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ABSTRACT 

Abstract of thesis entitled: The Performance of Neurophysiologic Monitoring to 

Predict Postoperative Deficits in a Porcine Model of 

Spinal Cord Injury 

Submitted by LIU, Quanmeng 

For the degree of Doctor of Philosophy in Anaesthesia and Intensive Care 

At The Chinese University of Hong Kong in June, 2010. 

The spinal cord is at risk of injury during complex operations of the spine or 

aorta, and may result in catastrophic long term disability. Intraoperative monitoring 

with somatosensory evoked potential (SEP) and transcranial electric motor evoked 

potential (TceMEP) are commonly performed to assess the integrity of the sensory 

and motor pathways, respectively. The purpose of this study was to identify the 

minimum changes in signal amplitudes, beyond which postoperative neurologic 

deficit may occur. 

In a porcine model of direct compression and distraction of the exposed 

spinal cord, we measured the perioperative changes in SEP and TceMEP. This was 

correlated with postoperative motor function using the modified Tarlov scale. 

Magnetic resonance diffusion tensor imaging of the spinal cord was also performed 

to assess the anatomical extent of injury three days after surgery. 

During stable anesthesia, experiments were completed in 31 pigs. A decrease 

in SEP amplitude > 25% and / or TceMEP amplitude > 65% was associated with 

substantial risk of postoperative motor deficit. In addition, rapid deterioration of 

signal within 5 min of an event, and / or a lack of signal recovery within 30 min after 

the initial deterioration were also predictors of postoperative paraplegia or weakness. 

These findings also correlated well with radiological changes in the spinal cord. The 

sensitivity and specificity for TceMEP to predict adverse neurologic outcome were 

100% and 90.5%, respectively. 



By observing these warning criteria, surgery can be safely carried out if 

changes of signal amplitudes are within the threshold boundary. Future studies 

should aim to validate and refine the "warning criteria" for intraoperative 

neurophysiologic monitoring in different surgery. 
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CHINESE ABSTRACT (中文摘要） 

在關於脊柱和主動脈的復雜手術中，脊髓有損傷的風險，並可以導致災 

難性的長期殘疾。術中監測如軀體感覺誘發電位（SEP )和經顱電刺激運動誘 

發電位（TceMEP )常被分別用來評估感覺和運動通路的完整性。本次研究的 

目的是辨別出信號幅度的最小改變，超過了這個改變則會出現術後的神經功能 

缺陷。 

在豬只的模型中，暴露的脊髓被直接壓迫和牽拉，我們測量圍手術期 

SEP和TceMEP的變化。這個變化與基於修正的Tarlov評分的術後運動功能聯 

系起來。脊髓的磁共振彌散張量成像被用來評定手術後三天脊髓解剖結構的損 

傷範圍。 

在穩定的麻醉狀態下，共完成了 31只豬的實驗。SEP的幅度降低超過 

25%和/或者TceMEP的幅度降低超過65%，術後有相當大的風險出現運動功 

能缺陷。此外，某種操作或其他幹預後5分鐘內信號的迅速惡化，和/或者最初 

惡化的30分鐘內信號沒有恢復，也是術後癱瘓或者功能弱化的預測因子。這 

些結果也同脊髓的影像學改變具有很好的關聯性。TceMEP預測不利神經功能 

狀態的敏感度和特異度分別為100%和90.5%� 
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通過觀察確認這些警告標準，如果信號幅度變化在閾值範圍之內，手術 

則可以安全地進行。未來的研究應該立足於在不同的手術中進一步確認和改進 

這些術中神經生理監測的警告標準。 
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PART 1 INTRODUCTION 



Chapter 1. Intraoperative Neurophysiologic Monitoring 

The spinal cord is at risk of injury during correction of complex spinal 

deformities, resection of intramedullary spinal cord tumor, and repair of aortic 

aneurysm. Although intraoperative spinal cord injury is considered uncommon (0.2-

1.0 %), the consequence of severe postoperative neurologic deficit is devastating 

(Chan et al., 2004). Damage of the spinal cord may result in complete paraplegia or 

partial limb weakness, leading to long term disabilities (Chiodo et al., 2007; Dobkin 

and Havton, 2004; Priebe et al., 2007), and patient sufferings (Kelleher et al., 2008; 

Nuwer et al., 1995; Schwartz et al., 2007; Smith et ah, 2007). Since repair of the 

spinal cord injury has long been regarded as difficult, if not impossible; a monitoring 

technique that can detect impending injury will be invaluable. Appropriate 

interpretation of these monitoring signals will guide surgical decisions, and allow 

surgeons to perform timely surgical interventions before permanent damage occurs. 

Intraoperative neurophysiologic monitoring with somatosensory evoked 

potentials (SEP) and motor evoked potentials (MEP) are widely practiced in spinal 

surgery (Devlin and Schwartz, 2007; Pelosi et al., 2001). SEP records the ascending 

"signals" that travel along the dorsal sensory column as the distal tract is being 

stimulated electrically (Deletis and Sala, 2008). These signals can be recorded from 

the spinal cord, either epidurally or subdurally, or at the somatosensory cortex. In 

contrast, MEP is the evoked response following stimulation of the motor cortex. 

MEP signals can be recorded from the distal descending motor tract, including the 

spinal cord, peripheral nerve, and the muscle groups involved. Currently, the most 

popular and practical method to elicit MEP is by delivering high voltage electrical 
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stimulation to the motor cortex through the intact skull i.e. transcranial electrical 

motor evoked potential (TceMEP). 

Injury to the motor and sensory pathways during trauma or ischemia is 

associated with pathognomonic changes in SEP and MEP. In general, as injury 

becomes severe, there is progressive increase in the signal latency, a decrease in 

peak-to-peak amplitude and a loss of waveform complexity. By quantifying these 

changes, it is therefore possible to provide real-time information on the functional 

status of the ascending sensory and descending motor tracts. 

The clinical utility of neurophysiologic monitoring depends on the threshold 

changes in waveform signals recorded. In this regard, expeditious response to the 

warning signals may prevent or reverse potential injury. Similarly, continuous 

monitoring of evoked potentials may guide the surgeon in deciding the extent of 

surgery that can be achieved. Thus, optimal tumor removal and correction of spinal 

deformities may be safely carried out if changes of signals are within the threshold 

boundary. Clearly, a precise definition of these warning signals is critical to the 

success of intraoperative neurophysiologic monitoring. The purpose of my study was 

to define the threshold changes in SEP and MEP, in a porcine model of spinal cord 

injury, beyond which the type and amount of changes in the evoked potentials may 

indicate neurologic deficit. 



Chapter 2. Review of Warning Signals in Intraoperative Neurophysiologic 

Monitoring 

2.1. Warning signals for somatosensory evoked potential monitoring 

Few studies have determined the critical threshold of SEP that is associated 

with postoperative neurologic deficit. In their early experiment, Nordwall and co-

workers (1979) evaluated the changes of SEP during longitudinal distraction of the 

spinal column in 6 mongrel cats. SEP was recorded from the multiple spinous 

processes above to the site of injury. Hind limbs movement and withdrawal to deep 

pinch were tested during brief wake-up tests. Although a complete disappearance of 

the SEP signals was always associated with limb paralysis and flaccidity, there was 

substantial variation in the changes of amplitude (72-96% decrease from baseline) 

among cats with limb weakness. Nevertheless, a decrease in SEP amplitude > 70% 

was considered significant. 

Data regarding changes in waveform latency was less well defined. Brown et 

al. (1984) reported the surgical outcome in 300 patients undergoing neurosurgical or 

orthopedic procedures. Three patients (1%) had postoperative neurological deficits. 

Careful review of the intraoperative SEP recordings showed that all three patients 

had a 50% decrease in amplitude and an increase in latency > 3 ms (4-12% increase 

from baseline). They also identified another four patients with similar changes during 

surgery but recovered at the end of the procedures. None of these patients had 

postoperative neurologic deficits. This study suggested that a decrease in peak-to-
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peak amplitude of > 50% and/or an increase in latency of > 10% would require 

urgent attention. 

