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Abstract-The electrical stimulus pulse and the surface electrodes
commonly used to study compound action potentials of peripheral
nerves give rise to an artifact consisting of an initial spike and a longer
lasting tail which often interferes with the recorded signal. The artifact
has four sources: 1) the voltage gradient between the recording elec-
trodes caused by stimulus current flowing through the limb, 2) the
common-mode voltage of the limb caused by current escaping through
the ground electrode, 3) the capacitive coupling between the stimulat-
ing and recording leads, and 4) the high-pass filtering characteristics of
the recording amplifier. This paper models these sources and presents
several methodological rules for minimizing their effects. Also pre-

sented are three computer-based methods for subtracting the residual
artifact from contaminated records using estimates of the artifact ob-
tained from: 1) subthreshold stimulation, 2) a second recording site
remote from the nerve, or 3) stimulation during the refractory period
of the nerve.

I. INTRODUCTION

A widely used technique for measuring the compound
action potential (CAP) of a peripheral nerve employs

surface electrodes to stimulate the nerve and record the
signal. The recorded signal is often contaminated by stimulus
artifact. While this artifact does not usually hamper simple
analysis of the CAP, such as measurement of the latency to

peak, it does interfere with analysis which requires accurate
knowledge of the CAP waveform, such as estimation of the
distribution of fiber conduction velocities (DCV). This
paper presents and explains by theoretical models several
rules for reducing stimulus artifact and several methods for
extracting the CAP from a contaminated record.
A typical configuration for measuring the mixed motor/

sensory CAP of the median nerve is shown in Fig. 1(a). The
nerve is stimulated at the wrist by a rectangular pulse of

current. Sharp supramaximal stimulation requires a pulse
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Fig. 1. (a) Electrode configuration for measuring the mixed motor/
sensory compound action potential (CAP) of the median nerve. (b) A
recorded CAP contaminated by artifact.

of 0.1-0.2 ms in duration and up to 60 mA in intensity. The
nerve signal is recorded differentially between an electrode
positioned over the nerve at the elbow and an indifferent
electrode 2-5 cm away. The limb is grounded by an electrode
between the stimulating and recording sites to reduce 60-Hz
interference, to hold -the mean voltage of the limb near ground,
and to prevent transthoracic current flow if a failure shorts
one of the stimulator leads to supply voltage or ground. To
ensure good consistent electrical contact, the skin is mildly
abraded and electrolyte paste is applied under each electrode.
All of the measurements reported in this paper were made

with stainless steel disk electrodes, 1 cm in diameter for

stimulating and recording, 3.2 cm in diameter for grounding.
A typical contaminated CAP record is shown in Fig. 1(b).

The biphasic nerve signal is 20 ,uV p-p and begins 2 ms after
the stimulus. The artifact has three parts: a spike coincident
with the stimulus pulse and many times larger than the nerve

signal, a fast-tail component, and a slow-tail component.

II. THE COMPONENTS AND THEIR ELECTRICAL
PROPERTIES

An electrical model for explaining artifact must take into
account the stimulator, the electrode/skin interfaces, the
subcutaneous tissue of the limb, and the recording amplifier.
Each of these components will now be discussed.

A. Stimulator

The two characteristics of the stimulator which affect arti-
fact are the type of stimulation (constant-voltage or constant-
current) and the capacitance to ground. Related to the type
of stimulation is the output impedance of the stimulator: a

constant-voltage stimulator has a low output impedance
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(<1 k92), a constant-current stimulator has a high output
impedance (>100 k&2).
The stimulator outputs must float with respect to ground to

allow the ground electrode to fix the potential of the limb.
Floating is accomplished by transformer-coupling the pulse
or by electrically isolating the entire pulse generator. In either
case, stray capacitances to ground exist. The stray capaci-
tances of a transformer-coupled stimulator can be modeled as
lumped capacitors, typically 100-200 pF, between each out-
put and ground. Modeling electrically isolated and constant-
current stimulators is more complicated since active compo-
nents separate the stray capacitances from the output ter-
minals. Guld [1] and Neilson [2] have proposed shielding
schemes to reduce the effective capacitance between the out-
puts and ground, but most commercial stimulators are not so
shielded.

