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1
Background and research aims

Corrective spine surgery carries a small, but significant, risk of neurological damage.

Research aims

Neuromonitoring techniques are used during spine surgery to register the integrity of
the spinal cord and its neurological functions. When impending neurological damage
is registered, additional surgical actions at this early stage can prevent permanent
post-operative deficits.

1. To describe current intraoperative neuromonitoring techniques during spine
surgery with particular attention to somatosensory evoked potential monitoring
(SSEP) and motor evoked potential monitoring (MEP)

Somatosensory evoked potential monitoring (SSEP) is still the most widely used

(Chapter 2)

evoked potential monitoring technique, even though false negative monitoring
outcomes resulting in loss of motor function have been reported in the literature.

2. To evaluate the applicability of transcranial electrically stimulated motor evoked

Motor evoked potential monitoring (MEP) is a more recent neuromonitoring technique

potential (TES-MEP) neuromonitoring during corrective spine surgery and to

for which no false negative results have been reported to date.

define criteria to identify a TES-MEP signal indicating impending neurological
damage during corrective spine surgery

Introduced in the late 1980s, MEP has gained popularity worldwide since FDA

(Chapter 3)

approval in 2002. Currently, motor evoked potential monitoring by trans cranial
electrical stimulation (TES) has become a hot topic. It has caught attention of many
spinal centres, but the results from clinical experience are still limited.

3. To define and compare the available criteria for TES-MEP monitoring during
corrective spine surgery based on review of the literature
(Chapter 4)

Since 1997, transcranial electrically stimulated motor-evoked potential (TES-MEP)
monitoring has been used at the Sint Maartenskliniek as a stand-alone neuro-

4. To evaluate the applicability of TES-MEP in specific patient groups, where

monitoring technique during corrective spine surgery. Its frequent and routine use

conventionally this type of monitoring has not been performed:

has provided much clinical data and has enabled us to conduct scientific research.

a. patients with pre-existing severe motor deficits (Chapter 5)
b. patients undergoing osteotomy surgery for cervical correction

This thesis was undertaken to study reliability, advantages and disadvantages, and

(Chapter 6)

applicability of TES-MEP monitoring as a stand-alone neuromonitoring technique in
Part A (chapters 3-6) describes clinical studies performed to analyse applicability

TES-MEP neuromonitoring

of TES-MEP monitoring. TES-MEP is analysed in different patients groups and

(Chapter 7)

Background and research aims

5. To identify factors that can reduce the disturbing stimulus artifact during

during surgery at different spinal levels. Furthermore, TES-MEP warning criteria for
impending neurological damage during corrective spinal surgery are defined.

6. To define optimal placement for monitoring electrodes on the trapezius

Part B (chapters 7-8) describes studies that evaluate two clinical problems that were

muscle in TES-MEP neuromonitoring

encountered in part A. Chapter 7 analyses a method to decrease the disturbing

(Chapter 7)

stimulus artifact that causes monitoring problems during TES-MEP in osteotomy
surgery at cervical levels. Chapter 8 describes a new stimulation technique that can

7. To study whether a preconditioning stimulus train can improve the applicability

provide good TES-MEP amplitudes when the standard monitoring technique does

of TES-MEP neuromonitoring in patients with low response amplitudes

not achieve adequate response amplitudes.

(Chapter 8)
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different patients categories during corrective spinal surgery.
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The use of neuromonitoring
Neuromonitoring techniques have to fulfil the high demands of spinal deformity
Surgery to correct spinal deformities, such as scoliosis, carries a small but significant

surgery. All deformity surgery on the spine has the following characteristics.

risk of neurological damage. The consequences of this complication, especially if

It involves a large part of the spine, spinal cord and cauda equina. Often large

motor in origin, can be disastrous to the patient and all others involved.

mechanical forces are applied during correction. Blood loss is often extensive and
ischemia associated with profound systemic hypotension can cause neurologic

The frequency of post-operative neurological deficits after scoliosis surgery is well

deficits and change the evoked responses. Last but not least, spinal surgery is

illustrated in the study conducted in 1975 by the scoliosis research society (SRS).

time consuming, and the spine surgeon does often not welcome any additional

Out of 7558 corrective scoliosis surgeries performed between 1965 and 1971 an

time required for neuromonitoring.

incidence of post-operative neurological deficits of 0.72% was found [13].
Several techniques are available to monitor the spinal cord during surgery.
The realization that some of the neurological complications of spinal surgery could

These include the intra-operative wake-up test, somatosensory evoked potential

be avoided by early surgical management has led to the development of intra-

monitoring (SSEP) and, more recently motor evoked potential monitoring (MEP) with

operative spinal cord monitoring.

diverse application methods such as trans-cranial electrical motor evoked potential
monitoring (TES-MEP), trans-cranial magnetical motor evoked potential (TCM-MEP)

Damage to the spinal cord during surgery is caused by inadvertent compression

and neuro-motor evoked potential monitoring (NMEP).
The intra-operative applications of all these techniques have been reported in

deficits. Surgeries that are considered to carry an increased risk of neurological

several large studies. In order to interpretate these study outcomes, it is extremely

complications are those in which corrective forces will be applied to the spine, the

important to realize that any study of a clinical intra-operative monitoring technique is

patient has pre-existing neurological damage, the spinal canal will be invaded or an

ethically and methodologically difficult. For example, it is ethically unacceptable

osteotomy or other procedure will be carried out in immediate juxtaposition to the

to ignore neuromonitoring outcomes and to wait until post-operative evaluation in

spinal cord.

order to determine whether these signal changes were indeed true positives or false
positives. Therefore, clinical studies of neuromonitoring are usually descriptive cohort

Acute ischemia of the neurological structures leads to a pathophysiolocial state

studies and can only provide limited information on sensitivity and specificity.

called ischemic penumbra. In this state the neurons are non-functional but still alive
and salvageable by reperfusion. If this neurological dysfunction can be immediately
detected by neuromonitoring, there is time to reverse the processes and prevent
irreversible structural damage [1].

The wake-up test

The primary purpose of intra-operative monitoring is to detect, as early as possible

As described in 1973, the wake-up test consists of lightening the anesthetic state to

any deterioration in neurological functions so that treatment or correction can be

a point at which the patient can respond to a command [41]. The wake-up test is

implemented before the impairment becomes permanent. The secondary purpose

highly specific for intra-operative motor function. However, the use of wake-up test

of monitoring is to inform the surgeon if the recovery of the trace has occurred after

has many limitations. First, as the patients wake up inadvertent extubation, possible

the modification.

loss of intravenous lines or dislodgement of instruments is possible.
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misplaced screw or overcorrection of a deformity can cause immediate neurological

Intra operative neuromonitoring during spinal surgery

of neurological structures or by interference with the blood supply. For example, a

Secondly, the test is difficult to perform in young children or in mentally retarded

background noise. Usually several hundred stimuli are needed to extract the evoked

patients. Furthermore, the test can be repeated only a limited number of times.

potential waveform. As the averaging process takes several minutes, a drawback for

Therefore the test cannot be used to pinpoint the onset of a neurological injury and it

this method is the monitoring delay.

can only provide a momentary impression of motor functions at the wake-up
moment. Any neurological injury that might have occurred before the final surgical

During surgery, the latency and amplitude of the acquired response are measured

handling may already have resulted in irreversible spinal cord damage by the time

and compared with baseline data. If necessary, a control site above the level of

the wake-up test is performed.

surgery can be used. A decrease of amplitude (over 50% of baseline) or by some
authors a latency increase (of 10%) is suggestive of neurological damage [7,32,42].

Nowadays, the wake-up test has been replaced by more continuous intra-operative
monitoring such as somato-sensory evoked potentials (SSEP) and motor evoked

In all evoked potential neuromonitoring, there are environmental and physiological

potentials (MEP). However, the wake-up test is still very commonly used in

factors that influence the response measurements. For example, administration

conjunction with evoked potential monitoring or when evoked potentials show

of anesthetic drugs may depress SSEP amplitudes and increase latencies. This is

abnormal responses [7]. It is the only intra-operative test of voluntary motor function.

particularly true for the volatile anesthetic agents, which cause a marked doserelated depression of amplitudes and latency prolongation. Intravenous anesthetic
drugs produce only minor effects. In addition, physiological changes in temperature

Somatosensory evoked potential monitoring
Figure 1
Although no neurological deficit is acceptable, surgically induced motor deficits,
sensory evoked potentials (SSEP) were the first intra-operative electrophysiological

potentials on the scalp

The position of the
stimulation and recording

monitoring procedure to protect the spinal cord. Although SSEP has its limitations,

electrodes in somato-

SSEP monitoring is today the most widely used intra-operative monitoring technique.

sensory evoked potential

Intra operative neuromonitoring during spinal surgery

such as paraplegia, are of greater concern than sensory deficits. Ironically, somato-

Recording the evoked

monitoring (SSEP).

The first clinical application of SSEP was described in the early seventies when
the development of computer averaging techniques made the clinical application
feasible [6].
To elicit a SSEP, a peripheral nerve is stimulated. Usually the posterior tibial nerve
at the ankle is used. After stimulation of the nerve, the impulse reaches in normal
subject the sensory-motor cortex in about 40 msec. Electrodes positioned over the
somatosensory cortex or at a spinous process record the evoked potential (Fig 1).
The evoked potentials are in fact small-amplitude responses that are not identifiable

Stimulation of the peripheral
somatosensory nerve
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with a single stimulus. Using signal averaging, the SSEP is extracted from the

and or blood pressure (hypotension) can cause SSEP changes that disturb a correct

negative outcome. [3,11,29,43]. In addition a survey of the SRS by Dawson in 1991

interpretation of de SSEP response [21].

revealed that 5 of the 30 major surgically induced neurological deficits were not
detected by SSEP [7].

The rationale for using a sensory-based response to monitor motor tract function is
based on the relative proximity of spinal cord sensory tracts to spinal cord motor

However, Nuwer et al performed a large multicenter survey, published in 1995 in

tract. It is thought that, because of their proximity, damage to the motor tracts

which a questionnaire was sent to 173 surgeons in the US. In this study the false

indirectly affects the sensory responses, which results in a change of the SSEP.

positive was 1.51%, and the false negative rate measured 0.13% [32].

Most spinal cord damage due to spine distraction or rotation results from more
diffuse damage involving both the anterior and the posterior spinal cord.

In conclusion, somatosensory evoked potential monitoring has been shown to be a
reliable and valid method for monitoring spinal cord function during surgery of spinal

The reported high sensitivity of SSEP shows this hypothesis to be correct in most

deformities. However, SSEP is an indirect method of intra-operative motor pathway

patients [32]. However, it is the anterior and lateral spinal cord that is the most

monitoring in which selective motor pathway disturbances can be missed.

vulnerable for damage by surgical action. Not surprisingly, several studies has

Furthermore, the averaging procedures required for SSEP monitoring lead to several

demonstrated that selective anterior cord damage due to surgery can result in a

minutes delay in detecting neurological damage.

change in motor tract function without significant SSEP response changes: a false

Figure 2

Motor evoked potential monitoring

Stimulation at the scalp in
TCE-MEP-monitoring

stimulation and recording

directly monitors spinal cord motor tract function. Techniques with different methods

electrodes in motor evoked

of stimulation and response recording have been developed and refined.

potential monitoring (MEP).
Stimulation at

Recording techniques

spinal level, e.g. at the
spinous processes.

Two types of potential recording are described: myogenic and neurogenic.
A myogenic response is a direct muscle contraction that can be registered by
an EMG. A neurogenic response is the nerve action potential that evokes the
Recording evoked
potentials at the
peripheral nerve (NMEP)

Recording at evoked

contraction of the muscle innervated by that nerve.
In neurogenic motor evoked potential monitoring (NMEP) the responses are most
commonly recorded from the sciatic nerve. This invasive technique involves placing

potentials at the muscle

a needle electrode at the ischial tuberosity or popliteal fossa (Fig 2).

(CMAP)

When recording from a mixed nerve, complete neuromuscular blockade during

Intra operative neuromonitoring during spinal surgery

Since the late 1980’s, a concerted effort has been made to create a technique that

The position of the
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surgery is optional. The neurogenic response contains an antidromic sensory

activity. Various authors have questioned the presence and degree of true motor

catheter proximal to the surgical site. Unfortunately with spinal cord stimulation, the

activity in this response [9,14,15]. Regardless of its neurological composition

examiner has no direct control over the stimulation. Further disadvantage of placing

however, the NMEP has proven sensitive to neurological pathology [34].

the electrodes in the surgical area, is the accumulation of fluid that could lead to

The peripheral nerve response is small, about 1 mV. Therefore, similarly to the

current shunting with a subsequent loss of the response. Current shunting may also

averaging process in SSEP, it is necessary to average at least hundred responses

occur if spinal instrumentation, metal implants or instruments touch the stimulation

in order to obtain a reproducible signal.

electrodes.

Myogenic recording can be performed at one or multiple peripheral muscles of

Trans-cranial stimulation elicits a response to the stimulation on the scalp (Fig 3).

choice by using surface or needle electrodes (Fig 2). The motor response is

Trans-cranial evoked potential monitoring can be performed either electrically or

recorded as a compound muscle action potential (CMAP). Logically, muscle

magnetically. These methods are called trans-cranial magnetical or electrical motor

relaxants influence the use of this potential. Hence, complete neuromuscular

evoked potential monitoring (TCM-MEP/TES-MEP). The monitoring principles using

blockade must be avoided during monitoring, and if muscle relaxants are needed,

TCM-MEP or TES-MEP are similar.

the administration of muscle relaxants has to be titrated to such level that it is still
possible to record muscle responses. The great advantage of myogenic monitoring

In 1985, Barker et al described the first application of TCM-MEP [2]. Initially,

is that the amplitudes are large and the latencies are reliable so that no averaging

magnetical stimulation was developed as a painless method to be used in

processes are needed. Furthermore, the surface electrodes can be placed on
several different muscles providing a practical and simple monitoring method that
also allows monitoring of individual muscle groups.

Stimulation techniques

Figure 3

A

The location and fixation
of the anode (3 A) and

Three different techniques of evoked potential stimulation can be used for motor

Intra operative neuromonitoring during spinal surgery

cathode (3 B) on
the scalp in TES-MEP.

evoked potential monitoring. Good monitoring results have been described in
various studies for all three methods.
First, by placing an electrode on or near the dural sac, the potential can be elicited
by stimulating the spinal cord proximal to the operative site. This can be done in
the surgical wound or further proximally by placing an electrode percutaneously

B

between the spinous processes (Fig 2). This technique of spinal cord stimulation,
introduced by Owen was originally described in combination with neurogenic
response monitoring [33]. This combination carries the advantage that neither
anesthesia nor muscle relaxants need to be taken into consideration.
Several variations of these methods have been reported that place needle electrodes
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in either the laminae in the cervical spine or in the disk spaces or that place epidural

neurophysiological settings in awake patients. Since its first report, several studies

Before this approval, in the US TES-MEP monitoring had to be performed with

have reported the successful intra-operative use of TCM-MEP [9,14,26,25].

current stimulators normally used for SSEP, with a current limit of 100mA. However

TCM-MEP is contra-indicated in patients with pacemakers, patients with skull defects

that current level is insufficient for reproducing reliable monitoring responses.

or with metal implants in the skull. A disadvantage of TCM-MEP versus TES-MEP
is that continuous access to the head is required and small displacements of the

TES-MEP stimulation

magnet will result in considerable amplitude variability.
To perform the trans-cranial electrical stimulation, subdermal needle electrodes are
In 1980 Merton and Morton introduced trans-cranial electrical stimulation and the

placed on the surface of the scalp over the motor cortex (Fig 3A). One or more

technique has been further refined in the past decades [30]. The assessment of

anodal 3 cm needle electrodes are inserted subcutaneously 2 cm behind the central

trans-cranial electrical motor evoked potential monitoring has progressed and refined

Cz position (according to the international 10-20 system for the placement of the

and therefore has become more popular. Successful intra-operative use of TES-MEP

EEG electrodes). For a cathode, single electrodes or a strip can be used. We use a

has been reported in several studies [4,5,17,19,31,35,37,38]. The Food and Drug

Velcro ground strip immersed in saline placed across the forehead (Fpz-position)

Administration (FDA) have recently (September 2002) cleared the technique using

(Fig 3B).

voltage stimulators.

Before the actual stimulation, the electrode impedance calibration has to be
performed. This calibration is followed by threshold-level stimulation. In 1998,

TES-MEP technique basics

Figure 4

Trans-cranial electrical stimulation of the motor cortex is performed using specifically
designed stimulators; originally these were voltage stimulators. Generally during
idiopathic scoliosis surgery, the voltage of the stimulus needed to elicit a muscle
response is generally around 150-250 V. The electrical current flows primarily through
the skin, only a small portion of current flow reaches the motor cortex, where it may
cause direct depolarization of the pyramidal tract neurons.
Outside the US, most centres apply a special designed trans-cranial electrical
stimulator, usually the Digitimer ®. We use a similar stimulator, called the Neuro-guard®
(JS-center, Bedum, The Netherlands) which is a so-called custom design.
voltage, have been improved in this device. These voltage stimulators have a low output impedance (Digitimer: 120 Ohm, Neuro-guard 22 Ohm) and current limits of 1 A.
In 2002, the FDA has approved voltage stimulators for TES-MEP monitoring.

22

Graphs illustrating the determination of the threshold levels for each of the monitored muscles.
X-axis: TES-MEP stimulation amplitude in V, Y-axis: response amplitude in µV (CAMP).
The threshold was determined to be at 150V and intra-operative stimulation was therefore
performed at 175V (25 above threshold value).

23
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Some inconveniences of he Digitimer ®, such as lack of accuracy of pulse shape and

Intra operative neuromonitoring during spinal surgery

TES-MEP monitoring devices

Calancie described this procedure, which determines the minimal voltage that has to

Figure 5 B

be used to evoke a motor response from each of the muscles being monitored [4].
The stimulus intensity is increased in 25V increments, from 0 V until the maximum
output of the stimulation is reached or until all muscles respond to stimulation.

The position and fixation
of the reference recording

The amplitude of the muscle response to the selected amplitude voltage is defined

electrodes on the upper

as the baseline amplitude. This baseline amplitude is different for each muscle

extremity in TES-MEP

groups selected. During surgery, it is recommended that the trans-cranial stimulation

monitoring.

be performed at voltages slightly higher that the determined threshold value.
We apply stimulation with a 25V increment above the threshold value (Fig 4).

TES-MEP recording
During surgery, a decrease of response amplitude, or as noted by some authors
When cortical stimulation reaches anterior horn cell synapse, an excitatory post-

an increase of latency, is an indication for possible for neurological ischemia (Fig 7).

synaptic potential is generated. If there is sufficient temporal and spatial summation

Criteria and normal variations will be discussed in § 6.3.

of potentials, the anterior horn cells will fire and trigger a motor unit and a muscle
response (Fig 2). The response signal consists of an initial direct D-wave, followed
by several indirect I-waves. The D-wave is the result of direct activation of pyramidal

Figure 6

cells in the motor cortex, while the I-waves are the result of transsynaptic activation
of the corticospinal tract by cortical interneurons.

the anterior tibial muscle measures amplitudes of 100 to 1000 µV. (Fig 6)

Figure 5 A

The position and fixation

Time (15 min)

Time (15 min)

of the recording electrodes
on the lower extremities in
TES-MEP monitoring.

Time plots of intra-operative TES-MEP amplitudes for 8 muscle groups in a patient without
amplitude decreases. In each time plot the amplitude (Y-axis) is given as a percentage from
the reference point indicated by the small vertical line. Time marks (X-axis) indicate 15 minutes.

24

25

Intra operative neuromonitoring during spinal surgery

situation. Generally, in anesthetic human subjects the myogenic motor response of

Chapter 2

of TES-MEP is that multiple muscle sites can be selected according to the clinical

Amplitude

placed in or on the muscles from which data are to be recorded (Fig 5). An advantage

Amplitude

To record the response, subdermal needle electrodes or surface electrodes are

Anesthetics and TES-MEP monitoring

Figure 7
A

A

The TES-MEP amplitudes may be influenced by multiple factors, with anestheticinduced depression occurring most frequently. As in SSEP, most anesthetic agents
depress the motor evoked response amplitude. Volatile anesthetic agents have

Amplitude

Amplitude

been confirmed to be the most potent TES-MEP depressants [5,24]. The myogenic
response is completely suppressed with even very low concentrations of volatile
anesthetic agents. For example, the myogenic response to single trans-cranial
electrical stimulation is obliterated by end-tidal isoflurane concentrations as low
as 0.3% [5,24].
Nitrous oxide is also a potent depressant of TES-MEP, as are benzodiazepines and
propofol. [18,23,24,36]. In contrast, drugs known to increase or maintain muscle tone
such as etomidate, ketamine or synthetic opioids, appear to have much less influence
on TES-MEP [39].
Time (15 min)

Time (15 min)

Two widely used successful anesthetic regimens during surgery in combination
with TES-MEP monitoring are nitrous oxide/opioid anesthesia and propofol/opioid
total intravenous anesthesia. Propofol causes more depression of trans-cranial

Time plots of intra-operative TES-MEP amplitudes of 8 muscle groups. In each time plot the
amplitude (Y-axis) is given as a percentage from the reference point indicated by the small
vertical line. Time marks (X-axis) indicate 15 minutes. The vertical bar (marked A) indicates the

electric motor evoked responses than 50% N20. Injections of bolus propofol should
be avoided to maintain consistent response measurements [21].

time of the surgical maneuver that lead to decrease of amplitude in the 6 monitored leg muscles.

response in order to be able to monitor the entire surgical procedure. One method
to increase the TES-MEP amplitude in anesthetized patients is to apply of two or

During the past 10 years, the intra-operative application of TES-MEP has been

more successive stimuli, called a train or multipulse stimulation, with an interstimulus

further refined. First, multiple studies have focused on the influence of anesthetics

interval (ISI) of 2-3 ms [10,16,22]. With this technique the first stimulus lowers the

on TES-MEP amplitudes. Secondly, several new trans-cranial stimulation techniques

excitation threshold of the motor neuron pool, thus facilitating depolarisation by

to evoke high amplitudes have been developed that maintain responsiveness during

the second stimulus. Multipulse stimulation has become standard in TES-MEP

surgery. Thirdly, the normal amplitude variability of TES-MEP responses during

monitoring [4,19,27,35]. In a technique called double-train stimulation, a further

surgery and subsequently the criteria to indicate a neurological impediment have

enhancement of amplitude can be obtained by stimulation of two train of stimuli.

been determined. Fourthly, the use of multiple monitoring sites in TES-MEP has been

In chapter 8 of this thesis, the results of double-train stimulation are described.

applied to diverse patients categories. Fifthly, TES-MEP has been tested in patients
with pre-existent neurological deficits.