Although the early guidelines had emphasized the lack of scientific data and 

that an absolute boundary of abnormality is unavailable (1987; 1994; Cross, 1999), it 

is commonly believed that the threshold changes in SEP are 50% decrease in 

amplitude and/or 10% increase in latency. In their national survey between 1989 and 

1990, the Scoliosis Research Society reported that 70.5% of all surgeons participated 

in the study adopted the amplitude criteria (> 50%) and that 63.5% used the latency 

criteria (> 10%) (Dawson et al.，1991). A comparable proportion of surgeons 

accepted the same amplitude (72%) and latency (44%) criteria in the subsequent 

survey between 1991 and 1995 (Nuwer et al., 1995). 

The American Society of Neurophysioiogical Monitoring (ASNM) recently 

published a position statement advocating an empirical criteria of > 50% decrease in 

the peak-to-peak amplitude of the primary SEP cortical response (N20 or P37) or > 

10% increase in latency as an indication of significant surgical event (Toleikis, 2005). 

A number of studies in spinal surgery have reported the diagnostic accuracy 

of these warning criteria to predict postoperative neurologic outcomes (Table 2.1). 

Majority of the studies use only the amplitude criterion. While this is considered 

specific in detecting intraoperative events, the sensitivity in a few studies was low. In 

this regard, sensitivity is the proportion of postoperative neurologic deficits that are 

correctly identified by SEP monitoring. Given that there are only few postoperative 

neurologic events, sensitivity is substantially influenced by the number of patients 

5 



who suffer postoperative neurologic weakness despite an uneventful course of SEP 

monitoring during surgery (i.e. false negative). The incidence of false negative 

findings ranges from 0.127% to 4.1% (Chan et al., 2004; Hsu et al., 2008; Kelleher et 

al., 2008; Manninen, 1998; Nuwer et al., 1995; Schwartz et al., 2007; Wiedemayer et 

al., 2002; Wiedemayer et al., 2004). These studies suggested that threshold changes 

for SEP amplitude could be much less than 50% of baseline, and the inaccuracy in 

the threshold may have accounted for the false negative results. 
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2.2. Warning signals for transcranial electrical motor evoked potentials 

monitoring 

The threshold changes in TceMEPs are less clear. A number of decision rules 

have been proposed. 

2.2.1. Amplitude criteria 

Similar to SEP monitoring, amplitude analysis of TceMEP are often used to 

assess spinal cord integrity. 

In a case report, Lang et al. (1996) proposed a 50% decrease in amplitude as 

the warning criterion for TceMEP. It is unclear how the threshold was derived, but it 

appeared that it was extrapolated from the experience in SEP monitoring. This 

threshold however produced a high rate of false positive alarm (0.8-11%) (Table 2.2), 

leading to premature and unnecessary interruptions in the procedures (Langeloo et al., 

2007; Pelosi et al., 2002). 

In order to avoid false positive alarm, Langeloo et al., proposed a threshold 

of > 80% decrease in amplitude as the warning signal in TceMEP monitoring 

(Langeloo et al., 2007; Langeloo et al., 2003). In a review of 145 patients undergoing 

corrective surgery for spinal deformity, the proposed criterion has a sensitivity of 

100% and a specificity of 91%. Nevertheless, there were 10 patients (6.9%) in the 

cohort who has abnormal TceMEP changes but without postoperative neurologic 

deficits (i.e. false positive). 
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Given that TceMEP amplitudes in any individual are variable, there are also 

suggestions that TceMEP should be considered as an "all-or-none" response 

(Bednarik et al., 1998; Cioni et al., 1999; Fujiki et al., 2006; Jallo et al., 2001; Jones 

et al., 1996; Kothbauer, 2007; Kothbauer and Novak, 2004; Lang et al., 1996a; 

Legatt, 2004; MacDonald, 2002; MacDonald et al., 2003; Mochida et al., 1997; 

Osburn, 2006; Quinones-Hinojosa et al., 2004; Sala et al., 2007; Sala and Lanteri, 

2003; Szelenyi et al., 2005; Szelenyi et al., 2007; Tanaka et al., 2006; Zentner et al., 

1989). A number of investigators have proposed that in patients undergoing 

intramedullary tumor excision, surgery may proceed until there was disappearance of 

TceMEP signals (Deletis V5 1998; Jones et al., 1996; Kothbauer, 2007; Kothbauer et 

al, 1998; Lang et al., 1996a; Woodforth et al., 1996; Zentner, 1989, 1991). In a 

series of patient cohorts from the same group of investigators, there was no false 

negative report and < 10% rate of false positive results (Kothbauer, 2007; Kothbauer 

et al., 1998; Sala et al., 2007). However, others have demonstrated permanent 

paraplegia when TceMEP was abolished (Burke et al., 1995; Quinones-Hinoj osa et 

al., 2005). 

Table 2.3 shows the number of published reports demonstrating satisfactory 

prediction accuracy for different warning criteria in various types of surgery. It is 

unclear how to choose the various decision rules, but it appears that the choice could 

be surgery specific. For instances, most investigators will use a 50% decrease in 

amplitude as the warning criteria for spinal corrective surgery or intracranial 

procedures (Neuloh et al., 2004; Sala et al., 2006). In contrast, the all-or-none criteria 

are commonly used for intramedullary tumor excision. Nevertheless, high quality 

9 



data is currently unavailable, and there is no consensus on the warning signals for 

TceMEP monitoring. 
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Table 2.3. The number of reports using different type of amplitude criteria in different types 

of surgery. 

Amplitude decrease criteria 
Types of surgery 

50% 80% 100% 
(i.e. all or none) 

Correction of spinal deformity 19 13 2 

Intramedullary tumor excision 4 4 6 

Brain surgery, including 
microsurgical clipping of aneurysm 13 11 5 

Miscellaneous 9 5 4 
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2.2.2. Threshold-level criterion 

Apart from the amplitude criteria, the amount of voltage required to elicit 

TceMEPs may have predictive value. The threshold criterion is based on the 

principle that higher voltage is required to recruit a larger volume of motor cortex in 

order to restore muscle response when the motor tract is being damaged. In this 

regard, Calancie and co-worker (2001, 2008) proposed that a 100 V or more increase 

in the voltage that lasted for more than one hour correlated with neurologic deficit 

24-48 hours after surgery. 

The threshold criterion is however limited because its use is restricted to 

constant voltage generator, it requires a significant period of time (> 1 hour) before 

the warning criteria can be declared (Langeloo et al., 2007), and other factors such as 

changing anesthetic dosage during the test period, may have confounded test 

interpretation. Anecdotal data have suggested that the threshold criterion produced 

high rate of false positive results and its implication remains uncertain (Pelosi et al., 

2002; Pelosi et al., 2001). 

2.2.3. Waveform criterion 

Finally, a change in the morphology of compound muscle action potential 

(CMAP) may be important in TceMEP monitoring. In patients undergoing excision 

of spinal cord tumors, changes of TceMEP waveform from polyphasic to 

monophasic was thought to be useful in predicting motor outcomes after surgery 

(Quinones-Hinojosa et al., 2005). Although waveform complexity can be measured 

by quantifying the duration of the CMAP response, the start and finish of the 

waveform are often subjective and difficult to determine. Nonetheless, the addition 
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of waveform data to the amplitude criterion and changes in stimulation threshold 

may be useful to predict neurologic outcome, but validation data is required (Hsu et 

al., 2008). 
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Chapter 3. Pooling Data from Case Reports 

3.1. Introduction 

In the previous discussion, I have outlined the various methods to determine 

the warning signals of SEP and MEP during intraoperative neurophysiologic 

monitoring. Although a number of decision rules have been proposed, the changes in 

amplitude have been the most popular approach (Banoub et al., 2003; Lam et al., 

1991). However, it is unclear whether there is a threshold value, beyond which 

postoperative neurologic deficit may occur. I have therefore attempted to pool the 

cases reported in the literature in order to define the threshold changes in the 

amplitudes of SEP and/or TceMEP to predict postoperative motor outcome. 