B. Electrode/Skin Interface

The interface between the surface electrode and the sub-
cutaneous tissue is complex and incompletely understood.
This section briefly discusses the two major components of
the interface-the metal/electrolyte junction and the skin-
and presents simple electrical models for the interface at low
and high current densities.
The junction between metal electrode and electrolyte paste

has been widely studied and modeled [3]-[11]. Metal atoms
dissociate into the electrolyte and form a double-charge layer
which is responsible for the dc half-cell potential, the large
electrolytic capacitance between metal and solution, and the
parallel frequency- and current-density-dependent polarization
capacitance. Direct current crosses the interface via electro-
chemical reactions in which electrons in the metal are ex-
changed for ions in solution, and the resulting voltage drop is
nonlinearly related to the current. For a pair of stainless steel
electrodes 1 cm in diameter in contact with EKG-Sol paste
(Burton, Parsons & Co.), the difference in half-cell potentials
is typically several tenths of a volt, the net capacitance is
about 50,gF, and the effective resistance is several kilohms.
The outer layers of the skin-the keratinous layer and the

epidermis-form a resistive sheath around the conductive tissue
within [3], [4], [12]-[14]. The resistance of these layers
decreases with increasing current density and is reduced by
abrasion, by the application of electrolyte paste, and by the
activity of the sweat glands. Variations in skin resistance
caused by sweating and by irregular contact due to bodily
hair are reduced by electrolyte paste. Ionic processes in the
skin give rise to the galvanic skin potential and to electrolytic
and polarization capacitances between the surface and the sub-
cutaneous tissue. The resistance of the skin under a 1 cm
diameter electrode ranges from 100 kf2 for unprepared skin to
10 k92 or less for mildly abraded skin, while the capacitance
is about 0.03 jiF regardless of preparation.
At the low current densities conducted by the recording and

ground electrodes, the electrode interface is dominated by the
impedance of the skin and can be modeled by a fixed resistor
in parallel with a fixed capacitor, as verified empirically by
several investigators [3]-[5], [8]. This model ignores the
electrode's half-cell potential and the galvanic skin potential
which are blocked by the recording amplifier's high-pass filter.
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Fig. 2. Nonlinear current/voltage characteristics of the stimulating
electrodes. Constant-voltage pulses give rise to the anode and cathode
voltages shown in (a) and the currents shown in (c). Constant-current
pulses (d) give rise to the anode and cathode voltages shown in (b).

At the high current densities conducted by the stimulating
electrodes, the electrode interface is more complicated. Fig. 2
shows the voltages of the anode (VA) and cathode (Vc) with
respect to ground and the current (Is-m) during pulses of con-

stant voltage and constant current applied through new elec-
trodes at the wrist, which had been wiped with alcohol, but
not abraded. Notice that the anode voltage is larger than the
cathode voltage. This is due to intrinsic differences in skin
impedance at the wrist, rather than polarity of current flow.
Nonlinearity can be seen in Fig. 2 in the relationship between
peak values of voltage and current and in the nonexponential
relaxations. Notice that current continues to flow after the
falling edge of a constant-voltage pulse as the skin capacitance
discharges through the low output impedance of the stimula-
tor. After a constant-current pulse the skin capacitance dis-
charges through the skin resistance instead, and no current
flows through the limb; notice, however, the lengthy relaxa-
tion of the stimulus voltage in this case. The interface im-
pedance increases during the recording session as the paste
is depleted of charge conductors, and over the lifetime of
the electrodes as their effective surface area is reduced by
corrosion.
A simple model for the high-current-density electrode inter-

face which ignores half-cell and galvanic potentials consists of
a nonlinear resistor in parallel with a fixed capacitor. Stephens
[11] and Barker [5] have empirically modeled the resistance
by the relationship I = aV + b2 and analytically derived re-

laxations such as those in Fig. 2.

C. Subcutaneous Tissue

The dermis and underlying tissues and fluids can be modeled
as a purely resistive volume conductor [1], [31, [4], [14].
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0.2 msec

Fig. 3. Potential field in the arm generated by the stimulus current.
(a) Voltages measured at several points on the limb during the stimu-
lus pulse. (b) Waveform of the voltage at one point. (The arrow
indicates the time at which the voltages in (a) were measured.) (c)
Illustration of the differential voltage between two points not on an
equipotential line.