An alternative strategy for increasing TES-MEP amplitude intra-operatively is to

These new developments in TES-MEP monitoring are discussed below.

improve the efficiency of the stimulus delivery by changing the configuration of the

26
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Because of variations in amplitude, it is important to evoke a high amplitude muscle

New developments of TES-MEP

Intra operative neuromonitoring during spinal surgery

Techniques to increase TES-MEP amplitudes

stimulating electrodes. Ubags et al reported in1996 that the use of a circumferential

Pitfalls of TES-MEP

cathode might permit TES-MEP monitoring in those patients who do not have
sufficiently reproducible responses when a single cathode is used [38].

False positives

The possible explanation for the improved efficiency is that the circumferential
cathode alters the direction of electrical currents in the cortex resulting in more

In order to lower the false positive results it is important to distinguish the surgical

efficient depolarisation of cortical motor neurons.

induced neurological ischemia from changes induced by technical, anesthetical or
haemodynamical causes. Therefore it is important to work with:

Normal variations and criteria to indicate neurologic ischemia

- An experienced trained team

using TES-MEP

- An anesthetical protocol (§6.1)
- Optimal technical monitoring (§6.2)

Variations in TES-MEP response values occur even in haemodynamically and

- A protocol checklist

anaesthetically stable patients. The amplitude changes are caused by the variation
in number of excited motor units between one stimulus and the next.

A three-step protocol checklist (as described in Chapter 3 of this thesis) and a
monitoring protocol (Chapter 4 of this thesis) should be used whenever a decrease

Van Dongen reported in 1999 that for all patients with a partial neuromuscular

in amplitude occurs.

blockade in a stable propofol/fentalyl/nitrous oxide anesthetic state, in the lower limb
TES-MEP, with a multipulse stimulation, produces reliable muscle responses with a

TES-MEP and pre-existent neurological deficits

coefficient of variation of approximately 20% [40].
TES-MEP monitoring has been shown to be possible in patients with pre-existing
The success of neuro-monitoring, to detect a surgically induced neurological deficit

neurological deficits. However, amplitude variation occurs more often in this patient

could be expressed in terms of true versus -false positive monitoring outcomes and

category.
The difficulties encountered when using TES-MEP in patients with pre-existent

the use of TES-MEP during spinal surgery and defines criteria based on true-false

neurological deficits become clear in Chapter 3 and 5 of this thesis. In Chapter 3,

positive and true-false negative monitoring outcomes.

the differences between the neurological intact patients and the neurological
compromised patients are elucidated. Chapter 5 describes the results of our case

Multiple muscle monitoring

series performed in patients with severe muscular deficits.

TES-MEP offers the possibility to record evoked potentials at multiple muscle sites.
Pre-operatively, the target muscles are selected. The neurophysiologist selects

Conclusions

the muscles that are the most clinically relevant and important, i.e. those with have
stable and high amplitudes.

In the past years, TES-MEP has become a standard, reliable intra-operative
neuromonitoring technique. The improvements and developments of TCE-MEP

One may assume that in terms of sensitivity and specificity, the results of monitoring

monitoring have led to the use of this monitoring technique in a broad surgical

are better using multiple muscles monitoring.

spectrum. At present, SSEP is still the most used monitoring technique.
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In chapter 3 of this thesis, a large published cohort study is published that describes

Intra operative neuromonitoring during spinal surgery

true versus –false negative monitoring outcomes.

However, TES-MEP offers some important advantages compared to SSEP. TES-MEP
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Abstract

Introduction

Study design

A surgically induced post-operative neurological deficit is an important complication

Descriptive historic cohort.

of deformity surgery of the spine [13]. Reliable information about the impact of
surgical action on spinal cord function is needed because corrective intra-operative

Objectives

maneuvers, such as reducing the achieved correction or removal of implants, may

To determine intra-operative response amplitude criteria for trans cranial electrical

prevent or diminish permanent neurological damage [3].

motor evoked potential (TES-MEP) monitoring that warn of neurologic damage and

The Stagnara wake-up test is the oldest intra-operative monitoring method, but its use

to determine the additional value of monitoring six instead of two muscle sites.

is limited. It monitors global motor deficits only and does not allow repeated application.

Summary of background data: TES-MEP provides immediate and reliable information

Somato-sensory evoked potentials monitoring (SSEP) is the technique most

about the integrity of the motor pathways during spine surgery. Although TES-MEP is

commonly employed to monitor the integrity of the spinal cord [15], but motor

more frequently used, criteria for interpretation of the amplitude responses have not

tract lesions may go undetected [1,4,11,21]. Furthermore, SSEP monitoring requires

been defined.

time-consuming averaging procedures and, therefore, only provides a limited

(TES-MEP) has been shown to be capable of providing instantaneous information

outcomes. The sensitivity, specificity, positive predictive value, and negative predictive

about the integrity of the motor pathways that may not be revealed by SSEP

value were determined for four different monitoring criteria.

monitoring. Successful intra-operative use of TES-MEP has been reported in several
studies [2,5,6,9,10,14,18,19,20]. TES-MEP’s are elicited by trans-cranial electrical

Results

stimulation of the motor cortex. The resulting EMG-responses are recorded at

TES-MEP could be successfully used in 142 of 145 patients undergoing corrective

peripheral muscles below the level of surgery. Usually, the bilateral anterior tibial

surgery. Sixteen patients had a neurological event. Eleven patients showed recovery

muscle is chosen, but various limb muscles below the level of surgery can be

of response amplitude after a second surgical maneuver, while the remaining five

used simultaneously for recording. Most commonly, decrease of amplitude is used

patients had permanent partial neurological damage. The criterion of at least one

to detect impending neurological damage, but sometimes increased response

of six recordings showing an amplitude decrease of more than 80% was sufficiently

latencies or signal disturbances are also registered [5].

strict to achieve a sensitivity of 1.0 and specificity of 0.91. Less strict criteria,
including recording at 2 instead of 6 sites, resulted in lower sensitivity, with the lower

Response criteria that should warn the surgeon of impending neurological damage,

bound of the 95% CI at 0.62.

as available for SSEP [13,15,16], have not been defined. TES-MEP monitoring
outcomes have been interpreted based on surgical and clinical information without

Conclusions

using strict criteria for amplitude decreases. As TES-MEP monitoring is becoming

TES-MEP allowed successful intra-operative monitoring. The criterion of one recording

more popular, the development of explicit response warning criteria is desirable.

showing decrease response amplitude of more than 80% during a surgical action

Padberg stated in 1999: “Further research is definitely needed from the clinical

can be considered to be a valuable warning criterion for neurological damage.

sector to more fully define parameters for determining the significance of response

The authors also consider that monitoring at six muscles instead of two muscles

decrement” [17].

improves the value of neuro-monitoring.

In this study the use of TES-MEP monitoring in 145 patients who underwent deformity
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During the last decade, trans-cranial electrical motor evoked potential monitoring

To compare the intra-operative monitoring outcomes to the patient’s clinical

Chapter 3

Methods

A study of 145 patients

number of time-delayed monitoring events.

spinal surgery is evaluated. The first purpose of this study is to determine the actual

(C6-C8) and the anterior tibial muscle (L4-L5) were used for monitoring.

amplitudes recorded at the time of impending neurological damage, and to derive

Reference values of all muscle sites were obtained just before the surgical incision.

adequate criteria that could be used to warn the surgeon about spinal cord injuries

Figure 1 shows time plots of TES-MEP amplitudes during an undisturbed monitoring

in an early stage. The second purpose is to assess the supplementary value of

procedure of a patient undergoing corrective spine surgery.

monitoring six muscles instead of two muscles for the early detection of surgically

As a rule, monitoring was performed every 10 minutes, and additional stimulation

induced neurological damage.

was applied during the instrumentation of each hook or screw, during the correction
procedure, and whenever the surgeon requested another measurement.

Three-step protocol

Materials and methods
Trans-cranial motor evoked potential monitoring (TES-MEP) together with an

TES-MEP technique

incident-protocol is designed only to warn the surgeon for surgically induced
neurological deficits.

The motor responses were elicited by trans-cranial electrical stimulation using a
Figure 1

limit of 1 A.
Two needle electrodes were inserted subcutaneously at Cz (the anode). The cathode
- a Velcro ground strip electrode- was immersed in saline and placed on the forehead.
Electrode impedance calibration was performed pre-operatively. The evoked muscle

pulse width of 2 ms. The supra-maximal level was determined pre-operatively and
generally measured between 150 - 250V.

Amplitude

Multi pulse stimulation was used at a supra-maximal level in a train of 4 pulses with a

Amplitude

responses were recorded at 4 bilateral muscle-groups with surface electrodes.

During all surgical procedures, one bilateral muscle group above the spinal level of
surgery was used as a control site. The combined activity of the abductor pollices
brevis muscle (APB) and the abductor digitus V muscle (ADV) of the hand was used
as a control site in thoraco-lumbar spine surgery. During 8 cervical procedures,
the trapezius muscle was selected instead of the hand muscles as a control site.
In thoraco-lumbar surgery, the other 6 recording electrodes were placed
symmetrically: 3 on each of the lower limbs. Any three of the following 4 sites were
used: the anterior tibial muscle (L4-L5), the hamstrings (L5-S1), quadriceps (L2-L4)
and the calf muscle (S1-S2). The bilateral lower limb muscle groups with the largest
elicited MEP-amplitude were selected for monitoring. During cervical procedures,

Time (15 min)

Time (15 min)

Time plots of the TES-MEP amplitudes of 8 muscle groups in a patient without amplitude
decreases. In each time plot the amplitude (Y-axis) is given as a percentage from the reference
point indicated by the small vertical line. Time marks (X-axis) indicate 15 minutes.

TES-MEP monitoring during spinal deformity surgery

This is a voltage stimulator with a low output impedance (22 W) and a current

A study of 145 patients

custom made stimulator, the Neuro-guard © (JS-center, Bedum, The Netherlands).
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the bilateral extensor muscles of the forearm (C6-C7), the abductor digitus V muscle

The protocol checklist was used whenever a decrease in amplitude occurred.

9 suffered from neuromuscular weakness (Duchenne, spinal dysraphism, spinal

First, equipment was checked for technical malfunctions that could cause amplitude

muscular atrophy) and 13 patients suffered from secondary compromised cord.

disturbance and any such problems were solved. For instance, loosening of
electrodes or impedance changes by drying out of the saline Velcro ground strip

Surgery

could change the amplitude outcome. Second, systemic and anesthetic
circumstances were checked and normalized when possible. Systemic and anesthetic

Posterior fusion and correction was performed in 82 patients with scoliotic deformity

problems were identified, such as a drop in mean arterial pressure (MAP) below

or thoracic kyphosis deformity. Anterior fusion and correction was performed in

60 mmHg, major blood loss, and/or a decrease in body temperature. After technical

32 patients with scoliotic deformity. Lumbar closing wedge osteotomy and posterior

failure and systemic or anesthetic problems had been ruled out as a cause for

instrumentation was performed in 20 patients with kyphotic deformity due to

the decreased amplitude, the most recent surgical action was considered to be the

ankylosing spondylitis. Cervical osteotomy and posterior instrumentation was

probable cause of the amplitude decrease.

performed in 7 patients with cervical kyphotic deformity due to ankylosing spondylitis.
The remaining 4 patients underwent other spinal procedures.

Anesthetic protocol

the muscle responses. General anesthesia was induced with a bolus dose propofol
(2mg/kg) and remifentanyl (1µg/kg). If relaxation was necessary for smooth intubation,

Definitions

atracurium (0.4 mg/kg) was given once (t½: 15-30 min). During the first 30 minutes,
anesthesia was maintained by propofol (4 mg/kg/h) using continuous infusion.

The clinical outcome is defined as the presence or absence of a neurologic event.

Thereafter, the dose was lowered to 2 mg/kg/h. Continuous infusion of remifentanyl

For the purpose of this study a “neurologic event” is defined as the occurrence of:

began at 15 µg/kg/h and was titrated according to pain responses. Bolus application

A: a post-operative neurological deficit, or

of remifentanyl and propofol was avoided because it might lead to disappearance

B: a marked decrease of TES-MEP amplitude due to surgical maneuvers that

or marked decrease of TES-MEP responses. Thirty minutes before the end of the

recovers after further surgical intervention.

operation, morphine was given (0.15 mg/kg), and remifentanyl was stopped 20
minutes thereafter. Patients were ventilated with a gas mixture of O2 and N2O in the

Patients of category B were assumed to have had neurological events, although this

ratio 1:2. For post-operative pain control 0.1-0.2 mg intra-thecal morphine was given

cannot be verified, as no alternative intra-operative testing was performed and the

in some patients.

patients had no post-operative neurological deficit.

Patients

The term surgical maneuvers indicate all interventions of the orthopedic surgeon
throughout surgery, such as placing pedicle screws and correction of the deformity.

Intra-operative TES-MEP data of 145 patients (83 female and 62 male) who
underwent corrective spine surgery in the years 1999 and 2000 were analyzed.

Negative clinical outcome: no neurological events due to surgical maneuvers.

The average age of the patients was 29.4 years (range 4 to 82 years).

Positive clinical outcome: neurological event due to surgical maneuvers.

Of these 145 patients, 106 were neurologically normal, 17 had cerebral palsy,

Thus the clinical outcome is known and fixed for each patient.
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Chapter 3

general anesthesia. No muscle relaxants were given because these would influence

A study of 145 patients

Patients were orally premedicated with midazolam (0.1 mg/kg) one hour before

We identified 16 patients in whom we considered true neurological events to have

Negative monitoring outcome: no amplitude decreases due to surgical maneuvers

occurred (Table 1).

meeting the warning criteria.

The monitoring outcome is the outcome registered by the neuromonitoring system.

Positive monitoring outcome: amplitude decrease due to surgical maneuvers

In contrast to the clinical outcome, it is not fixed. It is influenced by the criteria

meeting the warning criteria.

(see below) that are applied during monitoring.
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AS

2

P

Slowly progressive kyphosis while preparing the osteotomy

Correction

Yes

No

2

Scoliosis

I

2

P

Scoliosis correction

Correction reduction

Yes

No

3

Scoliosis

CP

4

P

Dislocation of hook in spinal canal

Removal of hook

Yes

No

4

Cervical kyphosis

AS

4

P

Kyphosis correction 40º

Correction reduced by 10º

Yes

No

5

Scoliosis

RA

1

P

Placing a pedicle screw

Removal of screw

Yes

No

6

Scoliosis

CP

1

A

Scoliosis correction

None

Yes

Yes

7

Scoliosis

I

1

P

Slip of instrument in spinal canal

Removal of instrument

Yes

No

8

Osteoporotic kyphosis

RA, myelopathy

4

A

Resection of vertebral body

None

No

Yes

9

Scoliosis

I

6

P

Scoliosis correction / distraction

Correction reduction

Yes

No

10

Scoliosis

I

2

P

Slip of instrument in spinal canal

Removal of instrument

Yes

No

11

Lumbar kyphosis

AS

2

P

Intrathecal morphine T12-L1

None

No

Yes

12

Scoliosis

I

3

P

Placement of pedicle hook

Removal of hook, laminectomy and wake-up test

No

Yes

13

Cervical kyphosis

AS, myelopathy

4

P

Kyphosis correction 60º

Correction reduced by 15º

No

Yes

14

Cervical kyphosis

AS

2

P

Kyphosis correction 60º

Reduce correction by 10º

Yes

No

15

Scoliosis

CP

6

P

Placing bone-graft into lamina defect

Removal of bone graft

Yes

No

16

Cervical kyphosis

AS

3

P

Kyphosis correction 50º

Correction reduced by 10º

Yes

No

A study of 145 patients

Cervical kyphosis

TES-MEP monitoring during spinal deformity surgery

1

All 16 patients with surgical induced neurological events
I= idiopathic scoliosis; CP= cerebral palsy; AS= ankylosing spondylytis; RA= rheumatoid arthritis; P= posterior; A= anterior

42

43

Chapter 3

co

ve

D

N

Re

or
m
oC

b
su seq
rg u e
ic n
al t
ac
tio
n

di
bi

is
os
gn
ia
D

N

Su

R
o
am f s
p l i te s
itu w
de ith
de
su
cr
rg
ea
ic
al
se
ap
p
ro
Su
ac
rg
h
am ica
l
pl ca
itu u
de se
d e of
cr
ea
se

Positive monitoring outcomes

ty

Table 1

The success of neuro-monitoring, in detecting surgically induced neurological deficit

Results

can be expressed in terms of true-false positive and true-false negative monitoring
outcomes.

TES-MEP monitoring was started in 145 patients undergoing corrective deformity
surgery. In this study there have been no site effects or complications of the trans

Criteria

cranial electrical stimulation monitoring technique during the surgery or post-operatively.
In two patients, monitoring was not continued after the measurement of the reference

To determine which amplitude decrease was most useful in detecting neurological

values. These patients showed virtually no clinical neurological functions and

deficit, the complete patient data set was analyzed three times, each time using a

consequently reference EMG-amplitudes were measured below background noise

new set of criteria to define the positive monitoring outcomes.

(< 10uV). Monitoring of one patient was not completed due to technical malfunction

result of systemic or anesthetic changes in 10 of the 142 patients monitored.

Criterion B: a positive monitoring outcome was registered if two of six recordings

These patients were therefore excluded, leaving 132 patients for analysis.

had more than an 80% decrease of amplitude.

All 10 monitoring procedures were successfully continued with measurable low

Criterion C: a positive monitoring outcome was registered if one of the two anterior

amplitudes. No increased post-operative neurological deficit was diagnosed. Of this

tibial muscle recordings had more than an 80% decrease of amplitude.

group of excluded patients, five suffered from pre-existing neurological deficits.

Outcome parameters

Positive clinical outcomes

To determine the success of the three criteria we calculated the sensitivity, specificity,

A positive clinical outcome was identified in 16 patients (Table 1). In this group,

positive predictive value (PPV) and negative predictive value (NPV) for each of the

corrective surgical maneuvers were performed in 13 patients, resulting in amplitude

criteria with the corresponding 95% confidence intervals (CI).

recovery without post-operative neurological deficits in 11 of 13 patients. Figure 2

Sensitivity is the percentage of positive outcomes that is correctly indicated by the

illustrates the recovery of amplitude after subsequent intervention in one of the 11

monitoring procedure. Specificity is the percentage of negative outcomes that is

patients (Table 1, patient 9). In the two patients for whom no amplitude recovery was

correctly indicated by the monitoring procedure. The PPV is the chance of a

obtained by additional surgical intervention, postoperative neurological function had

‘neurological event’, given a positive monitoring outcome. The NPV is the chance of

deteriorated. In both patients the sensibility was intact. One patient, who underwent

no neurological event occurring, given an undisturbed monitoring procedure.

a scoliosis correction, suffered from a persistent muscle weakness of the right leg.
The other patient (cervical osteotomy in ankylosing spondylitis) was direct post-

Non-surgically induced neurological deficits

operatively diagnosed with a complete loss of motor functions of both arms and
legs for which additional surgical procedures followed. In the follow-up the muscle

The purpose of the study was to define explicit criteria that warn of surgically induced

weakness persisted with partial motor function of both hands and one leg and a

neurological damage. These criteria can only be defined if there are no anesthetic

complete pareses of the other leg.

or systemic problems. Therefore, in our attempt to determine these criteria, patients

In 3 of 16 patients with a positive clinical outcome, additional surgical maneuvers

with intra-operative systemic or anesthetic problems causing TES-MEP amplitude

were not, or could not, be performed intra-operatively. Two of these patients showed

decreases were excluded.

no recovery of amplitude, and neurological deficits were found post-operative.
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Severe amplitude decreases (as indicated in the 3-step protocol) occurred as a

had more than an 80% decrease of amplitude.

Chapter 3

Criterion A: a positive monitoring outcome was registered if one of six recordings

A study of 145 patients

that could not be repaired during surgery.

sensitivity of 1.0 (95% CI lowerbound 0.97) and a negative predictive value of 1.0

Figure 2

(95% CI lowerbound 0.97). However, 10 of the 126 negative clinical outcomes would
have been misclassified as being positive, yielding a specificity of 0.91 and a
positive predictive value of 0.61 (CI 0.41-0.80). This criterion (that at least one
recording showing an amplitude decrease of at least 80%) is sufficiently stringent to

Amplitude

Amplitude

prevent the occurrence of false negatives in this group of patients.
If criteria B had been used, more false negatives would have occurred (3 patients)
than with criterion A, yielding a lower sensitivity (0.81, CI 0.54-0.96) and negative

Table 2

Analysis of criterion A

Time (15 min)

Clinical outcome

Time plots of the TES-MEP amplitudes of 8 muscle groups in patient 9 (Table 1).

+

–

16

10

indicated by the small vertical line. Time marks (X-axis) indicate 15 minutes.
amplitude in the 6 monitored muscles of the legs.

of the quadriceps. The other patient was diagnosed with a muscle weakness of the

–

Both patients’ sensibility was intact. One patient showed weakness of the muscles

+

The red vertical bar indicates the time of the surgical maneuver that lead to decrease of

Monitoring outcome

In each time plot the amplitude (Y-axis) is given as a percentage from the reference point

(0.41-0.80)

A

B

C

D

0

106

place 45 minutes after the amplitude decrease. Although this patient suffered from
a transient ataxic gait problem, the patient fully recovered after 3 months.

NPV
1
(lower bound
0.97)

right leg, which improved during follow-up.
In the remaining patient, a spontaneous intra-operative amplitude recovery took

PPV
0.61

TES-MEP monitoring during spinal deformity surgery

Time (15 min)

A study of 145 patients

(80% or more decrease of amplitude in any one of the six recordings)

Sensitivity
1

Specificity
0.91

(lower bound 0.80)

(0.85-0.96)

Evaluation of warning criteria
The results after applying the three warning criteria are listed in Tables 2,3 and 4.
If criterion A had been used, all 16 positive outcomes had been detected and so

Comparison of clinical outcome to monitoring outcome for criteria A and the calculated PPV,
NPV, specificity and sensitivity (and the 95% confidence interval).
A: true positive, B: false positive, C: false negative, D: true negative
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no neurological event would have occurred unnoticed. Hence criterion A yields a

Table 3

Table 4

Analysis of criterion B

(80% or more decrease in amplitude in any two of the six recordings)

Analysis of criterion C

(80% or more decrease in amplitude in either one of the two anterior tibial
muscle recordings)

4

PPV
0.76
(0.50-0.93)

A

B

C

D

112

NPV
0.97

–

–

3

–

14

6

PPV
0.7
(0.46-0.88)

A

B

C

D

2

110

(0.93- 0.99)

NPV
0.98
(0.94- 0.99)

Sensitivity
0.81

Specificity
0.97

Sensitivity
0.88

Specificity
0.95

(0.54-0.96)

(0.91-0.99)

(0.62-0.98)

(0.89-0.98)

Comparison of clinical outcome to monitoring outcome for criteria B and the calculated PPV,

Comparison of clinical outcome to monitoring outcome for criteria B and the calculated PPV,

NPV, speciﬁcity and sensitivity (and the 95% conﬁdence interval).

