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Chapter 5

Safety issues during surgical monitoring

H. LOUIS JOURN!EE1* AND JAY L. SHILS2

1Department of Neurosurgery, University Medical Center Groningen, University of Groningen, Groningen, The Netherlands
2Department of Anesthesiology, Rush University Medical Center, Chicago, IL, United States

Abstract

While intra-operative neuro-physiologic assessment and monitoring improve the safety of patients, its use
may also introduce new risks of injuries. This chapter looks at the electric safety of equipment and the
potential hazards during the set-up of the monitoring. The physical and functional physiologic effects
of electric shocks and stimulation currents, standards for safety limits, and conditions for tissue damage
are described from basic physical principles. Considered are the electrode-tissue interface in relation to
electrode dimensions and stimulation parameters as applied in various modalities of evoked sensory
and motor potentials as to-date used in intra-operative monitoring, mapping of neuro-physiologic func-
tions. A background is given on circumstances for electric tissue heating and heat drainage, thermal
toxicity, protection against thermal injuries and side effects of unintended activation of neural and cardiac
tissues, adverse effects of physiologic amplifiers from transcranial stimulation (TES) and excitotoxicity of
direct cortical stimulation. Addressed are safety issues of TES and measures for prevention. Safety issues
include bite and movement-induced injuries, seizures, and after discharges, interaction with implanted
devices as cardiac pacemaker and deep brain stimulators. Further discussed are safety issues of equipment
leakage currents, protection against electric shocks, and maintenance.

INTRODUCTION

While intra-operative neuro-physiologic assessment and
monitoring improve the safety of patients, its usemay also
introduce new risks of injuries. To appreciate these, it is
important to be aware of the variety of safety aspects,
understand their causes, and understand preventativemea-
sures. These subjects are described in this chapter by
specifically looking at the electric safety of equipment,
potential hazards during the set-up, and performance of
monitoring.

ELECTRIC SAFETY

Neurophysiologic and other equipment in the operating
room, as used by the surgeon and anesthesiologist, utilize
“line” electricity to operate. All of this equipment is

connected to the patient via various interfaces. Thus,
there is the chance for dangerous electric currents to pass
through the patient.

Electric connections with the patient

Electric connections consist of electrode connections,
contact between patient and surrounding conducting
parts of equipment, the operation table, and cables.
The nature of the electric coupling is resistive, inductive,
capacitive, or consists of radio-frequent transmission
(RF) passage. 50 or 60Hz AC currents may arise from
leakage currents or faulty connections to the patient
via supply lines. There are high current devices that
are directly connected to the patients for therapy and
include electro-cautery devices and electric stimulators.
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Effects of electric currents

There are two primary deleterious effects from electric
currents passing through the patient: (1) physic effects
from electric shocks and (2) functional physiologic
reactions from electrically activated tissues.

ELECTRIC SHOCK

An electric shock consists of current passing through the
body between two or more contacts. Electric currents
may cause physic damage to tissues like burns and risk
of cardiac failure. These depend on the current shape,
strength, frequency, and location on the body where
applied. Alternating currents between 10 and 200Hz
are most dangerous. This includes 50 or 60Hz powerline
frequencies.

FUNCTIONAL PHYSIOLOGIC ACTIVATION

Electric currents can also activate functional excitable
tissues of the heart, muscles, and the central nervous
system. Thismay interfere with existent physiologic func-
tions. The effects range from perception to pain, muscle
contractions, induced tissue damage, and convulsions.

Cardiac failure

Electric currents can also activate the heart muscle by eli-
citing triggering effects on heart rhythm, induction of
brady- and tachycardia, atrial or ventricular fibrillation,
and heart failure (Ponder et al., 2003; Morano and
Tung, 2019). Fatal ventricular fibrillation with a proba-
bility of 100% will occur at a current from an intra-
cardiac electrode of only 0.5mA. The change drops to
about 1% at 0.05mA (NFPA 99, 2005; IEC 60601-1,
2012). The effects are negligible when alternative current
intensities of 500mA are applied at the surface of the
patient. 50 or 60Hz leakage current shocks could by
accident be conducted via intravascular central lines to
the intracardial location and stimulate from there.

Cardiac arrhythmia when using pulse train transcra-
nial electric stimulation (TES) occur rarely (MacDonald,
2002; MacDonald and Deletis, 2008) and could be
caused by deep current penetration to autonomic centers
and by a “parasitic” current pathway through scalp
somatosensory potentials (SEP) electrodes to leg elec-
trodes through the heart and back to the head as described
in Section “TES-induced parasitic current conduction
along with physiologic amplifiers.”

Conditions for electric activation of the heart
muscle and nerve tissues

Electrically excitable tissues like heart muscle fibers
and axons can be activated by external currents. These
originate at the electrode contact surface starting with

high current densities penetrating the volume conductor
and then spatially decreasing rapidly. This is illustrated in
Fig. 5.1A and B. The electric field E

!
is maximal in the

current direction, which is horizontal in this model.
E
!
[V/cm] (the electric field) is, according to r . j, linearly

related to the current density j [A/cm2] where r is
the specific resistance [Ocm]. Electric elicitable tissue
fibers are maximally activated when oriented in the
direction of the field. Activation of electric elicitable
tissue fibers is only possible when the projection of the
electric field E

!
a, varies along the fibers (Rattay, 1986).

The variation of the electric field, DE
!
a, over a distance

Da between neighboring points on the fiber is the
field gradient Ga¼DE

!
a/Da [V/cm

2]. The set of Ga values
along axon or heart muscle fibers defines an activation
function (Rattay, 1986). Positive values are regions of
fiber depolarization while negative values are regions
of fiber hyperpolarization. When Ga¼ 0, no activation
will occur, even when electric fields are high. The activa-
tion functions along the fiber are depicted in graphs
C and D of Fig. 5.1.

