tegen een periode van ischemie behoren tot de standaardprocedure 

tijdenss deze chirurgische ingrepen. Toch blijf t het optreden van een nieuwe neurologische 

lesiee van het ruggenmerg een mogelijkheid waar ernstig rekening mee moet worden 

gehouden,, ook na operaties waar zich geen bijzondere situaties voordeden. Dit proefschrift 

onderzoektt twee aspecten van deze iatrogene ruggenmergschade in diermodellen: de evaluatie 

enn verfijning van detectiemethoden om ischemie van het ruggenmerg tijdens de operatie vast 

tee stellen, en medicamenteuze bescherming van het ruggenmergweefsel tegen ischemie. 

Inn hoofdstuk 1 wordt een overzicht gegeven van de huidige maatregelen die genomen kunnen 

wordenn om de tijdens operaties optredende ruggenmergschade te voorkomen. In het voorste 

2/33 deel van het ruggenmerg, bevindt zich de motorische functie van het ruggenmerg, dat 

relatieff  gevoelig is voor ischemische schade. Het succes van de combinatie bewaking van het 

ruggenmergg / interventie kan worden uitgedrukt als de mate waarin het aantal complicaties 

wordtt gereduceerd tijdens een bepaalde chirurgische ingreep. Om tijdig te kunnen ingrijpen is 

hett van groot belang dat de gekozen bewakingsmethode ischemie kan detecteren in een vroeg 

stadium,, d.w.z. voordat irreversibele schade is opgetreden aan het zenuwweefsel. In de 

praktijkk zijn er twee manieren om het ruggenmerg te bewaken wat betreft het optreden van 

ischemie:: evoked potentials en zuurstofmetingen. Evoked potentials meten in hoeverre de 

zenuwbanenn in het ruggenmerg die de signaaloverdracht tussen de hersenen en de ledematen 

verzorgenn intact zijn; deze meting geeft informatie over de functionele toestand van het 

ruggenmerg.. Zuurstofmetingen worden uitgevoerd met fiberoptische katheters die in de met 
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hersenvochtt gevulde ruimte tussen het ruggenmergvlies en het ruggenmerg zelf kunnen 

wordenn geplaatst. 

Eenn andere strategie om ruggenmergletsel tijdens chirurgie te voorkomen is het 

behoudd of herstel van de doorbloeding van het ruggenmerg. Omleiden van de bloedstroom bij 

eenn geklemde aorta, of het verminderen van de bloeddrukk die vóór het geklemde segment van 

dee aorta ontstaat kunnen, net als het laten aflopen van overtollig hersenvocht uit het spinale 

compartiment,, het risico op schade aan het ruggenmerg verminderen. Tenslotte kan nog de 

weerstandd van het zenuwweefsel in het ruggenmerg tegen een periode van ischemie worden 

verhoogd.. Koeling van het zenuwweefsel en het toedienen van farmacologische middelen 

kunnenn worden toegepast voor, tijdens of na de ischemische periode om verlamming van de 

benenn te voorkomen. 

Eenn overzicht van de technieken die op dit moment worden toegepast in de operatiekamer om 

hett ruggenmerg te bewaken is te lezen in hoofdstuk 2. De klassieke "ontwaak-test" is 

ontwikkeldd om willekeurige bewegingen te testen tijdens chirurgie aan de wervelkolom. Deze 

testt is zeer specifiek voor de motorische functie van het ruggenmerg maar wordt 

tegenwoordigg steeds minder gebruikt. Evoked potentials worden over het algemeen als de 

standaardmethodee aangemerkt om het ruggenmerg te bewaken. Somatosensory evoked 

potentialss (SSEP) meet de integriteit van de opstijgende banen in het ruggenmerg die 

sensibelee informatie (bijv. tast en pijnzin) doorgeven naar de hersenen. Transcraniële 

myogenee motor evoked potentials (tcMEP) meet de integriteit van de afdalende banen in het 

ruggenmergg en de motorische voorhoorncellen, die de motorische prikkels vanuit de hersenen 

doorgevenn aan de spieren. De meting van de zuurstofspanning in het spinale hersenvocht 