NPV, specificity and sensitivity (and the 95% confidence interval).

A: true positive, B: false positive, C: false negative, D: true negative

A: true positive, B: false positive, C: false negative, D: true negative

predictive value (0.97, CI 0.91-0.99). The number of false positives would have been

A study of 145 patients

13

+

Patients with pre-operative neurological deficits

3, resulting in a slight increase in specificity (0.97, CI 0.91-0.99) and slightly higher
positive predictive value (0.76, CI 0.50-0.93).

In this study 39 of 145 patients had pre-operative neurological deficits. TES-MEP

If criterion C had been used, 2 false negative and 6 false positive outcomes would

amplitude decreases occurred in 26% of these neurological compromised patients:

have been obtained, yielding in comparison to criterion A, a decreased sensitivity

in 5 patients due to neurological damage in 5 patients due to systemic or anaesthetic

(0.88, CI 0.62-0.98) and a decreased negative predictive value (0.98, CI 0.94-0.99),

changes. This is more than in the group of pre-operatively neurological intact

while the specificity (0.95, CI 0.89-0.98) and positive predictive value (0.7, CI

patients (11%) but the differences are not significant.

TES-MEP monitoring during spinal deformity surgery

–

Monitoring outcome

+

Clinical outcome

+

+

Monitoring outcome

Clinical outcome
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0.46-0.88) would have been increased.

Discussion

Secondary, the high incidence of positive clinical outcomes may also be a result of
the sensitivity of motor evoked potential monitoring. As a result of this increased

Trans-cranial motor evoked potentials are being employed increasingly more

sensitivity harmful situations may have been registered that otherwise would not have

frequently for intra-operative neuromonitoring during corrective spinal surgery.

been noticed. Thirdly, we considered both the occurrence of post-operative

In contrast to SSEP, the more vulnerable and clinically more relevant motor pathways

neurological deficit and the occurrence of severe amplitude decreases that

are monitored, and averaging procedures are not required. However, for SSEP

recovered after additional surgical intervention as positive outcomes. In the latter

monitoring guidelines are available: a decrease in amplitude of 50%, and/or an

case, the assumption was made that the neurological event would have led to

increased latency of more than 10% is considered a warning criterion. [13,15,16].

post-operative neurological deficit if there had been no surgical intervention.

For TES-MEP the threshold values that warn of imminent neurological damage have

However, the amplitudes might have recovered spontaneously without the

not yet been established. Methodologically it is difficult to determine warning criteria,

subsequent surgical intervention. In such an event this definition may have led to

as it is ethically unacceptable to ignore neuromonitoring outcomes in order to wait

more diagnoses of neurological events than actually occurred.
When three different warning criteria were applied retrospectively applying to the

monitoring outcome criteria in a clinical setting, we attempted to evaluate three

TES-MEP recordings of 142 patients, it appeared that at least one amplitude

different sets of criteria related to well-defined clinical outcomes.

decrease of at least 80% (criterion A) is a sufficiently stringent warning criterion to

This study shows that TES-MEP monitoring allowed short interval monitoring of the

ensure that no neurological events go undetected. Applying less strict criteria, in

motor tracts in 142 of 145 consecutive patients who underwent corrective spinal

terms of how many muscles recordings must decrease, leads to a loss in sensitivity.

surgery, including 39 patients with pre-existing neurological deficits. The high rate of

Recording only 2 instead of 6 muscles also lowers the sensitivity. Although there

successful application was obtained by using a custom made stimulator.

is a gain in specificity, the importance of preventing the clinical consequences of a

Sixteen (11%) neurological events were identified, and in 11 of these 16 events,

false negative (undetected neurological event) is so great that the advantage of

recovery of response amplitude was obtained after subsequent surgical maneuvers.

monitoring two instead of six muscle sites does not outweigh the cost of permanent

It is assumed that the subsequent surgical intervention prevented post-operative

neurological damage in the three patients who would not have been detected.

neurological deficit in these 11 patients (7% of the study population). It is exactly for

Although the number of 16 neurological events is too small to find any statistically

this reason that neuromonitoring is performed.

significant differences between the results of the various criteria, the 95% confidence
intervals suggest that the actual sensitivity, when applying criteria B and C, may be

The number of positive clinical outcomes (neurological events) in this study is

as low as 0.54 and 0.62, respectively. Due to the absence of false negatives when

relatively high compared to other reports [3,7,13,15,16]. There are three possible

using criterion A, the 95% CI lower limit indicates that we may be confident that the

explanations for this relatively high incidence. First, this may be a reflection of the

actual sensitivity is at least 0.97.

patient population. Patients with pre-existing neurological deficits and congenital
scoliosis are considered to be more vulnerable to intra-operative neurological

Furthermore, in clinical practice the great added advantage of monitoring 6 instead

damage [13]. In this study, patients with pre-existent neurological deficits had a

of 2 muscles is the greater possibilities of interpreting and judging the changes intra-

higher incidence of positive monitoring outcomes, more positive clinical outcomes

operatively when strict criteria cannot be applied, such as in patients with complex

and more intra-operative systemic problems, but these differences were not

neurology or during hypotension or hypothermia. Therefore in our opinion, the use of

statistically significant.

multiple monitoring sites has to be encouraged considering the minimal extra effort

TES-MEP monitoring during spinal deformity surgery

indeed true positives of false positives. Accepting the limitations of evaluating

A study of 145 patients

until post-operative evaluation to determine whether these signal changes were
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required.

A known disadvantage of neuromonitoring (SSEP and MEP) is the variability of
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Introduction

Transcranial electrical motor evoked potential monitoring (TES-MEP) has proven

Corrective spinal surgery carries a small but signiﬁcant (0.6%-1.6%) risk of neurological

to be a successful and reliable neuromonitoring technique during spinal correction

deﬁcits, due to spinal cord lesions [1,2]. To minimize these risks, intraoperative

surgery. In literature however, three criteria for TES-MEP monitoring have been

neuromonitoring can be applied. Although large randomised prospective trials are

described. In this study, these criteria are discussed:

not available, a large multi-centre study by Nuwer et al in 1995 [1] showed that

1) The “threshold level criterion” introduced by Calancie et al.: a more than 100V

intraoperative use of somatosensory evoked potential neuromonitoring (SSEP) by

over more than 1 hour increase of threshold-level by to obtain useful TES-MEP

experienced neuromonitoring teams resulted in a decreased rate of neurological

responses indicated neurological impairment.

deﬁcits.

A review and discussion of the literature

Abstract

spine, a more than 80% decrease of one or more response amplitudes was

The procedures to detect intraoperative neurological damage at a reversible stage,

considered as a valuable criterion for impending neurological deficits by Langeloo

started with the wake-up test. As described in 1973, the wake-up test consists in

et al. (2002)

decreasing the anaesthetic level to the point at which the patient can respond to a

3) “The morphology criterion”: introduced in 2005 by Quinones et al., it is based

command [13]. Nowadays, the wake-up test has been replaced in centres where

on the morphology of the MEP-compound muscle action potentials (CMAP).

monitoring is available by continuous intraoperative SSEP and motor evoked potential

The criterion was applied during TES-MEP monitoring during intramedullary spinal

(MEP) monitoring. However, the wake-up test is still used in some centres in conjunction

cord tumour resection. Neurological events are defined by a sharp decrease of

with evoked potential (EP) monitoring or when EPs show abnormal responses [2] .

response duration and/or waveform complexity, and an increase in voltage

When general anaesthetics are used during surgery, the wake-up test is the only

threshold of 100V or greater.

intraoperative test of voluntary motor function.

Although all methods have been reported to be successful during spinal surgery,
the threshold-criterion and the morphology change criterion carry several

The ﬁrst clinical application of EP was described in the 1970’s with SSEP [14]. SSEP

drawbacks. We consider the amplitude reduction method to be most useful during

was thought to be reliable for monitoring both the sensory tracts and motor tract.

corrective spinal surgery. The sequence of observations and decisions during a

Because of their proximity, it was thought that damage to the motor tracts indirectly

TES-MEP monitoring based on this criterion have been schematised in a flowchart.

affects the sensory responses, thus resulting in SSEP changes. Indeed, most spinal
cord damage due to spine distraction or rotation does results from diffuse damage
involving both the anterior and the posterior spinal cord. The reported high sensitivity
of SSEPs [1] showed this hypothesis to be correct in most patients. However, the
anterior and lateral spinal cord is the most vulnerable for damage by surgical action.
Not surprisingly, several studies have demonstrated that selective intraoperative
anterior cord damage can result in a change in motor tract function without signiﬁcant
SSEP changes, i.e. a false negative outcome [2,15-18].
MEP monitoring was introduced in the 1980’s to directly monitor the motor tract
during surgery. Initially, direct electrical or percutaneous stimulation at the spinal cord

Criteria for transcranial electrical motor evoked potential monitoring during spinal deformity surgery

2) The “amplitude criterion”: For TES-MEP monitoring in corrective surgery of the
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(NMEP) was performed to avoid transcranial stimulation. However, this stimulation

motor response, the axons in the dorsal column are, indeed, stimulated as well. This can

on amplitude and latency and cannot be applied in TES-MEP. Hence, valid and

elicit motor responses by retrograde conduction along monosynaptic connections

reliable TES-MEP criteria are important for good intraoperative application. Indeed,

with motor neurons. Because of its similarity with the H-reﬂex, this effect is referred to

while unnecessary interruptions by false positive outcomes (using too mild criteria)

as the “upper H-reﬂex”. Publications by Minahan et al. and Deletis et al. [19,20]

during surgery are not welcomed by the surgical team, unnoticed post-operative

demonstrated that the NMEP technique was inadequate to monitor the motor tract.

neurological deﬁcits resulting from false negatives (due to too strict criteria) are even

Transcranial electrical stimulation (TES) has become the most commonly applied

worse.

stimulation technique. The evoked response can be measured at the epidural space
(D- and I-wave recording) or at the peripheral muscle (compound muscle action

Criteria for TES-MEP can only be determined in a retrospective manner. Moreover, as

potential: CMAP). For spinal deformity surgery, needle- or surface-electrode

it would be unethical to overlook IOM alterations, the eventual changes in surgical

monitoring of the peripheral muscle is preferable. As reported by Ulkatan [21],

strategy that are targeted by these alterations complicates evaluation of used criteria.

epidural D-wave recordings should be interpreted cautiously during scoliosis surgery,

Therefore, the experience gained by trained neuromonitoring team is of outmost

because of the possibility of false positive results that are introduced by spinal-cord

value, because their clinical and neuromonitoring knowledge is the only available

rotation during scoliosis correction. These may cause changes in epidural MEP

guideline to determine the TES-MEP criteria.

recording, which can appear alarming.
The only criteria for which a consensus seems to have been reached is the complete
Good results of intraoperative use of TES-MEP have been published in the literature

disappearance of muscle responses, in particular if responses above the surgical

[3-12]. TES-MEP has shown some advantages compared to SSEP monitoring, e.g.

level remain intact. However this criterion only applies to surgery for intraspinal

no reports of false negative results. Furthermore, TES-MEP monitoring is faster and

tumours, where temporary motor deﬁcits are accepted. In corrective surgery of the

can be used at multiple muscle sites, which makes TES-MEP easy to use at different

spine even a temporary post-operative motor deﬁcit is not acceptable. Therefore,

surgical levels (from cervical to lumbar) and in different patients categories (including

detection of impending neurological deﬁcits in an earlier, more reversible, stage is

neurologically impaired patients). However, while the criteria of impending neurological

preferred before complete disappearance of responses occurs.

damage have become clearly deﬁned in SSEP monitoring, various criteria for
TES-MEP have been proposed and there is currently no consensus on the optimal

Before alarming the surgeon, it is generally accepted that technical (detached

ones. Therefore, this review aims at evaluating criteria for TES-MEP during intra-

electrodes), systemic (hypothermia), or anaesthetic causes (inﬂuences of speciﬁc

operative corrective spinal surgery. It is based both on a review of the literature and

anaesthesia like bolus of propofol) have to be excluded.

on our own results.
In this study, methods which provide criteria for TES-MEP monitoring during spinal
deformity surgery are reviewed. Because epidural D-wave recordings are generally
not applied in corrective spinal surgery, these criteria have not been included in this

Criteria for signiﬁcant changes

review.

Although numerous studies were published concerning successful use of TES-MEP
during spinal surgery, the criteria applied to determine intraoperative neurological

A review and discussion of the literature

amplitudes is high. The criteria that are used for SSEP monitoring are usually based

Criteria for transcranial electrical motor evoked potential monitoring during spinal deformity surgery

technique does not exclusively stimulate the motor pathway. In addition to the elicited
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deﬁcits vary. Compared to SSEP, the inter- and intra- individual variability of TES-MEP

Amplitude criterion

reviewed:
1. Criterion based on an increase in stimulation threshold voltage: threshold-level
criterion [3]

In 2002 Langeloo et al [7] published a retrospective study of 145 patients who
underwent corrective spinal surgery with TES-MEP monitoring. This study evaluated

2. Criterion based on a decrease in muscle response amplitude: amplitude criterion [7]

the use of TES-MEP and investigated criteria related to impending neurological

3. Criterion based on changes in waveform complexity and duration of muscle

deﬁcits.

response: waveform criterion [22]
TES-MEP was performed by protocol using supra-maximal, multi-pulse stimulation
with 3 bilateral surface recording electrodes on muscle groups below the level of

A review and discussion of the literature

Three TES-MEP neuromonitoring methods describing speciﬁc criteria have been

Threshold-level criterion

surgery as an extra control site. Persistent decreases in amplitude directly associated
with surgical actions, such as screw placement or deformity correction, were noted

The “threshold criterion” was introduced in 1998 by Calancie et al [3]. A protocol for

as true positive outcomes. Of 145 patients, TES-MEP monitoring was conducted

intraoperative spinal motor conduction monitoring was evaluated in a study of 34

during the whole surgery in 141 patients. Sixteen true positive outcomes were

patients undergoing surgery (spinal deformity, tumour-resection, tethered cord,

detected. Different criteria were analysed using the 141 monitoring results.

arteriovenous ﬁstula or posttraumatic cervical syringomyelia) According to this study,

Using the criterion of a decrease of 80% on one site compared to a reference

if a more than 100V increase of the stimulus voltage was required for at least one hour

measurement, all true positives could be found without any false negatives.

to get good TES-MEP responses, then a neurological deﬁcit was considered to have

However, this criterion resulted in 10 false positives. Applying a stricter criterion, in

occurred. Using this criterion, there were no false negatives and no false positives.

which 2 of the 6 recordings recording sites would show a decrease of 80% of more

These results were conﬁrmed in a second study in 2001, which included 194 patients

compared to the reference measurement, resulted in fewer false positives (4 cases)

undergoing spinal surgery [23].

but did produced 3 false negatives.

Based on these results, Calancie suggested to start electrical transcranial stimulation

Therefore, for this monitoring protocol, one recording showing a decrease of more

at a submaximal voltage and, in case of a decrease MEP amplitude amplitude, to

than 80% compared to the set reference was considered a useful and reliable

increase the stimulation voltages by 100Vsteps (using the Digitimer device).

criterion for TES-MEPs, suggesting impending neurological damage.

Compared to stimulation at a supramaximal voltages, stimulation at submaximal
voltages would incur less risk of surgical lesions related to muscle movement and
less risk of complications due to high stimulus voltages. This threshold criterion
was the ﬁrst published speciﬁc TES-MEP intraoperative criterion. This method

Waveform criterion

requires an additional procedure for tracing the stimulus threshold levels by
subsequent TES stimuli. In case of decreased responses, an increased stimulus

In 2005, Quinones-Hinojosa et al. [22] introduced a third criterion for TES-MEP

voltage has to be applied manually.

monitoring. A study was performed to investigate the hypothesis that changes in
waveform morphology and duration of muscle responses during intraspinal tumour
resection along with changes in the voltage threshold, would be an electrophysiological

Criteria for transcranial electrical motor evoked potential monitoring during spinal deformity surgery

surgery and 1 bilateral surface electrode pair on a muscle group above the level of
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marker of neurological damage.

A review and discussion of the literature

Figure 1

Flowchart of TES-MEP monitoring during corrective spine surgery

transcranial electrical stimulation with needle recording at four extremities. Stimulation
voltages were increased by steps of 25-100V in order to maintain muscle responses
above 50µV. Fifteen patients showed uneventfull monitoring but 2 of them suffered

Standard neuromonitoring and surgery

from a grade 1-2 muscle weakness in muscle groups that were not monitored.
The remaining thirteen patients exhibited one or more acute alteration in voltage

Significant amplitude
drop (80% decrease criterion)
in 1 or more muscles ?

stimulation, duration, complexity, or even loss of MEP waveforms. One patient was
excluded because of incomplete data. In eight of the 12 remaining patients, the

No

Yes

waveform underwent a change in complexity and a reduction of duration before an
increase in the voltage threshold was observed. Four of these eight patients showed

Repeat measurements

decrement (from polyphasic to biphasic to loss of response) accompanied by an

Amplitude
responses
restored?

increase in voltage threshold was observed.
At follow-up, full recovery of neurological function, indicating a transient neurological

compared to pre-operative condition, while for the remaining 3/12 patients the postoperative score was reduced by more than 1 point on the MRC scale. More serious
post-operative motor deﬁcits occurred when the waveform was lost during surgery
than when the polyphasic wave became biphasic. The decrease in duration of the
response correlated with the change immediately after surgery in motor grade.

Yes

No

deﬁcit, was seen in 5 out of these 12 patients. In 4/12 patients, the follow-up motor
function showed 1 point reduction on the MRC scale (Medical council scale)

Criteria for transcranial electrical motor evoked potential monitoring during spinal deformity surgery

a complete loss of the response: in 2 patients it was acute, in the 2 others, a gradual

Yes
undo last surgical intervention

Obvious
surgical
event?

No
Check technical causes:
- Reattach loose electrodes (check electrode impedance and EMG signals)
- Change stimulus parameters (voltage, multipulse, interpulse time,
try preconditioning stimulation)

Altered duration and morphology of the muscle response were associated with an
increase in voltage thresholds, which were correlated to decreased neurological
function immediately following spinal tumour resection surgery. An application of this
method for reconstructive surgery of the spine has not been described.

Amplitude
responses
restored?

Yes

No

Check systemic parameters:

Correlating amplitude criterion with waveform criterion
In our institute, TES-MEP has been applied as a stand-alone neuromonitoring
technique since 1997. It is used in approximately 100 cases a year, mostly during
corrective spinal surgery. It is a standard procedure during all deformity surgery,
including surgery to correct scoliosis of neuromuscular origin, osteotomies, and in all
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- correct mean blood pressure
- correct blood volume

Amplitude
responses
restored?

Yes

No
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TES-MEP monitoring was performed in 28 surgeries using multi-pulse supramaximal

Check anesthetical changeschanges / causes for amplitude depression:
- restore original agent levels
- or correct reference amplitude when still sufficient
remaining amplitude voltages are measured

as a criterion, we wondered what the implication would be for our neuromonitoring
when this criterion would be applied in our settings.
Therefore, the 16 true positive ﬁndings of our 2003 study were re-analysed using the

Yes

criteria suggested by Quinones-Hinojosa, based on waveform morphology changes.
In both techniques, stimulation is performed at a supramaximal level with multi-pulse

No

stimulation. Our monitoring set up differs from that of Quinones-Hinojosa in that we

Stop surgery temporary

use surface electrodes placed on extremity muscles rather than needle electrode as

Administer corticosteroids

used by Quinones-Hinojosa.

Persistent significant amplitude
decrease without cause

Among the 16 patients for which the TES-MEP recording suggested a neurological
event (Table 1) a total of 59 muscles showed an amplitude decrease of 80%

Amplitude
responses
restored?

compared to the reference measurement. In 16/59 recordings, the response was

Yes

biphasic from the start of monitoring. This was most often seen in the recording at
hand muscles, but also in some tibialis anterior muscle recordings (Figure 2). Out of

No

the 43 remaining recordings, six showed an acute response loss, six did not exhibit
any change in duration or morphology, and, in 31, a change from a polyphasic to a

Perform wake-up test

biphasic wave was seen (Figure 3). In these recordings, also the duration of the

Wake-up test
negative

Yes

Continuing surgery can be performed
but neuromonitoring may not be
reliable; discuss with surgical and
monitoring team

No
End surgery
Remove instumentation
Perform MRI post-operatively

response shortened, with a mean duration shortening of 37% (range 14-68%).
There is a great miscellaneousness in morphology of reference TES-MEP waveforms.
In our study 16/59 (27%) were biphasic since the beginning, which reduces to 73%
the possible use of morphology waveform criterion. Furthermore, in an additional
6/59 muscles (10%) the morphology of the MEP waveform did not alter during the
whole procedure despite a neurological event. Therefore, in total, 37% of the total
group of muscles recordings which showed a signiﬁcant MEP-amplitude drop would
have resulted in a false negative outcomes if the morphology criterion had been used
alone.

patients with myelopathy. It is not applied during degenerative lumbar and cervical
fusions or spinal decompressions.
The amplitude criterion has become our standard warning criterion in TES-MEP
monitoring. Our monitoring protocol in TES-MEP monitoring during spinal corrective

Criteria for transcranial electrical motor evoked potential monitoring during spinal deformity surgery

Amplitude
responses
restored?

our publication [7]. However, after the introduction of the waveform morphology change
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in high positive predictive and negative predictive values, as has been presented in
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surgery has been summarized in a ﬂowchart (Figure 1). This warning criterion resulted

spinal cord, affected muscle groups may only be stimulated at a sub-threshold

Data from re-analysis

level, while TES intensities for unaffected muscles groups may reach extremely high
levels producing unacceptably strong patient movement interfering with the operative
procedure.