3.2 Methods 

I have included the following database in my literature search: MEDLINE， 

EMBASE, Cochrane Controlled Trials Register, Google Scholar, DARE, and 

CINAHL. Full manuscript, case reports, cohort of cases or abstracts published after 

1980 were included. I used the following keywords in my search: 

Evoked potential or neurophysiologic monitoring; 

Cut-off: Indicative warning criteria / deterioration criteria / significant decrease / 

deterioration / clinically significant / threshold value; 

Postoperative findings or motor outcome / motor function or neurologic deficit / 

outcome / deterioration; 

Clinical analysis; Review; Historical control study; Prospective/retrospective study 
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In this analysis, I have included reports of both adults and children >12 years. 

Cases were excluded if there was no explicit statement stating the changes of 

intraoperative evoked potential monitoring and/or postoperative neurologic outcome. 

All cases used similar monitoring technique. Thus, SEP was recorded from the scalp 

after stimulation of a peripheral nerve, MEP was performed after high voltage 

transcranial electrical stimulation and CMAP was recorded from muscles of 

extremities. 

Two individuals screened the title and abstract of each report identified in my 

search. We selected any report that we suspected had any possibility of fulfilling our 

eligibility criteria to undergo full review. Disagreements were resolved by a 

consensus process of having discussions on the rationale regarding the eligibility of 

the cases, and when this did not resolve differences, an independent third individual 

made a final decision on the eligibility. 

We defined postoperative neurologic deficit as patients with paraplegia, 

monoplegia and severe muscle weakness, whereas those with mild weakness or 

normal muscle power were regarded as having no deficit. 

3.3. Statistics 

Changes in SEP and TceMEP amplitudes were compared between groups 

(patients with or without neurologic deficit) using Wilcoxon rank-sum test. The 

relationship between amplitude changes and postoperative neurologic deficit was 

determined by logistic regression. A P value less than 0.05 was considered 

significant. 
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3.4. Results 

A total of 360 cases, from 33 reports (Accadbled et al., 2006; Bose et al., 

2007; Costa et al., 2007; Dong et al., 2002; El-Hawary et al., 2006; Fan et al., 2002; 

Fujiki et al., 2006; Hayashi et al., 2008; Hilibrand et al., 2004; Hsu et al., 2008; 

Jacobs et al., 2006; Khan et al., 2006; Kim et al., 2007; Kitagawa et al., 1989; 

Kothbauer et al., 1998; Krassioukov et al., 2004; Langeloo et al., 2003; Lieberman et 

al., 2008; May et al.，1996; More et al, 1988; Nagle et al.; 1996; Neuloh et al., 2004; 

Neuloh and Schramm, 2004; Noonan et al.，2002; Papastefanou et al.，2000; Paradiso 

et al., 2005; Pelosi et al., 2002; Pelosi et al.，2001; Smith et al., 2007; Szelenyi et al., 

2006; Weinzierl et al., 2007; Wilson-Holden et al., 1999; Zhou and Kelly, 2001), 

published since 1980's, satisfied the eligibility criteria and were included in this 

analysis. Figure 3.1 shows the changes in SEP and MEP amplitudes with 

postoperative motor function. There was substantial overlap in the changes of SEP 

and MEP amplitudes among patients with different neurologic outcomes. Although 

there was a trend towards worsening deficit with larger decrease in signal amplitudes, 

this did not reach statistical significance. It was however possible to construct 

logistic regression models to illustrate the relationship between amplitude change 

and postoperative neurologic deficit (Figure 3.2). Nevertheless, the confidence 

intervals were wide and a threshold change in SEP or TceMEP amplitude could not 

be accurately determined. 

3.5. Discussions 

The present analysis is confounded by publication bias. This is because the 

literature tends to report outlier cases with false positive and false negative findings. 

17 



Nevertheless, this study demonstrates the feasibility to determine threshold changes 

in a prospective cohort. 
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3.6. Conclusions 

Based on my literature search, I believe that the current recommendations for 

warning criteria during intraoperative neurophysiologic monitoring are largely 

empirical (1987; 1994; Calancie et al , 2001; Cross, 1999; Deletis V，1998; Lang et 

al.，1996b; Langeloo et al., 2003; Quinones-Hinojosa et al., 2005). The predictive 

performances of these criteria also vary widely. There are striking variations in the 

opinions among monitoring professionals and this reflects the paucity of data 

evaluating the threshold value of neurophysiologic signals (Dawson et al., 1991; 

Nuwer et al., 1995), beyond which spinal cord injury may occur. 

In order to guide surgical decision with intraoperative neurophysiologic 

monitoring, there must be a valid set of warning criteria that can reliably predict 

postoperative outcome. Until such threshold can be defined, it is difficult to 

determine the utility of neurophysiologic monitoring. 
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PART 2 EXPERIMENTS 
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Chapter 4. Experimental Design 

In order to define the warning criteria of intraoperative neurophysiologic 

monitoring, I planned to perform a prospective observational cohort study to 

correlate the changes in SEP and MEP with postoperative neurologic outcomes. 

The ideal study should be performed in patients undergoing a wide range of 

surgery at risk of spinal cord injury. This will maximize the generalizability of the 

results and allow us to extrapolate the findings to other scenarios (Tunis et al., 2003). 

There are however a number of problems with this design: 

(1) The incidence of neurologic event after spinal surgery is generally low (0.2-

1.0%). Given that 10 to 12 events are required to produce stable estimates in 

regression analysis (Peduzzi et al., 1996), the cohort should include 1,000 to 

5,000 patients. More patients will be required when heterogeneity of patient and 

surgery are considered. 

(2) I believe it is ethically difficult to ignore potential deterioration in 

neurophysiologic recordings while waiting for postoperative evaluation. 

Although some of the bad signals are false positives, most physicians will try 

hard to correct for the recordings. This may include leaving residual tumor 

behind or accepting suboptimal correction for deformity. The results are therefore 

biased with most of the recordings concentrated at one end of the spectrum, 

leaving few events for the regression models. 
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I believe a human experiment cannot be accomplished within a short period 

of time. I have therefore designed a porcine experiment of controlled spinal cord 

injury with distraction and compression to evaluate changes in neurophysiologic 

signals. 

I realized that the porcine model is not a perfect representation of human 

spinal cord injury because it is impossible to detect pure sensory deficit in pigs with 

an isolated injury to the dorsal column. In this scenario, changes in SEP will not 

correlate with postoperative neurologic outcome. However, as the experiment 

included distraction and compression of the spinal cord, it is unlikely that the motor 

column can be spared. In order to overcome this problem, I have included magnetic 

resonance imaging of the spinal cord in the study. Therefore, changes of 

neurophysiologic signals can be correlated with radiological and anatomical changes 

in spinal cord injury. 

There is also concern that data in pigs cannot be translate to clinical practice 

in human. However in the absence of valid human data, and the difficulties in human 

experiment, the porcine model provides the best possible alternative. 
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Chapter 5. Methods 

5.1. Animal preparation 

We used healthy large white pigs, weighing 25-30 kg in this experiment. All 

animals were free from neuromuscular disorder or epilepsy. Pigs were obtained from 

the Sheung Shui Slaughter Center. The care of all animals and experimental protocol 

were approved by the Department of Health, the Government of the Hong Kong 

SAR, (Ref: DH.HA&P/8/2/1 Pt.10), and the Animal Experimentation Ethics 

Committee of the Chinese University of Hong Kong (Ref: 07/087/MIS) 

5.2. Anesthesia, monitoring and intraoperative management 

Anesthesia was induced with tiletamine-zolazepam 4.0 mg/kg, xylazine 2.0 

mg/kg，and atropine 0.04 mg/kg intramuscularly (Mok et al., 2008). This was 

followed by tracheal intubation and mechanical ventilation of the lungs with an 

air/oxygen mixture and an inspiratory oxygen concentration of 0.5. Neuromuscular 

blocking agent was not used to facilitate TceMEP recording (Adams et al., 1993). 