(CSF-PO2)) is een nieuwe techniek die een indruk geeft van de zuurstofspanning van de 

zenuwcellenn in het onderliggende ruggenmergweefsel. Omdat SSEP heel soms normale 

waardenn aangeeft terwijl er ischemie van het ruggenmerg optreedt (= vals-negatieve 

resultaten)) is er een voorkeur om tcMEP te gebruiken tijdens ingrepen waarbij er continue 

informatiee is vereist over de functie van het motorische gedeelte van het ruggenmerg. 

Omdatt tcMEP snel en betrouwbaar ischemie van het ruggenmerg kan aantonen, wordt de 

techniekk door het chirurgische team gebruikt om de doorbloeding van het ruggenmerg zo 

optimaall  mogelijk te houden. Om de diagnostische waarde te bepalen van de tcMEP signalen 

voorr postoperatief optredend verlies van motorische functie en histologische schade aan het 

ruggenmerg,, werden een aantal segmentaalarteriën geklemd in een varkensmodel (hoofdstuk 
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3).. Afwezigheid van tcMEP voor meer dan 60 minuten was geassocieerd met paraplegie van 

dee achterpoten en uitgebreide infarcten in het ruggenmerg 72 uur na het afklemmen van de 

vaten.. Snel herstel van tcMEP (binnen 10 minuten na uitval) kwam overeen met een normale 

motorischee functie en een normaal histologisch beeld van het ruggenmergweefsel. Deze 

resultatenn geven aan dat intra-operatieve tcMEP een hoge voorspellende waarde en 

sensitiviteitt heeft voor postoperatieve neurologische status na een korte en een lange periode 

vann uitval van de signalen. Zelfs wanneer de permanente afklemming van verschillende 

segmentaalarteriënn de algehele doorbloeding van het ruggenmerg had verminderd werd er een 

goedee voorspellende waarde gevonden van tcMEP voor de postoperatieve neurologische 

functie.. Het herstellen van de doorbloeding van het ruggenmerg onmiddellijk na tcMEP uitval 

kann neurologische uitval en verlamming voorkomen. 

Dee snelle vermindering van de amplitude van het tcMEP signaal na afklemmen van de aorta 

off  een aantal segmentaalarteriën die kritiek zijn voor de doorbloeding van het ruggenmerg is 

eenn goed reproduceerbaar fenomeen. Het berust waarschijnlijk op het uitvallen van de 

prikkeloverdrachtt van en naar de motorische voorhoomcellen die zich in het lumbale 

ruggenmergg bevinden. De lumbale segmenten van het ruggenmerg generen de prikkels die 

nodigg zijn om de beenspieren aan te spannen. De afdalende banen in het thoracale 

ruggenmergg bestaan uit zenuwvezels. De passieve prikkeloverdracht in deze vezels kost veel 

minderr energie dan de re-activatie van dit signaal door de motorische voorhoomcellen in het 

lumbalee ruggenmerg, die de eindstations vormen van de afdalende vezels. Dit kan betekenen 

datt tijdens ischemie de voortgeleiding van een prikkel (zoals het tcMEP signaal) in de 

lumbalee cellen eerder ophoudt vergeleken met prikkeloverdracht in de thoracale afdalende 

vezels.. Daarom zou uitval van tcMEP later optreden tijdens ischemie die beperkt blijf t tot het 

thoracalee ruggenmerg vergeleken met ischemie van het lumbale ruggenmerg. In hoofdstuk 4 

wordtt beschreven dat een grote afname van de bloedstroom in het thoracale ruggenmerg van 

hett varken resulteerde in tcMEP uitval na 15 minuten. Een vergelijkbare vermindering van de 

