
Paraplegia resulting from spinal cord ischemia
is one of the most important problems in thora-
coabdominal aortic aneurysm (TAAA) surgeries.
Electrophysiological diagnostic methods such as
transcranial spinal motor evoked potentials
(MEPs) and somatosensory evoked spinal cord
potentials (SEPs) have been used for evaluating
spinal cord function during TAAA surgeries1,6,11).
MEPs are specific to the motor pathway, and MEP
monitoring has been reported to be useful for
reducing postoperative paraplegia3,9,10). However,
we have recognized drawbacks in MEP monitor-
ing. For example, MEPs contain various compo-
nents that arise from the pathway between the
site of stimulation and the site of recording, thus
making data analysis difficult, and the recording
can be susceptible to various noises and artifacts.
The placement of the electrode into the epidural
space for MEP monitoring is also invasive, and
may cause an epidural hematoma. The latter prob-

lem limits the use of MEP monitoring because an
increased number of patients are under anticoagu-
lant or anti-platelet therapy for coronary stents or
valve prosthesis.

Recently, we have proposed the use of trans-
intercostal evoked spinal cord potentials (Tic-
ESCPs), in which the intercostal nerve is
stimulated and an evoked potential is recorded at
an intercostal or lumbar nerve inside the body,
since these nerves are readily accessible by sur-
geons in the operative field. If Tic-ESCP monitor-
ing is feasible, the placement of epidural
electrodes is not necessary. Furthermore, the
waveform is simple and specific to thoracoabdomi-
nal region, and thus the recording will be less sus-
ceptible to noises or artifacts.

As an initial step, this study was designed to: 1)
confirm the feasibility of Tic-ESCP recordings; and
2) examine the properties of Tic-ESCP waveforms
in an animal model.
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ABSTRACT
To investigate the feasibility of a novel recording method for trans-intercostal evoked spinal

cord potentials (Tic-ESCPs) and the properties of the waveforms, the potentials were recorded
and analyzed in an animal model. In two beagle dogs, Tic-ESCPs were recorded at the left
twelfth intercostal to fourth lumbar nerves following stimulation at the left eleventh intercostal
nerve, either with or without the use of a muscle relaxant. The amplitude and latency of the
Tic-ESCP waves were then measured and compared with those of conventional transcranial
spinal motor evoked potentials (MEPs). Tic-ESCPs could be obtained at any nerve, with or with-
out the use of a muscle relaxant. The Tic-ESCP waveform was clear and simple, consisting of a
small positive (P1) wave and a subsequent large negative (N1) wave. As the site of recording
moved farther from the stimulation site, the N1 amplitudes were reduced and the P1 latency
was prolonged. Under muscle relaxation, the N1 amplitudes were reduced, and the P1 latencies
were shorter. As compared with MEPs, Tic-ESCPs could be evoked by a weaker stimulus, the
N1 amplitude was smaller, and the P1 latency was shorter. Tic-ESCP recording was feasible
either with or without the use of a muscle relaxant. The Tic-ESCPs showed simple and clear
waveforms with smaller stimulations. Therefore, Tic-ESCPs may be useful for intraoperative
spinal cord monitoring.
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MATERIALS AND METHODS

Animal Preparations
All animals received humane care in compliance

with “Principles of Laboratory Animal Care” for-
mulated by the Institute of Laboratory Animal
Resources and the “Guide for the Care and Use of
Laboratory Animals” prepared by the Institute of
Laboratory Animal Resources and published by
the National Institute of Health. The study proto-
col was approved by the Guiding Principles on
Animal Experimentations in Research Facilities
for Laboratory Animal Science, School of
Medicine, Hiroshima University.

Anesthesia and Blood Pressure Monitoring
Two adult beagle dogs weighing 8.5 and 9.0 kg

were studied. Anesthesia was induced with intra-
muscular injections of ketamine hydrochloride (0.3
ml/kg) and atropine sulfate (0.5 mg). Lactated
Ringer’s solution was continuously infused
through a 20-gauge plastic cannula inserted into a
right forelimb vein. After an intravenous injection
of thiamylal sodium (15 mg/kg), endotracheal intu-
bation was performed. General anesthesia was
maintained with isoflurane carried by oxygen (2
liters/min) mixed with nitrous oxide (4 liters/min)
using volume-controlled mechanical ventilation.
The concentration of isoflurane was fixed at 1.5%
during the monitoring. This concentration repre-
sented a good balance between monitoring and the
depth of anesthesia. Ventilation was controlled
according to blood gas analysis data collected at
37˚C, and electrocardiograms were continuously
monitored. The rectal temperature was kept at
37˚C using a warm blanket.

The proximal blood pressure (PAP) was moni-
tored at a right forelimb artery, and was main-
tained at approximately 85 mmHg by means of a
pressure control system as previously reported5)

by allowing the blood to circulate freely between
the dog and a reservoir.