The resistance between any two points is affected by the shape
of the limb and the location of bone, tendon, and blood
vessels, but is usually small-100-500 Q2. The current in-
jected between the stimulating electrodes flows throughout
the limb and sets up a potential field. The spatial variation of
this field is illustrated in Fig. 3(a), which shows voltages mea-
sured with respect to ground at several points on the arm in
response to a constant-current pulse of 5 mA. Notice that the
potentials in the limb are small compared to the stimulus volt-
age, most of which is dropped across the impedances of the
stimulating electrodes.
The waveform of the potential at one point on the limb is

shown in Fig. 3(b). The waveform consists of two compo-

nents: the potential generated by the stimulus current, which
varies from point to point on the limb, and the voltage dropped
by the escape current across the ground electrode impedance.
These two components will be further discussed in the section
on common-mode conversion.

D. RecordingAmplifier
A good amplifier for surface electrode recording must have

a high input impedance (10 ME2) to record without distortion
from electrodes with impedances of tens of kilohms, and a

high common-mode rejection ratio (105) to effectively reject
the common-mode voltage at the recording site (typically
<0.2 V). Such an amplifier generally has an adjustable high-

pass filter for restricting low-frequency noise due to slow half-
cell and galvanic potential changes and amplifier drift, and an
adjustable low-pass filter for restricting high-frequency thermal
noise.

III. SOURCES OF ARTIFACT AND METHODS
FOR ITS REDUCTION

The components described in the preceding section interact
to produce artifact in four major ways. This section models
these four sources of artifact. The models are not intended to
enable accurate reconstruction of particular artifact signals
since identification of component parameters is difficult.
Rather, they are intended to provide insight into methods for
artifact reduction and cancellation.

A. Voltage Gradients

A major source of artifact is the voltage difference VD pro-
duced between the recording electrodes by current flowing
through the limb [1], [2]. The stimulus current sets up a
voltage gradient at the recording site which, as illustrated in
Fig. 3(c), contributes to two artifact components: the pulse
itself contributes to the spike, and the succeeding discharge
of the stimulating electrodes through the limb contributes to
the fast tail. The size of this gradient decreases as the distance
between the stimulating and recording sites is increased. The
escape current also flows through the limb, but it is small
(<50 iA) and only affects the potential field between the
stimulating and grounding sites.
VD can be substantially reduced by positioning the two

recording electrodes on an equipotential line. The equipoten-
tial lines, although approximately perpendicular to the mid-
line as they cross it, soon curve toward the stimulating site.
Fig. 3(a) suggests that an indifferent electrode 2 cm from the
nerve at the elbow should be about 2 cm closer to the stimu-
lating site than the on-nerve electrode is. Since the stimulating
electrodes are not perfect point sources, but consist of regions
of differing frequency-dependent impedance [10], the shape
of the potential field in the limb is also frequency-dependent,
and the equipotential lines shift slightly during the stimulus
pulse. For this reason VD cannot always be eliminated by
careful placement of the recording electrodes.
The tail of VD can be essentially eliminated by using a high-

output-impedance (constant-current) stimulator. A constant-
voltage stimulator can be converted into a constant-current
stimulator by a simple circuit such as that described in [15].

B. Common-Mode Conversion

The common-mode voltage at the recording site (VcM) is
converted to an artifact signal proportional in amplitude to the
imbalance between the recording electrode impedances. The
Laplace transform of the converted signal is given by

VCcm(s) = - VCM(s)Z.

where Z1 and Z2 are the recording electrode impedances and
ZI is the recording amplifier's input impedance. Z1 - Z2 is
rarely as much as 10 k92, and can be reduced by scrubbing the
skin well under each electrode.
VCM is the sum of the voltage difference VGR dropped be-

tween the grounding and recording sites by the stimulus cur-
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Fig. 4. Model of the ground electrode voltage (VG) for a transformer
coupled stimulator.