bloedstroomm in het lumbale ruggenmerg resulteerde in tcMEP uitval na 3 minuten. Een 

verklaringg voor deze resultaten is dat prikkeloverdracht in de motorische voorhoomcellen 

gevoeligerr is voor ischemie vergeleken met voortgeleiding van de prikkel door de afdalende 

thoracalee zenuwvezels. Belangrijk in dit verband is dat zenuwvezels en zenuwcellen dezelfde 

gevoeligheidd hebben voor de schade die door ischemie ontstaat. In de meeste gevallen zal 

tijdenss TAAA-chirurgie de aorta worden afgeklemd, hetgeen in ischemie van het gehele 

ruggenmergg resulteert. In dit geval zal onderbreking van de lumbale component van tcMEP 
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aanleidingg geven tot snelle uitval van tcMEP. Wanneer segmentaalarterièn vanaf het hoofd 

richtingg benen na elkaar worden afgeklemd kan dit ischemie veroorzaken die beperkt blijf t tot 

dee thoracale ruggenmergvezels. Een normaal tcMEP signaal kan dan ernstige ischemie niet 

uitsluiten. . 

Dee indirecte meting van zuurstofspanning in het ruggenmergweefsel d.m.v. 

zuurstofelektrodenn in de intrathecale ruimte is recentelijk toegepast tijdens aortachirurgie om 

ischemiee van het ruggenmerg te kunnen aantonen. In hoofdstuk 5 werd een lineair verband 

aangetoondd tussen afname van de tcMEP amplitude en afname van de CSF-pC>2 tijdens het 

opeenvolgendd klemmen van segmentaalarterièn in het varken. CSF-pC>2 had een hoge 

sensitiviteitt en specificiteit voor het aantonen van klinische ischemie van het ruggenmerg, 

zoalss gedefinieerd door een kritische afname van de tcMEP amplitude tot 25% van de 

uitgangswaarde.. De meest gunstige diagnostische eigenschappen van CSF-pC>2 voor het 

aantonenn van ischemie van het ruggenmerg werden gevonden in het bereik van 40% - 60% 

vann de uitgangswaarde van CSF-pC>2. Het meten van de zuurstofspanning is een relatief 

simpelee methode vergeleken met tcMEP en ontbeert ook de plotselinge willekeurige 

bewegingenn die kunnen optreden tijdens gedeeltelijke spierverslapping die een voorwaarde 

vormtt voor tcMEP-bewaking. Met name voor het identificeren en behouden van 

segmentaalarteriènn die kritisch zijn voor de doorbloeding van het ruggenmerg kan CSF-pC>2 

eenn snelle en betrouwbare aanvulling vormen op het bestaande tcMEP bewakingssysteem. 

Metingg van zuurstofspanning in de intrathecale ruimte wordt niet beïnvloed door de mate van 

gevoeligheidd voor ischemie van de prikkeloverdracht in het onderliggende zenuwweefsel. De 

verwachtingg is dat ischemie van het lumbale ruggenmerg een even snelle daling van CSF-pC>2 

veroorzaaktt vergeleken met ischemie van het thoracale ruggenmerg. In hoofdstuk 6 werden 

segmentaalarteriènn in het varken na elkaar afgeklemd van thoracaal richting lumbaal. Dit was 

eenn simulatie voor de klemrichting die tijdens aortachirurgie wordt aangehouden om het 

atherosclerotischee deel van de aorta te vervangen door een prothese. Een kritieke 

verminderingg van de CSF-DO2 tot 60% van de uitgangswaarde ging vooraf aan tcMEP uitval 

tijdenss ischemie van het thoracale gedeelte van het ruggenmerg. Meting van zuurstofspanning 

inn de intrathecale ruimte zou kunnen worden gebruikt als detectiemethode voor ischemie van 

hett ruggenmerg tijdens aortachirurgie en ingrepen aan de wervelkolom of het ruggenmerg, 

