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International trends of neuroethics in functional neurosurgery

Takaomi Taira b
Department of Neurosurgery, Tokyo Women's Medical University

Abstract: Resurgence of interest in neuroethics is not only because modern neurosurgical techniques such as deep brain stimula-
tion has been introduced to psychiatric disorders but also recent development of neuroscience enables us unthinkable 4
application to enhancement of human natural abilities. Discussion on neuroethical aspects of neurosurgery is not new
but was an important topic of functional neurosurgery in 1970s in the western world, while social circumstances in
Japan did not allow such reasonable and fair arguments in these times. Considering the recent spread and acceptance
of neurosurgical interventions to psychiatric disorders in countries outside Japan, we Japanese cannot ignore such
changes, and have to seriously consider what to do. The author reviewed briefly the international trends of such a
topic, and considers that now it is appropriate to start discussion on role of neurosurgical interventions to psychiatric
disorders especially for obsessive compulsive disorder and treatment resistant depression.
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Objective: To measure the conduction time from the motor cortex to the conus medullaris (cortico-conus
motor conduction time, CCCT) for leg muscles using magnetic stimulation.

Methods: Motor evoked potentials (MEPs) were recorded from tibialis anterior muscles in 51 healthy vol-
unteers. To activate spinal nerves at the most proximal cauda equina level or at the conus medullaris
level, magnetic stimulation was performed using a MATS coil. Transcranial magnetic stimulation of the
motor cortex was also conducted to measure the cortical latency for the target muscle. To obtain the
CCCT, the latency of MEPs to conus stimulation (conus latency) was subtracted from the cortical latency.
Results: MATS coil stimulation evoked reproducible MEPs in all subjects, yielding CCCT data for all stud-
ied tibialis anterior muscles.

Conclusions: MATS coil stimulation provides CCCT data for healthy subjects.

Significance: This novel method is useful for evaluation of corticospinal tract function for leg muscles
because no peripheral component affects the CCCT.

© 2010 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.

1. Introduction

Magnetic stimulation enables us to evaluate the corticospinal
tract function non-invasively by measuring the central motor con-
duction time (CMCT) (Rossini et al., 1994; Chen et al., 2008). The
CMCT is usually obtained by subtracting the motor evoked potential
(MEP) latency to magnetic stimulation over the spinal enlargement
(spinal latency) from that to magnetic stimulation over the primary
motor cortex (cortical latency). Magnetic stimulation over the spinal
enlargement activates the spinal nerve at the neuro-foramina level
(Ugawa et al., 1989b). Therefore, the CMCT described above includes
the conduction time through the spinal nerves running in the spinal
canal (Rossini et al., 1994; Chen et al., 2008).

Maccabee et al. reported that an 8-shaped coil can activate the
most proximal cauda equina at around the conus medullaris (Mac-
cabee et al., 1996). They proposed the possibility that this stimula-
tion method might enable us to measure the conduction time from
the motor cortex to the conus medullaris [cortico-conus motor
conduction time (CCCT)]. The CCCT necessarily reflects the cortico-
spinal tract function more correctly than the conventional CMCT
because peripheral components (some conduction time within

* Corresponding author. Address: Department of Neurology, Division of Neuro-
science, Graduate School of Medicine, The University of Tokyo, 7-3-1 Hongo,
Bunkyo-ku, Tokyo 113-8655, Japan. Tel.: +81 3 5800 8672; fax: +81 3 5800 6548.

E-mail address: hideyukimatsumoto@mail.goo.ne.jp (H. Matsumoto).

the cauda equina) do not contribute to CCCT, especially in patients
with peripheral neuropathy. The CCCT, however, has not been
widely used yet.