rent, and the voltage VG dropped across the ground electrode
by the escape current [2]. The first term can be reduced by
positioning the ground electrode close to the recording site
(2-5 cm distal to it), rather than midway between the record-
ing and stimulating sites where it is commonly placed.
At the rising and falling edges of the stimulus pulse, the stray

stimulator capacitances must be charged and discharged.
Unless the capacitances and the stimulating electrode impe-
dances are perfectly balanced, this results in current flow
through the ground electrode [11, [2]. This current is called
the escape current. If the stray capacitances can be modeled
as lumped capacitors at the stimulator outputs, then the
voltage dropped by the escape current across the ground
electrode is given by (see Fig. 4)

-s[VA(s)CA + VC(s)CcIRG
VG(s)= 1+SRGCG

where VA and Vc are the anode and cathode voltages, CA and
Cc are the capacitances between the stimulator outputs and
ground, RG and CG are the resistance and capacitance of the
ground electrode, and the subcutaneous tissue is approximated
as a perfect conductor. For a constant-current stimulator, the
driving term is a nonlinear function of VA CA + VCCC In
either case, the amplitude of VG can be reduced by using a

large ground electrode to increase CG, and its time course can

be shortened by scrubbing the skin under the ground electrode
to reduce RG.

C. Capacitive Coupling
The third source of artifact is the capacitive coupling be-

tween the stimulating and recording leads. These leads are

usually not shielded in order to minimize their capacitance to
ground, and as a result, the capacitance between them in a

normal configuration is about 0.5 pF even when care is taken
to keep them far apart. Since each pair of leads runs together,
the capacitance between each stimulating and recording lead
is approximately the same (CE). In this case, the coupled
signal depends on the imbalance between recording electrode
impedances as follows (see Fig. 5):

VCC(S) = SCE(Z - Z2) [VA (S) + VC(S)1

In this model the subcutaneous tissue is approximated as a

perfect conductor connected to ground. The driving term
VA + VC depends on the imbalance between stimulating
electrode impedances. The anode usually goes more positive

VA + VC Vcc

Fig. 5. Model of the capacitive coupling between the stimulating and
recording leads.

(a) = 5 msec(b) 5 msec
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Fig. 6. Effects of the recording amplifier's high-pass filter time con-
stant (r) and of amplifier saturation.

during the stimulus pulse than the cathode goes negative, so
that a net positive voltage drives the recording leads. Scrub-
bing the skin helps equalize the impedances, and electrodes
which have become greatly imbalanced by corrosion should be
replaced.

D. Shaping by the Recording Amplifier
The passage of the spike through the recording amplifier's

high-pass filter introduces a slow exponential tail into the
signal [16], [20], as illustrated in Fig. 6(a) and (c). If the
spike is large enough to saturate the amplifier, a more severe
distortion may occur [Fig. 6(b) and (d)], and if saturation
occurs in an early stage of amplification, recovery from the
overload may take several milliseconds. The spike can usually
be kept small enough to prevent saturation by careful position-
ing of the recording electrodes. The amplitude of the expo-
nential tail can be further reduced by decreasing the ampli-
fier's high-pass cutoff [compare Fig. 6(a) and (c)]. Several
investigators [16]-[20] have also suggested simple circuits
for blocking the amplifier during the stimulus pulse to pre-
vent generation of the tail and to protect against overload.

E. Summary
The methodological rules for reducing artifact can be sum-

marized as follows.
1) Scrub the skin well under each electrode (several vigorous

rubs with a swab dipped in pumice paste so that the skin is
reddened) and use electrolyte paste. This assures consistent,
low-impedance contacts.
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Fig. 7. Block diagram of the sources of artifact. The blocks marked
with an asterisk are nonlinear.

2) Use constant-.current stimulation to prevent the stimulat-
ing electrodes from discharging through the limb.
3) Place the recording electrodes on an equipotential line.

The orientations of the equipotential lines depend on the
stimulation configuration and on inhomogeneities in the limb.
The indifferent electrode can be attached to a wand to facili-
tate probing for the optimal position.
4) Use a large ground electrode and place it near the record-

ing site. This reduces both components of the common-mode
voltage at the recording site.