Normally excitable tissue fibers that are insensitive to
stimulation are at the midpoint between the stimulation
electrodes due to (1) current densities and E

!
values are

minimal—not necessarily zero—and (2) activation is
zero at the transition from depolarization into hyper-
polarization. This is at the intracardial location in
Fig. 5.1A. The high activation thresholds of trans-
thoracic AC currents of 500–1000mA make the heart
function robust against relative high currents that enter
at the skin surface and are considered safe according
to the International Electrotechnic Commission (IEC)
safety standards.

In contrast, the activation function and E
!
are maximal

and the yield lowest stimulation thresholds at the location
of the electrodes. This occurs also at intracardial current
stimulation location (Fig. 5.1B) where intracardiac
stimulation current thresholds are as low as 50mA.

However, one has to be aware that in practice, the
volume conductors in Fig. 5.1 consist of many tissue
compartments, like lungs, mediastinum, skin, fat, and
different muscles, each having their own specific con-
ductivities and geometry. The transitions from rela-
tively high to low conductivities such as from blood
to the heart muscle introduces local variations of the
electric field which implies there are non-zero activa-
tion functions even at the geometric midpoint between
the electrodes. Thus, intracardial stimulation may be
effective at cross-thoracic currents in the magnitude
often of milliamperes. This may disturb the heart
rhythm in SEP recordings and even may cause cardiac
arrest (Morano and Tung, 2019). Although very rare,
transcranial stimulation is reported to cause bradycardia
(Ponder et al., 2003) or affect the heart rhythm as shown
in Fig. 5.2 in our own experience.
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Physic effects of electric currents in general

Physic effects from electric currents may also cause
reversible and irreversible tissue damage.

ELECTRIC HEATING

Most electric-induced tissue damages like burns are from
electric heating. All electric currents in tissues with

specific resistances of r, such as from stimulation pulses
or cautery, dissipate energy. The highest energy dissipa-
tion occurs at locations with the highest current densities
j [A/cm2]. As depicted in Fig. 5.3A, the dissipated energy
DW in a volume element DG¼aD"S, where S [cm2] is
the cross-section in an equipotential plane and Da [m] a
narrow distance between two enclosing equipotential
planes, is:

Fig. 5.2. Example of a negative influence of multi-pulse trans-cranial electric stimulation (TES) on a regular pacing heart, with a
preset of aQRSwave followed by a regular R-R rhythm. The artifact froma high-frequencyTES train is depicted in the ECG.Voltage
TES: mono-phasic; anode: Cz anode; cathode: conductive strip on the forehead; pulse width 0.1ms; inter-pulse interval 2ms.

Fig. 5.1. Graphical representation of a volume conductor model, the human body when external currents are applied between:
(A) two electrodes at the surface bilateral from the heart and (B) a combination of surface and intra-cardial electrodes. The curved
lines show the distribution of isopotential planes at fixed potential steps. Densely distributed lines represent high electric fields E

!

beingmaximal in the current direction. Thewidth and direction of the arrows indicate current density and direction. Graphs (C) and
(D) are the activation functions for horizontal oriented electric elicitable tissue fibers for models (A) and (B). The red circles show
at intra-cardial location zero activation for externally applied currents and high activation at intra-cardial stimulation.
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DW¼
Z Dt

0
i2 tð Þ:dt:r :Da=S J½ & (5.1)

where i(t) is the time function of the current and Dt is the
exposure time of the current.

The highest current densities are found in the direct
vicinity of the electrode contacts. These attenuate and
spread out in the tissues according to spherical equipo-
tential planes around a spherical electrode (Fig. 5.3C
and D) and cylindric around a needle electrode.

The time function of the temperature increase DT
(t) [°C] of the tissue adjacent to a spherical electrode
surface with diameter d is:

DT tð Þ ¼
Z t

0
i2 tð Þ:dt:r= SCF2:C:p2:d4

! "
(5.2)

where C is the heat capacity of the tissue [J.cm3/°C]
and SCF is the tissue surface coverage factor being the
tissue-covered part of the whole electrode surface. An
SCF¼0.5 for a hemispheric coverage causes four times
higher temperature increase than a full sphere as shown
in Fig. 5.3E.

The temperature increase time function for a cylindri-
cal electrodewith subcutaneous length l and diameter d is:

DT tð Þ¼
Z t

0
i2 tð Þ:dt:r= C:p2:d2: l2

! "
(5.3)

This applies to needle and corkscrew electrodes.
These equations pertain to all kinds of electric cur-

rents like AC leakage currents, high-frequency cautery,
and electric stimulation.

When currents are a series of undistorted rectangular
waves where i(t)¼ i¼ is constant within the pulse width
of each phase, then

Ð
0
t i2(t). dt in Eqs. (5.1)–(5.3) can be

replaced by:

m:i2:nm:np:pw

where, m is the number of trains (1 single train; 2 double
train; >2 multitrain), i is current, nm is the number of
pulses in a train indexed bym, np is the number of phases
(1: monophasic; 2: biphasic), and pw the pulse width.

Influence of electrode insertion

After subcutaneous insertion of the needle electrode, a
thin fluid film may develop around the needle from a
mechanically induced inflammatory response. The resis-
tivity of the fluid is similar to interstitial fluid and is
lower than the resistivity of surrounding tissue. In our
experience, this fluid layer can cause up a maximum
20% decrease in electrode impedance. This high conduc-
tive fluid layer causes a virtual increase of the contact sur-
face. The effective electrode diameter becomes d+dD

Fig. 5.3. Geometric models for computations of the dissipated electric energy in a volume conductor near the conductor surface.
(A) Arbitrary equipotential plane with surface S adjacent to a thin shell with thickness Da and volume DG in a volume conductor.
(B–D): specific surface geometries of (B) a cylindric needle electrode, diameter d; length l, (C): hemispheric and (D): full sphere
contacts of ball-tip electrodes with diameters d. i(t): current supplied to the contact surface, j: current density, SCF: surface cov-
erage factor. The current density of a hemispheric contact surface is twice of a sphere, while the DT of the dissipated power DWat
the surface is four times higher. This is depicted in graphs (E) where DT at SCF¼1 and 0.5 declines rapidly from the sphere sur-
faces.
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where Dd is the enlargement of d. Then DT becomes
smaller by a factor [d/(d+dD)]2. When Dd of a liquid
film is 0.2mm around a 0.4mm diameter needle elec-
trode, DT is reduced by 75%.