Intravenous catheter was then placed in one of the ear veins. Anesthesia was 

maintained with propofol infusions (100-120 jxg/kg/min), ketamine (10-20 jig/kg/min) 

and fentanyl (2-5 jig/kg/h). Infusion was adjusted to keep a stable processed EEG 

with an IoC index of 50 (IoC-View Veterinary, Morpheus-Medical, Barcelona, 

Spain). 

The animal was placed in prone position. Oxygen saturation, rectal 

temperature and urinary output were monitored. Forced air warming was provided. 

The femoral artery was cannulated for arterial pressure monitoring, but additional 
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measurement of plasma glucose examination was done. The mean arterial blood 

pressure was maintained between 60 and 80 mmHg with phenylepherine and 

labetalol infusions as required. The end-tidal carbon dioxide (ETCO2) concentration 

was kept between 35 and 40 mmHg by adjusting the minute volume. 

All animals received warmed normal saline 10 ml/kg/h during surgery to 

maintain normal volume status. Standardized treatment was provided. Physiologic 

parameters were displayed and recorded in 5 seconds intervals using a data 

acquisition program (PC monitor*). 

*The PC Monitor software is available for non-commercial use from Mr YH Tam at 

http: //www.cuhk .edu. hk/med/ans. 
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5.3. Spinal cord injury model 

In the experiment, I induced controlled compression-distraction spinal cord 

injury at T12 using a purposely designed weight-loading compression device. We 

choose T12 because the forelimbs can be used as a control during neurologic 

assessment. 

The device contained a screw piston that produces different compression 

pressure. It consisted of a flat circular tip that was connected to the head of the screw. 

The tip has a diameter of 6 mm and matched with the average width of the thoracic 

spinal cord at this level (5.5 - 6.5 mm). By turning the head of screw, the circular tip 

was lower down and exerted pressure over the spinal cord. For every turn of the 

screw head, the device produced a pressure of approximately 10 kPa. A maximum 

pressure of 50 kPa could be induced. This model simulated the form of spinal cord 

injury during correction of spinal deformity. 

Under sterile condition, laminectomy was performed to expose the intact 

spinal cord at T12. The compression device was then suspended over the dura and 

mounted to adjacent transverse processes (Figure 5.1). Following establishment of 

baseline hemodynamic and neurophysiologic recordings, injury was produced by 

applying pressure to the spinal cord using the compression device. 

Pigs were randomly assigned to receive different compression pressure so 

that a spectrum of postoperative motor deficit (from normal motor function to 

complete paraplegia) and perioperative changes in neurophysiologic signals (from 0 

to 100% decrease in amplitude) can be produced. The details of the pressure induced 
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in each experiment are listed in Table 8.2. I did not measure the actual pressure 

because the pressure gauge was not sterilized. Instead, the number of turns was used 

to estimate the pressure produced. Compression was maintained for 30 min. After 

compression was released, another 30 min was allowed for possible recovery of 

neurophysiologic signals. The wound was then closed in layers. 
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5.4. Postoperative care 

All animals were allowed to recover from anesthesia, and were nursed in the 

Laboratory Animal Services Centre (LASEC) for postoperative care. Intramuscular 

injection of gentamicin 5 mg/kg was given before skin incision and oral cloxacillin 

10 mg/kg was given daily after surgery. 

Following surgery, animals were allowed to move freely in their cages. 

Standard chow feeds were given. Supplemental intravenous fluid was also 

administered in animals who did not resume diet well. All animals were reviewed 

three times daily after surgery. Carprofen 50-100 mg mixed with feeds was given for 

postoperative analgesia. Subcutaneous buprenorphine 10-50 fig/kg was given, every 

8 hours, to animals with inadequate pain relief (defined as brisk response 

accompanied by vocalization to gentle wound palpation). 

Following surgery, animals were allowed to move freely in their cages. 

Standard chow feeds were given. Supplemental intravenous fluid was also 

administered in animals who did not resume diet well. All animals were reviewed 

three times daily after surgery. Carprofen 50-100 mg mixed with feeds was given for 

postoperative analgesia. Subcutaneous buprenorphine 10-50 p.g/kg was given, every 

8 hours, to animals with inadequate pain relief (defined as brisk response 

accompanied by vocalization to gentle wound palpation). 

5.5. Magnetic resonance imaging examination 

On the third postoperative day, animals were anesthetized again for magnetic 

resonance imaging of the entire thoracolumbar spine to determine the extent of spinal 
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cord injury, using a 3 Tesla machine (Achieva 3.0T TX, Philips Healthcare, Andover, 

Netherlands). The following imaging sequences were applied: 

(1) Axial T2-weighted images were acquired using a 3D turbo spin-echo (TSE) 

sequence (TSE factor = 64，Repetition time (TR) = 2300 ms, Echo time (TE)= 

120 ms, slice thickness = 3 mm, Field of view (FOV) = 120x106 mm, slab 

thickness = 75 mm, acquisition matrix = 240x176, reconstruction pixel size = 

0.36x0.36 mm, number of signals averaged (NSA) = 1). 

(2) Sagittal T2-weighted images were acquired using 3D TSE sequence (TSE factor 

=30, TR = 3026 ms, TE = 120 ms, slice thickness = 2 mm, slice gap = 0.25mm, 

FOV = 160x221x29 mm, slab thickness = 29mm, acquisition matrix = 268x300, 

reconstruction voxel size = 0.35x0.35 mm, NSA = 4). 

(3) Sagittal T1-weighted images were acquired using multislice TSE sequence (TSE 

factor = 4, TR = 542 ms, TE = 7.9 ms, slice thickness = 2 mm, number of slice = 

13, slice gap = 0.25 mm, FOV = 160x221 mm, acquisition matrix = 228x256, 

reconstruction matrix = 640x640, reconstruction voxel size = 0.35x0.35 mm, 

NSA = 4) 

(4) Axial T2*-weighted images were acquired using 3D multi-echo fast field echo 

(mFFE) sequence (echos = 3, TR = 25 ms, TE 二 6.9 ms, thickness = 1.5 mm, 

FOV = 100x100 mm, slab thickness = 90mm, acquisition matrix = 152x115, 

reconstruction matrix = 336x336, reconstruction voxel size = 0.3x0.3 mm, NSA 

= 6 ) 

In addition, diffusion tensor imaging (DTI) was performed for mapping of 

damaged and intact fiber tracks. Briefly，sagittal images were obtained using a single 
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shot echo-planar imaging (SS-EPI) sequence: EPI factor = 87, TR = 3030 ms, TE = 

60 ms, slice thickness = 2 mm, slice gap = 0 mm, slice number = 20, FOV = 

160x160 mm, acquisition matrix = 80x78, reconstruction matrix = 256x256, NSA = 

• 2. 1, number of gradient orientation = 33, b = 0,1000 s/mm，reconstruction voxel size = 

0.63x0.63 mm, halfscan factor = 0.678. The fold over direction was anteroposterrior, 

and the fat shift direction was posterior. 

At the end of the MRI examination, all animals were given an overdose of 

thiopentone for euthanasia. 
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Chapter 6. Measurements for the Experimental Parameters 

6.1. Neurophysiologic measurements 

All neurophysiologic measurements were recorded using a 16-channel 

Endeavor™CR IOM system (Viasys Healthcare, Madison, WI) (Figure 6.1). 

6.2. Somatosensory evoked potential 

SEP was elicited by trains of 200 t̂s square-wave electrical stimulation to the 

tibial nerve in the hind limb using a pair of subdermal electrodes placed along the 

nerve 5 cm apart. The stimulation frequency was set as 4.1 Hz, and the intensity was 

adjusted to produce a visible plantar flexion of the hind limb. This was typically 

achieved at 30 - 50 mA. Recordings were obtained from the scalp of the contralateral 

sensory cortex (over the parietal bone) using subdermal electrode. The reference 

electrode was placed 10 cm away from the recording electrode towards the snout 

(Figure 6.2). Bandpass filters were set at 10-1,000 Hz (Calancie et al., 2001). 