Number of patients

16

Recordings showing amplitude decrease

59

Biphasic morphology from start

16

To our knowledge, the application of the waveform morphology change criterion,

Acute loss

6

as proposed by Quinones-Hinojosa et al., has not been applied to monitoring

No change in morphology

6

corrective surgical procedures of the spine. Furthermore, the limited agreement

Change in morphology from polyphasic towards biphasic

31

between amplitude reduction and the waveform changes that we found upon

Mean duration shortening in recordings showing morphology change
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Table 1

37%
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(range 14%-68%)

Figure 2

Discussion and conclusion
Transcranial electrical stimulated motor evoked potential (TES-MEP) monitoring has
proven to be a valuable neuromonitoring technique during corrective spinal surgery
and the most reliable technique to monitor the motor tract. Based on the literature,
three methods to determine criteria for the use of CMAP in TES-MEP monitoring were
reviewed: the threshold method, the amplitude reduction method and a method
based on changes in pattern and duration of the MEP waveform morphology.
Although all methods have been reported to be successful during spinal surgery, we
consider the amplitude reduction method the most useful during spinal corrective
surgery.
The criterion of a 100V increase in the threshold method described by Calancie is
based on a particular stimulator (Digitimer D185), for which the pulse shapes and
amplitude at the output are seriously affected by the impedance of the stimulation
electrodes [24]. A prospective study with calibrated TES voltages is imperative
to deﬁne the alarm criterion for voltage or current threshold for TES when other
stimulators are used. A second drawback of the threshold method is the complexity
of the procedure to trace the stimulus threshold levels requiring subsequent TES

The four MEP responses show respectively a triphasic, two 4-phasic and one biphasic
responses of a neurological unaffected patient during the set-up of the TES monitoring prior
to surgery. Biphasic TES-MEP responses are typical in our material. In each graph: X-axis:
time (min), Y-axis amplitude ( µV).
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stimuli and more time. Furthermore, with pre-existing neurological deﬁcits of the

A review and discussion of the literature

Figure 3

supra-threshold stimulation and measuring muscle response amplitudes at multiple
sites using surface or needle electrodes. Using this protocol, the evoked muscle

Illustration of a neurological event showing the morphology change

movements of the patient during surgery are acceptable for the surgeon because

and the amplitude decrease of the gastrocnemius muscle

of effective communication between the surgical and neuromonitoring team.
The described ﬂowchart (Figure 1) schematises the sequence of observations

Responses ordered chronologically
as performed during surgery

and decisions during a monitoring protocol and ensures standardisation of the
monitoring procedure. Most importantly, close cooperation between the surgical

Criteria for transcranial electrical motor evoked potential monitoring during spinal deformity surgery

team, anaesthesiologist and neurophysiologist remains essential.

Time of response (msec)
Left gastrocnemius muscle responses using multipulse stimulation. The evoked potential
graphs are chronologically ordered in vertical direction. Each graph reﬂects the muscle
recording after one stimulus train. Time (Y-axis) between each recording measures a maximum
of 15 minutes The reference was set before surgery and is marked by the plotted arrow and
measured at 356 µV.
A decrease in duration occurs simultaneously with changes in waveform morphology (ﬁrst
black arrow). Eventually, the evoked potential is disappears (second black arrow) and partially
recovers at the end of this recording.

re-analysis of our TES-MEP data, is currently not sufﬁcient to convince us of the
necessity to modify our existing protocols. Therefore we conclude that, before
implementing the waveform morphology criterion during corrective spinal surgery,
it needs further exploration in a prospective clinical study.
Based on this review of TES-MEP techniques for spinal corrective surgery we feel
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The importance of spinal cord monitoring during corrective scoliosis surgery is widely

Corrective scoliosis surgery carries the risk of spinal cord damage. Intra-operative

acknowledged. However, for patients with pre-operative neurological deficits its use

monitoring techniques during idiopathic scoliosis surgery help diminish the risk of

is technically difficult. In this paper, we describe intra-operative trans-cranial motor

neurological damage [2].

evoked potential monitoring in nine patients with neuromuscular weakness who
underwent corrective scoliosis surgery. In each patient, eight muscle groups were

The role of intra-operative spinal cord monitoring during neuromuscular scoliosis

recorded and stable responses were obtained in all patients. We conclude that TES-

surgery has not been clearly deﬁned. The importance of protecting the limiting

MEP permits monitoring of the spinal cord in patients with disturbed motor function.

existing neurological functions has been stressed [5] however, spinal cord monitoring
of patients with neuromuscular weakness is technically difﬁcult because of the
aberrant neurological responses. The sensitivity of intra-operative monitoring by
somato-sensory evoked potentials with cortical recording (SSEP) is doubtful as
previous studies reported a high rate of false-negative results [1,3]. However,
Padberg [5], Owen [4], and Wilson-Holden [6] presented acceptable results with
the combined use of SSEP and neuromotor evoked potentials (NMEP).
During the last decade, the use of trans-cranial electrical motor evoked potentials
(TES-MEP) during idiopathic scoliosis surgery has become more common.
This method has three advantages compared to the SSEP-technique. First, using
TES-MEP, instantaneous results are available because no time is lost due to
averaging procedures. Second, intra-operative monitoring of the motor functions is
performed which in our opinion are clinically more relevant than the sensory
functions. Third, TES-MEP amplitudes are measured at multiple monitoring sites,
and these sites can be carefully selected according to the speciﬁc clinical condition.
Particularly for patients with neuromuscular weakness, the recordings of the standard
muscle groups may not always be appropriate. With TES-MEP, recordings can be
made in muscle groups with preserved neurological responses. In this paper we
will illustrate the use of TES-MEP as a stand-alone monitoring method in patients
with neuromuscular deﬁcits who underwent corrective scoliosis surgery.
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muscle-responses were recorded at 4 bilateral muscle-groups with surface electrodes.

Patients

These muscle-groups included one bilateral reference site that combined the activity
of the muscle abductor pollicis brevis (APB) and the muscle abductor digitus V (ADV)

The intra-operative monitoring data of nine patients (6 male, 3 female) with neuro-

of the hand. These muscles were selected as a reference because surgery was

muscular weakness were reviewed. The corrective scoliosis surgery took place

performed below that spinal level. The other three bilateral recording electrodes were

between 1998-2000. Patients had the following diagnoses: 4 myelomeningocele,

placed on the lower limbs. During a pre-operative test procedure, the three bilateral

4 Duchenne muscular dystrophy, 1 spinal muscular atrophy. Eight patients were aged

lower limb muscle groups with the largest elicited MEP-amplitude were selected.

between 7 and 19 years; one patient was 49 years of age. All patients were examined

Possible sites are the anterior tibial muscle, the hamstrings, quadriceps, the calf

neurologically pre- and post-operatively and the results were documented.

muscles and the external anal sphincter. Monitoring was performed as a rule every
10 minutes, and with extra monitoring during the instrumentation of hooks or screws,

TES-MEP technique

during the correction procedure or whenever the surgeon requested another
measurement. Figure 1 shows the time plots of the TES-MEP amplitudes in one of

The MEP responses were elicited by trans-cranial electrical stimulation. Two needle

our patients.

electrodes were inserted subcutaneously at Cz (the anode). The cathode, a Velcro
ground strip electrode, was immersed in saline and placed on the forehead.

Two observers monitored the amplitudes and latency times of each muscle response.
Sudden decreases were registered and the tendency of the overall curves was
followed closely. Whenever response-amplitudes decreased, recent surgical actions,

Figure 1

possible technical failure or systemic changes (blood pressure, heart rate and body
temperature) were documented.

Anaesthesia
Patients were orally premedicated with midazolam (0.1 mg/kg) one hour before
general anaesthesia. No muscle relaxants were given which would inﬂuence the
muscle responses. General anaesthesia was induced with a bolus dose propofol
(2mg/kg) and remifentanyl (1µg/kg). If relaxation was necessary for smooth
intubation, atracurium (0.4 mg/kg) was given once (t 1/2 : 15-30 min). During the ﬁrst
30 minutes, anaesthesia was maintained by propofol (4 mg/kg/h) by continuous
infusion. Thereafter, the dose was lowered to 2 mg/kg/h. Continuous infusion
of remifentanyl began at 15 µg/kg/h and was titrated according to pain responses.
Bolus application of remifentanyl and propofol was avoided as this leads to
Time plots of the TES-MEP amplitudes of 8 muscle groups in patient 7. The amplitude is
given as a percentage from the reference point indicated by the vertical line. Time marks
indicate 15 minutes.
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disappearance or marked decrease of TES-MEP responses. Thirty minutes before
the end of the operation, and remifentanyl was stopped 20 minutes thereafter.
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Electrode impedance calibration was performed pre-operatively. The evoked

Patients were ventilated with a gas mixture of O2 and N2O in the ratio 1:2.
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Materials and methods

technical failure, so no surgical intervention or additional testing was performed.
Corrective spondylodesis with surgical instrumentation was successfully performed in

The gradual decrease in amplitude was interpreted as a result of the systemic

all patients. In all nine patients, intra-operative monitoring with trans-cranial motor

changes in temperature and blood pressure. Figure 2 shows the relationship in one

evoked potentials was used. The trans-cranial stimulation voltage was between 150 V

patient, between changes in blood pressure and TES-MEP amplitude, measured

and 350 V. The monitoring sites and the measured reference-amplitudes are listed in

at the gastrocnemius muscle and the reference electrode at the ADV.
One patient could be classiﬁed as a false positive. All amplitudes including reference

Table 1

site values slowly decreased throughout the procedure. After instrumentation and

Positive monitoring outcomes

correction, no responses could be registered. Therefore a wake-up test was
performed. No neurological deﬁcits could be diagnosed, and the surgery was
Patients

1#

Side

l

2#
r

Anterior tibialis
Gastrocnemius
Hamstrings

72

245

Quadriceps

230 676

Anal sphincter

34

29

3

4

5

l

r

l

r

l

r

4*

4*

97

18

347

18

65

11

720

280 165

10*

l

6#
r

l

1166 187

314

1515 93

34

7*

7*

7
r

l

r

blood loss of nearly 6 litres during the surgery that lasted more than 4 hours, may

172

525

have caused the loss of response.

105

172

113

210

48

125

l

2580 2224 755

925

200 215

987

303 185
114

131

223 162

20

completed without changing the obtained correction. Systemic changes, due to a

9

r

497

l

8
r

274
41

3*

236

* Amplitudes below background noise (10µV)
# Patients with anal sphincter recordings, amplitudes above background noise
Survey of the TES-MEP response amplitudes in mV at initiation of surgery of all recorded lower limb muscle

Discussion
Spinal cord monitoring has become standard care during idiopathic scoliosis
surgery. As Padberg (5) recommends, neuromuscular patients undergoing spinal

groups of patients 1-9. Patients 1-4: myelomeningocele, patients 5-8: Duchenne muscular dystrophy, patient

deformity surgery who still have preserved lower extremity or bowel and bladder

9: spinal muscular atrophy

function or both, should also be considered candidates for intra-operative monitoring.
This pilot study reports the intra-operative use of TES-MEP in nine neuromuscular
patients undergoing scoliosis surgery. In all patients, no increased post-operative
deﬁcits were diagnosed. The TES-MEP intra-operative monitoring resulted in

Table 1. Generally, the limb muscle responses showed low, but stable amplitudes

consistent and reproducible muscle responses, although relatively low amplitudes

throughout the surgery. In three patients, two of the eight monitoring sites (Table 1)

were measured in some muscle groups. The procedure resulted in one false-positive

could not be used because the recording amplitudes were not distinguishable from

outcome. Small changes in response amplitude occurred in some patients, probably

the background noise (discrimination level 10 µV). Recording at the remaining six

reﬂecting the inﬂuence of systemic changes in blood pressure and core body

sites that included the two reference sites, showed consistent and reproducible

temperature.

amplitudes.
This study emphasizes advantages of the TES-MEP technique. A diversity of muscle
None of the patients showed increased neurological deﬁcits post-operatively. During

groups has been monitored with instantaneous results. Various clinically important

the monitoring procedures of three patients, the amplitudes of different limb muscles

muscles can be monitored, for example as we have shown in three patients (Table 1)
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slowly diminished. These decreases could not be related to any surgical action or
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by the successful measurement of the anal sphincter muscle. The overall sensitivity
of the TES-MEP technique in this patient category cannot be determined because of
the small number of patients presenting with neuromuscular weakness.
From the results of this study, we conclude that despite the disturbed motor function
of the patients with neuromuscular weakness, TES-MEP monitoring is possible.
Considering the advantages of the TES-MEP method and the outcomes of this
pilot-study, we encourage further research into the use of TES-MEP monitoring in
patients with neuromuscular weakness.
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Abstract

Introduction

Objectives

Ankylosing spondylitis is a rheumatic autoimmune disease in which the ossiﬁcation

Cervical osteotomy can be performed in patients with cervical kyphosis due to

of ligament and joints results in fusion of the spinal column. Involvement of the

ankylosing spondylitis. This study reviews the role of two new developments in

cervical spine may lead to ﬂexion deformities and severe “chin on chest” deformities

cervical osteotomy surgery: internal fixation and transcranial electrical stimulated

(Figure 1). The development of a rigid spine in ankylosing spondylitis is often

motor evoked potential monitoring (TES-MEP).

combined with a ﬂexion contracture of the hips. The cervical kyphosis can therefore
not be compensated by extending the hips resulting in restriction of the horizontal

Methods

gaze. This restriction is socially very disabling and also can cause pain and

From 1999-2004, 16 patients underwent a C7-osteotomy with internal fixation.

sometimes complicates eating and breathing.
The surgical technique to reduce the cervical-thoracic kyphosis angle is a cervical

Mayfield clamp fixation (group P). In group P, longer fusion towards T4-T6

correction osteotomy as ﬁrst published in 1977 by Simmons [16]. Considering

could be obtained that created a more stable fixation. Therefore, post-operative

the patient group with a rheumatic disease and associated comorbidity, this is a

immobilization protocol of group P was simplified from halo-cast to cervical orthosis.

potentially hazardous procedure. Surgery was performed in a sitting position under
local anesthesia allowing continuous neurologic monitoring. Halo casting was used

Results

to maintain the correct position; no internal ﬁxation was performed. McMaster [10]

Consolidation was obtained in all patients without loss of correction. Post-operative

published a second case series in 1997 describing the technique of a C7-T1 cervical

chin-brow to vertical angle measured 5º (range 0-15). TES-MEP was successfully

osteotomy under generalized anesthesia in a prone position without internal ﬁxation

performed during all surgical procedures. In total, 9 neurological events were

in 12 patients and with internal ﬁxation in 3 patients.

registered. Additional surgical intervention resulted in recovery of amplitudes in 6 of
9 events. In two patients spontaneous recovery took place. One patient showed no

Due to new developments in internal ﬁxation techniques and in evoked potential

recovery of amplitudes despite surgical intervention and a partial C6 spinal cord

neuromonitoring methods, the surgical possibilities for cervical osteotomy are

lesion occurred.

expanding. However, the beneﬁts and results of the new possibilities on this difﬁcult
and potentially hazardous procedure have not been reviewed.

Conclusion
We conclude that C7 osteotomy with internal fixation has been shown to be a reliable

In this study, the results are reviewed for a series of 16 patients from one operative

and stable technique. When surgery is performed in prone position, distal fixation

team. New aspects were the consistent use of internal ﬁxation and continuous motor

can be optimally obtained allowing post-operative treatment by cervical orthosis

evoked potential monitoring of arms and legs. The aim of this study is to report these

instead of a halo-cast. TES-MEP monitoring has been shown to be a reliable neuro-

new intra-operative developments and to evaluate their role.

monitoring technique with high clinical relevancy during cervical osteotomy because
it allows timely intervention before occurrence of permanent cord damage in large
proportion of the patients.
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immobilization (group S), 5 patients underwent surgery in prone position with

Cervical osteotomy in ankylosing spondylitis: Evaluation of new developments

In 11 patients, cervical osteotomy was performed in a sitting position with halo-cast

Patients and methods

Figure 1 A

The data was reviewed for 16 patients, 14 male and 2 female patients, who underwent
a cervical osteotomy between 1999 and 2004. All patients suffered from ankylosing

Pre-operative photograph
of a patient with a cervical

spondylitis. Pre-operatively, one patient was diagnosed with poly-neuropathical

kyphosis due to ankylosing

abnormalities of sensory and motor deﬁcit of both feet. Six patients had suffered from

spondylitis. Notice an

earlier cervical fractures.

increased chin-brow to
vertical angle and a
horizontal gaze impairment.

The indication for surgical intervention was a ﬁxed cervical kyphosis impairing
the horizontal gaze function and restricting activities of daily living (ADL).
During pre-operative clinical examination this impairment is expressed by the
chin-brow to vertical angle (CBV). The CBV angle measures the angle between
the line from chin to brow and the vertical axis of a standing patient. Good extension
of the patients’ knees is essential during this measurement to obtain valid values.
The average pre-operative chin brow angle measured 42˚ (range 30-70).
Cervical osteotomy in ankylosing spondylitis: Evaluation of new developments

Average age in this group of patients was 50.8 years (range 23-82).
Pre and post-operative radiological evaluation was performed on the lateral cervical
X-rays. Pre-operatively, the intervertebral fusion due to ankylosing spondylitis is
determined. The Cobb-angle of the cervical kyphosis was measured when possible,

however in most patients it could not be obtained due to over-projection of chest,

Co-morbidity or previous surgery of 16 patients
undergoing a C7 correction osteotomy

scapula and jaw.

Comorbidity/ previous surgery

Number of patients

Previous lumbar osteotomy

6

Previous cervical fractures

6

Crohn’s disease/ colitis

5

Total hip arthroaplasty

3 ( all bilateral)

Chronic obstructive pulmonary disease

2

Cardiovascular disease

2

Vasculitis

2

Insuline dependent diabetes mellites

1
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The surgical data and TES-MEP data were gathered during the operations.
The results of the TES-MEP monitoring were used to register and evaluate
neurological events.
At post-operative follow-up the CBV angle and neurological impairment were
determined. On the lateral cervical X-ray consolidation of the osteotomy was
assessed and the Cobb angle was measured. Successful fusion was noted
when consolidation was seen in the corrected extended cervical spine, deﬁned as
bone fusion seen on the lateral X-ray. This can be difﬁcult to assess in patients with
ankylosing spondylitis. When the X-ray is not conclusive, clinical assessment
contribute in determining consolidation. After the 3 to 6 months, consolidation can
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Table 1

Figure 1 A

bilaterally (Cerviﬁx/low structure USS, Synthes, Switserland). Excision of the spinous
process at C6 and C7 and a laminectomy at C7 were performed. The bilateral

Pre-operative photograph

foramen of the C7 and C8 nerves was fully exposed at both sides. The osteotomy

of a patient with a cervical

was performed as described by Simmons [16]. Due tot the soft bone mostly a curette

kyphosis due to ankylosing

or rongeur, sometimes an osteotome is used. The corrective extension maneuver was

spondylitis. Notice an

made and the osteotomy was closed according to pre-operative planning.

increased chin-brow to
vertical angle and a
horizontal gaze impairment.

No intra-operative X-rays are performed. Clinically, the extension maneuver and the
position of the head are closely observed through the transparent drapes.
One surgeon performs the extension maneuver by holding on to the clamp or halo.
Then the cervical and thoracic screws were attached to contoured rods in the
corrected position and bone grafts were placed posterior over the laminae. Due to the
correction, the laminae of C6 and T1 are almost in contact.
The results of the TES-MEP monitoring were carefully registered. When the neuro-

potential causes of the amplitude decrease were detected following a three step
protocol. First, decreases due to technical causes were detected and repaired.
Secondly, optimalization and stabilization of any haemodynamical changes was
performed. Thirdly, when the TES-MEP amplitudes remain low, the preceding surgical
maneuver was considered to be the cause of the amplitude decrease and a
signiﬁcant warning for impending neurologic deﬁcits. Therefore, if possible the last
be assumed when a radiograph can conﬁrm an identical position of the

surgical maneuver was corrected or reversed, for example reducing the correction

instrumentation as well as clinical assessment shows a patient without pain and

or replacing a pedicle screw.

a clinically unchanged extended cervical spine.
In this study, the ﬁrst 11 patients underwent the cervical osteotomy in a sitting position
(group S). In these patients a halo-cast was applied pre-operatively and continued
after surgery until consolidation of the osteotomy. In a sitting position, stabilizing the

Technique

obtained correction by internal instrumentation is technically difﬁcult, as the rods have
to be contoured to the new shape of the extreme lordosis. The halo-cast severely

Surgical technique

limits the maneuver area and subsequently impedes the distal ﬁxation procedure.
To overcome these technical problems, the technique was modiﬁed to a procedure

The cervical spine was exposed between occiput and T3 or lower. The level of C7/T1

performed in a prone position using the Mayﬁeld clamp to ﬁxate the head.

was identiﬁed. Lateral mass screws are placed bilaterally at C3, C4 and C5. At the T1

This position was used in the last 5 patients (group P). In absence of a halo-cast,

pedicle and if needed and possible at more distal levels, pedicle screws were placed

the application of the internal instrumentation was earlier to achieve. Therefore good
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Whenever decrease in amplitude occurred (below 20% of reference value) [8],

Cervical osteotomy in ankylosing spondylitis: Evaluation of new developments

monitoring amplitudes remained stable, the internal ﬁxation rods were ﬁxed.

distal ﬁxation could be performed and extended distally to level T6 or lower. Because

and were reported to the surgeon as a possible neurological event when other

a more stable ﬁxation was obtained by the longer instrumentation, this group was

causes as technical failure or systemic changes had been ruled out [8].

treated post-operatively with a stiff cervical orthosis until bony fusion of the osteotomy
was shown.

Anesthetic techniques

Neuromonitoring by TES-MEP

Intubation in patients with a rigid cervical kyphosis is difﬁcult because of restricted
access to the oral cavity. Therefore all patients were intubated with oral tracheal ﬁbre

Intra-operative neuromonitoring was performed by transcranial electrical motor

optic intubation technique.

evoked potential (TES-MEP) monitoring in all patients. The responses were elicited by
transcranial electrical stimulation using a custom-made stimulator, the Neuro-guard

Because of the use of TES-MEP monitoring during surgery, a strict anesthetic

(JS-Center, Bedum, The Netherlands).

protocol was required as muscle relaxants decrease the monitored muscle responses.
anesthesia. No muscle relaxants were given that would inﬂuence the muscle

(the anode). The cathode, a Velcro ground strip electrode, was immersed in saline

responses. General anesthesia was induced with a bolus dose of propofol (2 mg/kg)

and placed on the forehead. Electrode impedance calibration was performed

and remifentanyl (1 µg/kg). If relaxation was necessary for smooth intubation,

pre-operatively. Multipulse stimulation was used at supramaximal level in a train

atracurium (0.4 mg/kg) was given once (t½: 15-30 minutes). During the ﬁrst 30

of 4 to 7 pulses, with a pulse width of 100 µs and interpulse interval of 2 ms.

minutes, anesthesia was maintained by propofol (4 mg/kg/h) by continuous infusion.

The supramaximal level was determined before surgery and generally measured

Thereafter, the dose was lowered to 2 mg/kg/h). Continuous infusion of remifentanyl

between 150-250 V. Double train stimulation was used with a intertrain interval of

began at 15 µg/kg/he and was titrated according to pain responses.

20-25 ms to increase amplitudes in 5 patients [6].

Bolus application of remifentanyl and propofol was avoided because of its inﬂuences
on the TES-MEP responses. Thirty minutes before the end of the operation, morphine

The evoked muscle responses were recorded at four bilateral muscle groups with

was given and remifentanyl was stopped 20 minutes thereafter. Patients were

surface electrodes. As surgery was performed at C7, the responses measured at the

ventilated with a gas mixture of O2 and N20 in the ratio 1:2.

trapezius muscle (C2-C4) could be considered a reference site to which responses
from below the operative level could be compared. Of the other three bilateral
monitoring sites, two monitoring sites are selected on the upper extremity and one
on the leg. Possible monitoring sites were: the forearm extensors, the muscle

Results

abductor digitus V, the muscle abductor pollicis brevis, the anterior tibial muscle,
the quadriceps muscle, and the hamstrings.