Heat drainage

The temperature increase is also reduced by heat drain-
age. One can distinguish three drainage principles:

(1) The fastest acting mechanism is heat conduction
where the generated heat in the tissue near the elec-
trode surface is conducted into the metal and also
into the tissue. As deducted from Carslaw and
Jaeger (1959) the heat transfer can be described by
the heat conduction equation:

C ∂T=∂t¼r k:rTð Þ+PD (5.4)

where T is the tissue temperature (°C), t the time
(s) and PD is the administered power density. Since
the thermal conductivity k of stainless steel is around
' 15 W/(m.°C) is considerably higher than tissues
such as gray, white matter and skin are 0.55, 0.48,
and 0.37 W/(m.°C), respectively. The time function
of the temperature course is the impulse response
function h(t) and characterizes the heat draining
effect. The bi-exponential temperature curve is char-
acterized by an initial steep decrease from the elec-
trode metal and transits into a moderate decrease
from a compartment of a tissue compound. The
onset of h(t) is defined at the onset of a very short
pulse (d-function) at t ¼0. The temperature course
of the tissue including heat drainage DTH(t) can
be computed as the convolution of any time func-
tion of the temperature course without heat drainage
DT(t) and h(t):

DTH tð Þ¼
Z t

0
DT uð Þ:h t(uð Þ du (5.5)

The applied electric power that is administered to
the electrode applies to RF and stimulation sources.
A d-function can be approached by flash RF pulses
of short duration. Fig. 5.4 is deduced from graphic
data of Cosman and Cosman (2005) and shows
three temperature clearance curves obtained from
temperature measurements at a cylindric electrode
tip after administration of RF flash pulses of 10ms
duration at three intensities. Deduced time constants
were estimated at τ¼7–9ms and τ¼40–60ms for the
fast and slower components of the temperature clear-
ance curve. The respective heat clearance rates are
11%–14%/ms and 1.5%–2.5%/ms for the tissue com-
pound. Estimated exponential courses of the fast (1)

and slow (2) components are drawn in the three clear-
ance curves. Deviations are possible when tissues
are composed of different compartments introducing
a modest multi-exponential distortion. Thus one can
see how heat dissipation varies between different
tissues.

(2) A significantly slower heat draining mechanism is
clearance by blood perfusion. The cooling is pro-
portional to the tissue perfusion rate and DT. The
heat transfer rate (perfusion) are for brain, gray
and white matter, and skin, respectively, 0.56,
0.74, 21.2.and 0.11mL/min.g (deducted from ITIS
database, 2019a). This means a heat clearance
from blood perfusion of, respectively, (0.93%
and (0.18%/s for brain and skin.

(3) A third heat drainage mechanism is radiation to the
environment. The heat radiation is proportional with
the surface of uncovered parts of the skin or brain
and the temperature difference between the tissue
surface and air.

THERMAL TOXICITY

An understanding of heat-induced tissue damage, specif-
ically related to the brain and nervous tissue has been
gained since the introduction of thermally induced
lesions in the brain for the treatment of movement
disorders and pain-related syndromes in the 1950s. Con-
ditions for reversible and irreversible tissue damage are
well-reported and based on temperature-controlled heat-
ing. The goal is to apply RF heating power into the tissue
to bring the temperature of the targeted tissue above
45–50°C for a time duration of over 20s by which cells
will be destroyed. This is referred to as the “lethal tem-
perature range” (Cosman andCosman, 2005). Below this
temperature range, permanent tissue damage is unlikely.
A temperature setting of 45°C at duration times of larger
than 30s is often used as a test “lesions” since neural
functions are temporarily ceased and predict effects of
subsequent permanent lesions at higher temperatures.
These disturbances are followed by a complete recovery.

Lesioning through deep brain stimulation (DBS)
leads has also been investigated. When currents are
administered through the Medtronic 3387 DBS elec-
trodes of 1.5mm length and 1.27mm diameter over
60–120s, no visible lesions are produced below 25mA
with a power of 0.5 J/s (Strickland et al., 2013). Oh
et al. (2001) could not produce lesions with currents
below 25–45mA. Bourdillon et al. (2016) could not pro-
duce lesions below 0.5J/s or 25mA during 30 and 120s
continuous stimulation. Lesions were found when stim-
ulating with RF power above 0.94J/s for 30s in a current
range of 32–58mA. Permanent lesions become evident
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at >45mA while 75mA continuous RF was applied to
secure permanent lesions (Oh et al., 2001; Strickland
et al., 2013).

From the literature discussed, a continuous RF current
of 25mA at a maximal exposure time of 15s seems to
be the safety limit below which no neural tissue damage
can be expected.

PROTECTION AGAINST THERMAL INJURY

The most likely location of thermal tissue damage from
burns is at areas near the stimulation electrodes where
current densities and local electrode impedances are
high. The current densities rapidly disperse in the sur-
rounding tissues as depicted in Fig. 5.3. An empirically
determined safety limit, that has taken hold in the litera-
ture, is 50mJ (IEC60601-2-40, 2016). This number is
somewhat nebulous since it has no relation to safety if
not associated with a time of application to generate
the thermal effects.