TceMEPs are recorded by stimulating the motor cortex with 2 insulated 1.8 

cm screws placed 1 cm lateral to the sagittal suture and 1 cm anterior and posterior to 

the coronal suture (Figure 6.2), using a multi-pulse high voltage cortical stimulator 

(D185, Digitimer, Welwyn Garden City, UK). Screws instead of needles were used 

to overcome the large impedance due to the thickness of the skull (nearly 1 cm thick) 

(Mok et al , 2008; Strauch et al., 2004). The screws were carefully placed so that the 

inner table of the skull was not breached. CMAP was recorded from the contralateral 
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quadriceps muscles using subdermal needle electrodes. Bandpass filters were set at 

30-1,000 Hz and the time base was 100 ms. 

6.4. TceMEP: Stimulation protocol 

6.4.1. Background 

The stimulation protocol however requires further discussion. It is well 

known that TceMEP cannot be elicited by single pulse stimulation (Inoue et al., 2002; 

Ubags et al., 1997; van Dongen et al., 1999; Woodforth et al.，1996; Zentner et al., 

1989). Clinically, multi-pulse stimulation is commonly performed. However there is 

no consensus on the most optimal protocol. Technically, TceMEP amplitude can be 

altered with different number of electrical stimuli delivered and the interstimulus 

interval (ISI) chosen. Earlier studies in human (Bartley et al., 2002; Calancie et al., 

1998; Kalkman et al., 1995) suggested that a train of 2-3 stimuli and an ISI of 2 ms 

produced maximum waveform amplitude, but other protocols have been reported 

(Table 6.1). Certainly, there is no accepted protocol for pig experiment. We therefore 

conducted a study to determine the optimal number of stimuli and ISI that 

maximized the TceMEP waveform amplitude. 
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Table 6.1. Stimulation parameters for transcranial electrical motor evoked potential. 

Author Year No. of 
stimuli 

Interstimulus 
interval (ms) 

Kalkman et al. 

Jones et al. 

de Haan et al. 

Calancie et al. 

Meylaerts et al. 

Zhou and Kelly 

Calancie et al. 

Lips et al.2002a) 

Kunisawa et al. 

Lips et al., 2002b 

Langeloo et al., Langeloo et al. 

Bose et al. 

Quinones-Hinojosa et al. 

Quinones-Hinojosa et al. 

Jameson and Sloan 

Macdonald 

Pajewski et al. 

Sutter et al. 

Sala et al. 

Weinzierl et al. 

Zaarour et al. 

Mok et al. 

Hsu et al. 

Lieberman et al. 

Calancie and Molano 

1995 

1996 

1997 

1998 

2000 

2001 

2001 

2002a 

2002 

2002b 

2003 

2007 

2005 

2005b 

2006 

2006 

2007 

2007b 

2007 

2007 

2007 

2008 

2008 

2008 

2008 

2 

1 - 6 

2 

3-4 

5 

5 

3 

4 

5 

4 

3-5 

3-5 

5-6 

6 - 8 

4-6 

3-9 

4-6 

5 (2-6) 

5-7 

4 

5 

5 

2-5 

1 - 6 

2-5 

2 

2 

NR 

2 

2 

2 

2 

NR 

NR 

2.5-3.5 

2.8-4.0 

2 

1-5 

2 

2.5 (2-3) 

4 

2 

3-4 

NR = not reported, number in parenthesis are range of values. 
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6.4.2. Methods 

I have included 14 pigs in this experiment. Animals were excluded if 

preoperative neurologic abnormality was identified. Following anesthesia with 

propofol, ketamine and fentanyl infusions, stimulating screws and recording 

electrodes were placed as previously described (section 6,3). Transcranial electrical 

stimulation, of 50 ^s duration, was initially delivered with a train of 3 stimuli at an 

ISI of 2 ms. I began the experiment with a stimulus intensity of 100 V and this was 

increased in steps of 20 V until a maximum amplitude was observed. This was taken 

as the maximal stimulus intensity, and was typically in the range of 200 to 500 V. In 

the subsequent tests, a constant supramaximal stimulus at 120% of the maximum 

value was used. 

Transcranial electrical stimulation was delivered using a combination of ISI 

(ranged from 1 to 9 ms) and varying number of stimuli (ranged from 1 to 9). The test 

sequence was randomly assigned. At least two minutes was allowed to elapse before 

next stimulus was delivered in order to avoid refractoriness of the system (Jones et 

al.，1996). If TceMEP could not be detected in any given set of parameters, two 

additional stimuli using the same combination of parameters were delivered at a later 

stage to confirm the finding (Pechstein et al,, 1996). Throughout the experiment, 

body temperature, anesthetic delivery and hemodynamic stability were maintained 

(Quinones-Hinojosa et al., 2005). Since the TceMEP amplitude varied between 

individual animal, I calculated the normalized amplitude as the percentage of the 

largest amplitude elicited in each animal for subsequent analysis. 
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All 14 animals were sacrificed at the end of the experiment. Neurological 

assessment was not performed. Data were not included in the main study. 

6.4.3. Results 

Figure 6.4 shows the surface plot of TceMEP amplitude when stimulation 

protocol was varied by different combinations of ISI and number of stimuli delivered. 

I was unable to detect recognizable TceMEP signal with single pulse stimulation. 

TceMEP could be elicited in only 9 out of the 14 animals (64%) when a train of two 

stimuli was delivered (see also Appendix Table 1). There was an increase in 

TceMEP amplitude when the train of stimuli was increased to 5, beyond which, there 

was little change in amplitude. Furthermore, stimulus artifact might merge with 

signal waveform when > 6 pulses were delivered (Figure 6.5). This created problems 

with post hoc measurements. It is important to note that two animals had convulsion 

when 8 pulses of stimuli was delivered. Experiments were stopped in these incidents, 

additional doses of propofol was given and was effective to terminate seizures. Both 

animals recovered uneventfully. In contrast, signal amplitude reduced when stimuli 

with ISI > 3 ms were delivered (Figure 6.4). 

6.4.4. Discussions 

The data suggested that the optimal stimulation protocol was a train of 5 

stimuli, at an ISI of 2 ms (Figures 6.4 and 6.6). Signal amplitude increased when 

more pulses were delivered, this is due to recruitment of neurons in the motor cortex 

(Inoue et al., 2002; Ubags et al., 1997; van Dongen et al., 1999; Woodforth et al.， 

1996; Zentner et al., 1989). Summative effect with multi-pulse stimulation was 
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however reduced when ISI was increased (Bartley et al., 2002; Burke et al., 2000; 

Deletisetal.,2001). 

6.5. Definitions of neurophysiologic measurements 

Since amplitude criterion is commonly used in clinical practice, the following 

measurements are defined: 

(1) SEP amplitude was measured from the first negative peak and the following 

positive peak of the cortical waveform; 

(2) TceMEP amplitude was the maximum peak-to-peak of the waveform elicited. 
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Figure. 6.1. Operating room setup. Anesthetic and physiological monitoring (A)，and 

neurophysiologic monitoring system (B) are shown. 
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Figure, 6.2. Placement of stimulating screws (connected to green alligator electrodes) 

for the transcranial electrical motor evoked potential and recording electrodes (blue) 

for somatosensory evoked potential recording. Reference electrode was inserted to 

the snout (red). Surface marking of the sagittal (dashed line) and coronal (dotted line) 

sutures are also shown. 



Figure 6.3. Schematic diagram showing the experimental setup. T12 laminectomy 

was done and the cord was compressed and distracted using a purposely designed 

hydraulic piston. The resultant damage was revealed by a postoperative magnetic 

resonance imaging (highlighted by the red arrow). 

TceMEP = Transcranial electrical motor evoked potential, SEP = Somatosensory 

evoked potential. 