A few alternative methods can be used to measure the proximal
spinal nerve conduction time, such as F-wave measurement and
high-voltage electrical stimulation (Ugawa et al., 1988a,b, 1989a,
1995; Claus, 1990; Eisen and Shtybel, 1990). However, F-wave
measurement provides no information about the lesion sites, and
high-voltage electrical stimulation is often associated with severe
pain. Especially, high-voltage electrical stimulation is not tolerated
by patients with skin problems (Matsumoto et al., 2005, in press).

We have developed a new method to activate the most proxi-
mal cauda equina at around the conus medullaris level using a spe-
cially devised coil [magnetic augmented translumbosacral
stimulation (MATS) coil] (Matsumoto et al., 2009a,b).

The aim of this paper is to apply the MATS coil to CCCT mea-
surement. The relation between MEP latency and body height
was also studied.

2. Materials and methods
2.1. Subjects
Subjects were 51 healthy volunteers (25 men and 26 women).

Their mean age and body height were 42.1 + 15.5 (mean + standard
deviation (SD); range 24-78) years and 163.9 + 9.3 (144-185) cm.

1388-2457/$36.00 © 2010 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.clinph.2010.04.014
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Fig. 1. Histogram of body height. There is no extremely skewed distribution of body
height in our study.

The histogram of body height is shown in Fig. 1. No extremely
skewed distribution of body height was observed.

Informed consent to participate in this study was obtained from
all subjects. The protocol was approved by the Ethics Committee of
the University of Tokyo. The experiments were conducted in accor-
dance with the ethical standards of the Declaration of Helsinki.

2.2. Stimulation, recording and analysis

During the examination, MEPs were recorded from the tibialis
anterior muscle (TA) as subjects sat comfortably on a bed. The TA
muscle was selected because this muscle could be easily con-
tracted and recorded compared to other leg muscles. Disposable
silver-silver chloride disc electrodes of 9 mm diameter were
placed in a belly tendon montage over TA. Signals were amplified
with filters set at 20 Hz and 3 kHz and recorded using a computer
(Neuropack MEB-9100; Nihon Kohden Corp., Japan).

Magnetic stimulation was conducted using a monophasic stim-
ulator (Magstim 200; The Magstim Co. Ltd., UK). For cortical mag-
netic stimulation, a double-cone coil (The Magstim Co. Ltd., UK)
was placed over the Cz (international 10-20 system), with induced
currents flowing mediolaterally over the contralateral leg motor

Lt Rt

c

Fig. 2. MATS coil stimulation method. This figure shows positions of MATS coil
when MEPs are recorded from right TA. For the most proximal cauda equina
stimulation, the edge of MATS coil is positioned over the first lumbar spinous
process for inducing currents to flow upward. For neuro-foramina level stimulation,
the edge of the MATS coil is positioned over the fifth lumbar spinous process for
inducing currents to flow 45° downward from a horizontal direction.

area (Terao et al., 1994, 2000). The MEP onset latency was mea-
sured in the active condition (cortical latency).

Fig. 2 portrays the placement of MATS coil (diameter 20 cm,
0.98 T; The Magstim Co. Ltd., UK) when recording MEPs from the
right TA. The MATS coil was always placed from the midline to
the contralateral side of the body (the opposite side from the re-
corded muscle) to prevent some non-target parts of the coil from
activating distal peripheral nerves for the target TA. The most prox-
imal cauda equina at around the conus medullaris was activated
using the MATS coil, whose edge was positioned over the first lum-
bar (L1) spinous process for inducing currents to flow upward in
the body (Matsumoto et al., 2009b). For the neuro-foramina level
stimulation, the edge of MATS coil was positioned over the fifth
lumbar (L5) spinous process for inducing currents to flow 45°
downward from horizontal direction (Matsumoto et al., 2009a).
This direction of induced currents (45°) was optimal to elicit MEPs
because the induced currents should flow along the anatomical
course of spinal nerves (Ugawa et al., 1989b; Epstein et al., 1991;
Mills et al., 1993; Maccabee et al., 1996; Ruohonen et al., 1996;
Matsumoto et al., 2009a). In L1 and L5 level stimulation, the onset
latencies of MEPs were measured in the relaxed condition (L1 and
L5 level latencies).