Specific effects from stimulation

Stimulation is intended to activate neural or muscle tis-
sues in order to perform specific measurements. Various
energy modalities have “safe dosage” windows a mini-
mal chance for tissue damage. This damage can be due
to: (1) a direct physical impact of the stimulus energy
causing local thermal effects, (2) adverse physiologic
effects like epileptic seizures and modulation of blood
pressure and (3) other side effects from related actions
such as bite injuries from masseter muscle contraction.
The most important stimulation modalities are discussed
in this section.

TEMPERATURE EFFECTS

As mentioned above one safety concern of TES is
induced temperature increase related damage, which is
related to the intensity of the stimulus and the duration
of application. According to Eq. (5.3), DT depends on
the combination of stimulation parameters and electrode
dimensions. Using common TES voltage stimulator out-
puts of pulse trains of 8 biphasic pulses per train (ppt),
pulse width 75ms/ phase, and a 1000mA current. The
temperature at the surface of the smallest used sub-
dermal electrodes of 1.3cm long, 0.45mm diameter will
then increase by 1.45°C, 1.78°C, 1.79°C, and 1.68°C for
environments of water, muscle, skin, and nerve when
using tissue conductivity values between 0.1 and
10kHz (Faes et al., 1999) and heat capacity values
(ITIS database, 2019b). DT¼1.8°C is an upper limit
of these values and can be considered as worst case
and is depicted in the isotherms as a function of the
electrode dimension parameters as shown in Fig. 5.5.

The temperature effects from a single train are well
below 40°C.

Therefore, all subdermal electrodes that currently are
applied for single train TES can be considered safe. For
double trains with two times 8 pulses/train, DT will be
doubled 3.6°C which still keeps the tissue temperature
below 45°C. This temperature may be approached in
multitrain TES, which recently is used for monitoring
(Tsutsui et al., 2015; Tsutsui and Yamada, 2016). The
stimulation timespan Dt of multitrains may extend to
over several seconds. The temperature increase will be
n-fold of DT of a single train. Corkscrew and small
needle electrodes could become critical for excitotoxic
effects under the worst-case conditions in Fig. 5.5.

One potential risk of burns from TES pulse trains may
be the reduction of electrode contact surface when elec-
trodes dislodge. According to Eq. (5.3), the temperature
rise increases by the square of the sub-dermal fraction
of the electrode length. According to Fig. 5.5A, for
small needle electrodes of 13mm length, DT inclines

DT
16°C

10°C

6°C

0 50 ms

temperature clearance curve
slow exponential component
fast exponential component

50
 V 1

2

1

2

1

2
70

 V
90

 V
he

at
in

g
R

F

Fig. 5.4. Temperature clearance curves measurements from a
cylindric electrode tip, 5mm"0.7mm diameter during and
after a 10ms short RF power flash at three different voltages.
For a 300O impedance, the administered power at 90, 70, and
50V is, respectively, 29, 16, and 8W. The curves are deduced
from the data of Cosman and Cosman (2005) and approxi-
mated by a bi-exponential curve being composed of fast (1)
and slow (2) decreasing exponential time functions. The
mismatch at the tails of the original graphs (not shown) is likely
from a deviation from a mono-exponential course of time
function 2 by rather a multi-exponential course due to a com-
position of the tissue bymore than a single compartment with a
fixed time constant.
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rapidly up to over 50°C. This is less likely for 30mm
large contact surface electrodes. The temperature rise
applies to a 0.2mm thin tissue film around the inserted
part of the electrode. If this needle is not all the way in
the skin this reduction is less and the chance of a burn
developing increases. At the same time, the electrode
impedance may increase to over 1kO (Journ!ee et al.,
2004; Berends and Journ!ee, 2018). This is a self-limiting
mechanism where the high electrode impedance limits
the current and counteracts the high-temperature rise
by the surface reduction. It is advised to secure the posi-
tion of subcutaneous needle electrodes and to regularly
check impedances or warnings of voltage or current
limits. One should consider the dimensions of subcutane-
ous needle electrodes of 1.3mm length and 0.4–0.45mm
diameter as minimum choices.

EFFECTS OF HEAT DRAINAGE

The temperature rise near the electrode will dissipate
very quickly by conductive heat transfer as shown in
Fig. 5.4.A heat drainage of (5%/ms becomes already
evident within the short “flash” lengths where DT is
for 20ms 1.6 times larger than for 10ms instead of the
expected two times when heat conduction transfer is
absent. The study of Cosman and Cosman (2005)

showed that the heat conduction spread out to over
1mm from the electrode.

According to Eq. (5.5), the temperature rise,DT, at the
end of a pulse train will be reduced by more than 99%
after 0.5 s instead of 0%without heat drainage. The effec-
tive exposure times to elevated temperature remain well
below 0.1s, which is more than two magnitudes lower
than the times over tens of seconds that are necessary
to develop any tissue lesions.

ACCURACY OF STIMULATORS

Specified stimulation parameters may be quite different
in practice and depend on the type and brand of stimula-
tors and may be important for reliable determination of
stimulation thresholds. This may complicate compari-
sons between different brands of equipment. The current
and voltage outputs of these stimulators are not necessar-
ily constant. Initial currents may show peaks, reveal
rebound effects after cessation of pulses or show com-
pensating exponential effects from a charge balancing
capacitor. Distortions of voltage pulses may depend on
the load impedance. For example, the Digitimer™
D185 constant-voltage pulses show negative exponential
rising currents followed by a post pulse exponential
decay (Fig. 5.6G and H) (Journ!ee et al., 2003).