5) Keep the stimulating and recording leads short and far
apart to minimize capacitive coupling between them.
6) Replace well-used stimulating electrodes, especially if

they show pronounced discoloration. Imbalanced stimulating
electrodes contribute to capacitively coupled artifact.
7) Set the recording amplifier's high-pass cutoff as low as is

practical to reduce the amplitude of the artifact's slow tail.
The amplifier can be blocked during the stimulus pulse by a
circuit such as described in [16]-[20] if necessary.
The sources of artifact are summarized in the block diagram

of Fig. 7. The principal driving function is the stimulus cur-
rent stim, If constant-voltage stimulation is used, Istim is a
nonlinear function of the stimulus voltage (Vstim). A signal
proportional to Istim is recorded differentially (VD). Another
signal proportional to Istim is dropped between the grounding
and recording sites (VGR) and contributes to the common-
mode voltage (VcM). The stimulating electrode impedances
nonlinearly filter Istim to produce the pair of stimulating elec-
trode voltages (VA and Vc). This pair determines the escape
current and hence the ground electrode voltage (VG), which
contributes to VCM, and the capacitively coupled voltage
(Vcc). The sum of VD, VCC, and the converted VCM is re-
corded (VR) and filtered by the recording amplifier to produce
the final artifact (Vart).

IV. SIGNAL PROCESSING METHODS FOR ARTIFACT
CANCELLATION

The rules presented in the preceding section cannot always
eliminate artifact, especially when the nerve signal is weak or
the limb is short. The artifact which remains must be removed
by processing the recorded signal. Two components are easily
removed: the spike does not ordinarily overlap the CAP and

can be ignored, and the exponential tail introduced by the
recording amplifier can be eliminated by inverse filtering. We
have investigated three methods for cancelling the artifact
which still remains by means of a separately recorded signal
which is related to the artifact, but free of CAP. The inverse
filtering and the three cancellation methods are described in
this section.
The signal processing to be described was performed on a

PDP 1 1/34 computer. The signals were digitized at the rate of
25 000 samples/s, beginning about 1 ms prior to the stimulus
to provide a baseline. Between 32 and 512 records were
digitally averaged, depending on the signal-to-noise ratio. The
records shown in Figs. 8-10 have all been inverse filtered.

A. Inverse Filtering
The distortion introduced by the recording amplifier's high-

pass filter is usually small, but it can be removed by passing
the distorted signal through an inverse filter. For example,
the discrete-time inverse filter for a single-pole high-pass filter
with time constant r is

it
VR(t) = Vart(t) + L Vaft(k) At

T k=0

where Vrt(t) is the averaged distorted signal and VR(t) is the
reconstructed signal. Notice that the sampling rate of 25 kHz
does not adequately sample the brief spike. As a result, VR(t)
is inaccurate in the unimportant region of the spike, but
suffers only a baseline change in the region of the CAP. The
slow random variations which were attenuated by the high-
pass filter have been averaged out of V. and so are not rein-
troduced by inverse filtering.

B. Subthreshold Method

One way to obtain a CAP-free artifact signal is to reduce the
stimulus intensity below the threshold for nerve excitation
(typically <10 mA) [271. In this method the same electrode
configuration is used to record the purely artifactual sub-
threshold signal (VST) and the contaminated CAP signal (VR).
If the stimulating electrodes behaved linearly, VST could be
scaled to perfectly cancel the artifact in VR. In fact, the two
artifact waveforms often have approximately the same shape,
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Fig. 8. Subthreshold method of artifact cancellation. Fig. 9. Off-nerve method of artifact cancellation.

and fair cancellation is obtained in the following estimate of
the CAP.

VN = VR(t) - CVST(t)
where the scale factor C is computed as follows.

C=-

t2 t4

E, VR (k) VST(k) + E VR(k) VST(k)
k=t1 k=t3

t2 t4
E VST(k) + E VST(k)

k=t1 k=t3

Here (ti, t2) and (t3, t4) are chosen as shown in Fig. 8(a) to
exclude the spike and CAP regions of the waveforms so that C
will not be affected by the inaccurately sampled spike or

biased to cancel any of the CAP signal.
An example of this method is shown in Fig. 8. Trace (a) is

the contaminated CAP (VR) and trace (b) is the subthreshold
artifact (VST). The latter trace was multiplied by the scale
factor computed as above and then subtracted from trace (a)
to yield the estimate of the CAP (VN) shown in trace (c).
Notice that the subthreshold signal is very small; many re-

sponses were required to average out the noise. Fortunately,
the threshold stimulus is not felt by the subject, and responses

can be collected rapidly. The noise in the subthreshold signal
is accentuated by scaling, as seen in Fig. 8(c), and smoothing
of the resultant signal may be necessary.