Surgical procedure

Sudden decreases in amplitudes were registered, and the tendency of the overall

The anesthetic and TES-MEP monitoring preparation time took 90-160 minutes

curves was followed closely. Whenever response amplitude decreased, possible

(average 126 min). The average blood loss was 940 ml (range150-2650 ml) and the

technical failure, systemic changes (blood pressure, heart rate, and body

average time of surgery measured 194 min. (range 135-270 min). The patients

temperature) and recent surgical action were documented. Decreases below 20% of

operated in a sitting position wore a halo-cast post-operatively for 8 to 16 weeks.

the pre-operative reference values were deﬁned as signiﬁcant changes of amplitude

The patients operated in the prone position wore a stiff cervical orthosis for 12-16 weeks.
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Two needle electrodes were inserted subcutaneously at 2 cm posterior from Cz

Cervical osteotomy in ankylosing spondylitis: Evaluation of new developments

Patients were orally premeditated with midazolam (0.1 mg/kg) 1 hour before general

Post-operative results and complications

Two severe complications occurred in this case series both in group S treated with
a Halo-cast. One 82 years old patient with pre-operative myelopathy developed a C6

The surgical procedure was completed in all patients. The post-operative CBV angle

spinal cord lesion that was registered by TES-MEP monitoring, but it could not

measured approximately 5º (range 0º - 15º): an average correction of 38º

be reversed intra-operatively nor by secondary anterior decompression surgery

(range 25-65). All patients had a minimum post-operative follow-up period of 1 year.

performed the same day. The result was a C6 right / C7 left motor and partial sensory

In all patients consolidation was obtained within 4 months. The average acquired

deﬁcit with no evidence of late recovery. One patient died 6 weeks post-operatively,

cervical lordosis measured by Cobb’s angle was 33.5º.

after a cardiac arrest 4 days postoperatively resulting in a post-anoxic encephalopathy.
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Post operative surgical outcome in 16 patients undergoing a C7 correction osteotomy

on

Table 2

Figure 2 A

Pre-operative X-ray of

TES-MEP neuromonitoring
In all 16 patients TES-MEP monitoring was performed successfully. In 2 patients

the cervical spine with a

reference monitoring of the trapezius muscle could not be performed. Monitoring was

rigid cervical spine due to

completed using the remaining 6 muscle sites. The transcranial elicited trapezius

ankylosing spondylitis.

muscle response could not be performed because of two reasons. First, from direct
stimulation of the high cervical roots (C2-C4) by extra-cranially conducted TES
currents along the scalp, muscle responses (M-response) interfered with the intracranially elicited MEP response. Secondly, interference from extinction of large
stimulation artifact occurred when the halo-cast forced to more medial placement of
the EMG electrodes over the trapezius muscles. The Mayo-clamp used in group P,
permitted more lateral placement of the electrodes, which resulted in a marked
reduction of these artifacts.

Figure 2 B

Post-operative X-ray of the

muscles sites above 20% of reference values. Of these patients, post-operative

same cervical spine after a

clinical neurological examination showed no motor changes.

C7 osteotomy with internal

During 2 surgical procedures, technical disturbances caused a transient decrease of

fixation.

muscle responses. An accidental disconnection of the recording sites (1) and
stimulation electrodes (1) occurred during the extension procedure. After replacing
the electrodes the amplitude values turned to normal. No additional surgical event
occurred and no post-operative deﬁcit was noted.
In 7 patients (44%), 9 surgical related neurological events were monitored. In all these
patients, a decrease of amplitude below 20% or reference value was measured
during or immediately after the correction extension maneuver. In 1 patient an
immediate spontaneous recovery was seen. In the 6 other patients, the surgeons

Other post-operative complications were: viral meningitis (1), wound infection (2),

responded to the amplitude decrease by reducing the correction of the cervical

temporary C8-paraesthesia / arm pain (9). Two patients underwent additional surgery.

spine. In 5 of the 6 patients, the TES-MEP responses recovered and no post-

In one patient, a debridement of the wound was performed one month after

operative neurological lesions were diagnosed.

the cervical osteotomy, because of a wound infection. In addition antibiotics were
subscribed and he was discharged after 17 days when the wound had healed.

In one 82 years old patient, the responses did not return to the original values, which

Another patient was readmitted 6 months post-operatively for resection of a

resulted in permanent neurological damage as described above.

prominent tender part of a spinous process at T1.

In two patients, besides a neurological event during the correction, a second episode

Cervical osteotomy in ankylosing spondylitis: Evaluation of new developments

In 7 patients, the TES-MEP monitoring was undisturbed with amplitudes of all

94

95

Chapter 6

of amplitude decrease was registered. In one patient this was due to a misplaced

Figure 3

Discussion
New aspects of this study are the consistent use of internal ﬁxation and transcranial
electrical motor evoked potential (TES-MEP) monitoring during cervical osteotomy.
The use of internal ﬁxation has been reported in previous case-reports [2,10,11,12].
Posterior and combined anterior-posterior procedures have been described. To our
knowledge no case-series are reported with the use of internal ﬁxation techniques in
cervical osteotomy. In this study internal ﬁxation was consistently performed after the
extension correction as described by Simmons. A clinically good correction was
obtained; there was no translation or loss of correction; all patients fused.
Earlier publications on C7 correction osteotomy performed without internal ﬁxation,
report the occurrence of pseudarthrosis and translation [10,16]. These complications
did not occur in this study. Most likely, internal instrumentation has created an optimal
position. However, distal ﬁxation proved technically difﬁcult to perform on a sitting

amplitudes for four bilateral muscle groups in patient 12 (Table 2). Time marks (X-axis) indicates

patient wearing a halo-cast. Therefore during this study period, it was decided to

that was set just before cervical correction (line R). Immediately after the correction (line C) a

change the intra-operative position. In the following 5 patients, an identical surgical

change in amplitudes is registered, with a decrease below 20% of both anterior tibial muscles

procedure was performed in a prone position, the patients’ head being ﬁxed with a

and the right hand muscles. After intervention (line I) by reducing the achieved correction

Mayﬁeld clamp.

amplitude recovery is seen.

This technique had three advantages compared to the sitting procedure. First,
without the halo-cast limiting the working space, the distal ﬁxation could be extended
thoracic pedicle screw. Immediately after the registration of the amplitudes decrease,

easily to mid-thoracic level. The acquired longer ﬁxation is considered more stable,

the pedicle screw was replaced and the TES-MEP amplitudes turned to its original

because a longer moment arm is created to counteract the high junctional forces of

value. In the second patient a decrease in amplitudes occurred while performing the

the rigid spine of patients with ankylosing spondylitis. Furthermore, a longer multilevel

laminectomy of C7. No evident surgical cause could be found, a subclinical myelo-

ﬁxation improves stability considering the osteoporosis associated with ankylosing

pathy due a severe kyphosis was proposed as the cause for the event. The surgeons

spondylitis.

decided to wait for spontaneous recovery while high dose of corticosteroïds was
given. After waiting for 30 minutes the amplitudes returned to values above 20% of

Secondly, because of the long fusion thus acquired, post-operative halo-cast

reference and the procedure was continued. On the second day post-operative,

treatment is not required. In this study, a cervical orthosis proved to provide sufﬁcient

neurological examination showed a strength of 4/5 * in all muscles in both arms and

support during the post-operative consolidation period. Thirdly, the clinically

both legs showed no impairment 5/5*. The deﬁcit had fully recovered by 3 months.

important intra-operative TES-MEP reference value of the trapezius muscle could be
more easily monitored in the prone position without a halo-cast.

(* = Neurological classiﬁcation according to Medical Research Council)
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The use of TES-MEP monitoring in the arms and legs was a new standard procedure
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15 minutes. At each time plot, the amplitude is given as a percentage from the reference point

Cervical osteotomy in ankylosing spondylitis: Evaluation of new developments

biomechanical stable and reliable ﬁxation facilitating consolidation in the corrected
Time plots of the transcranial electrical motor evoked potential monitoring (TES-MEP)

for all cervical osteotomies. Originally, Simmons [16] described the osteotomy

Although monitoring could be performed in all patients, in 2 patients the responses at

technique under local anesthesia for continuous clinical monitoring. McMaster [10]

the reference site at the trapezius muscle could not be detected. Most likely this was

performed the cervical osteotomy with the use of somato sensory evoked potential

due to the elicitation of cervical motor roots of the trapezius resulting in M-responses

(SSEP) monitoring. In case-reports the use of SSEP during cervical osteotomy is also

or the extinction of large stimulations artifacts from TES.

reported [2,10,11] SSEP monitoring has proven to be of great value but not always
100% accurate. Cases have been reported of undetected post-operative neurological

Nine patients suffered from transient C8 parasthesia. This is most likely due to

deﬁcit during SSEP monitoring [1,9,18].

compression of nerve roots C8 just at the level of the osteotomy in a corrected
extended cervical spine. It is doubtful whether this nerve compression could be

TES-MEP has been successfully applied during corrective spinal surgery

prevented by any additional surgical actions. This pure sensory deﬁcit will be

[3,4,5,7,8,13,14,15,17]. In our opinion the use of TES-MEP has four advantages

undetected using TES-MEP because only the motor pathways are monitored.

compared to SSEP. First, TES-MEP directly monitors at the spinal cord and motor

However, all deﬁcits were transient and of no great clinical relevance. If SSEP

roots, the more clinically relevant motor pathways. Secondly, TES-MEP is highly

monitoring had been used, these deﬁcits would probably still have been unnoticed

reliable while no false negative results have been reported. Thirdly, the measurement

as SSEP only monitors the lower extremities using a single stimulation site at the

is instantly available as averaging procedures are not required. Therefore, early

peroneal nerve.

the correction can be checked immediately. Fourthly, multiple muscle sites applied

The results of this case-series illustrate the vulnerability of the spinal cord and the

at arm and leg muscles, including special reference sites above the level of surgery,

high physiological demands on patients undergoing a C7 osteotomy. Considering

can be monitored which facilitates the interpretation of the TES-MEP results in

these complications, it is recommended that a C7 osteotomy to be contra-indicated

difﬁcult cases.

in patients with accompanying cervical canal stenosis and in the very elderly.

A known disadvantage of TES-MEP is its vulnerability to anesthetics and systemic
changes. However using a strict intra-operative anesthetic and monitoring protocol,
amplitude decreases of systemic or anesthetical origin can be prevented, recognized

Conclusion

and stabilized [8].
A corrective C7 osteotomy remains a hazardous, high-risk procedure. In this series of
In our study, TES-MEP proved to be a reliable monitoring technique during cervical

16 patients, 2 serious complications occurred: one patient with post-operative spinal

osteotomies. No false negative outcomes were diagnosed. TES-MEP monitoring

cord lesion and one patient with a cardiac arrest and resuscitation resulting in severe

showed 9 neurological events in 7 patients illustrating also the high neurological risks

post-anoxic encephalopathy. The high neurological risks of spinal cord or nerve root

of the C7 osteotomy procedure. In order to prevent permanent post-operative

lesions have clearly been illustrated by the TES-MEP outcomes, showing severe

neurological deﬁcits additional interventions were applied: adjustment of the obtained

amplitude decreases in 7 of 16 patients.

surgical correction (6), additional supply of corticosteroïds (1) and a pedicle screw
change (1). Amplitude recovery after an additional surgical intervention was obtained

TES-MEP has shown to be of great clinical use in detecting all early neurological

following 6 neurological events.

events thus allowing immediate surgical correction to prevent permanent neurological
damage. We prefer TES-MEP over SSEP and feel it should be strongly recommended

Cervical osteotomy in ankylosing spondylitis: Evaluation of new developments

surgical correction can be performed when a decrease is noticed, and the results of
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in cervical osteotomy procedures.

The authors conclude that internal ﬁxation is of great value in stabilizing a C7 osteotomy.
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Objective

Corrective spinal surgery carries a small, but signiﬁcant, risk for neurological damage

During TES-MEP monitoring of cervical spine surgery at the trapezius muscle, large

(ref MacEwen 1975). To prevent permanent neurological deﬁcits, evoked potential

stimulus artifacts can interfere with the evoked cortico-spinal response thus making

neuromonitoring techniques are standard practice. Transcranial electrical stimulation

it poorly visible or even undetectable. The aim of the study is to determine optimal

motor evoked potential monitoring (TES-MEP) has proven to be a safe, reliable and

locations and orientation of the surface electrodes to reduce the stimulus artifact and

direct neuromonitoring method for the cortico-spinal tract. This technique has shown

thereby improving the applicability of neuromonitoring during cervical spine surgery.

good results during spinal surgeries at lumbar, thoracic, and cervical level (Jellinek,
1991; Tabaraud et al., 1993; Jones et al., 1996; Lang, 1996; Nagle et al. 1996;

Methods

Pechstein et al. 1998; Pelosi et al., 2001; Langeloo et al., 2003; Hilibrand, 2004;

Healthy volunteers (9 male, 2 female) were included in a non-clinical experiment

Journee et al., 2004; Langeloo et al., 2006). With TES-MEP, the recording sites can

mimicking transcranial electrical stimulation. The trapezius muscle response was

be selected on relevant muscles above and below the level of surgery. In cervical

recorded at 8 different locations on its surface. At each location, the amplitude and

surgery, the trapezius muscle (C2-C4) serves as an important recording site.

angle of the current was calculated, and a 50 degree range for the aggregate at

However, when using the trapezius muscle in cervical spine surgery, large stimulus

each location was determined. The iso-potential line was drawn perpendicular to the

artifacts caused by electrical volume conduction can interfere with the motor response

midpoint of the angle range. The reduction of the stimulus artifact in a clinical setting

along the cortico-spinal tract. The stimulus artifact can make the cortico-spinal

was calculated if the surface electrodes had been placed on the iso-potential line.

response poorly visible or even undetectable (Hines et al., 1996; Frigo et al.,2000;
Mandrile et al., 2003; Langeloo et al., 2006). The effectiveness of the TES-MEP

Results

monitoring of the cervical spine should improve if the stimulation artifact could be

As distance from the stimulation site (C3-C4) increases, amplitude of the stimulus

reduced. It is expected that such a reduction can be obtained by proper placement

artifact decreases and the angle variation increases. If the electrodes are placed on

of the electrodes for transcranial stimulation in combination with a speciﬁc montage

the iso-potential line, a 70-92% decrease of the stimulus artifact can be obtained.

of the recording electrodes.

The optimum location of the recording electrode pair is close together, along the
upper rim of the trapezius muscle.

In this study, the stimulus artifact is analysed in a non-clinical setting mimicking
transcranial electrical stimulation at multiple locations and orientations on the

Conclusion

trapezius muscle. The goal of this study is to present a practical guide for the optimal

To reduce the stimulus artifact, the distance between the recording electrode pair

placement of the surface electrodes on the trapezius muscle to improve the TES-

should be small; the electrodes should be placed on the upper rim of the trapezius

MEP monitoring outcomes. The ultimate goal is to improve patients safety during

muscle and placed on the iso-potential line.

cervical spine surgery.
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Abstract

interval of 2 ms and an estimated artifact response length of 6 ms, the artifact
may strongly interfere during the ﬁrst 14 ms of the time scale. Consequently, the

The goal of TES-MEP is to provoke a cortico-spinal response by transcranial electrical

monitoring window becomes limited due to the stimulus artifact during 14 ms and

stimulation to determine the integrity of neurological pathways. However, independent

the evoked response starting at approximately 8 ms. Fig 1 shows the interference

of this cortico-spinal evoked response, transcranial electrical stimulation also elicits

of the stimulus artifact and the muscle response in clinical practice at three different

an electrical response resulting from volume conduction. This signal is large at the

stimulation conditions, using four-pulse stimulation.

location near the stimulation site and decreases inversely with distance from the
stimulation site. This electrical signal, a stimulation artifact, may interfere with the
cortico-spinal response.
Extremely high stimulation artifacts are noticed in facial muscles during transcranial
electrical monitoring (Dong et al., 2005). Somewhat smaller, but still large

Figure 1

Two graphs illustrating the
stimulus artifact of the four

stimulation artifacts may occur in TES-MEP monitoring of the trapezius muscle.

TES pulses. In the upper

In the upper extremity, for example used in monitoring during cervical spine surgery,

graph, the TES-MEP

the stimulation artifacts are smaller and, therefore, less problematic. In TES-MEP
monitoring of the lower extremities, the low magnitude of stimulus artifacts renders
them clinically irrelevant.

response is not detected
on the scale of 20 mV
(=size of the artifact).
In the lower graph, the
interference between the

In clinical settings using TES, multiple stimulus pulses are applied to enhance the
amplitude of the muscular response. The stimulation artifact occurs instantaneously

stimulus artifact and the
TES-MEP response is seen.
On a scale of 0.1 mV,

after the ﬁrst electrical stimulation pulse. The measured amplitude of the artifact may

only the second part of a

exceed 10.000 microvolts, thus leading to saturation of physiological ampliﬁers.

deformed and unreliable

Although the artifact diminishes with time, the relaxation time may be prolonged until
physiological ampliﬁers have recovered from saturation.

TES-MEP response can be
measured. Stimulation
intensities: TES: 400 Volt,
Gain: 100x

The TES conduction time along the cortico-spinal neural pathway for the trapezius
muscle has not been documented, but the transcranial magnetic stimulation (TMS)
the evoked response is known to be delayed by 10.5 ms (Strenge and Jahns 1998).
Compared to TMS, the latency of TES-mMEP is expected to be about 2 ms shorter
because in addition to indirect (I) waves, TES will predominantly generate direct (D)
waves. The sum of the D and I waves in the spinal motor neurons will reach the ﬁring
threshold earlier, without the synaptic delay of the cortical motor neuron and without
the conduction time between the location of the corticospinal tract where D-waves
are elicited and the upper motor neuron (Rothwell et al.,1994; Amassian 2002;
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Di Lazzaro et al 2004). In clinical settings a ﬁve-pulse stimulation with an interpulse

The trapezius muscle describes a large triangular shaped area under the body

horizontal and vertical projections of each electrode pair. Each projection of the Ē

surface between the occipital bone, the lower thoracic vertebrae and the acromion

vector was obtained by dividing the potential difference between the horizontal and

process at the lower border latero-caudally ﬂanked by the scapular spine. Hence

vertical electrodes by the distances between them. The Ē-vector is deﬁned by a

there is a wide choice of locations for EMG electrodes on the trapezius muscle. Since

length |Ē| (its magnitude) and an angle ϕE (its orientation). The orientation of an

the size of the artifact depends on location, one should be able to minimize the

iso-potential line is perpendicular to the angle ϕE of the Ē-vector. The orientation may

stimulation artifact by proper placement of the electrode pair. In addition, the

change in time due to changing characteristics in the complex impedance of the

recorded potential difference depends on the distance between the electrode pair

body volume conductor of the human torso. When the angle of the Ē-vector is

and their orientation.

measured continuously during an interval, the course of the corresponding orientation
of the iso-potential lines will be determined during that interval. Fig 2 shows four

In summary, the stimulus artifact of the EMG electrodes can be reduced by taking

electrodes at eight locations over the trapezius muscle and the deﬁnitions of the

the following three factors into account:

Ē-vector and the iso-potential line.

- The EMG electrodes should be placed were the size of the stimulus artifacts are
the lowest.
- The potential difference between the electrodes is proportional to their distance.
Decreasing the distance will reduce the stimulus artifact, but this also affects the

The stimulus artifact and its iso-potential lines may depend on many physical and
geometrical factors, for example the fat/muscle ratio and the torso circumference.
Therefore, a group of volunteers of different body shapes were included in the study.

evoked cortico-spinal response. However, the evoked responses at the trapezius
muscle sometimes may show high amplitudes. In those cases, the electrode
distance can be reduced to 1 cm (using needle electrodes) while preserving the
remaining good responses from the trapezius muscle.

Materials & Methods

- The stimulation artifact is maximal when the orientation of the electrodes is
perpendicular to the iso-potential lines, the lines connecting points of speciﬁc

Volunteers

voltages. In theory, when the surface electrodes are placed in the direction of the
iso-potential line of the stimulus artifact, the potential difference is equal to zero

Healthy volunteers (9 male, 2 female) ranged in age between 26 and 59 years.

and hence the stimulus artifact will not be detectable. Of course, to beneﬁt from

There were no inclusion/exclusion criteria. Before monitoring, the body mass index

this theory in practical settings, the variability of the orientation of the iso-potential

(BMI), as well the circumference of head, neck and torso were determined.

line across time has to be known.

The local Ethics Committee and the Institutional Review Board approved the study.

In this study, electrical responses were recorded by a quadruplet of four surface

Transcranial electrical stimulation

electrodes at multiple locations on the trapezius muscle: two horizontally and two
vertically placed electrodes. These electrical responses were generated by relatively

Two stainless steel stimulation needle electrodes of 12 mm length, diameter 0.4 mm

small stimulation currents mimicking transcranial electrical stimulation (TES) in clinical

(Type TE/S43-838 Technomed, The Netherlands) were inserted subcutaneously into

settings.

the scalp at the C3 and C4 locations. According to a tetra-polair set-up, 2 extra
needle electrodes were inserted nearby C3 and C4 to measure the net pulse

Transcranial electrical motor evoked potential monitoring of the trapezius muscle: The optimal placement for surface recording electrodes

The vector of the electrical response (E vector: Ē) was reconstructed from the
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amplitude over the enclosed part of the head.

Figure 2

pair was attenuated by approximately 1/2000 resistor network that converted a level
of 1 V into 500 µV, which is within the input range of the physiological ampliﬁers.
The attenuator was constructed from a series of three resistors: two of 499.5 kΩ
that were connected to the input of the physiological ampliﬁer and one of 0.5 kΩ that
was connected between the tetrapolar recording electrodes and the ampliﬁer input.
A current stimulator of the neuromonitoring system Neuroguard ® (JS Centre,
The Netherlands) was used to deliver the stimulation current to the electrodes on
the scalp at C3 and C4. The pulse width of the stimulator was 800 µs. This width
precluded under-sampling at the 4.3kHz sample frequency per channel so that
the pulse could be detected by 3 to 4 samples. The system was programmed for
repeated single-pulse stimulation. A time delay circuit was connected with the
stimulator, resulting in a shift of 18.5 ms in the recorded pulse, so that the 18.5 ms
preceding the response from the stimulus pulse was visible. The start of the recording
is set on t=0. Filter settings were 50Hz for the low and 5000Hz for the high ﬁlter.
A model of the experimental protocol. Transcranial stimulation was at C3 and C4.