Tibial nerve SEP 



Figure 6.4. Surface plot of transcranial electrical motor evoked potential amplitude 

when stimulation protocol was varied by different combinations of interstimulus 

intervals and number of stimuli delivered (Raw data are taken from, appendix Table 
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MEP2 365 
•0,28 (-0.61) (4.37) 

Figure 6.5. Stimulation artifacts (arrow) merged with transcranial electrical motor 

evoked potential (number of stimuli 二 9; interstimulus interval = 8 ms). Time base = 

100 ms-

MEP3 
\L \L 

1 I I 

MEP4 S2& •0,13 (•0.S4) (4.50) 
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Figure 6.6. Changes of transcranial electrical motor evoked potential when 

interstimulus interval was increased from 2 ms (A), 5 ms (B) to 8 ms (C). The 

stimulus intensity was 310 V，number of stimuli was 5，Time base = 100 ms. 
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6.6. Clinical assessment 

Postoperative clinical assessments were conducted by Dr NI Wei, who was 

blinded to the neurophysiologic recordings (Calancie et al., 2001; Calancie et al., 

1998). 

The best postoperative motor performance was recorded using the modified 

Tarlov motor scale (Table 6.2). This is rated when animals were stimulated with 

placement of food rewards two feet away from their resting position, in an open field. 

Table 6.2. Modified Tarlov motor scale (Carlson et al, 2003; Tarlov, 1954) 

Score Standard 

0 no movement, paraplegic with no lower extremity function 

1 animal has barely perceptible movement of the hind limbs, weak / no 
antigravity movement only; poor lower extremity function 

2 animal has frequent and/or vigorous movement of the hind limbs, some 
movement in the lower limbs, but not able to stand 

3 animal can be able to stand, walk a few steps; and often bears weight on 
the top of the feet 

4 animal is fully weight-bearing, consistently takes steps using the distal 
portions of the hind limbs, has limited hip flexion and poor balance, and 
occasionally bears weight on the dorsum of the foot and the pelvis falls 
repetitively 

5 animal walks with only a mild deficit, the hind limbs follow with minimal 
deviation from the midline, and the animal can stand on the hind limbs 
alone 

6 normal walking, good balance, and recovery from foot slip 
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Neurologic outcome was further classified as unfavorable (poor) outcome in 

animals with Tarlov score < 2 and those with favorable (good) outcome when Tarlov 

score was 3 or more. 

I classified the outcome in this fashion because it has been previously 

reported (Tarlov, 1954). Although a patient who can walk a few steps after spinal 

cord injury cannot be considered as having ideal recovery; this will suggest that the 

patient is not wheelchair bound. The socioeconomic burden of these patients would 

be entirely different from those who cannot tolerate weight bearing tasks. 

6.7. Magnetic resonance imaging 

The cross-section of the spinal cord was measured at three levels (Figure 6.7) 

as previously described by Lee and co-workers (Lee et al., 2008). 

(1) Lesion level was defined as the region of spinal cord that showed maximal 

compression. 

(2) Cranial normal appearing spinal cord was defined as the region above to the 

lesion that showed no abnormal signal intensity in structural images. 

(3) Caudal normal-appearing spinal cord was defined as the region below to the 

lesion that showed no abnormal signal intensity in structural images. 

In order to determine the degree of spinal cord compression, I calculated the 

area compression ratio using to the following equation: 

4 . . Area at lesion level x 2 
Area compress ion ratio = 

Area at cranial level + Area at caudal level 
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To characterize the anatomical extent of injury, a map of apparent diffusion 

coefficient (ADC) was generated based on diffusion weighted imaging. Briefly, 

ADC quantifies the mobility of water molecules within the voxel of interest (Le 

Bihan et al., 1988). Compression injury limits diffusion of water molecules and 

results in a low ADC value (Hoehn-Berlage et al., 1995; Moseley et al., 1990; Wang 

and Lam, 2008). In addition, information from diffusion tensor imaging was used to 

assess the integrity of fiber tracts at the lesion. In this regard, water molecules in the 

spinal cord diffuse along the axonal tract. This process of directional diffusion is 

known as anisotropy. In contrast, when the fiber tract is disrupted, water molecules 

diffuse in different directions, and is termed isotropy (Basser et al., 2000; Cercignani 

et al., 2001; Mori et al., 2001). Therefore, it is feasible to quantify the continuity of 

spinal cord axonal tract, by calculating the directions and diffiisibility of water 

molecules in the spinal cord tissue. This is expressed as fractional anisotropy (FA). 

An FA value of 1 indicates total anisotropy, and confirms integrity of the fiber tracts 

in the cord, whereas FA of 0 suggests complete disruption of the tract (isotropy). 
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Chapter 7. Statistics 

7.1. General statistics 

Baseline characteristics of the animals were tabulated using appropriate 

summary statistics. Categorical data was analyzed using test or Fisher's exact test， 

as appropriate. Continuous data was assessed with Wilcoxon rank sum test, or signed 

rank test, as appropriate. 

The optimal thresholds for the changes in SEP and TceMEP amplitudes to 

predict neurologic deficit after surgery were calculated using logistic regression. 95% 

confidence intervals for the estimates were calculated using bootstrap method. 

Apart from the percentage change in SEP and TceMEP after spinal cord 

injury, I prespecified a number of derived parameters to predict neurologic deficits 

after surgery. They include: 

(1) The rate of change in SEP and TceMEP signals during spinal cord surgery: rapid 

deterioration (< 5 min) versus insidious change (> 5 min); 

(2) Recovery of SEP and TceMEP signals after spinal cord injury. This is defined as 

recovery of signal amplitude > 20% of the minimum value after injury; 

(3) Duration of decrease in SEP and TceMEP amplitudes more than thresholds: < 60 

min versus > 60 min. This is 30 min compression and 30 min recovery. By 

looking the changes of signals over time，Figure 8.1, poor outcome is expected if 

there is no recovery after 30 min. 
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Sensitivity, specificity and positive and negative predictive values were 

calculated for each of above parameters. 

The extent of damaged spinal cord identified in the magnetic resonance 

imaging was correlated with the changes in neurophysiologic signals using linear 

regression. 

7.2. Sample size 

I calculated the sample size to detect a false-positive and false-negative rates 

of < 1%. Assuming the area under the curve for the changes of neurophysiologic 

signals to predict neurologic deficit was > 0.9, 12-15 animals with postoperative 

deficit were required to minimize the bias of the estimates (a = 0.05; P = 0.1). Since I 

anticipated about half the animals would have significant limb weakness after 

surgery, 30 pigs were used in this experiment. 

7.3. Statistical software and significance level 

Statistical analysis was performed using Statistical Package for the Social 

Sciences, version 16.0 (SPSS Inc., Chicago, Illinois). A P value of less than 0.05 was 

considered significant. All P values were two sided, unless otherwise specified. 
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PART 3 RESULTS AND DISCUSSIONS 

51 



Chapter 8. Results 

The experiments were performed between November 2007 and June 2009. A 

total of 34 pigs (male : female = 18 : 16), aged 85-104 days, were included in the 

study. Three experiments were excluded because of machine problems. The final 

dataset contained 31 pigs that completed all experimental procedures. 

8.1. Physiologic data 

Table 8.1 summarizes the physiologic data of all animals at baseline, during 

spinal cord injury and at recovery. There was no change in parameters at different 

time periods. 
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8.2. Changes in neurophysiologic signals during spinal cord injury 

Reproducible SEPs and TceMEP signals were recorded in 29 (93.5%) and 31 

(100%) animals, respectively. Figure 8.1 shows the changes in SEP and TceMEP 

amplitudes during spinal cord injury. 

By varying the compression pressure and distraction injury, there was a decrease 

in SEP and TceMEP amplitudes. During injury, the average (± standard deviation) 

decrease in the SEP amplitudes, 52.7 士 30.3%, was less than that for TceMEP, 86.4 士 

21.7%, P = 0.0001. 