Fig. 5.6. Waveforms of current and voltage pulse trains of common brands of TES stimulators: (A) and (B) are current trains of a
current stimulator of Inomed at a setting of 50mA (Szel!enyi et al., 2013), (C–F): current waves of the Eclipse voltage stimulator of
Medtronic with a voltage setting at 200V showing the decay over pulse trains at increasing load impedances (unpublished data),
(G) and (H) are simultaneouslymeasured voltage and current shapes of theDigitimerD185 stimulator at different load impedances,
showing strongly distorted monophasic square waves (Journ!ee et al., 2003).
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The Medtronic Eclipse™ transcranial voltage stimulator
shows reasonable square wave pulses but reveals in trains
of 8 pulses load dependent decays of (12% to (49%
when load impedances decrease from 1kO to 220O
(Fig. 5.6C–F). The lower impedances between 220 and
500O apply to the low impedances of large contact surface
electrodes. Their stimulation thresholds are less dependent
on local electrode impedances when compared to small
contact surface electrodes such as corkscrew and small
needle electrodes (Journ!ee et al., 2004; Berends and
Journ!ee, 2018). When no isolation transformers are used
in the output circuit, current stimulators usually deliver
reasonable undistorted square waves and the delivered
currents agree with the current settings (Fig. 5.6A and B),
except when voltage limits are reached.

At low load impedances and high intensities, the
delivered voltages from transcranial voltage may be sig-
nificantly lower than the settings. Estimated temperature
effects will then bemarked lower as expected, which is in
favor of better safety. Measured TES thresholds depend
on the brand of the voltage stimulator and can only be
used for relative comparisons. Absolute thresholds can
be obtained after calibration by actual measurements of
delivered stimulation voltages and currents.

OPTIMIZATION OF THE PULSE WIDTH

Lower stimulation intensities are possible at an opti-
mized pulse. At a rheobase of 200ms stimulation thresh-
olds are about 30%–35% lower when compared to the
50–75ms of voltage stimulators and often used 500ms
of current stimulators (MacDonald et al., 2013). This
may be helpful when stimulation intensity becomes a
critical safety factor.

TES-induced parasitic current conduction
along with physiologic amplifiers

A common issue when performing MEP and SEP mon-
itoring is that the stimulus artifact can be greater than
when not performing both modalities in the same patient.
This occurs even when modalities are run independently
of each other. This happens when SEP and EEG elec-
trodes are placed close to TES electrodes. The scalp then
may transduct voltages of over 100V from the stimula-
tion electrodes via the SEP and EEG electrodes to the
inputs of the physiologic amplifiers. Physiologic ampli-
fiers are protected against electrostatic discharges (ESD)
by current sinking circuits at their inputs. These become
active above a given voltage level. When these circuits
are activated, the normally high input impedance as
seen by the electrodes becomes low impedance. This
creates a connection to the isolated ground as shown in
Fig. 5.7A and B for anodic and cathodic TES. Without
an isolated ground connection, the currents are drained

by the inputs of several other amplifiers to the patient
(Fig. 5.7C). Voltage levels at the high to low impedance
transitions in various tested brands and types of equip-
ment and instrumentation amplifiers vary between )3
and )20V Unpublished bench testing results by HLJ
at 100V (direct or extrapolated) demonstrated leak cur-
rents of 10–100mA.

A parasitic current is caused by the fact that when
two conductors at different potentials are close to one
another, they are affected by each other’s electric field.
Current flows through the path of least resistance and
thuswhen the input impedance of the amplifier drops this
then becomes the most likely path. The low impedance
state creates a gateway for the parasitic TES leakage
currents from the head via the amplifier circuits in the
patient box and isolated ground (Fig. 5.7A and B) or
to the EMG electrodes when a ground connection is
absent (Fig. 5.7C). The backflow of the TES-induced
current via the legs can be as high as several tens of
milliamperes and may re-trigger ECG pacing as shown
in Fig. 5.2. However, this effect is expected to occur
rarely for a similar reason as depicted in Fig. 5.1A.

Similarly, parasitic circuit gateways are possible
during monopolar cautery. Since parasitic currents over
45mAare possible, thismay create conditions for contin-
uous cautery currents over 30–60min to cause skin burns
at the electrodes. As discussed, skin burns in EMG
and stimulation electrodes are unlikely in TES. During
periods of excessive cautery is it recommended to shut
the amplifiers off to minimize the chances of this effect.

PREVENTION OF PARASITIC CONDUCTION

When combined SEP-MEP monitoring has to be per-
formed with one machine, a switch box can temporarily
disconnect the EEG SEP electrodes from the input ampli-
fiers during TES to block parasitic TES currents as shown
in Fig. 5.7D. It is advised to place the isolation ground of
the EEG amplifier box away from the heart region, pref-
erably near the head, like in the neck. Using this switch
during monopolar cautery is recommended as well.

Some machines have isolated preamplifier boxes of
which one can be used for EEG recordings and the other
for electrodes elsewhere on the body. The boxes should
be kept electrically isolated from each other. It is advis-
able to be alert for arrhythmia (MacDonald and Deletis,
2008). It is advised not to use monopolar cautery in the
neighborhood of measurement or ground electrodes and
to use bipolar cautery instead.

TES in skull defects and neonate anatomy

The brain is surrounded by three layers along which the
currents from TES are distributed. These are a relati-
vely well-conducting scalp, a relatively poor conducting
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skull, and well conducting cerebrospinal fluid (CSF).
The third is natural protection against mechanical impact
from outside. Much of the administered current from
TES will be shunted by the first and third layer leaving
a fraction to stimulate axons in the brain. Although
activation functions, which express the excitability of
axons, are not 1-to-1 related to E

!
fields, but instead are

first-order spatial E
!

derivatives vector projections on
axon courses, one should assume a very rough inverse
relationship between current densities and motor thresh-
olds. Under this assumption, the fractions of current den-
sities are also reflected in the TES currents thresholds as
opposed to direct cortical stimulation (DCS). The current
density drops due to shunting in interposed layers and
distance to the brain. Transcranial motor thresholds are
therefore higher than at DCS. The TES thresholds of
closer placed electrodes are higher, for example, C1–
C2 vs C3–C4 (58 vs 40mA, Szelenyi et al., 2007).
Szelenyi (2013) showed current thresholds of
54.2)22.8 and 13.5)5.9mA for TES and DCS. This
would imply ratios of 1/4th to 1/5th. In our experience
with deep brain stimulator leads, motor current stimula-
tion thresholds near the corticospinal tract are on the
order of 1–3mA. This denotes ratios around 1/25th.