After insertion of the stimulation electrode, the stimulation current of single pulses

The stimulus artifact was recorded at locations M1, M2, L1-L4, R1 and R2. The electrical

was gradually increased until the tetrapolar reference voltage was 1 V or until the

vector Ē is composed of the horizontal and vertical components E x and Ey components,
retrieved from the voltages and distances between the horizontal and vertical electrode pairs.

volunteer reported feeling an unpleasant sensation or pain. When pain was reported,

The iso-potential line of the stimulus artifact is perpendicular to the quadruplet vector as

a stimulation intensity below the voltage evoking the unpleasant sensations was

shown in the separate circle diagram.

chosen. Before a recording sessions started, the subject was asked to relax his/her

The locations are defined as:
Location M1: 4 cm proximally from M1
Location M2: 10 cm distally from occiput in midline
Location L1:

muscles. The recording began when no, or minimal, EMG activity was present.
Each experiment consisted of up to 10 (minimal 6) consecutive recorded series of
20 stimuli each. The stimulation interval time was 1 second.

Exact middle between spinous process C7 and L2

Location L2: 6 cm lateral to proximal/medial angle of left scapula
Location L3: Exact middle between spinous process C7 and L4

Trapezius muscle recording

Location L4: 3 cm proximal to distal angle of left scapula
Location R1: 6 cm lateral from proximal/medial angle of right scapula

Surface recording EMG electrodes were placed on the skin covering the trapezius

location R2:

muscle. Eight locations corresponded to the following anatomical landmarks:

Exact middle between spinous process C7 and R1

2 sites in the midline of the neck (locations M1, M2), 4 sites on the left side of the
body (locations L1, L2, L3, L4), 2 sites on the right side (locations R1, R2).
Since only direct electrical volume conduction from the head electrodes to the

The exact locations are illustrated in Fig 2.

surface response electrodes was studied, stimulation intensities approximately

At each location, a quadruplet of 2 horizontal and 2 vertical electrodes was placed

2 magnitudes lower than threshold intensities for TES-MEP responses could be

with a distance of 4 cm between the centres of the horizontal and the vertical
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1 V, which usually was below the pain sensation. The tetrapolar recording electrode

Transcranial electrical motor evoked potential monitoring of the trapezius muscle: The optimal placement for surface recording electrodes

chosen. The intensity was adjusted to produce a reference stimulus amplitude of

degrees to have too great a variability between the individual values within a series.

and Ey. Ex measured the horizontal projection of Ē (the horizontal electrode pair) and

Responses with the SD below 20 degrees were used to determine the range of the

Ey the vertical projection of Ē (the vertical electrode pair). Ē is deﬁned by a vector

vector angles, Δϕ, per location. A range of 50 degrees was assumed to be practical.

angle ϕE and a length |Ē|. The vector angle ϕE, reﬂects the direction of the electrical

For each location, the 50 degrees range, which included the most values, was

current and |Ē| the magnitude of the electrical ﬁeld. The iso-potential line at the

chosen. The Δϕ of each location is shown in a dorsal view in a body-surface map

location of the quadruplet is perpendicular to vector Ē (Fig 2).

(Fig 3). Theoretically, the artifact will be reduced to zero when the recording

The distances between all electrode pairs, d x and d y, were measured and later used

electrodes are placed along the iso-potential line, which is perpendicular to the

to compute the electrical ﬁelds E x and Ey.

Ē-vector. In practice, if the electrodes are placed perpendicular to the midpoint of Δϕ,
one can expect an effective reduction in artifact amplitude, the amount estimated as:
sin (Δϕ / 2).

Data analysis

Transfer ratio (TR) of the stimulation artifact

Vector length |Ē q| and vector angle ϕEq

The transfer function between Escalp (t) and |Ē|(t) depends on a complex composition,
including electrical impedances of biological compounds, between the electrodes

The size of the electrical ﬁeld is independent of the distance between the electrodes.

on the scalp and the quadruplets. The impedance is mainly composed of resistive

The horizontal and vertical projections E x and Ey of the electrical ﬁeld vectors, in Volt

and capacitive elements. The attenuation of the stimulation artifact from the scalp

per meter (V/m), of a quadruplet of recording electrodes were obtained by dividing

electrodes to the recording electrodes at one quadruplet is given by the transfer

the measured voltage by the distance between the electrodes: E x=V x /d x and Ey=V y/d y.

ratio TR,

The electrical ﬁeld between the recording electrodes near the stimulation electrodes
on the scalp separated by distance dscalp is given by: Escalp = Vscalp / dscalp.
The vector of the electrode quadruplet is deﬁned as vector length: |Ē|=√(E x 2+Ey 2)

Figure 3 A

and vector angle ϕE = atan(Ey/E x). The arc-tangent function reconstructs the vector
angle over a range of 360 degrees. Since the electrical ﬁeld of the stimulation pulse
changes with time, Escalp, |Ē| and ϕE are functions of time and can therefore written

Figure 3A illustrate the
range of the vector

as Escalp (t), |Ē|(t) and ϕE(t). Each Ē-vector of the stimulation artifact is the mean of the

angle ϕE at each location.

20 recorded values, each obtained during a 1 sec stimulation period.

The iso-potential line on

In all responses, the start of the stimulation artifact is set at t=0 ms and continued
until t=4.5 ms, as t=-18.5 is equal to the preset delay, Escalp (t), |Ē|(t) and ϕE(t) were
plotted as time functions (Fig 4).

each location is drawn
perpendicular to the
midpoint of the angle
range.

The vector angles ϕE for each quadruplet were calculated at t= 1.7 ms. The value
used to determine the iso-potential lines at each location were the average per
subject of the stimulation series, usually 10. The standard deviations of the vector

Transcranial electrical motor evoked potential monitoring of the trapezius muscle: The optimal placement for surface recording electrodes
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angles ϕE were determined. We considered volunteers with a SD greater than 20

(1)

This factor can be used to estimate the maximum amplitude of the artifact in clinical

Figure 3B illustrates
the exact location of the

settings: in that context, the stimulation intensity is a factor of 2 greater than in this

recording electrodes on

study. The relation between the stimulation voltage and the artifact amplitude is:

the trapezius muscle
over the iso-potential line

Vmax artifact = Vscalp .TR . d q / dscalp

(2)

It is assumed that d q = d x = d y and that TR is independent of the stimulation intensity,
admittedly a simpliﬁcation. For example, when assuming Vscalp = 200V, dq = 13cm,
TR=0.0001 and d q=4cm, one obtains Vmax artifact = 6mV.
The relation of the TR to BMI, neck circumference, torso circumference and head
circumference was tested with a linear regression analysis.

Table 1

Results

Summery of estimated voltages at each location by the use of
the transfer ratio

All 11 procedures were completed without problems. The body mass index (BMI)
mean measured 23.9 kg/m2 (range between 18 and 30 kg/m2), head-circumference
Location M1

Location M2

Location L1

Location L2

Location L3

Location L4

Location R1

Location R2

mean 57 cm (range 56-60 cm), neck-circumference mean 38 cm (range 33-41 cm),

TR

1.91 -4

8.14 -5

3.50 -5

9.07 -6

1.06 -5

9.05 -6

5.06 -5

1.01 -5

thorax-circumference mean 100 cm (range 91-111 cm).

Sin (Δϕ/2)

0.38

0.37

0.23

0.32

0.087

0.22

0.38

0.3

Eight recording sites (M1, M2, L1, L2, L3, L4, R1, R2) were used in all volunteers,

|Ē|

4.7 V/m

1,9 V/m

0.8 V/m

0.2 V/m

0.2 V/m

0.2 V/m

1 V/m

0.2 V/m

except that for 5 volunteers, location M1 was not used.

Vmax artifact

11.78 mV

4.9 mV

2.17 mV

0.56 mV

6.51 mV

0.558 mV

3.1 mV

0.62 mV

Vdec artifact

4.476 mV

1.8 mV

0.49 mV

0.18 mV

0.56 mV

0.047 mV

1.178 mV

0.186 mV

TR:

average transfer ratio at each location by: TR = |Ē|max / |Ē|max,scalp at t=1.7 ms

E

E

E

E

E

E

E

|Ē|max,scalp is the size of the electrical field at the reference electrodes near the stimulation
|Ē|:

Vector length |Ē| and angle range (Δϕ)
High electrical voltages (representing the stimulus artifact in clinical setting)
were measured at the most proximal locations M1 and M2 (4.7 V/m and 1.9 V/m

site at C3 and C4.

respectively). The electrical ﬁeld is lowest at location L4 (Table 1).

the average of |Ē|max at one location in V/m

For each location, the vector angles with standard deviation < 20 degrees were

Vmax artifact: Estimated voltage recorded using equation (2) when substituting d q = 4 cm;
d scalp = 13 cm; Vscalp = 200 V.
Vdec artifact: Estimated electrical current at each location if the recording electrodes were applied within
the angle range of the iso-potential line using equation: Vdec artifact = sin (variation range/
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included to determine the angle range. At locations M1, M2, L3, R1 and R2, all results
were included. At location L4 the most results were excluded (volunteers 1 and 11)
(Table 2).
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Chapter 7

Figure 3 B

highest stimulus artifacts, but location L3 also showed a high stimulus artifact. At

Study data according to location

location L1 and R1, Vmax artifact was calculated as 2.17 mV and 3.1 mV. Location L2, R2,
Location Total volunteers Study number
excluded SD
> 20 degrees

Range of ϕ

M1

Study number
outside
range of ϕ

Data outside
range of ϕ

and L3 had the lowest values with stimulus artifact ranging between 0.5 and 0.6 mV.
A linear regression analysis showed no relation between the BMI, head circumference,
neck circumference or torso circumference to the TR.

6

-

-20 to 25

-

-

M2

11

-

-9 to 31

2

-171

L1

11

1

65 to 92

2, 6

-104, 4

L2

11

8

91 to 128

2, 5, 10, 11

-22, -87, 67, 69

L3

11

-

62 to 72

1, 2, 5

-153,-97,24,

L4

11

1,11

61 to 86

2,4,5,6

-118, 49,148, 31

Discussion
While monitoring the trapezius muscle with TES-MEP during cervical spinal operations,
stimulus artifact may be a disturbing phenomenon (Fig 1).
When using surface EMG electrodes separated by 4 or 5 cm, similar to montages on
muscles of the lower extremities, stimulation artifacts can reach high amplitudes that

The range of angles for each location is shown in Table 2. At location M2, L1 and R1,

could cause saturation of input ampliﬁers. The saturation of the ampliﬁers may

one result (all of volunteer 3) could not be placed within the angle range. At locations

introduce an unpredictable prolongation of the response. This problem mainly arises

L2 and L4 four results could not be placed, and at location R2, L3 three results could

when the recording electrodes are placed near the simulation electrodes (Hines et

not be placed within the angle range.

al., 1996; Frigo et al., 2000; Mandrile et al., 2003).

Fig 3A illustrates the angle range based on the measurements with a SD < 20

The stimulus artifact depends on gain and ﬁlter settings, but also on the electronic

degrees and the iso-potential line at each location is shown in separate diagrams.
Fig 3B shows the iso-potential lines drawn for each location, perpendicular to the
midpoint of the angle range.

Figure 4

All |Ē| and values for each location were determined and plotted against time,
as well as the polar coordinates. An example of the ϕE (t) graphs is shown in Fig 4.
As seen in Fig 4, the ϕE (vector angle) changes rapidly across time.
The sine of half the angle ranges predicts the remaining stimulation artifact in clinical
settings if the electrodes had been applied on the iso-potential lines as drawn in
Fig 3B. The percentage of the stimulus artifact that will remain is given in Table 1.

Course of the vector
angle ϕE across time for
volunteer 3 measured at
location M2. The C3 - C4
stimulation starts at t=0.
The functions are an
overlay of 10 stimulation

Transfer ratio of the stimulation artifact.

series. It is seen that
the vector angle of the

The transfer ratio (TR) was computed for all locations (Table 1). The estimated values
of the stimulus artifact (Vmax artifact) were calculated by assuming Vscalp= 200V, thus

electrical response is
changing rapidly across
time.

simulating TES-MEP intensities used in clinical practice. Further assumptions for the
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parameters were: d q = 4 cm and dscalp = 13 cm. Locations M1 and M2 showed the

enabling its removal (Charasse et al., 2003). However, these techniques, require
modiﬁcation in the existing monitoring equipment which cannot be easily realized in
clinical practice. In this study, we determined that proper electrode placement might
help to attenuate the artifact relative to the muscle response. This would not require
modifying the monitoring technique, and is therefore a practical and simple adaptation
to enhance the TES-MEP clinical use.
The highest artifact amplitudes occurred at location M1 and M2 and the lowest
amplitudes at locations L2, R2 and L4. Therefore, in clinical practice the central
midline recording positions should be avoided and more lateral locations are
recommended.
The data showed a great intra- and inter-indivual variation of the vector angle ϕE.
At the more distal locations (recommended because of lower stimulus artifact
amplitudes), the variability of vector angle between the individuals is higher and
subsequently the set angle vector range could be less reliable. Therefore, the beneﬁt
of placement on the iso-potential line may be relatively smaller at the more distal
locations as compared to the proximal locations.
In vivo illustrations of the TES artifacts. A train of 4 monopolar pulses with an interpulse

The transfer ratio (TR) for each location was determined to calculate the suppression

distance of 2 ms and a pulse width of 0.1 ms is applied. TES stimulation at C3-C4 with a

of the artifact in clinical practice. If the surface electrodes had been placed within

stimulus intensity of 200V. Recording electrodes were located at M2, separated by 4 cm
in horizontal and vertical direction.

the iso-potential range, the highest expected artifact amplitude decreases (92%) was

Fig 5A shows the E-vector between horizontal electrodes and Fig 5B shows the E-vector

seen at location L3. At location L1 and L4 an artifact decrease of 80% could be

between the vertical electrodes plotted as time function. The artifacts from this in vivo

expected, and at location M1, L2, M2, R1 and R2, 70%. The calculations of the

experiment are of the same magnitude compared to the predicted size of |Ē| in Table 1

expected decreases are based on the linearity of the stimulus artifact at low and as

of location M2. The amplitude difference of the artifact between the vertical and horizontal
placed electrodes is demonstrated.

well as at high stimulation voltages. Due to the physical characteristics of biological

Fig 5C shows the E-vector as a polar plot. It is seen that the vector angle is almost

tissues, the stimulus artifact will not act linearly in TES-MEP. Therefore, these calculations

horizontal (corresponding to the location M2 in Fig 3A) with little variation between the

can only be considered as an indication of a possible suppression of the stimulus

4 stimulation artifacts

artifact. A clinical example of suppression of the TES stimulus artifact is illustrated in
Fig 5.
For adjusting the iso-potential principle in clinical practice, ﬁve addition factors should

design of the ampliﬁer. Individual adjustment of the high-pass ﬁlter setting may

be considered. First, in some clinical settings all 8 suggested locations may not be

decrease the stimulus artifact signiﬁcantly (Schmid et al., 199;, Møller 2006).

available for TES-MEP monitoring due to a halo-cast, an extended surgical exposure

Because of the inter-individual differences, selecting the best high-pass ﬁlter setting

etc. The midline positions M1 and M2 (Fig 2) are precluded in spinal surgery at

can be difﬁcult (Dong et al., 2005). Adaptations in hard- and software of the

cervical levels of the spine whereas the lateral locations L1 and L2 may not be

monitoring equipment can be beneﬁcial to reduce the stimulus artifact (Babb et al.,

accessible for recording electrodes because of a halo-cast.

1978; Roby et al., 1975; , Spencer et al., 1981; Nilsson et al., 1988, Virtanen et al.,

A second aspect that should be taken into consideration for monitoring at the lower
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Figure 5

(infraspinatus muscle or dorsal latissimus muscle). When cross talk occurs, the
obtained muscle response is not selective and therefore cannot be used as a
C4 reference.
Thirdly, transcranial electrical stimulation was applied at the C3-C4 positions,
mimicking the clinical situations to optimalize trapezius muscle monitoring.
The iso-potential lines determined in this study may not apply if clinically different
stimulation locations are used, e.a. stimulating at Cz’.

1. Amassian VE. Animal and Human Motor System Neurophysiology. In: Deletis V, Shills JL.
Neurophysiology in Neurosurgery. New York: Academic Press, 2002: 3-23
2. Babb TL, Mariani E, Strain GM, Lieb JP, Soper HV and Crandall PH. Sample and Hold
Amplifier System for Stimulus Artifact Suppression.
Elelctroenceph Clin Neurophysiol 1978: 44;528-531
3. Charasse B, Thai-Van H, Berger-Vachon C and Collet L. Assessing auditory nerve

Fourthly, the muscle response amplitude will be highest if the electrodes are placed

recovery function with a modified subtraction method: results and mathematical

in line with the muscle ﬁbres. At location L2 and R2 the iso-potential line is almost in

modeling. Clin Neurophysiol 2003:114:1307-1315

line with the trapezius muscle ﬁbres in contrast to L1 and R1. Consequently, if the

4. Di Lazzaro V, Oliviero A, Pilato F, Saturno E, Dileone M, Mazzone P, Insola A, Tonali PA,

electrodes are placed in the isopotential range at L2 and R2, a minimum stimulus

Rothwell JC. The physiological basis of transcranial motor cortex stimulation in conscious

artifact and a maximal muscle response would be measured. For this reason,

humans. Clin Neurophysiol 2004;115:255-266

in clinical settings a more lateral location on the upper rim of the trapezius (L2 and

5. Dong CC, Macdonald DB, Akagami R, Westerberg B, Alkahni A, Kanaan I, Hassounah M.

R2) would be preferable.

Intraoperative facial motor evoked potential monitoring with transcranial electrical

Lastly, the estimated decrease in artifact amplitude was determined within the

stimulation during skull base surgery. Clin Neurophysiol 2005:116(3);588-596

interference time interval of the electrical conduction and the cortico-spinal motor
response. Within this time-interval, one speciﬁc moment (t=1.7 ms) was chosen to
determine the Ē-vector angle ϕEq of the electrical current and the related iso-potential
line perpendicular to this vector. However, the Ē-vector angle ϕEq changes rapidly

6. Frigo C, Ferrarin M, Frasson W, Pavan E, Thorsen R. EMG signals detection and
processing for on-line control of functional electrical stimulation.
J Electromyogr Kinesiol 2000;10:351-360
7. Hilibrand AS, Schwartz DM, Sethuraman V, Vaccaro AR, Albert TJ. Comparison of

over time (Fig 4). Therefore, in clinical settings the exact moment of

transcranial electric motor and somatosensory evoked potential monitoring during

interference can change and the beneﬁt of placing the electrodes on the iso-potential

cervical spine surgery. J Bone Joint Surg 2004;86(A) :1248-1253

line could therefore alter.
In conclusion, the highest amplitudes are recorded on the trapezius muscle if the
surface electrodes are placed in line with muscle ﬁbres at a location without possible
cross talk of deeper muscles. The lowest artifacts will be measured distal to the
stimulation site, provided the distance between the (needle) recording electrodes is
small and the electrodes are placed on the iso-potential line of the stimulus artifact.

8. Hines AE, Crago PE, Chapman GJ, Billian C. Stimulus artifact removal in EMG froma
muscles adjacent to stimulated muscles. J Neuroscience Meth 1996:64 ;55-62
9. Jellinek D, Jewkes D, Symon L. Noninvasive intra-operative monitoring of motr evoked
potentials under propofol anesthesia: effects of spinal surgery on the amplitude and
latency of motor evoked potentials. Neurosurgery 1991;29:551-557
10. Jones SJ, Harrison R, Kph KF, Medoza N, Crockard HA. Motor evoked potential

For TES-MEP monitoring of the trapezius muscle, we therefore recommend the use of

monitoring during spinal surgery: responses of distal limb muscles to trans-cranial

a pair of needle electrodes placed close together, at a lateral localisation on the top

cortical stimulation with pulse trains. Elelctroenceph Clin Neurophysiol 1996;100:375-383

rim of the trapezius muscle so that they lie on the iso-potential line. Using these

11. Journee HL, Polak HE, de Kleuver M, Langeloo DD, Postma AA. Improved

simple guidelines the artifact can effectively reduced to improve TES-MEP monitoring

neuromonitoring during spinal surgery using double train transcranial electrical

of the trapezius muscle.

stimulation. Med. Bio Eng Comput 2004;42:110-113
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Introduction

Motor evoked potentials (MEP) evoked by transcranial electrical stimulation (TES)

Motor evoked potentials (MEP) evoked by transcranial electrical stimulation (TES)

have become an important technique for monitoring spinal cord function intra-

have become an important technique for monitoring spinal cord function during

operatively but may fail in some patients. This paper describes a new technique of

surgery and are used in many centers (Calancie et al. 2001; de Haan et al. 1997;

double train stimulation. A multipulse transcranial electrical stimulus that is preceded

Kothbauer, Deletis, & Epstein 1997; Langeloo et al. 2001). The introduction of

by a preconditioning pulse train, leads to larger MEP responses. A MEP monitoring

multipulse stimuli has made the method successful in many patients (Kalkman et al.

system was adapted for double train transcranial stimulation (DTS). MEP responses

1995; Ubags, Kalkman, & Been 1998), but not in all. MEP responses may be too

from 160 anterior tibial muscles obtained by double train stimulation were analyzed.

small or absent in patients with impaired spinal cord function. Facilitating techniques

All patients received propofol / remifentanyl / O2/N2O anaesthesia. Fifty-two (83%)

may increase the proportion of patients that can be successfully monitored. Precon-

of 63 single train tibial MEP with response amplitudes below 100mV were magnified

ditioning techniques have been shown to increase or decrease response amplitudes

to over 100mV with an inter-train (inter-stimulus) interval ITI=10-35ms. These 63

when transcranial magnetic stimulation (TMS) is used (Berardelli et al. 1996; Cruccu

amplitudes were magnified by an overall logarithmic mean factor of 15.5. For 97

et al. 1997; Curra et al. 2002; Rodi et al. 1996; Salerno & Georgesco 1999). Similarly,

MEPs with amplitudes above 100mV the logarithmic mean facilitation factor was 2.4.

these preconditioning mechanisms may also be employed in transcranial electrical

It is concluded that double train TES stimulation can markedly facilitate responses t

stimulation and may be useful for monitoring. A ﬁrst clinical report in which this

o a single stimulus train (STS). The facilitation appears to be most effective when

technique is mentioned concerns patients with severe neuromuscular weakness

the responses to STS would otherwise be small or absent. This preconditioning

undergoing corrective spine surgery (Langeloo, 2001). However, the technique of

stimulation technique is therefore useful when STS leads to responses that are too

double train stimulation (DTS) and its characteristics for monitoring has not yet been

small for effective monitoring.

described. The aim of this study is to present the characteristics and results of
double train stimulation (DTS) during MEP monitoring in patients undergoing surgery
for spinal deformity.