Measurements of Evoked Spinal Cord Potentials
On the right lateral decubitus position, a thora-

cotomy and a laparotomy were performed between
the T10 and L5 vertebral levels. Tic-ESCPs were
recorded from the left twelfth intercostal nerve to
the fourth lumbar nerve after the left eleventh
intercostal nerve was stimulated (Fig. 1). A hook
type bipolar platinum electrode with a 7 mm inter-
val was placed 3 cm from the left eleventh inter-
costal nerve root. The left eleventh intercostal
nerve was then electrically stimulated (intensity,
1–13 mA; pulse duration, 0.1–0.5 msec; pulse rate,
4.0 Hz; single-pulse; and filter, 150 Hz–1.5 kHz).
The Tic-ESCPs were averaged for a total of 50
impulses (without a muscle relaxant) and for 100
impulses (with a muscle relaxant) for each record-
ing, using a Nicolet Viking Quest system (Nicolet

Biomedical, Inc., Madison, WI). The intensity of
stimulation was determined as 1.3 times of the
threshold for nerve stimulation. The Tic-ESCPs
were recorded by a unipolar electrode. A needle
type platinum electrode was placed under the skin
in the thigh as a reference electrode. The Tic-
ESCPs were first recorded without any muscle
relaxant, and then again after 0.5 mg of pancroni-
um bromide was given. All recorded data were
saved on a hard-disk for off-line analysis.

In order to compare the Tic-ESCPs with the
MEPs, the MEP data (n=6) obtained from a previ-
ous study5) were used. Stimuli (intensity, 100 mA;
pulse duration, 0.5 ms; pulse rate, 4.0 Hz; single-
pulse; filter, 20 Hz–1.5 kHz) were applied to bilat-
eral temporal scalp regions using two needle type
electrodes, and the evoked potentials were record-
ed with a linear electrode (unipolar) placed in the
lumbar epidural space (L5) after a laminectomy.
The MEPs were averaged for 50 impulses per
recording under muscle relaxation using the same
system as the Tic-ESCPs.

RESULTS

Tic-ESCP Waveforms
Figure 2 shows the Tic-ESCPs recorded between

T12 and L4 without and with the use of a muscle
relaxant. The Tic-ESCP waveform consisted of a
small positive (P1) and subsequent large negative
(N1) wave in both conditions. Each wave and
latency was defined as shown in Fig. 3 and
upward deflection in the Tic-ESCP waveform was
defined as negative in this study. The waveforms
were more clearly recorded from the adjacent
intercostal nerve than from distant lumbar
nerves. In the condition without a muscle relax-
ant, the small P1 wave was unclear because the
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Fig. 1. Schema of the operative field
This schema shows the operative field on a recording
at the first lumbar nerve with stimulation at the
eleventh intercostal nerve.
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N1 wave was large. The amplitude of Tic-ESCPs
was measured as that of the N1 wave because the
baseline of the Tic-ESCP waveform was stable and
the waveform had little artifact by stimulation.
The latency of Tic-ESCPs was measured as the P1
and N1 latency.

Tic-ESCP Amplitudes and Latencies
Without the use of a muscle relaxant, the stimu-

lus intensity was 0.1–1.0 mA and duration was

0.1–0.2 msec. After a muscle relaxant was given,
the stimulus intensity and duration varied accord-
ing to the distance between the stimulating and
recording sites. The intensity was 1.0–1.4 mA and
the duration was 0.02–0.1 msec at a distance of
one vertebral body, but was 4.7–13.0 mA and
0.1–0.5 msec at a distance of two to five vertebral
bodies. Figure 4 shows the changes in the N1
amplitude and the P1 latency. The N1 amplitude
was reduced, and the P1 latency was prolonged
progressively according to the distance from the
stimulating site. The N1 amplitudes were much
smaller with the use of a muscle relaxant as com-
pared with those without the use of a muscle
relaxant. The P1 latencies with the use of a mus-
cle relaxant were also shorter than those without
the use of a muscle relaxant.

The stimulus intensity and duration of MEPs
were about 7–20 times and 1–5 times, respective-
ly, of those of the Tic-ESCPs with the use of mus-
cle relaxant. The averaged N1 amplitude of the
MEPs at L4 was 12.1 ± 5.3 µV. The averaged N1
amplitudes of the Tic-ESCPs at L4 without and
with the use of a muscle relaxant were about 2.5
fold and two thirds of those of the corresponding
MEP values, respectively. The averaged P1 laten-
cy of the MEPs was 4.08 ± 0.40 msec; the latency
of the MEPs was longer than that of the Tic-
ESCPs.
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Fig. 2. Changes in trans-intercostal evoked spinal
cord potentials
This shows the waveforms recorded at the twelfth
intercostal nerve and, the first, second, third and
fourth lumbar nerves with stimulation at the
eleventh intercostal nerve. Waveforms are recorded
by a unipolar electrode. Waveforms on the left side
are recorded without the use of a muscle relaxant
and those on the right side with the use of a muscle
relaxant. The N1 amplitudes reduce progressively
according to the distance from the stimulation site.
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Fig. 3. Evaluation of Tic-ESCP waveform
Tic-ESCP waveform is measured by the N1 ampli-
tude and the P1 and N1 latency. Upward deflection
in the waveform is deflection as negative.
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Fig. 4. Changes in N1 amplitudes and P1 latencies
These show N1 amplitudes (upper) and P1 latencies
(lower) on each level between T12 and L4 with bipo-
lar and unipolar recording. N1 amplitudes and P1
latencies are recorded without (–) and with (+) the
use of a muscle relaxant.
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DISCUSSION

This study has demonstrated that: 1) Tic-ESCP
recording specific to the thoracoabdominal region
is feasible in dogs; 2) the waveform is simple and
consists of a small P1 wave followed by a large N1
wave; 3) monitoring can be performed with or
without the use of a muscle relaxant; and 4) it
requires a smaller stimulus than MEP recording.