To obtain the minimal and reproducible MEP latency, the stim-
ulus intensity was increased gradually and several MEPs evoked by
stimulation at several different intensities were superimposed. The
CCCT, conventional CMCT, and cauda equina conduction time
(CECT) were obtained (92 sides). The CCCT was obtained by sub-
tracting the L1 level latency from the cortical latency, the conven-
tional CMCT by subtracting the L5 level latency from the cortical
latency, and the CECT by subtracting L5 level latency from L1 level
latency. Linear regression analysis was conducted to investigate
the relation between each conduction time and body height.

The MEP sizes were compared between the simulation posi-
tions (60 sides). The base-to-peak amplitude of MEP was mea-

26.3 ms
Cort
ortex A
15.5 ms
L1 1
(MATS coil)
123 ms
L5
(MATS coil)] A
2mV
10ms

Fig. 3. Representative MEPs in a normal subject. The conventional CMCT is
obtained by calculating the latency difference between MEPs to cortical and L5
level stimulation. Similarly, the CCCT is obtained by calculating the latency
difference between MEPs to cortical and L1 level stimulation.
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sured. At L1 and L5 levels, the intensity was increased gradually to
the maximal stimulator output (100%). The amplitudes of maximal
MEPs were compared between two level stimulation positions
(maximal MEP means an MEP to supramaximal stimulation or
MEP to submaximal stimulation with maximal stimulator output).
The MEP amplitudes of the two level stimulation positions were
compared using Wilcoxon’s signed rank test; p values less than
0.05 were considered statistically significant.

3. Results

No subjects experienced any intolerable discomfort during
MATS coil stimulation. No side effect was noted. Fig. 3 shows rep-
resentative MEPs in a normal subject. The conventional CMCT was
obtained using the MEPs to cortical and L5 level stimulation
(14.0 ms). Moreover, L1 level stimulation evoked discernible MEPs.
The CCCT was 10.8 ms, and the CECT 3.2 ms.

In all subjects, L1 level MATS coil stimulation evoked reproduc-
ible MEPs. The L1 level latency was longer than L5 level latency.
The mean latencies and conduction times are presented in Table 1.

The correlations between each conduction time and body
height are depicted in Fig. 4. Significant and positive linear rela-
tions were found between the conventional CMCT and body height
(p<0.001; conventional CMCT =0.045 x body height + 7.166,
R=0.366), and between CECT and body height (p = 0.001; laten-

Table 1
Normal values of latencies (51 subjects, 92 sides).
Mean £ SD (ms)
Cortical latency 26.1+1.6
L1 level latency 140+14
L5 level latency 11.5+£09
CCCT 123+1.2
Conventional CMCT 146+1.2
CECT 26+0.9

CCCT, cortico-conus motor conduction time; CMCT, central motor conduction time;
CECT, cauda equina conduction time; SD, standard deviation.
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cy = 0.032 x body height — 2.602, R=0.331). No significant corre-
lation was found between CCCT and body height (p = 0.298).

The MEPs to L1 level stimulation (median: 1.0 mV, 25-75 per-
centiles: 0.5-1.8 mV) were significantly smaller than MEPs to L5
level stimulation were (1.3 mV, 1.0-3.5) (p < 0.001).

4. Discussion

In all subjects, L1 level MATS coil stimulation elicited discern-
ible MEPs to measure onset latency. It enabled us to obtain CCCTs.
The CCCT is more suitable for evaluating the corticospinal function
for leg muscles than the conventional CMCT because no cauda equ-
ina conduction component contributes to CCCT. Another superior
point of this stimulation method is the evaluation of conduction
through the cauda equina using CECT. The authors have earlier re-
ported some utility of this stimulation method for evaluating cau-
da equina conduction in patients with peripheral neuropathy
(Matsumoto et al., 2010).