voorall  wanneer een snelle detectie vereist is van ischemie die hoofdzakelijk gelokaliseerd is 

inn de afdalende zenuwvezels van het thoracale ruggenmerg. 
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Hett konijnenmodel voor ischemische schade van het ruggenmerg heeft een grote 

reproduceerbaarheidd van postoperatieve motorische uitval en is erg geschikt om medicijnen te 

onderzoekenn op hun neuroprotectieve werking. De techniek bestaat uit het tijdelijk opblazen 

vann een ballonkatheter in de aorta net onder de nierarteriën, waarna bij het wakkere dier de 

motorischee functie wordt beoordeeld en na opoffering van het dier de histologische schade in 

hett ruggenmerg wordt bekeken. In hoofdstuk 7 werden twee middelen getest die de toxische 

effektenn van een verhoogde extracellulaire concentratie van de neurotransmitter glutamaat 

remmen.. Glutamaat is het meest voorkomende molekuul in het centraal zenuwstelsel dat 

zenuwcellenn gebruiken om informatie met een stimulerende inhoud onderling uit te wisselen; 

naa ischemie wordt deze neurotransmitter in verhoogde concentratie buiten de cel gebracht en 

iss dan juist schadelijk voor de omgevende cellen. Riluzole, een natriumkanaal-remmer, en 

ketamine,, een stof die aan de A/-methyl-D-aspartaat receptor bindt werden voor en na 

tijdelijkee ischemie van het ruggenmerg toegediend - alleen en in combinatie. Riluzole 

verbeterdee de neurologische functie en het histopathologische beeld van het ruggenmerg 72 

uurr na de ischemische periode vergeleken met controledieren en de met ketamine behandelde 

dieren.. Een enkele dosis van een hoge concentratie ketamine gaf geen goede bescherming van 

hett ruggenmerg in dit model. De gecombineerde behandeling van riluzole en ketamine gaf 

geenn grotere verbetering in de gemeten parameters vergeleken met riluzole alleen. Omdat 

riluzolee reeds als medicijn gebruikt wordt bij mensen en goed getolereerd wordt, zou een 

klinischee trial met de stof overwogen kunnen worden om de neuroprotectieve eigenschappen 

tee testen in situaties waarbij patiënten het gevaar lopen op intraoperatief ruggenmergletsel. 

Inn hoofdstuk 8 werd het beschermende effekt onderzocht van de stof aminoguanidine in het 

konijnenmodell  voor tijdelijke ischemie van het ruggenmerg. Aminoguanidine remt het enzym 

induciblee nitric oxide synthase (iNOS). Dit is een eiwit dat d.m.v. nieuwe genexpressie in 

verhoogdee mate aanwezig is in de dagen na een periode van ischemie, en dat een toxische 

hoeveelheidd van het boodschappersmolekuul nitrous oxide produceert. Een ander effekt van 

aminoguanidinee is de remming van twee andere schadelijke enzymsystemen die meteen na 

reperfüsiee van het tevoren ischemische weefsel aktief worden. Vier dagen na tijdelijke 

ischemiee van het ruggenmerg had de behandeling met de maximaal toedienbare dosis van 

aminoguanidinee de neurologische functie en de ruggenmergschade niet verbeterd. In een 

apartee groep dieren werd na behandeling met aminoguanidine het iNOS-eiwitgehalte in het 

ruggenmergg bepaald om te onderzoeken of aminoguanidine iNOS voldoende had geremd. 
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Omdatt deze groep dieren te klein was om relevante statistische conclusies te kunnen trekken 

konn niet worden bepaald of het iNOS-eiwitgehalte veranderd was door de behandeling met 

aminoguanidine.. Een van de mogelijke verklaringen voor het negatieve resultaat is een 

onvoldoendee remming van iNOS. Maar omdat een hogere dosis aminoguanidine toxisch bleek 

voorr konijnen lijk t verdere evaluatie van deze stof in het huidige model onmogelijk. 
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