C. Off-Nerve Method

In this method a second pair of recording electrodes is
positioned away from the nerve to record a purely artifactual
signal (VON) along with -the contaminated CAP (VR). Notice
that even though the artifact signals in the two recording
channels are both responses to the same stimulus pulse,
according to the model in Fig. 7 they may not be linearly
related. We assume, however, that an approximate linear
relationship can be found between them, and estimate the
CAP as follows.

VN(t) = E h(k) VoN(t k)
k=0

where the weighting function h(k) is computed by the method
of least-squares [21] as follows.

h(0) -

= [A'AI-1A'
Lh(K)j

VR(tl)

VR(t2 - K)

VR(t3 +K)

VR (t4) _

VON(tl) *. VoN(tl + K)

= VoN(t2 - ... VON(t2)
A - -

-

VoN(t3) ... VoN(t3 + K)

VoN(t4 -K)... VoN(t4)
t1-t4 are chosen as in the subthreshold method to exclude
the spike and CAP regions of the waveforms, and K is typically
between 0 and 10. Note that when K =0 A is a scalar as in
the subthreshold method.
An example of this method is shown in Fig. 9. Traces (a)

and (b) show a contaminated CAP (VR) and an off-nerve arti-
fact (VON). The weighting function h(k) was computed as
above and convolved with trace (b), and then the result of this
convolution was subtracted from trace (a) to yield the esti-
mate of the CAP (VN) shown in trace (c).
One major disadvantage of this method is the difficulty of

finding a location for the second recording pair which is com-
pletely free of CAP signal. Notice the small nerve signal
present in Fig. 9(b).

D. Double-Stimulus Method
We have also considered a method proposed by Barker [5]

in which a second stimulus pulse is applied to the nerve during
its refractory period. The refractory period is the period im-
mediately following the initiation of a CAP (and lasting about
0.6 ms in the median nerve [221) during which a second
stimulus fails to evoke a second nerve response. Thus, the first
pulse evokes both artifact and CAP, the second pulse evokes
only artifact. Assuming that the double-pulse artifact is the
linear superposition of two single-pulse artifacts, the signal
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Fig. 10. Double-stimulus method of artifact cancellation.

evoked by the double stimulus (VDS) can be used to cancel the
artifact from a normally evoked CAP (VR) as follows.

VN(t) = VR(t) - [ VDS (t + T) - VR (t + T)]
where T is the interval between the double stimuli.
An example of this method is shown in Fig. 10. Traces (a)

and (b) show the responses to a single stimulus (VR) and to
double stimuli 0.4 ms apart (VDS). These two signals were

subtracted to yield an estimate of the single-pulse artifact
[trace (c)], which was then aligned with and subtracted from
trace (a) to yield the estimate of the CAP (VN) shown in trace
(d).

V. DISCUSSION

Stimulators and electrodes other than those described in
this paper are also used in nerve-conduction studies. Biphasic
stimulus pulses are used because they quickly discharge the
stimulating electrodes, thus reducing stimulus artifact [23],
and because they transfer no net charge across the stimulating
electrode interfaces, thus prolonging electrode life. However,
biphasic pulses are more difficult to generate and do not acti-
vate the nerve as sharply as monophasic pulses [24]. Silver/
silver chloride electrodes are used because of their low metal/
electrolyte impedance and their low half-cell potential drift,
but they require frequent replating, and their overall interface
impedance is still dominated by the impedance of the skin.
We have found little reduction in artifact when stainless steel
electrodes were replaced by silver/silver chloride ones. Plati-
num alloy needle electrodes pierce the skin and provide direct,
low-impedance contact with the subcutaneous tissue, typically
2 k92 in parallel with 20,F. Considerably less voltage is re-

quired to excite the nerve when needle stimulating electrodes
are used, reducing the capacitively coupled and common-

mode artifact components, but we have found that scrubbing
the skin well under surface electrodes reduces artifact to a

comparable degree. In addition, needle electrodes are invasive,
must be sterilized before each use, require careful insertion,
and are not as well tolerated by all subjects.
Even a small amount of artifact can seriously impair analysis

which tries to extract a great deal of information from the
CAP waveform. This problem is illustrated in Fig. 11. Fig.
1 1(a) shows an artifact-free CAP and the distribution of con-

duction velocities (DCV) computed using it by the method of
Cummins et al. [25], [26]. To demonstrate the effect of