In this study, the CECT was found to be 2.6 + 0.9 ms, which is
similar to previously reported values obtained using an 8-shaped
coil (2.3 or 2.6 ms) (Maccabee et al., 1996; Maegaki et al., 1997).
Therefore, L1 level MATS coil stimulation does activate the cauda
equina at the root exit site from the conus medullaris, as described
in previous reports (Maccabee et al., 1996; Maegaki et al., 1997;
Matsumoto et al, 2009b), namely at the conus medullaris level.
Therefore, the latency difference between cortical and L1 level
stimulation was designated as the cortico-conus motor conduction
time (CCCT).

Regarding the relation between each conduction time and body
height, the conventional CMCT and CECT had significant correla-
tion with body height, but the CCCT did not. These results are
not completely consistent with those of previous reports (Chu,
1989; Ugawa et al., 1989a; Claus, 1990; Furby et al., 1992). Previ-
ous reports have described that the conventional CMCT for lower
extremities is significantly affected by the body height (Chu,
1989; Furby et al,, 1992), according with our results. On the other
hand, the correlation between the CCCT and body height is contro-
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Fig. 4. Relation between each conduction time and body height. The CCCT is not significantly correlated with body height (p = 0.298). A significant and positive linear relation
was found between the conventional CMCT and body height (p < 0.001; conventional CMCT = 0.045 x body height + 7.166, R = 0.366). Similarly, a significant correlation was
found for CECT (p =0.001; latency = 0.032 x body height — 2.602, R = 0.331). PI, prediction interval; CI, confidence interval.
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versial. Ugawa et al. reported that the cortical-L1 conduction time
measured using high-voltage electrical stimulation was not signif-
icantly correlated with body height (Ugawa et al., 1989b). In con-
trast, Claus reported that the cortical-L1 conduction time
measured using transcranial magnetic stimulation and high-volt-
age electrical stimulation had a significant correlation with body
height (Claus, 1990). The results in this study were similar to that
in the former report. One plausible explanation of this discrepancy
might be the difference in the body height of subjects. The average
(range) of body height in the paper of Ugawa et al. was about 163
(151-178) cm and that in Claus was about 173 (156-191) cm. The
body height in this study was almost same (164 cm) as that in the
paper of Ugawa et al. The difference in body height seems to be due
to the difference between Japanese and European peoples. What-
ever the difference, this study demonstrates that the CCCT is rela-
tively independent of body height compared to the conventional
CMCT and CECT.

The relative independence of the CCCT from the body height
might be mainly explained by the disproportion between growths
in length of the spinal cord and the vertebral column (Kunitomo,
1918; Vettivel, 1991). The spinal cord length does not elongate
proportionally to body height, although the cauda equina elongates
concomitantly with the spine growth proportionally to body
height. Large variability of the conduction velocity of the cortico-
spinal tracts between subjects might also explain the lack of signif-
icant relation between CCCT and body height. Indeed, the
conduction velocity in awake human estimated by Ugawa et al.
(1995) ranged from 62.0 to 79.0 m/s, and that in anesthetized hu-
man by Fujiki et al., (1996) ranged from 50.5 to 72.7 m/s (Ugawa
et al., 1995; Fujiki et al., 1996).

One point of caution related to this method is the MEP ampli-
tude. The MEPs evoked by L1 level stimulation were often smaller
than those by L5 level stimulation in normal subjects, which sug-
gests that an amplitude comparison between L1 and L5 level stim-
ulation is not useful for evaluation of the conduction block within
the cauda equina even though the latencies are good parameters
for evaluation of motor conduction. Another point of caution is
the difference of CCCT between target muscles. If another muscle
is selected, the normal value of CCCT should be made for each tar-
get muscle.

In conclusion, we propose that the MATS coil is useful for the
accurate evaluation of corticospinal tract function for leg muscles.
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