Design and monitoring protocol
A standard 8 channel MEP monitoring system (Neuroguard®, JS center, the Netherlands) was used. The transcranial stimulus was modiﬁed by programming an extra
trigger pulse to generate a preconditioning pulse train for DTS. The inter-train interval
(ITI), which is synonymous with the inter-stimulus interval, is deﬁned as the time
between the onsets of each pulse train of 4 stimuli. The monitoring protocol for TES
has the following characteristics: voltage stimulation; 4 pulses/ train; interpulse
interval: IPI=2 ms; pulse width PW=100 µs; ITI=0-1000ms (independent variable in
this study); stimulation at Cz’ (anode, needle electrodes) and supraorbital (cathode,

Improved neuromonitoring during spinal surgery using double-train transcranial electrical stimulation
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Velcro ground strip). Filter settings: high pass: 50Hz, low pass: 2.5kHz. EMG signals

Figure 1

All monitored patients underwent surgery for spinal deformity. Anaesthetic agents:
induction with propofol 3 mg/kg and remifentanyl 2mg/kg; anaesthesia maintenance:
propofol 1,5-2 mg/kg/hr, remifentanyl 15 mg/kg/hr, and titrated to pain responses
and ventilation with 35% O2/ 65% /N2O. No muscle relaxants were used.

Results

(median) and 90th percentiles were 2.12, 12.0 and 133 times respectively. This
resulted in response amplitudes above 100mV in 52 of 63 patients (83%). For 97 MEP
amplitudes above 100mV the response amplitude increased 2.43 times (logarithmic
mean) whereas the 10th, 50th and 90th percentiles were 0.75, 2.45 and 8.27 times
respectively. Fig 1 shows the facilitation factor of DTS for responses to single train
stimuli. There is a large overlap of the point clouds of the two patient groups
Scatter diagram of the facilitation factor and single train TES-MEP amplitude. MD: group of

suggesting similar response patterns. In this technical report no detailed description

patients with motor deficit; NMD: group with no clinical motor deficit. The ITI for each case

of data from different subjects is given. Fig 2 shows a curve of the MEP response

was that which yielded maximal magnification of the response.

amplitude from the second transcranial stimulus as a function of the ITI. The curve is
obtained from one patient with a spastic tetraparesis and psychomotor retardation
undergoing scoliosis surgery. It shows a typical pattern of a ﬁrst peak in the interval

were measured by 3M surface ECG electrodes placed over the anterior tibial muscles

ITI=10-40ms and a second peak above 100ms which is seen in both patient groups.

in the lower extremities (TA). We analyzed 160 TA MEP responses in 80 patients.

Nine percent of ﬁrst peaks were seen in the interval ITI= 40 ms- 55ms. First peaks

Sixty-three single MEP amplitudes were below 100mV (logarithmic average: 125.4

(ITI-10-55ms) were seen in 91% of all 160 MEP’s. The peaks do not seem to co-vary:

mV; range 3-3800mV, 10th, 50th (median) and 90th percentiles were 10mV, 163 and

a second peak can be higher than the ﬁrst peak, or exist when the ﬁrst peak is absent

1200mV respectively). All patients underwent single train and double train stimulation

or vice versa.

measurements. Two groups of patients were distinguished: (A) 36 with motor deﬁcit
(MD) and (B) 44 with no neurological deﬁcit (NMD). The patients were diagnosed with
spina biﬁda (2), psychomotor retardation (10), Duchenne’s muscular dystrophy (6),
hereditary motor sensory neuropathy type HMSN II (1), Rett’s syndrome (1), spastic

Discussion

encephalopathy (1), Prader Willey syndrome (1), demyelinization (1), pyramidal signs
(10, various etiologies) and von Recklinghausen’s disease (3). The remaining 44

Double train TES is able to elicit a marked facilitation when MEP responses to a single

patients (group B) with no neurological motor deﬁcits and were diagnosed with

multipulse TES train are small. In general, three ITI regions can be distinguished from

idiopathic scoliosis, ankylosing spondylitis, traumatic kyphosis or an extradural tumor.

our results. A short ITI (SITI) region for ITI ≤ 40ms with DTS-facilitation, followed by an
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increased by a mean factor of 15.4 times (logarithmic mean) whereas 10th, 50th

Improved neuromonitoring during spinal surgery using double-train transcranial electrical stimulation

Of 63 MEP amplitudes<100mV after a single stimulus, DTS response amplitudes

Figure 2

conditioning-test intervals of up to approximately 2.5 ms, and then superexcitable for
intervals of >10 ms. This inhibition may reﬂect an inhibiting role of the cortical callosal
connections (Salerno & Georgesco 1996) or inhibitory interneurons connected
synaptically to pyramidal neurons. Differences in the results of TES with a preconditioning stimulus train compared to those of TMS preconditioning may be expected due
partly to differences between the multipulse trains in our study versus single pulse
stimuli in previous TMS studies. Fig 2 in the study of Jones et al (Jones et al. 1996)
demonstrates a decrement in MEP amplitude when the interpulse interval (IPI) is
increased from 3 to 10ms. Furthermore, depolarization by TES occurs mainly in the

layers and reaches the CST transsynaptically.
When compared to the facilitation of multipulse stimulation within one TES train, the
facilitation by double train stimulation is likely to have a different neurogenic basis
since: 1) The facilitating power of multipulse stimulation becomes less effective at
intervals longer than 4ms(Deletis, Isgum, & Amassian 2001). Double train stimulation
Typical maximum response amplitudes of the tibial MEP to double train stimulation at varying

with trains of 4 pulses with IPI = 2ms can only be performed after completion of the

intertrain intervals (ITI). At ITI=0ms there is no double train and this is the response to single

ﬁrst train for ITI ≥10ms while facilitation is maximal in the interval of 10ms ≤ ITI ≤ 40ms.

train stimulation (36µV). This increases to 1000µV at iTi= 10ms and above 100ms. Note the
relative inhibitory effect with an ITI between 30 and 100ms.

2) DTS usually evokes two identically shaped MEP responses. Interpulse facilitation
has already been achieved in each response although membrane potentials of
unexcited motorneurons may remain elevated for a short time during the time course
of the excitatory post-synaptic potentials.

intermediate region (MITI) for 40ms < ITI < 100ms with absolute or relative
attenuation of MEP-response amplitudes which, in turn, is followed by a long intertrain

DTS produces less facilitation or may even result in attenuation of the MEP response

interval (LITI) region for ITI ≥ 100ms characterized by DTS-facilitation. This study

when the single train MEP amplitude is already large. One explanation contributing to

concerns double train TES in the SITI region. The large ampliﬁcation factors due to

this result is that the larger the single train MEP, the closer it is to its maximum size.

preconditioning stimulation in this study have not previously been reported during

Large MEP’s cannot increase substantially in size under these stimulation conditions,

transcranial electrical stimulation using double or triple consecutive stimuli (Ferbert et

so the additional facilitation from the second train may not be able to recruit many

al. 1992). Our results are consistent with those of Berardelli et al, Curra et al, Inghilleri

more spinal neurons. By contrast, small MEP’s can be ampliﬁed substantially by

et al, Manfredi et al, Hallet and Berardelli, Schafer et al Salerno et al and the ﬁnding of

recruitment of additional motoneurons in response to the same excitatory input.

Burke et al (Berardelli, Rona, Inghilleri, & Manfredi1996; Burke et al. 2000; Curra,

This kind of mechanism could interact with inhibitory effects of TES. In the SITI region,

Modugno, Inghilleri, Manfredi, Hallett, & Berardelli2002; Kujirai et al. 1993; Salerno &

segmental inhibition from Renshaw cells may become activated by the ﬁring of many

Georgesco 1996; Schafer et al. 1997). These authors described that, following a

motoneurons associated with a large response activated by the preconditioning

strong transcranial magnetic stimulus pulse, axons were relatively refractory to

pulse train. The facilitation from DTS therefore is most effective in patients when single
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intracranial area (Rothwell et al. 1994) whereas TMS depolarizes axons in the cortical

Improved neuromonitoring during spinal surgery using double-train transcranial electrical stimulation

vertically orientated ﬁbers of the cortico-spinal tract (CST) and involves a large

train responses would otherwise be small or absent. In our series, DTS-TES has
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DTS monitoring in our experience. DTS was not always successful in this series; for

Chapter 8

neuromuscular weakness (Langeloo, 2001), impaired spinal cord function due cord
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Intra-operative neuromonitoring is applied to reduce the risk of neurological damage

Worldwide, SSEP is the most commonly used monitoring during spinal deformity

during corrective spinal surgery. Although the risk of neurological damage during

surgery. It has shown good results and reliable monitoring. Figure 1, Chapter 2,

corrective spinal surgery is low (0.6 – 1.6%), the effects can be disastrous.

shows the basic technique of SSEP. However, SSEP has two disadvantages:

Currently, somatosensory evoked evoked potential (SSEP) monitoring is the

1. Motor deﬁcits can remain undetected during SSEP monitoring,

most used monitoring technique; either used as a stand-alone procedure, or in

2. The signal averaging of the SSEP response is time consuming.

combination with TES-MEP monitoring. Reports in the literature suggest that
TES-MEP monitoring as a stand-alone technique also provides good outcomes.

Popularity of MEP technique is increasing. The technique is most often combined

Moreover, in our opinion, TES-MEP offers additional beneﬁts compared to SSEP:

with transcranial electrical stimulation (TES) using single or multi-pulse stimulation.

possibility to monitor multiple muscle sites and to select muscle recording sites,

Multiple muscle sites recording can be used to register the compound muscle

direct monitoring of the motor tract and high response amplitudes.

action potential. The basic technique is shown in Figure 2-5. The TES-MEP technique
is being developed further to improve its clinical applicability. In Chapter 2, a brief

In the Sint Maartenskliniek, TES-MEP monitoring has been used as a stand-alone

overview of recent developments is given concerning the selection and

neuromonitoring technique during corrective spine surgery by protocol since 1997.

administration of anesthetics, techniques to increase the muscle response

This thesis was undertaken to study reliability, advantages and disadvantages, and

amplitudes, identiﬁcation of reliable criteria for TES-MEP, and knowledge attainted

applicability of TES-MEP monitoring as a stand-alone neuromonitoring technique in

during multiple muscle monitoring.

different patients categories during corrective spinal surgery.
The following is a summary of the consecutive chapters of this thesis, concentrating

Aim 2

on the research aims that are stated in Chapter 1. For a more detailed discussion,

To evaluate the applicability of transcranial electrically stimulated motor

the reader is referred to the speciﬁc chapters.

evoked potential (TES-MEP) neuromonitoring and to deﬁne criteria to identify a
TES-MEP signal indicating impending neurological damage during corrective
spine surgery

Aim 1

(Chapter 3)
TES-MEP applicability was evaluated in a large cohort, 145 patients (Chapter 3).

(SSEP) and motor evoked potential monitoring (MEP)

In 142 of the 145 patients, stable and reproducible muscle responses could be

(Chapter 2)

elicited using TES-MEP technique indicating that this method provides reliable intraoperative neuromonitoring. Two patients showed virtually no clinical neurological

Intra-operative monitoring techniques are the wake-up-test, SSEP and MEP.

functions and consequently the reference EMG-amplitudes were below background

The usefulness of the wake-up test is limited. The test can only be performed a

noise (< 10µV). The monitoring of one patient had to be suspended due to technical

limited number of times and, therefore, only gives a short lived impression of the

malfunction that could not be repaired during surgery. In this study, no side effects or

neurological condition. Nowadays, the wake-up test is most commonly used in

complications of transcranial electrical stimulation monitoring technique were

conjunction with evoked potential monitoring.

encountered during surgery or post-operatively.
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surgery with particular attention to somatosensory evoked potential monitoring

Summary and conclusions

To describe current intraoperative neuromonitoring techniques during spine

In this cohort study, 16/142 neurological events occurred. Corrective surgical

multiple muscle sites is recommended, and the criterion of 1 or more muscle sites

maneuvers were performed in 13 of the 16 patients, resulting in amplitude recovery

showing decrease of more than 80% in amplitude compared to reference values, is a

without post-operative neurological deﬁcits in 11 of 13 patients. In 3 of 16 patients

reliable criterion.

with a neurological event, additional surgical maneuvers were not, or could not,
be performed intra-operatively. As a result it seems plausible to assume that
neurological deﬁcits were prevented in 11 of the 145 patients in this study group.

Aim 3
To deﬁne and compare the available criteria for TES-MEP monitoring during

It has become clear that balance between false negative and false positive

corrective spine surgery based on review of the literature

outcomes has to be taken into account when determining criteria for intra-operative

(Chapter 4)

neuromonitoring. Stricter criteria will create fewer false positives but could introduce
false negative outcomes. A False positive warning results in surgical interruption and

Currently as TES-MEP monitoring is in the development stage, and various authors

uncertainties that are not welcomed by the surgeon. However, a false negative during

have used different techniques. It is not yet clear which technique is the best.

an operation could have enormous consequences for the patient. Therefore, to

In Chapter 4, a review of 3 publications was performed to study the 3 different criteria

prevent the occurrence of false negatives, less strict criteria are generally preferred.

that have been applied for TES-MEP monitoring during spinal surgery. The three
criteria indicating neurological damage are:

In this study, 145 patients underwent spinal deformity surgery using TES-MEP
monitoring, three amplitude criteria have been compared: Criterion A: a positive

1. Criterion based on increase in stimulation threshold voltage: threshold-level
criterion

monitoring outcome was registered if one of six recordings had more than an 80%

2. Criterion based on decrease in muscle response amplitude: amplitude criterion

decrease in amplitude.

3. Criterion based on changes in waveform complexity and duration of muscle

Criterion B: a positive monitoring outcome was registered if two of six recordings had

response: waveform criterion

more than an 80% decrease in amplitude. Criterion C: a positive monitoring outcome
was registered if one of the two anterior tibial muscle recordings had more than an

All three criteria have been successfully applied during spinal surgery. The threshold-

80% decrease in amplitude. The 16 neurological events are insufﬁcient to ﬁnd any

level criterion does have three drawbacks: 1. The criterion is based on the Digitimer

statistically signiﬁcant differences among the three criteria. However, criterion A is a

device, and the alarm criteria to be used for other stimulators have not been

sufﬁciently stringent warning criterion to ensure that no neurological event remains

determined. 2. The complex procedure to trace the stimulus threshold levels is time-

undetected.

consuming. 3. This criterion may lead to such strong patient movement that the

because there are more possibilities to interpret and judge intra-operatively changes

stimulated at a sub-threshold level, making it difﬁcult to notice a change while on the

when strict criteria cannot be applied, such as in patients with complex neurology or

other hand with TES intensities for unaffected muscles groups may be increased to

during hypotension or hypothermia. Therefore the use of multiple monitoring sites is

extremely high levels.

recommended considering the minimal extra effort required.
The amplitude criterion has been developed and is in use in our clinic; it is discussed
In conclusion, TES-MEP has proven to be a safe, practical and reliable monitoring

in Chapter 3 of this thesis. Using this technique has produced no false negatives, but

technique that can help to prevent permanent neurological deﬁcits. Monitoring

some false positive results (10/142). Although, supra-maximal stimulation is used that
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would be unacceptable during surgery. Affected muscle groups may only be

Summary and conclusions

extreme muscle activity produced in a patient with pre-existing neurological deﬁcits
For intra-operative TES-MEP, monitoring 6 instead of 2 muscles is a great advantage

results in intra-operative muscle movements, good communication between the

In Chapter 6, TES-MEP monitoring was analysed as part of new technical develop-

neuromonitoring and surgical team has ensured that no complications have occurred.

ments in the cervical osteotomy for ankylosing spondylitis. Before the development of

The change in waveform morphology criterion has only been applied during spinal

evoked potential neuromonitoring, cervical osteotomy was reported in conscious

cord tumour resection and not during corrective spinal surgery. Furthermore, when

patients without internal ﬁxation. After the introduction of SSEP, patients have under-

we reanalyzed our TES-MEP data using the waveform criterion we found only limited

gone this surgical procedure with general anaesthetics. However, now it is known that

agreement between the amplitude reduction criterion and the waveform change

SSEP does result in false negative outcomes for motor deﬁcits.

criterion. This was not sufﬁciently convincing for us to consider modifying our
protocols.

Furthermore, when surgery is performed at cervical level, the upper extremities are
at risk as well as the lower extremities. Therefore the regular TES-MEP monitoring

Based on this review of TES-MEP techniques, for spinal corrective surgery the current

has to be adjusted to monitor the upper extremities. In chapter 6, the study results

method of choice for intra-operative monitoring of the spinal cord is supra-threshold

have shown that TES-MEP monitoring of the upper extremity, with additional reference

stimulation when measuring muscle response amplitudes at multiple sites using

monitoring of the trapezius muscle (C4) has led to reliable TES-MEP monitoring

surface or needle electrodes. The advised protocol has been schematized and is

during cervical osteotomy surgery. In that study, signiﬁcant TES-MEP amplitude

found in Chapter 4.

decreases resulted in additional interventions in 8 of the 16 patients to prevent
permanent neurological deﬁcits. Amplitude recovery after an additional surgical
intervention was obtained following 6 of the 8 neurological events.

Aim 4
To evaluate the applicability of TES-MEP in speciﬁc patient groups, where

However, when monitoring the upper extremity in close proximity to the stimulation

conventionally this type of monitoring has not been performed:

site, negative effects on monitoring such as stimulus artifacts might occur. These

a. patients with pre-existing severe motor deﬁcits (Chapter 5)

effects were analysed in Chapter 7.

b. patients undergoing osteotomy surgery for cervical correction (Chapter 6)
In Chapter 5, the use of TES-MEP monitoring in patients with severe muscle weakness

Aim 5

is described. Traditionally it was thought that these patients were not suitable for

To identify factors that can reduce the disturbing stimulus artifact during

TES-MEP monitoring because their motor abilities are too low to monitor motor

TES-MEP neuromonitoring

evoked muscle responses. A case series of 4 patients with myelo-meningocèle,

(Chapter 7)
The electrical potentials that are recorded at the monitoring electrodes caused by

To record the evoked potentials, selection of the least affected muscle groups

direct volume conduction of the electrical stimulation from the skull by skin is a

(the most intact muscle groups) is essential for successful monitoring.

stimulus effect. It is called a stimulus artifact when it interferes with the amplitude

When the recording amplitudes are low, additional technical changes, for example

registration for the muscle response that is evoked though the neurologic pathway.

double-train stimulation (Chapter 8), can improve the amplitudes. In this case series,

Since this stimulus artifact has high voltages values close to the stimulation site but

the amplitudes recorded were low but stable and reliable, demonstrating that even in

decreases with distance, it is only clinically relevant for TES-MEP monitoring at the

this patient category TES-MEP neuromonitoring can be performed.

upper extremities and shoulders close to the stimulation site.
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atrophy describe TES-MEP monitoring using multiple and variable muscle recordings.

Summary and conclusions

4 patients with Duchenne muscular dystrophy and one patient with spinal muscular

Chapter 7 describes the following factors that can inﬂuence the stimulation artifacts:

Aim 7

- Distance from the stimulation site

To study whether a preconditioning stimulus train can improve the applicability

- Distance between the recording electrodes

of TES-MEP neuromonitoring in patients with low response amplitudes

- Orientation of the surface recording electrodes

(Chapter 8)

- Filter settings used in the technical devices and the gain of the ampliﬁer
Chapter 8 describes a study that analyzed the effect of double train stimulation (DTS)
on muscle response amplitudes. Transcranial electrical stimulation (TES) is traditionally

Aim 6

performed by a single stimulus or by multi-pulse stimuli, called train stimulation.

To deﬁne optimal placement for monitoring electrodes on the trapezius muscle

In train stimulation, the inter-stimulus time is between 2ms-4ms. However, even so

in TES-MEP neuromonitoring

muscle response amplitudes can remain too low for reliable monitoring, for instance

(Chapter 7)

in patients with pre-existent neurological deﬁcits.

A stimulus artifact can occur during muscle measurements of shoulder and upper

In this study, there were three time inter-train-intervals (ITI): a short ITI (SITI) region for

extremities such as used during monitoring during cervical spine surgery.

ITI ≥ 40ms with DTS-facilitation, an intermediate region (MITI) for 40ms < ITI < 100ms

Theoretically, the stimulus artifact will not be noticeable when surface electrodes

with absolute or relative attenuation of MEP-response amplitudes, and a long inter-

are placed exactly on the iso-potential lines. In Chapter 7, the orientations of the

train- interval (LITI) for ITI>100ms.

iso-potential lines on the trapezius muscle were identiﬁed. Figure 3A and 3B
illustrate the orientation of the iso-potential line on the trapezius muscle.

The exact reason that DTS for the facilitation occurs has not been determined.

decrease the potentials attributed to the stimulus artifact. The decrease was estimated

at intervals longer than 4ms. Double train stimulation with trains of 4 pulses of IPI =

by calculating the vector length, the vector angle, and the transfer rate for the stimulus

2ms can only be performed after the ﬁrst train for ITI ≥ 10ms has been completed, but

artifact in an experimental setting. Depending on the electrode location on the

facilitation is maximal in the interval of 10ms ≥ ITI ≥ 40ms. 2. DTS usually evokes two

trapezius muscle, decreases varying between 62%-91% were found.

identically shaped MEP responses. Interpulse facilitation is achieved in each response

In general, the best locations for monitoring with surface electrodes are the locations

although the membrane potentials of unexcited motoneurons may remain elevated for

with:

a short time during this period of excitatory post-synaptic potentials.

- the lowest stimulus artifact voltage

Double train transcranial electrical stimulation markedly facilitates weak responses

- a superﬁcial monitoring muscle without deeper muscle layer to prevent cross-talk

when compared to single train stimulation. The facilitation appears to be most

- an iso-potential line perpendicular to the muscle ﬁbers

effective when the responses would otherwise be weak or absent. This preconditioning

- low variation in the angle of the iso-potential line

stimulation technique is therefore useful for intraoperative spinal cord monitoring
when single train stimulation produces responses too weak for effective monitoring.

Taking the above into account, for TES-MEP monitoring of the spinal cord at the high
cervical levels, we therefore recommend a lateral localisation of the monitoring
electrodes on the top rim of the trapezius muscle.
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two reasons: 1. The facilitating power of multipulse stimulation becomes less effective

Summary and conclusions

Most likely, the neurological facilitation differs at facilitation for multi-pulse stimuli for of
Placing the recording electrodes along the iso-potential lines were shown to

Conclusions
This thesis reports from clinical studies of TES-MEP neuromonitoring used in the
Sint Maartenskliniek for corrective spinal surgery since 1997. It has been shown that
TES-MEP can be used in surgical procedures at all spinal levels and in different
patients groups, even in patient groups for which neuromonitoring was thought to be
impossible, such as patients with neuromuscular deﬁcits. Good criteria to interpret
TES-MEP monitoring results have been determined and no false negatives occurred,
which was a great concern when using somatosensory evoked potentials (SSEP) in
the past.
Based on published results in this thesis, I conclude that TES-MEP monitoring should
be applied in all high-risk spinal procedures. It has been shown to be an effective,
practical and reliable technique to monitor the motor tract that allows the surgical
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Summary and conclusions

team to prevent permanent post-operative neurological deﬁcits.
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Intra-operative neuromonitoring wordt toegepast om de risico’s op neurologische

Intra-operatieve neuromonitoring technieken zijn de wake-up test, SSEP en MEP

schade tijdens correctieve wervelkolom chirurgie te verminderen. Alhoewel de kans

monitoring. Het gebruik van de wake-up test is gelimiteerd. De test kan maar een

op neurologische schade laag is (0.6%-1.6%), zijn de gevolgen van neurologische

beperkt aantal keren per operatie worden uitgevoerd en geeft daarom slechts een

schade zeer ernstig.

moment impressie van de neurologische situatie. Heden ten dagen wordt de wake-up
test daarom slechts gebruikt als aanvulling op de moderne evoked potential technieken.