This is the first report of topical ESCPs recorded
in the operative field. There have been reports of
somatosensory evoked potentials as ascending
spinal cord potentials, recorded from the cortex
and spinal cord following intercostal stimulation
in orthopedic surgery2,4). In these methods, the
sites of stimulation and recording were the body
surface or epidural space. In Tic-ESCP monitor-
ing, the nerves were readily accessible in the oper-
ative field, and the electrodes could be directly
attached to the nerves. This monitoring might be
used for the segmental diagnosis of motor path-
way lesions. The waveforms were simple and
clear, consisting of a small P1 and a large N1
wave, probably due to the short length of the path-
way.

There are several reports that suggest a specific
conduction pathway for Tic-ESCPs. Ogura et al
reported MEPs recorded from the bilateral par-
avertebral muscles and tibialis anterior muscles
using cervical skin surface stimulation7). They

demonstrated that the latency of the amplitude
gradually prolonged as the recording site moved
further from the stimulation site. Okuma et al
reported that anti-phase cervical spinal cord
potentials were recorded from the anterior and
posterior funiculi by stimulating the median nerve
or spinal cord8) suggesting the presence of conduc-
tion via interneurons between the posterior and
anterior funiculi. Figure 5 shows a schematic of
the most probable conduction pathway in Tic-
ESCP monitoring. Activation in the intercostal
nerve is conducted to the posterior funiculus of the
spinal cord, transmitted to the anterior funiculus
via interneurons, descends along the motor path-
way, is then conducted to the lower anterior
funiculus, and is transmitted to the α-motor neu-
ron with the anterior horn cells to the lumbar
nerve. Thus, Tic-ESCPs reflect the conduction
along the motor pathway in the thoracoabdominal
region between the two electrodes.

Conventional MEPs have been used because the
motor pathway can be evaluated and muscle
relaxants can be used during monitoring. The
MEPs can be monitored without muscle relaxants
as well. The MEPs appear to be less affected by
muscle relaxants than Tic-ESCPs. Tic-ESCPs can
be susceptible to direct conduction of stimulation
via the muscle because the distance between the
stimulating and recording sites is short. Thus use
of muscle relaxants is advised. However, MEP
monitoring is not feasible in emergency operations
because it necessitates the placement of an elec-
trode into the epidural space which may be poten-
tially complicated with an epidural hematoma. It
is also susceptible to electrical noises, and the
waveforms are composed of multiple waves
because of the long conduction pathway. Tic-ESCP
monitoring has several advantages. First, the
waveforms of the Tic-ESCPs are simple and may
be less susceptible to external noise because they
reflect activation over a short segment of the
spinal cord. Second, preoperative preparations
such as the epidural placement of an electrode are
not necessary for Tic-ESCPs. It is available not
only in emergency cases, but also in patients
undergoing anticoagulant or anti-platelet therapy.
Third, muscle relaxants can be used and the neu-
ronal potentials can be evaluated without muscle
interference. Although the amplitude is small, the
waveform is simple and clear, thus facilitating
wave analysis. Fourth, a smaller stimulus is need-
ed because of the direct stimulation onto the nerve
in Tic-ESCPs.

Although the placement of the electrode is easy,
it necessitates the exposure of the intercostal
nerve, and may potentially damage the vessels
and nerves. We observed that the amplitude var-
ied according to the contact of the electrode to the
nerves. The nerves can also be damaged by manip-
ulation, cooling and drying. Thus, careful manipu-
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Fig. 5. Schema of conduction pathway of intercostal
nerve stimulation
This shows the speculated electrical conduction path-
way. Activation in the intercostal nerve is conducted
to the posterior funiculus of the spinal cord, trans-
mitted to the anterior funiculus via interneurons,
descends along the motor pathway, is conducted to
the lower anterior funiculus, then is transmitted to
the α-motor neuron with anterior horn cells to the
lumbar nerve.
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lations are needed while setting the electrode and
during monitoring. A large aortic aneurysm may
interfere with the placement of an electrode close
to the nerve root, and an upper intercostal nerve
may be needed. In order to be applicable in a clini-
cal setting, a new electrode must be devised to
enhance the stability and safety of the monitoring
protocol.

CONCLUSION

Tic-ESCPs may be useful for spinal cord moni-
toring, and provide simple and clear waveforms
with smaller stimuli. The development of better
electrodes, and the changes of the ESCPs under
spinal ischemia need to be studied.
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