The skull has conductivities of fluid saturated bone
and conducts currents less easily than in the scalp or
CSF. Defects in the skull, burr holes, and foramina
may drain stimulation currents with high current densi-
ties as described by Agnew and McCreery (1987).
However, even when currents drain completely (100%)
through a burr-hole, these still disperse greatly in the
CSF layer and still leave current densities on the brain
surface of several magnitudes below the current densi-
ties near stimulation electrodes, where, tissue damage
already is unlikely. Current density enhancing effects
in foramina of cranial nerves will be less prominent than
in burr holes, while neither visual nor auditory effects
due to TES are reported in the literature.

The relatively thin skull and relatively thick CSF layer
in neonates outbalance their influence on TES thresh-
olds, which make them comparable to adults. It is con-
cluded that skull defects are of no harm to brain tissue
and minor significance on stimulation thresholds.

Direct cortical stimulation and excitotoxicity

DCS or neural stimulation is often performed by spher-
ical ball-probe tips with diameters between 1 and 3mm.
For motor stimulation, short pulse trains are used. The
reported maximum stimulation intensities for double-
pulse DCS motor stimulation is 50mA (Holsheimer
et al., 2007). This is 1/20th of the worst-case condi-
tion in TES. When assuming biphasic trains of 8 ppt,
0.1ms pulse width, and a hemisphere contact surface

(TSCF¼0.5) with a 1mm diameter the temperature
rise at the ball tip surface D is equal to 1.35°C. For a
diameter of 1.5mm, DT at the ball tip surface is reduced
to 0.33°C.

These conditions can already be considered as safe
without heat drainage. However, most DCS techniques
are described as potentially excitotoxic which is based
on current densities over 12 mC/cm2/phase and 6 mC/
phase. This includes DCS with continuous 0.5ms
pulses for 2mm sphere probes (Gordon et al., 1990;
MacDonald, 2002) and DCS for MEPs with 2–3mm
diameter cylindric (Sala and Lanteri, 2003; Yamamoto
et al., 2004; Szel!enyi et al., 2005; Abalkhail et al.,
2017) or 1cm2 disk electrodes (Taniguchi et al., 1993).
The exposure times remain too short for cytotoxic
effects.

The temperature increase of Penfield stimulation
series of 20mA 0.5ms biphasic pulses at 60Hz at a hemi-
spheric stimulation probe of 1 and 2mm diameters is
computed as, respectively, 40.5°C and 2.6°C over 5s.
Without heat drainage, stimulation by the 1mm ball-tip
would be potentially excitotoxic for a thin tissue slice
around the hemisphere tip. However, when taking heat
drainage into account, thermic excitotoxity is convinc-
ingly excluded. This is clearly shown by convolution
with a mono-exponential impulse response function with
a time constant of 20ms, which shows a reduction of
the temperature increase from 40.5°C to only 0.39°C.
In addition, the heat conduction to the surrounding tissue
causes a gradual increase of temperature at effective
radial distances from the surface of 2mm by 7.8, 3.6,
1.9, 1.2, and 0.73°C at 20mA or 1.4, 1.1, 0.65, and
0.41°C at 15mA for, respectively, ball-tip diameters of
1, 1.5, 2, 2.5 and 3mm. Lower temperature build-up
effects of 0.5–1°C over 120s, where also heat drainage
by blood perfusion becomes evident, are observed in
the experimental data of flash RF pulses of Cosman
and Cosman (2005). One can conclude a safe use for
continuous Penfield DSC without tissue damage. One
may consider choosing larger electrode diameters than
1 mm to limit charge and current densities.

It remains unclear what other impacting causes, other
than thermal effects may cause excitotoxicity, when cur-
rent safety limits of charge per phase and charge density
per phase are surpassed. These are still is considered as a
concern in DCS (McCreery et al., 1990; MacDonald,
2002; Merrill et al., 2005; MacDonald and Deletis,
2008). Experimental animal models clearly demonstrate
excitotoxic damage (McCreery et al., 1990) for 50 or
60Hz biphasic pulse trains lasting hours or days. These
long exposure times are 5–7 magnitudes higher than
the brief <5 s and very brief pulse trains <30ms in
TES and DCS (MacDonald, 2002). At these long expo-
sure times, pulse charge (Q) and charge density (QD)
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in mC/cm2 are reciprocal cofactors that determine the
injury threshold (McCreery et al., 1990; Merrill et al.,
2005). Below these published injury thresholds the cor-
tex tolerates stimulation indefinitely; above it, damage
severity increases over the length of stimulation time.
In practice, most DCS parameters exceed the experimen-
tal injury threshold but exposure times are too short and
appear safe. This is also supported by the absence of clin-
ical or histologic evidence of injury (Gordon et al., 1990;
MacDonald, 2002; MacDonald and Deletis, 2008;
MacDonald et al., 2013). The only human histological
study on DCS reported no thermal injury (Gordon
et al., 1990). One has a wider choice in stimulus param-
eters than applied in practice.

Complications from TES muscle
contractions

BITE INJURIES

Bite injuries are the most commonTES complicationwith
an estimated 0.2% incidence (MacDonald and Janusz,
2002; MacDonald and Deletis, 2008). A higher incidence
rate of 6.5% is reported byYata et al. (2018). All published
bite injuries involve C3/4 (Jones et al., 1996; Calancie
et al., 1998, 2001; MacDonald, 2006; Duma et al.,
2009; Yata et al., 2018).