The rate of change in signal amplitudes may have prognostic implication. In this 

regard, a decrease in amplitude to its minimum value within 5 min was considered as a 

rapid deterioration of monitoring signals. In this dataset, neurologic outcome in animals 

with rapid decrease in SEP amplitude, (7/9, 78%)，was worse compared with those 

running a more insidious course, (2/9，22%), P = 0.01, Fisher's exact test. Similarly, a 

rapid decrease in TceMEP amplitude (9/10, 90%) also predicted unfavorable outcome, P 

=0.002. Nevertheless, rate of changes in SEP amplitude was similar to that of TceMEP 

(Wilcoxon signed rank test, P = 0.59). 

A number of animals had recovery of neurophysiologic signal during spinal 

injury and after removal of compression device. Animals with SEP amplitudes that 

recovered at least 20% from its minimum value, demonstrated more favorable 
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neurologic outcome (19/20, 95%), P < 0.001. Similarly, recovery of TceMEP (19/21, 

90.5%) was associated with favorable outcome, P < 0.001. 

At the end of the experiment, the maximum decrease in SEP amplitudes, 32.9 士 

29.9%, was less than that of TceMEP, 56.6 士 37.3%，P = 0.0015 (Table 8.2). 
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Figure 8.1. Amplitude change of (left panels) somatosenory evoked potential (SEP) and 

(right panels) transcranial electrical motor evoked potential (TceMEP) during 30 min 

compression and distraction injury of the spinal cord (marked by the grey area). This 

figure continues for the next 10 pages. 
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Figure 8.1. (continued). 

2500 

(D 2000 
•o 

1500 
Q-
E 
05 1000 

Q . 
111 LU 
S 500 
a; 

-30 -20 -10 0 10 20 30 40 50 60 

Time (min) 

-30 -20 -10 0 10 20 30 40 50 60 

Time (min) 

2500 

2000 

1500 

1000 

500 

0 

-30 -20 -10 0 10 20 30 40 50 60 

Time (min) 

Pig no. 6 

f# 
-30 -20 -10 0 10 20 30 40 50 60 

Time (min) 

-30 -20 -10 0 10 20 30 40 50 60 

Time (min) 

Somatosensory Evoked Potential Transcranial Electrical 
Motor Evoked Potential 

>
3
 a
p
n
l
j
l
d
e
e
 ̂
m
i
H
 

{
A
a
①
 p
r
n
!
l
d
E
e
C
L
L
U
s
a
J
o
l
 

5 

4 

3 

2 

(
A
n
)
 9
p
n
i
!
l
d
E
e

 c
a
c
o
 

57 



Figure 8.1. (continued). 
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Figure 8.1. (continued). 
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Figure 8.1. (continued). 
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Figure 8.1. (continued). 
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Figure 8.1. (continued). 
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Figure 8.1. (continued). 
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Figure 8.1. (continued). 
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Figure 8.1. (continued). 
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Figure 8.1. (continued). 
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8.3. Changes in neurophysiologic signals and postoperative neurologic outcome 

The basic characters and neurophysiologic parameters of pigs having 

favorable outcome (Tarlov score > 3) and unfavorable outcome (Tarlov score < 3) 

were compared (Table 8.3). There is significant difference in most parameters 

between favorable and unfavorable outcome groups. 

Logistic regression models were constructed to determine the correlation 

between the changes in SEP and TceMEP amplitudes with neurologic outcome after 

surgery. Figures 8.2 and 8.3 show the probability of postoperative neurologic deficit 

(Tarlov score < 3) following a decrease in signal amplitudes with direct spinal cord 

injury, respectively. 

A wide range of values in the changes of SEP amplitude (4.9-86.9%) was 

associated with postoperative neurologic deficit. Consequently, the slope outlining 

the relationship between amplitude change and adverse postoperative neurologic 

outcome was flat (P = 0.003). The median (95% confidence intervals, CI) decrease in 

SEP amplitude that predicted postoperative deficit was 50.3 (41.3-59.5) %. However, 

a substantial proportion (10%) of animals might have postoperative deficit when 

there was as little as 25% decreases in SEP amplitude, but the confidence intervals 

were wide 11.1-37.7%. Almost all animals have deficit when there was 90% 

decrease in SEP amplitude. 

In contrast, the correlation between the decrease in TceMEP amplitude and 

postoperative deficit was much steeper (P = 0.011). The median (95% CI) decrease 

in TceMEP amplitude for postoperative deficit was 83.7 (76.5-90) %. The risk of 
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postoperative deficit became significant (10%) when TceMEP amplitude was 

decreased by 65%. 

Taken together, the threshold changes in SEP and TceMEP amplitudes, 

beyond which there was a substantial risk of postoperative neurologic deficit, were 

25% and 65%, respectively. 
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Table 8.3. The basic characters and neurophysiologic parameters of pigs having 

favorable outcome (Tarlov score > 3) and unfavorable outcome (Tarlov score < 3). 

Parameters Favorable Unfavorable P 
outcome group outcome group value 

SEP 

Pig amount 20 

Estimated pressure (kPa) 39.1 ±5.7 

Time to maximum 28.6 ± 39.9 
amplitude decrease (min) 

Maximum During 43.1 士 29.0 

amplitude injury 

decrease 

(%) Following 18.1 ±16.3 
recovery 

Total duration of amplitude 35.7 士 42.1 

decrease 

9 

37.8 土 6.7 

4.0 士 3.7 

73.9 ±21.9 

66.1 ±26.8 

103.9 士 32.6 

Pig amount 22 

Estimated pressure (kPa) 39.3 士 4.6 

Time to maximum 25.7 ± 39.1 
TceMEP amplitude decrease (min) 

Maximum During 83.0 ± 24.2 
amplitude injury 
decrease 
(%) Following 40.5 ±32.1 

recovery 

Total duration of amplitude 46.0 士 40.2 

decrease 

37.8 ±6.7 

2.4 ±3.2 

94.9 ± 10.4 

95.9 士 7.7 

1 2 0 . 0 士 0 . 0 

0.5832 

0.0133 

0.0086 

<0.000 

1 

0.0002 

0.5412 

0.0113 

0.0642 

<0.000 

<0.000 
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Percentage decrease in 
somatosensory evoked potential 

Figure 8.2. Probability of postoperative neurologic deficit after a decrease in 

somatosensory evoked potential amplitude with compression and distraction injury 

of the spinal cord. Dotted lines indicate 95% confidence intervals. 
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Figure 8.3. Probability of postoperative neurologic deficit after a decrease in 

transcranial electrical motor evoked potential amplitude with compression and 

distraction injury of the spinal cord. Dotted lines indicate 95% confidence intervals. 
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8.4. Performance of signal amplitude change to predict postoperative neurologic 

deficit 

In order to determine the diagnostic accuracy of the threshold criteria 

identified in the earlier section, I have calculated the sensitivity, specificity, positive 

and negative predictive values for the minimum decrease in SEP and TceMEP to 

predict neurologic deficit after spinal cord injury. Based on my dataset, I have 

performed additional calculations for a number of potential parameters (the items of 

the 3 numbered paragraphs to calculate the diagnostic accuracy) to predict 

unfavorable postoperative neurologic outcome. The parameters are listed as below: 

(1) The more commonly quoted warning criteria in neurophysiologic monitoring, i.e. 

50% decrease in SEP amplitude, 80% decrease in TceMEP amplitude; 

(2) The association between rapid deterioration of signal amplitudes and 

postoperative neurologic outcome. This was defined as a decrease in signal 

amplitude within 5 min of injury; 

(3) A significant recovery of signal amplitudes (> 20% of its minimum value) within 

30 min after spinal cord injury. 

Table 8.4 summarizes the diagnostic performance of changes in SEP and 

TceMEP amplitudes to predict postoperative neurologic deficit. TceMEP performed 

better than SEP in predicting neurologic outcome. By lowering the threshold value 

from the 80% to 65%, there was substantial improvement in the diagnostic accuracy. 