(ho CIMtJLATFD ARTIFACT

0.10 F
zI

0.01
aZ0..,

25 40 55 70
CONDUCTION VELOCITY

(mlsec)
Fig. 11. Effects of artifact on CAP analysis. (a) Artifact-free elbow
CAP and the distribution of conduction velocities (DCV) computed
using it. (b) CAP from (a) superimposed on a simulated artifact tail
and the erroneous DCV computed using it.

artifact, an exponential was added to the CAP to yield the
waveform shown in Fig. 11(b). The DCV computed using this
contaminated waveform is also shown in Fig. 11(b) and bears
little resemblance to the true DCV.
The artifact components which arise from the voltage gradi-

ents, the common-mode voltage, and the capacitive coupling
have similar shapes and durations and vary considerably in
size from one recording session to another. As a result, it is
often difficult to judge their relative sizes or even to tell which
predominates. We have found that each component is usually
reduced to an acceptable level by following the rules sum-
marized in Section III. When unacceptable artifact persists,
we have found the cancellation methods presented in this
paper to be useful, although each method has its drawbacks,
and we do not yet have enough experience to know which will
work best in a given situation. An alternative method, pro-
posed by Kovacs [28], which fits the artifact by a function of
the empirically derived form A(l - at) exp (-at), has proved
successful in cancelling artifact from clinically measured
median and ulnar nerve responses.

It is worthwhile to examine the cancellation methods in
light of the model presented in Fig. 7 to see how they are
affected by the nonlinearities involved in the generation of the
artifact. Notice first of all that the nonlinearities are associ-
ated with the stimulator and the stimulating electrodes. These
give rise to signals which drive the linear transfer functions of
the recording electrodes and amplifier.
The subthreshold method uses the same electrode configura-

tion to record the CAP and the, subthreshold signal, and as-
sumes proportionality of the driving functions at the two
stimulus intensities. With constant-current stimulation, s'sm
is proportional, but VA and Vc are not (see Fig. 2); and so this
method will perform well if the predominant artifact compo-
nent is VD or VGR, but will not perform well if VG or VCC
predominates or if several components are large. With con-
stant-voltage stimulation none of the driving functions are
proportional and the method will not perform well.
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The off-nerve method uses the same stimulus to evoke both
the CAP and the off-nerve signal, and so the driving functions
Istim' VG, and VA + VC are the same for both recording
channels. The transfer functions of the two recording chan-
nels differ, but a linear relationship exists between them. If
the two recording sites are near one another, so that they feel
the same capacitive coupling to the stimulating leads and the
same common-mode voltage, and if the tail of VD is negligible
(as it is with constant-current stimulation), then the artifacts
recorded by the two channels will also be linearly related.
The least-squares method will identify this relationship and
effectively cancel the artifact in the on-nerve channel.
The double-stimulus method uses both the same stimulus

intensity and the same electrode configuration to evoke and
record the CAP and the double-stimulus signal. Since the
stimulating electrodes are nonlinear, however, the two pulses
of the double stimulus superimpose nonlinearly. As a result,
the driving functions generated by the second pulse, and
hence the second artifact, may differ considerably from those
generated by the first pulse.
The impedances of the stimulating and recording electrodes

and the capacitance between them can change during a record-
ing session as sweating, drying of the electrolyte paste, and
movement of the limb take place. For this reason the CAP
and the auxiliary signal should be recorded close together in
time with care taken not to disturb the configuration between
recordings. A programmable stimulator which would alternate
between normal and subthreshold stimuli or single and double
stimuli would allow both signals to be recorded simultaneously,
as they are in the off-nerve method.
Computationally, the double-stimulus method is the sim-

plest, requiring only subtraction and shifting. The subthresh-
old method requires multiplication as well. Most complicated
is the off-nerve method which must solve the least-squares
algorithm. Any of the methods is simple enough to be imple-
mented, along with the necessary data sampling and averaging
functions, on a microprocessor-based system.
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