Although JLS has had bite injuries with electrodes at
M1/M2 and in between M1 and M2 placements (unpub-
lished). Masseter and temporalis muscle contractions by
stimulation at C3/C4 are stronger than at C1/C2 or Cz/Fz
due to the short extracranial stimulation currents path-
ways to the trigeminal nerves and branches to temporalis
muscles. In addition, the condition for direct muscle
stimulation adheres in the vicinity near the stimulation
electrodes and likely is a dominating factor in the

contraction of the temporalis muscle. Activation via
the corticobulbar route is expected to evoke less promi-
nent to jaw muscle contraction.

Most injuries are self-healing tongue or lip contu-
sions or lacerations (Fig. 5.8A).One jaw fracture and
two armored endotracheal tube ruptures have been
reported (Calancie et al., 1998; Calancie et al., 2001;
MacDonald, 2006; Duma et al., 2009). Soft bite-blocks
or rolled-up gauze between teeth (Fig. 5.8B) are a stan-
dard to reduce the chance of injuries (Duma et al., 2009).
The C3/C4 montages may require extra attention.

MOVEMENT-INDUCED INJURY

The possibility of injury due to patient movement from
TES is a generally recognized concern, although no
adverse events have been reported in the literature to
date. Movements of the jaw and head most likely result
from extracranial stimulation, while movements at tho-
racic, lumbar, and sacral locations apparently originate
from the cortico-spinal axonal route (Hoebink et al.,
2014, 2016). Induced movements of the neck at cranio-
cervical and cervical-thoracic levels were stronger at
Cz/Fzwhen compared to C3/C4 and are in the neck about
five times stronger than at lumbar or sacral levels. There
does not seem to be any significant differences between
movements in the lumbar and sacral region when com-
paring stimulation at C3/C4 to Cz/Fz.

There are strategies to minimize or manage movement
(MacDonald, 2002; MacDonald and Deletis, 2008): DCS
produces focal MEPs with no generalized twitches.
C3–Cz, C4–Cz, C1/2, and midline TES montages limit
movement from facial muscles when compared to C3/4.
Near-threshold TES intensities might reduce movements
but with the effect of increased MEP amplitude variations

Fig. 5.8. (A) Example of a TES-induced bite injury. (B) Rolled-up gauze between teeth or soft bite-blocks are standard measures
for the protection of bite injuries (Shils, with permission).
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(Journ!ee et al., 2017). When disturbing movements
remain, one relies on careful timing guided by surgical
field video and surgeon communication.

Seizures and after discharges

Cortical stimulation may provoke after discharges that
may build up to a seizure. 50–60Hz trains lasting
seconds are particularly epileptogenic (MacDonald,
2002). The Penfield technique often elicits after dis-
charges and causes seizures in 5%–20% of patients
(Sartorius and Wright, 1997).

Seizures that occur rarely with short TES pulse trains
with an estimated 0.03% incidence, are self-limited
and free of morbidity (MacDonald, 2002). DCS brief
pulse trains have an estimated seizure incidence of 1%
(Szel!enyi et al., 2005).

It is advisable to be prepared for a seizure with anti-
convulsants and ice-cold irrigation during DCS. Relative
TES contraindications include epilepsy; cortical lesions;
skull defects; intracranial vascular clips, shunts, or elec-
trodes; and pacemakers or other implanted bioelectric
devices (MacDonald, 2002; MacDonald and Deletis,
2008). There is no proof that any of them increase
TES complications and many patients with one or more
of these conditions have undergone uneventful MEP
monitoring. If the risk of the motor deficit without
MEP monitoring outweighs the uncertain additional risk
of a relative contraindication, then it is justifiable to
proceed.

MEP and implanted devices

Pacemakers, implantable cardioverter defibrillators,
(ICD) and implanted neural stimulators are a relative
concern for safety when using TES and cautery. How-
ever, one case report of a patient with a sick-sinus syn-
drome showed that the function of pacemakers in
DDD mode can show significant interference from fast
repeated pulse stimulations for automated threshold
finding systems of (NV-M5 NuVasive, San Diego) using
extensive series of multi-pulse trains with current
increases between 100 and 1200mA, requiring dozens
of seconds (Hayashi, 2016). In contrast to electric elici-
table tissue fibers, which are only sensitive for gradients
of the electric field, sensors of implanted pacemakers and
ICD’s remain sensitive for the electric field while the
activation function is zero. When from a clinical view,
the function of implanted stimulators is not necessary
during the monitoring it is advised to uncouple the
outputs by turning the devices off and setting the output
currents to zero. When all outputs are switched off, or
selected in a bipolar mode, no significant currents will
flow through a stimulator circuit and human body. It is
advised to place all electrodes away from burr-holes of

implanted electrodes. When cautery is necessary for
the neighborhood of electric conducting parts of an
implanted stimulator device, it is strongly advised to
use bipolar cautery.

As of the writing of this chapter, there are no pub-
lished data on the use of the TES with implanted deep
brain stimulation (DBS) system. In the authors’ experi-
ence, TES has been used with sub-thalamic nucleus
(STN) DBS leads with no issues.When TES is used with
DBS systems, we placed the stimulating leads at M3/M4
to stay away from the lead burr holes that are usually
placed anterior to the supplementary motor areas closer
to M1/M2. When placing needles in a patient with
DBS it is critical to keep all the TES, SEP, and EEG leads
away from all DBS components. These components
include the burr hole cap and the lead/extension wires
that run under the scalp usually a little posterior to the
burr holes, although there may be some wire coiling
under the burr holes. Additionally, on one side the exten-
sion will run down the inside of the scalp to the neck.
In older systems, where two implantable pulse generators
are used in the chest the wires will run down each side of
the neck. When placing stimulation return wires, for
example during skull base or posterior fossa procedures,
the needles should stay away from the lead and exten-
sions wires to avoid damaging them.