Heden ten dagen is somatosensory evoked potential (SSEP) neuromonitoring nog
de meest toegepaste vorm van neuromonitoring tijdens correctieve wervelkolom

SSEP is wereldwijd het meest gebuikte neuromonitoring techniek tijdens

chirurgie; het wordt meestal toegepast als enige neuromonitoring techniek, soms

correctieve wervelkolom chirurgie. Het heeft bewezen goed en betrouwbaar te zijn.

in combinatie met transcraniële elektrische gestimuleerde motor evoked potential

Figuur 1 van hoofdstuk 2 illustreert de basale techniek van SSEP.

(TES-MEP) neuromonitoring.

Het gebruik van SSEP heeft twee nadelen:
1. Selectieve motorische zenuwschade kan onopgemerkt blijven.

Verscheidene publicaties in de literatuur suggereren dat de toepassing van TES-MEP

2. Signaal middeling welke bij SSEP noodzakelijk is, is tijdrovend.

als zelfstandige neuromonitoring techniek, goede of zelfs betere resultaten oplevert in
vergelijking met SSEP. Uit onze ervaringen blijkt dat TES-MEP enkele belangrijke

The populariteit van MEP monitoring neemt toe. De MEP techniek wordt vaak

voordelen heeft ten opzichte van SSEP: het is een directe manier op de motorische

gecombineerd met transcraniële elektrische stimulatie (TES) door middel van

functies te controleren, het geeft de mogelijkheid meerdere spiergroepen tegelijkertijd

stimulatie met een enkele stimulus of meerdere stimuli. Meerdere spier locaties

en selectief te meten en het geeft goede en hoge amplitudes van de spiermeting

kunnen worden gebruikt als meet- locaties voor de registratie van de compound

waardoor de tijdrovende signaalmiddeling niet noodzakelijk is.

muscle action potential (CMAP; samengestelde spier actie potentiaal).

Sinds 1997 wordt in the Sint Maartenskliniek TES-MEP monitoring protocollair als

De basistechniek wordt geïllustreerd in ﬁguren 2-5, hoofdstuk 2.

zelfstandige neuromonitoring techniek toepast tijdens alle correctieve wervelkolom
operaties. De onderzoeken in dit proefschrift zijn verricht om de betrouwbaarheid,

De TES-MEP techniek wordt nog steeds verder ontwikkeld om de klinische

de voor- en nadelen en de toepasbaarheid van TES-MEP als zelfstandige neuro-

toepasbaarheid te vergroten. In dit hoofdstuk 2 wordt een kort overzicht gegeven

monitoring techniek tijdens correctieve wervelkolom chirurgie te onderzoeken.

van de recente ontwikkelingen met betrekking tot de toediening van anaesthetica,
technieken ter vergroting van de response amplitudes, bepaling van betrouwbare

De volgende tekst is een samenvatting van de opeenvolgende hoofdstukken van

criteria en de metingen van meerdere spiergroepen.

dit proefschrift welke zich richt op de doelen van het proefschrift, zoals die zijn
opgesteld in hoofdstuk 1. Voor de gedetailleerde discussie wordt de lezer verwezen
Samenvatting en conclusies

Doel 2
Evalueren van de toepasbaarheid van TES-MEP neuromonitoring
en deﬁniëren van criteria voor TES-MEP voor signaleren van dreigende

Doel 1

neurologische schade tijdens correctieve wervelkolom chirurgie

Beschrijven van de moderne intra-operative neuromonitoring technieken

(Hoofdstuk 3)

tijdens spinale chirurgie met nadruk op de somatosensory evoked potential
monitoring (SSEP) en motor evoked potential monitoring (MEP)

De toepasbaarheid van TES-MEP is geëvalueerd in een grote cohort studie welke

(Hoofdstuk 2)

145 patiënten beschrijft (Hoofdstuk 3). In 142 van de 145 patiënten, stabiele en
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naar de aangeven speciﬁeke hoofdstukken.

reproduceerbare spier responsen zijn verkregen door TES-MEP, wat heeft geleid tot

neurologische condities of tijdens periode van hypotensie of hypothermie.

een betrouwbare intra-operatieve neuromonitoring. Twee patiënten hadden ernstige

Het gebruik van meerdere spiermetingen vergroot de grotere mogelijkheden in

bestaande pre-operatieve neurologische schade, hetgeen leidde tot referentie

interpretatie en beoordeling van de intra-operatieve veranderingen. Vanwege de

amplitudes lager dan de opgevingswaarden (< 10µV). De monitoring van 1 patiënt

minimale extra handelingen die het vereist, wordt het gebruik van meerdere

was niet volledig vanwege technische problemen die niet konden worden hersteld

spiermetingen daarom sterk geadviseerd.

tijdens de operatie. In deze studie zijn geen complicaties of neveneffecten opgetreden
van de transcraniële elektrische stimulatie monitoring tijdens of na de operatie.

Concluderend wordt gesteld dat TES-MEP heeft bewezen een veilige, praktische

In deze cohort studie traden 16/142 neurologische calamiteiten op. Van deze 16

en betrouwbare monitoring techniek te zijn welke bijdraagt aan de preventie van

calamiteiten, aanvullende corrigerende chirurgische handelingen vonden plaats in 13

permanente neurologische schade. De monitoring van meerdere spiergroepen

patiënten wat leidde tot herstel van amplitudes zonder neurologische schade in 11

wordt aanbevolen and het criterium van 1 of meer van de 6 spiergroepen met een

van de 13 patiënten. In drie van de 16 patiënten met een neurologische calamiteit,

daling van meer dan 80% ten opzichte van de referentie waarden, is een betrouwbaar

aanvullende chirurgische handelingen waren niet of konden niet intra-operatief

criterium.

worden verricht. Als resultaat van deze studie lijkt het zeer aannemelijk dat neurologische
schade is voorkomen in 11 van de 145 patiënten in deze studiegroep.

Doel 3
De balans tussen vals negatieve en vals positieve resultaten is belangrijk wanneer

Bepalen en vergelijken van de beschikbare criteria voor TES-MEP tijdens

criteria voor intra-operatieve neuromonitoring worden bepaald. Strengere criteria

wervelkolom chirurgie op basis van een review van de literatuur

geven minder vals positieve, maar introduceren vals negatieve resultaten. Een vals

(Hoofdstuk 4)

positieve uitslag veroorzaakt chirurgische oponthoud wat niet wordt toegejuicht door het
chirurgische team. Echter, vals negatieve resultaten hebben ernstige consequenties

Terwijl TES-MEP monitoring zich verder ontwikkelt, worden verschillende technieken

in de klinische praktijk en om deze vals negatieve resultaten dus te voorkomen

door verschillende auteurs beschreven. Het is onduidelijk welke techniek het beste is.

worden strenge criteria toegepast.

In Hoofdstuk 4, een overzicht van drie publicaties is gegeven om drie verschillende
criteria die worden toegepast tijdens wervelkolom chirurgie te bestuderen. De drie

In de studie van 145 patiënten welke correctieve wervelkolomchirurgie ondergaan

criteria voor het signaleren van neurologische schade zijn:

tijdens TES-MEP neuromonitoring, drie amplitude criteria worden vergeleken:

1. Criterium gebaseerd op een verhoging in stimulatie drempel (threshold) voltage:

Criterium B: 2 van de 6 metingen laat een daling in amplitude zien van meer dan 80%

2. Criterium gebaseerd op daling in spier respons amplitude: Amplitude criterium

Criterium C: 1 van de 2 tibialis anterior spier metingen laat een daling zien van

3. Criterium gebaseerd op verandering in complexiteit van de golfvorm en duur van

meer dan 80%

de spierrespons: Golfvorm criterium

Het aantal van 16 neurologische calamiteiten is te klein om statisch signiﬁcante

Al de drie criteria worden succesvol toegepast tijdens wervelkolom chirurgie.

verschillen te meten tussen de drie criteria. Echter, het lijkt dat criterium A een goed

De threshold-criterium heeft drie nadelen: 1. Het criterium is gebaseerd op het

criterium is, welke waarborgt dat er geen ongemerkte neurologische schade optreed

Digitimer ontwerp en gekalibreerde transcraniële elektrische stimulatie voltages om

Het gebruik van 6 in plaats van 2 spiergroepmetingen vormt een voordeel wanneer

alarm criteria te deﬁniëren voor ander ontwerpen zijn niet bepaald. 2. Dit criterium

strenge criteria niet kunnen worden toegepast, zoals in patiënten met complexe

kan leiden tot onacceptabele sterke spieractiviteit wanneer het wordt toegepast bij
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Criterium A: 1 van de 6 metingen laat een daling in amplitude zien van meer dan 80%

patiënten met preëxistente neurologische schade. De beschadigde spieren

onvoldoende waren om een goede motorische response op te leveren.

worden gestimuleerd op sub-threshold waarde terwijl de TES intensiteit voor de

Een patiëntenserie van 4 patiënten met een myelo-meningocele, 4 patiënten met

onbeschadigde spieren extreem hoge waarden kan bereiken.

Morbus Duchenne en 1 patiënt met spinale musculaire atroﬁe, beschrijft de toepassing
van TES-MEP monitoring met multipele en individueel geselecteerde spiermetingen.

De amplitude criterium is ontwikkeld en gebruikt in onze kliniek en wordt beschreven

Voor succesvolle monitoring moet, voor de meting van de evoked potential, de minst

in Hoofdstuk 3 van dit proefschrift. De toepassing van deze techniek heeft

aangedane spiergroepen worden geselecteerd (de meest intacte spiergroep).

geresulteerd in geen enkele vals negatief, echter wel enkel vals positieve resultaten

Wanneer de gemeten amplitudes laag zijn kan door aanvullende technieken,

(10/142). In deze techniek, supra-maximale stimulatie wordt toegepast welke intra-

bijvoorbeeld door dubbel train stimulatie (Hoofdstuk 8) grotere amplitudes

operatieve spierbewegingen induceert. Echter, door goede communicatie tussen

worden verkregen. In deze patiëntenserie worden lage waarden maar stabiele

het neuromonitoring en chirurgische team heeft dit niet geleid tot complicaties.

en betrouwbare monitoring beschreven tijdens correctieve wervelkolomchirurgie.

De golfvorm criterium is toegepast tijdens operatieve resecties van ruggenmerg

Dit bewijst dat zelfs in deze patiëntencategorie stabiel en betrouwbare neuro-

tumoren en niet tijdens correctieve wervelkolom chirurgie. Daarnaast is er maar

monitoring verricht kan worden.

weinig overeenkomst gevonden tussen de amplitude criterium en de golfvorm
criterium in een na-analyse van onze TES-MEP studie gegevens. Dit was niet

In Hoofdstuk 6 wordt TES-MEP monitoring geanalyseerd als onderdeel van de

voldoende overtuigend bewijs om onze bestaande protocollen op basis van de

technische ontwikkelingen rondom cervicale osteotomie bij patiënten met de ziekte

amplitude criterium te wijzigen.

van Bechterew. Voor de ontwikkeling van de evoked potential neuromonitoring wordt
de cervicale osteotomie beschreven als techniek die bij wakkere patiënten wordt

Gebaseerd op dit overzicht van TES-MEP technieken, wordt momenteel geadviseerd

verricht, zonder het gebruik van interne ﬁxatie materialen. Na de introductie van SSEP

voor intra-operatieve monitoring van het ruggenmerg een techniek die gebruik maakt

ondergaan patiënten deze procedure onder algehele anesthesie, echter het is

van een supra-threshold stimulatie met metingen van respons amplitudes op

bewezen dat SSEP vals negatieve uitslagen geeft voor motorische schade.

meerdere spiergroepen door middels van het gebruik van oppervlakte of naald

Daarnaast is het belangrijk te realiseren dat wanneer een operatie wordt verricht op

elektroden. Een schema met het geadviseerde protocol is opgesteld en toegevoegd

cervicaal niveau dat naast de onderste extremiteiten ook de bovenste extremiteiten at

aan hoofdstuk 4.

risk zijn. De studie van Hoofdstuk 6 laat zien dat TES-MEP monitoring van de

Doel 4

(trapezius spier, C4) heeft geleid tot betrouwbare monitoring tijdens cervicale

Analyseren van de toepasbaarheid van TES-MEP in speciﬁeke patiënten-

correctie osteomie. In deze studie hebben signiﬁcante TES-MEP amplitudes dalingen

groepen waarbij monitoring voorheen niet mogelijk was:

geresulteerd in aanvullende interventies in 8 van de 16 patiënten om hiermee

a. Bij patiënten met ernstige preëxistente motorische neurologische schade

permanente neurologische schade te voorkomen. Herstel van amplitude waarden na

(Hoofdstuk 5)

deze aanvullende handelingen werden verkregen in 6 neurologische calamiteiten.

b. Tijdens cervicale correctie osteotomie

Deze studie signaleert echter dat monitoring van de bovenste extremiteit, welke zich

(Hoofdstuk 6)

dicht bevindt bij de stimulatie plaats, een negatieve effect kan opleveren zoals een
stimulatie artifact. Dit effect wordt nader geanalyseerd in Hoofdstuk 7.

In Hoofdstuk 5 wordt het gebruik van TES-MEP bij patiënten met ernstige spierzwakte
beschreven. In het verleden werd aangenomen dat deze patiënten niet in aanmerking
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kwamen voor TES-MEP monitoring, omdat resterende motorische functies

Doel 5

elektroden over de iso-potentiale lijn, worden bepaald. In deze experimentele studie

Bepalen van de factoren die de stimulatie artefact kunnen reduceren

wordt de daling van het artefact voor verschillende locaties over de trapezius spier

(Hoofdstuk 7)

berekend tussen de 62% en 91%. Over het algemeen zijn de beste locaties voor
monitoring met oppervlakte elektroden, locaties met

Een stimulus artefact is meting van elektrische stroom die wordt veroorzaakt door

- de laagste stimulus artefact voltage

directe geleiding via de huid van de elektrische stimulatie op de schedel naar de

- een oppervlakkige spier zonder onderliggende spieren kunnen interfereren

meet elektroden op de spieren. De stimulus artefact interfereert met de opgewekte

- iso-potentiaal lijnen welke loodrecht georiënteerd zijn ten opzichte van de

spier repons (evoked muscle response) die via de neurologische banen wordt

spiervezels

doorgegeven. Deze elektrische stroom meet dicht bij de stimulatie plaats hoge

- weinig variatie in de oriëntatie (hoek) van de iso-potentiaal lijn

voltages, maar wordt kleiner naarmate de afstand tot de stimulatieplaats groter wordt.

Wanneer men rekening houdt met de bovenstaande factoren wordt een laterale

Hierdoor is de stimulatie artefact alleen maar klinisch relevant voor TES-MEP bij

locatie aan de bovenste rand van de trapezius spier geadviseerd voor plaatsing van

metingen dicht bij de stimulatie plaats zoals de bovenste extremiteiten en schouders.

de spierelektroden tijdens TES-MEP monitoring van de hoog cervicale niveaus.

Hoofdstuk 7 beschrijft de volgende factoren die van invloed zijn op de stimulus
artefact:
- Afstand vanaf de stimulatie plaats

Doel 7

- Afstand tussen de oppervlakte meet elektrodes

Bestuderen of een preconditionerende stimulus train de toepasbaarheid van

- Oriëntatie van de oppervlakte meet elektrodes

TES-MEP monitoring kan vergroten in patiënten met lage response amplitudes

- Instelling van de ﬁlter van de technische apparatuur en de vergroting van de

(Hoofdstuk 8)

versterker
Hoofdstuk 8 beschrijft een studie waarin de effecten van dubbele trein stimulatie
(DTS) op de spier response amplitude worden geanalyseerd. Transcraniële elektri-

Doel 6

sche stimulatie (TES) wordt meestal verricht door een enkele stimulus of door een

De optimale plaatsing bepalen voor monitoring elektroden over de trapezius

reeks aan stimuli, die samen ook wel een stimulus trein genoemd worden. In een

spier in TES-MEP neuromonitoring

stimulus trein meet de tijd tussen de stimuli (inter-pulse-interval, IPI) tussen de 2 en 4

(Hoofdstuk 7)

ms. Echter, het komt voor dat de spier responsen ondanks de stimulus trein te laag
neurologische schade.

en bovenste extremiteiten die worden gebruikt voor neuromonitoring tijdens cervicale

In deze studie worden drie intervallen onderscheiden bij de voor de tijd tussen twee

wervelkolom chirurgie. Theoretisch is de stimulus artefact niet meetbaar wanneer de

trein intervallen (ITI: inter-train-interval): a korte ITI gesteld op ≥ 40ms, een tussen ITI

oppervlakte elektroden exact geplaatst worden over de iso-potentiale lijnen.

gesteld op 40ms < ITI < 100ms en een lange ITI.

In hoofdstuk 7 worden de iso-potentiale lijnen over de trapezius spier bepaald.

De exacte verklaring voor de versterking ten gevolge van de DTS is nog niet geheel

In Figuur 3A en 3B wordt de oriëntatie van de iso-potentiale lijn over de trapezius

duidelijk. Het lijkt waarschijnlijk dat de neurologische basis voor de versterking

spier geïllustreerd. Door berekeningen van de vector lengte, de vector hoek en de

verschilt ten opzichte van de versterking die optreed bij het toedienen van multiple

overdrachtsverhouding van de stimulus artefact kan de potentiële daling van de

stimuli vanwege twee redenen:

interfererende stimulus artefact in klinische setting, door plaatsing van de meet-

1. de versterking bij multiple stimuli wordt minder effectief bij intervallen langer dan 4
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Een stimulus artefact kan ontstaan tijdens spierresponse metingen van de schouder
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blijven voor betrouwbare monitoring, bijvoorbeeld bij patiënten met preëxistente

ms. Dubbele trein stimulatie met een trein van 4 stimuli met een IPI =2ms kan

Conclusies

alleen plaatsvinden na afsluiting van de eerste trein met een ITI ≥10ms, terwijl de
versterking maximaal is in het interval van of 10ms < ITI < 40ms
2. DTS geeft twee identieke MEP responses. Interpulse versterking heeft al plaats-

Dit proefschrift beschrijft de resultaten en ervaringen van de toepassing van
transcraniële elektrisch gestimuleerde motorische evoked potential (TES-MEP)

gevonden in elke response maar de membraan potentialen van niet geactiveerde

neuromonitoring in de Sint Maartenskliniek tijdens correctieve wervelkolom chirurgie

motor neuronen blijven tijdens de tijdspanne van de prikkelbare post-synaptische

vanaf 1997. Het laat zien dat TES-MEP toepasbaar is tijdens operaties op alle

potentiaal gedurende een korte tijd verhoogt

verschillende niveaus van de wervelkolom en bij verschillende patiëntengroepen;

DTS transcraniële elektrische stimulatie kan zwakke responsen aanzienlijk versterken

zelfs bij patiëntengroepen waarvan motorische neuromonitoring niet mogelijk werd

in vergelijking tot een enkele trein stimulatie. De versterking lijkt het meest effectief

geacht, zoals patiënten met neuromusculaire afwijkingen.

wanneer de responsen anders laag zouden zijn of zelfs niet opwekbaar.
Deze preconditionering stimulatie techniek is daarom geschikt voor intra-operatieve

Goede criteria voor beoordeling van de TES-MEP monitoring zijn bepaald, waarbij

ruggenmerg monitoring wanneer een enkele trein stimulatie te kleine responsen

geen vals negatieve resultaten werden gevonden, hetgeen de grootste beperking

oplevert om adequate monitoring te garanderen.

van het gebruik van somatosensory evoked potential monitoring (SSEP) in het
verleden is geweest.
Uit de resultaten van de publicaties van dit proefschrift, concludeer ik dat TES-MEP
monitoring moet worden toegepast tijdens alle hoog risico operaties aan de
wervelkolom. TES-MEP is een bewezen goede, praktische en betrouwbare
techniek is voor monitoring van de motorische zenuwbanen en biedt goede
ondersteuning aan het chirurgische team ter voorkoming van permanente post-
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operatieve neurologische schade.
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The question whether or not neuromonitoring has to be applied during corrective

offered by the neurophysiologist. In my opinion, the exposure to spinal surgery is

spinal surgery will probably remain a matter of opinion, even after reading my thesis.

minimal during the orthopedic training. Therefore, to preserve the surgical experience

In this thesis the consequences of the use of TES-MEP have become evident,

of orthopedic surgeons in spinal surgery, spine surgery should get more theoretic

however, it remains unsure what would have happened without the use of neuro-

and practical attention during our orthopedic training.

monitoring. Although in spinal cord tumour surgery the beneﬁts of intra-operative
neuromonitoring have been determined by a historical control study (Sala et al.
Neurosurgery 2006), comparative prospective data for corrective spinal surgery is
not (yet) available. Although earlier cohort analysis during scoliosis surgery performed
in 1995 (Nuwer et al, Electroencephalogr. Clin. Neurophysiol. Electroencephal.),
stated that by the use of neuromonitoring (SSEP by that time) by experienced
neuromonitoring teams resulted in less neurological complications, the ultimate proof
of the beneﬁts of neuromonitoring have not been provided. To even convince the
non-believers of neuromonitoring, a large prospective trial between surgery with and
without TES-MEP monitoring is necessary, but probably ethically not achievable.
At the moment, consensus between experienced neurophysiologists is that when
the decision is made to monitor during corrective spinal surgery, one should use
TES-MEP monitoring (European Symposium of Neuro Monitoring 2006, Groningen,
The Netherlands). It has become evident from literature, that SSEP alone is
insufﬁcient for monitoring the motor tracts. When it is available, possible and practical,
the combination of SSEP and TES-MEP may be considered to detect combined
changes of the motor and sensory tract, but in our experiences this is seldom or
never required.
In order to improve the clinical application of TES-MEP, in my opinion further clinical
research into the following subjects of TES-MEP is suggested:
1. Further specifying of warning criteria
2. Techniques to decrease stimulation artifacts in cervical spinal surgery
3. Techniques to reduce intra-operative muscle movements

Future research

4. Improve automazation of intra-operative TES-MEP
The goal of neuromonitoring is to minimalise the risks of neurological events and to
prevent post-operative neurological deﬁcits by early additional surgical actions.
The key issue of a good post-operative outcome remains the performance of an
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adequate and safe surgical procedure. The neuromonitoring is just a helping hand
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