Furthermore, a rapid deterioration and a lack of recovery in signal amplitude proved 

to be a satisfactory predictor for adverse neurologic outcome. 
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In contrast, the performance of changes in SEP was less accurate. A decrease 

in amplitude threshold from 50% to 25% did not substantially change the diagnostic 

accuracy. The main reason for difference in specificity is that our threshold (25%) 

was based on experimental animal data while the 50% threshold was based on the 

clinical documents. Although rapid deterioration of SEP signals did not always 

predict deficits, our data suggested that a recovery of signals > 20% of minimum 

appeared to be reassuring. 
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Chapter 9. Changes in Neurophysiologic Signals and Magnetic Resonance 

Imaging 

Neurophysiologic signals were also correlated with spinal cord damages shown 

on postoperative magnetic resonance scans. Area compression ratio, apparent diffusion 

coefficient (ADC) and fractional anisotropy (FA) were compared with SEP and TceMEP 

changes. 

With increasing spinal cord damage, there was a significant increase in area 

compression ratio and ADC, FA was however reduced (Figure 9.1). These findings 

suggested that changes in SEP and TceMEP amplitudes correlated with the radiological 

(and anatomical) appearance as well as functional performance after spinal cord injury 

(Figures 9.2 and 9.3). 
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Chapter 10. Discussions 

In this study, a set of threshold criteria was defined for the changes in the 

amplitudes of SEP and TceMEP, beyond which postoperative neurologic deficit 

occurred. The study suggested that when the amplitude of SEP was reduced by 25% 

and that of TceMEP by 65%, there was substantial risk of neurologic deficit after 

surgery. In addition, a rapid deterioration in monitoring signals, reaching its 

minimum value within 5 min of an event, or a lack of signal recovery for more than 

30 min after injury implied poor prognosis with unfavorable postoperative 

neurologic outcome. 

Although the confidence intervals for the estimates were relatively narrow, 

the diagnostic accuracy of these predictors was more variable. In general, the 

performance of TceMEP and its derived parameters were better than that of SEP. 

Amplitude of TceMEP as a predictor has a sensitivity and specificity approaching 

100%. In contrast, significant decrease in SEP amplitude was found in 2 animals 

without postoperative weakness (false negative). 

10.1. Somatosensory evoked potential monitoring 

Given that SEP measures sensory function in the spinal cord (de Haan and 

Kalkman, 2001; Khan et al., 2006; Padberg and Bridwell, 1999; Pelosi et al., 2002), 

it is not surprising that it fails to predict motor events accurately. Arguably, a model 

permitting examination of the sensory system will produce better results. 



Nonetheless, radiologic examination indicated significant correlation between SEP 

changes and spinal cord damage. 

The estimate on the warning criteria for SEP (25% amplitude decrease) is 

much lower than that recommended in current guidelines (50% amplitude decrease) 

(American Electroencephalographic Society 1987 and 1994; Cross 1999; Sloan and 

Jameson 2007; Amantini，Amadori et al., 2008; Tobias, Goble et al.，2008; American 

Society of Neurophysiological Monitoring). While this appeared to be conservative, 

it may explain the vast majority of "false negative" cases, where patients suffer 

postoperative neurologic deficits despite an uneventful course of intraoperative SEP 

monitoring. Clearly, this criterion may produce false positive alarms. Based on this 

information, the surgeon may decide to leave behind residual tumor, and to accept 

suboptimal correction of spinal deformity. Therefore, it is important to incorporate 

other monitoring modalities that are physiologically specific for the motor tract with 

high positive and negative predictive values. This study suggested that the warning 

criteria of a decrease in TceMEP amplitude by 65% might achieve these goals. 

10.2. Transcranial electrical motor evoked potential monitoring 

The use of TceMEP monitoring however, has been hampered with the lack of 

appropriate electrical stimulator in the past. With the introduction of multi-pulse, 

high voltage (up to 1,000V) generator, it is now feasible to establish TceMEP 

monitoring in almost all patients. Nevertheless, there are other caveats that may 

require further considerations. 
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Since the motor tract involves large number of synapses (Pajewski et al., 

2007; Sloan, 2002), TceMEP is exquisitely sensitive to anesthetics. In clinically 

relevant dosage, volatile anesthetics, such as isoflurane, sevoflurane may abolish 

signal waveform (Haghighi, 1998; Kawaguchi et al., 1998). On the other hand, 

propofol and ketamine, have been shown to preserve signal amplitude. However, 

fluctuation in anesthetic doses may decrease signal amplitude by 50-60%, and this 

may be sufficient to trigger a false positive alarm according to our criteria (65% 

decrease in amplitude). We have therefore sorted to titrate anesthetic dosage 

according to an EEG index - the Index of Consciousness (IoC). 

The IoC is a hybrid of parameters extracted from the raw EEG signals. Fast 

Fourier analysis was first used to calculate the power of different frequency bands (1-

6 Hz, 6-12 Hz, 10-20 Hz, 30-45 Hz). This is then correlated with the state of 

consciousness with a non-linear analysis. The IoC uses symbolic dynamic to 

facilitate this analysis. In this approach, time series events are transformed into a 

symbol sequence which provides a model for the orbits of the dynamical system via 

a space of sequences. The IoC also includes EEG suppression rate to indicate deep 

levels of anesthesia or during hypothermia (data on file, Morpheus Medical, Llacuna, 

Barcelona, Spain). In this experiment, IoC was used to quantify the depth of 

anesthesia. Since the IoC values were comparable among pigs (Table 8.1), I 

therefore believed the changes in neurophysiologic signals were not due to changes 

in anesthetic dosages.. 

There are also other factors that may influence TceMEP monitoring. 
Hypothermia, hypotension, anemia and hypoglycemia may decrease signal amplitude 
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(Seyal and Mull, 2002; Sloan and Heyer, 2002; Wang et al., 2009), and should be 

avoided. Bolus doses of neuromuscular blocking agent produced varying degree of 

relaxation and may interfere with signal interpretation. In my experiment, measures 

were taken to ensure stable hemodynamics, temperature, plasma glucose 

concentrations. Muscle relaxation was not given, so that the changes in TceMEP 

cannot be attributed to factors other than the injury itself. 

There are also issues of extrapolating the results to other form spinal cord 

injury. Libs and co-workers studied changes in TceMEP with spinal cord ischemia in 

pigs. In their experiment, ischemia was produced by sequential clipping of the 

lumbar segmental arteries. Neurological function was assessed 24 hours after surgery. 

They showed that a 75% decrease in TceMEP amplitude for > 10 min predicted 

postoperative motor deficit and spinal cord infarction (Libs et al., 2002，2002b). This 

finding is comparable to the present study. Nevertheless, there are also focal spinal 

cord injuries during excision of intramedullary tumor. In these cases, TceMEP signal 

may not be changed with disruption of isolated tracts. 

Clearly, it is inappropriate to apply the results directly to human physiology, 

but this experiment highlights the discrepancy and potential problems with the 

current guidelines. Given the variation in clinical practice identified in our review, 

and in the absence of other high quality data, I believe it is important and ethically 

feasible to validate and perhaps to re-define the "warning criteria" for intraoperative 

neurophysiologic monitoring in humans. 
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Chapter 11. Summary of the Study 

In a porcine model of spinal cord injury, I have evaluated the threshold limit 

for the changes in neurophysiologic signals that predicted postoperative neurologic 

deficit. 

Following compression and distraction of the exposed spinal cord, a decrease 

in SEP amplitude > 25% of baseline and / or a decrease in TceMEP > 65% of 

baseline, is associated with significant risk of motor deficit after surgery. These 

findings correlated with radiological (and anatomical) changes in magnetic resonance 

diffusion tensor imaging. Furthermore, a rapid deterioration in signal amplitude and a 

lack of signal recovery, for more than 30 min after an injury, indicated poor 

prognosis. 

The findings are clinically relevant. During correction of complex spinal 

deformity, where compression and distraction injury may occur, surgeons should be 

alerted when the reduction in signal amplitudes is approaching to these threshold 

values. This is particularly important, when the deterioration is rapid after an event. 

Potential surgical interventions should be attempted and hemodynamic stability must 

be restored in order to avoid permanent damage of the spinal cord. A recovery of 

signal amplitude by 30 min would be encouraging. 
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