There are three reported cases of TES in patients
undergoing spine surgery who had a cochlear implant
(Yellin et al., 2016; Abiola et al., 2018) with no reported
complications. Pre-operative and post-operative lead
impedance and patient audiometry were performed.
Overall lead impedance variation was 3% with no
significant change in the pre- and post-audiometry data.
The patient did not report any changes in hearing post-
procedure (Abiola et al., 2018).

Invasive electrode complications

Invasive spinal electrodes carry a small but potentially
serious risk of hemorrhagic, traumatic, or infectious
complications (MacDonald, 2002; MacDonald and
Deletis, 2008). D-wave benefits appear to outweigh these
risks for intra-medullary spinal cord tumor surgery (Sala
et al., 2006). However, this may not be the case for
scoliosis surgery (Ulkatan et al., 2006). Subdural stimu-
lating electrodes slid underneath the skull may cause
bleeding, but nomorbidity has been reported and the tech-
nique might enhance monitoring (Szel!enyi et al., 2005).

There may be other justifiable indications for invasive
techniques that may be an informed consent consider-
ation. The use of needles during interventional procedures
where heparin may be used, such as coiling, stenting, or
embolic treatment of cranial aneurysms should be limited.
The authors have reduced the total number of needles
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needed in these procedures to five (C30, Cz0, and C40 for
SSEP/EEG andM3,M4 for TES). All other electrodes are
radiolucent surface “sticky pads” or standard surface stick
pads. Gold cup electrodes have been tried but they can
interfere with the imaging.

EQUIPMENT-RELATED SAFETY ISSUES

Leakage currents

When powered byACmains, all medical equipment pro-
duces three types of leakage current: (1) chassis leakage
current that flows from the device enclosure through the
patient or operator to ground or another enclosure part;
(2) patient leakage current that flows from patient con-
nections to ground and may originate from an external
voltage source on the patient; and (3) patient auxiliary
current that flows between patient connections, e.g.,
impedance testing or amplifier bias (NFPA 99, 2005;
IEC 60601-1, 2012). Avoiding excessive transthoracic
or direct cardiac conduction of otherwise minor leakage
current is critical.

Intraoperative neurophysiologic devices commonly
have multiple connections to the patient that create trans-
thoracic paths and add to the total leakage current (IEC
60601-1, 2012). Other electric device connections apply
external voltage sources and ground paths such as the
electrosurgic devices. Furthermore, internal jugular or
subclavian central lines can create potential conductive
pathways into the heart. Consequently, the monitoring
device cabling, the operator who may be in contact with
this equipment, and patient connections should not con-
tact these lines (IEC 60601-1, 2012). Erb’s point is a
nearby patient connection for IOM that could make
contact and may therefore be safest to omit, even though
there are no reports of such an event as of the writing of
this chapter (MacDonald and Deletis, 2008). Certainly,
one must prevent the worst cases of accidental direct
cardiac leakage current shocks or power mains voltage
at a patient connection.

MEANS OF PROTECTION AGAINST ELECTRIC SHOCK

All medical electric devices must have at least two built-
in means of protection against leakage current shocks.
These may be protective grounding, insulation, or
impedance satisfying detailed technical specifications
(IEC 60601-1, 2012).

SINGLE FAULT SAFE

Devices must also be single fault safe, meaning that the
failure of one means of protection doesn’t cause unac-
ceptable risk (IEC 60601-1, 2012). Single faults arise
spontaneously or from the stress of use; a broken power
cord ground is a common example. Some single faults

trigger a warning, while others are silent and their safety
depends on periodic inspection and repair to minimize
the chance of a second fault before the next inspection.

LEAKAGE CURRENT LIMITS

Biomedical testing confirms that leakage currents
between any accessible part of the device and ground
or another accessible part are within safe limits. Intrao-
perative neurophysiology devices must be safe for exter-
nal and internal non-cardiac connections. Presently, the
relevant IEC alternating current limits in normal and sin-
gle fault conditions are 100 and 500mA for individual
leakage currents and 500 and 1000mA for total leakage
current (IEC 60601-1, 2012; IEC60601-2-40, 2016). In
addition, leakage current must not exceed 5000mA in
the special condition of an external voltage (including
power mains) patient connection. This could generate
about 0.25mA at the heart, which still has a low risk of
ventricular fibrillation—unless there is a direct cardiac
path (IEC 60601-1, 2012). Note that limits undergo peri-
odic revision, and may vary between jurisdictions.

PERIODIC INSPECTION

Device testing must be done after manufacture, installa-
tion, signs of damage, repair, and every 6months ormore
when indicated by the manufacturer, local rules, or hard
use (NFPA 99, 2005). The biomedical engineer must test
interconnected devices supplied by one power cord as
a unit, as well as custom-built or modified devices.
Neglect of periodic testing increases the risk of a seri-
ously hazardous double fault.

POWER CORDS AND LEAD CONNECTORS

To avoid loss of protective grounding, power outlets
should be well-constructed without tin soldering that
loosens over time, and power cords must be heavy duty
with strain relief at both ends and no strain prone right-
angle plugs (MDSR, 1979; NFPA 99, 2005). While dis-
couraged, extension cords meeting the same standards
may be acceptable (NFPA 99, 2005). Power and exten-
sion cord inspection should be part of periodic testing.

Patient leads with unprotected pin connectors can
result in electrocution from accidental power contact
(MDSR, 1993). Consequently, patient leads must have
“touch proof” connectors that cannot make potentially
dangerous electric contacts when not seated in their
intended receptacles (NFPA 99, 2005; IEC 60601-
1, 2012).

Table 5.1 summarizes do’s and don’ts recommenda-
tions for safe use of intra-operative neuro-physiologic
monitoring equipment.
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CONCLUSIONS

While intra-operative neuro-physiologic assessment and
monitoring improve the safety of patients, the use of the
equipment may also introduce new risks of injuries.
Knowledge of the hazards and measures for prevention
minimizes the risks and makes intra-operative neuro-
physiology sufficiently safe in experts’ hands.
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