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the time course of the effect on MEPs. A similar reciprocal
effect of TMS on motor and sensory cortex was reported in
a previous study of Mochizuki et al. (2004). They showed
that weak single-pulse TMS (110%AMT) over right Ml
suppressed the MEP evoked from left M1 but facilitated
cortical components (N20/P25 and P25/N33) of the right
median nerve SEP at interstimulus intervals of 100-
200 ms. They reasoned that the interaction between motor
and sensory cortices within the left hemisphere occurred via
a reciprocal motor-sensory connectivity. Their argument
was that TMS over the right M1 suppressed the opposite
M1 by transcallosal or other connections and then second-
arily increased SEPs recorded from the same side of the
brain via the reciprocal motor-sensory connectivity.

Finally, we noted that the duration of the after-effect of
TBS over the S1 was shorter (13 min) than that of TBS
over M1 (53 min). We can only speculate on the reason
for this. It is possible, for example, that there is a threshold
difference for TMS effects on sensory and motor cortex.

As in previous reports of the effects of TMS on SEPs
(Kujirai et al., 1993; Tsuji and Rothwell, 2002), our data
also showed a marginal effect on the frontal P22/N30 com-
ponent. The origin of the N30 is still debated, with some
authors suggesting a site in postcentral regions (Allison
et al., 1989), and others in the precentral or supplementary
motor areas (Mauguiere et al., 1983; Desmedt and Bourg-
uet, 1985). All these sites are near to or connected with the
area of TBS, and may have been influenced by the
conditioning.

One other component (N33/P40) of the SEP was
affected by TBS. The origin of parietal P40 is also unknown
but this component may represent serial sensory processing
of the N33 input. If so, increase in size of this component
may be a natural reaction following synaptic input from
the N33 component enhanced by TBS over M1.

4.2. After-effects on MEPs

The present data confirm a previous report (Huang
et al., 2005) that continuous TBS for 40 s over M1 reduces
the amplitude of MEPs evoked by a single-pulse TMS at
the same site for about 60 min after the end of the train.
In addition, it is interesting to note that the time of maxi-
mum effect on the MEP was similar in the two studies,
being about 10-20 min after the end of TBS. The new find-
ing is that TBS over M1 also suppressed MEPs evoked
from the opposite M1 and that the time course of suppres-
sion was very similar. This result is similar to that reported
by Wassermann et al. (1998) who found that 1 Hz rTMS
over M1 reduced excitability of the opposite M1 as evalu-
ated with a recruitment curve measure (Table 2). However,
two other reports in the literature have described opposite
effects (Table 2): that 1 Hz rTMS over M1 can in fact
increase MEP amplitudes evoked from the opposite M1
(Gilio et al., 2003; Schambra et al., 2003). The probable
reason for this difference is that the stimulus intensity in
the latter studies was 115-117% resting motor threshold

(RMT), whereas it was around 100% RMT in the experi-
ments of Wassermann et al. (1998), and even less than that
(80% AMT) in the present study. The threshold for transc-
allosal effects is known to be higher than for corticospinal
effects, so that rTMS at 115-117% RMT is likely to acti-
vate transcallosal connections directly whereas lower inten-
sities will not (Gilio et al., 2003). If so, then facilitation of
the opposite M1 might occur if rTMS activates transcallo-
sal fibres directly whereas lower intensities of stimulation
may produce inhibition because they only influence inter-
hemispheric inhibition indirectly.

There are several possible explanations for the crossed
decrease in MEP amplitudes that we observed. One relates
to the existence of low threshold facilitatory connections
between the two hemispheres (Ugawa et al., 1993; Hanaj-
ima et al., 2001) that coexist with the higher threshold
inhibitory (Ferbert et al., 1992) connections demonstrated
using a paired-pulse TMS technique. If ongoing neural
activities in both M1 are controlled partly by excitatory
interhemispheric connections, suppression of these path-
ways could lead to a decrease in MEP amplitude. A second
possible explanation is that this crossed reduction in MEP
amplitudes could be via a conditioning effect on a subcor-
tical structure, such as the basal ganglia, whose output is at
least partially bilateral (Graybiel, 1995).

4.3. Comparison between the after-effects of 1 Hz rTMS,
paired associative stimulation (PAS) and ¢TBS

Table 2 summarizes the after effects of 1 Hz rTMS, PAS
and ¢TBS (including present study) on MEPs and SEPs.
When applied to M1, all of them lead to after effects on
corticospinal excitability. The first point of interest in
Table 2 is that induced changes in M1 are not always
accompanied by the same effects on the ipsilateral SEP
and the MEPs evoked from the contralateral cortex. Thus,
suppression of M1 by 1 Hz rTMS or ¢TBS can be associ-
ated with either facilitation or suppression of the ipsilateral
SEP. Similarly, suppression of M1 by 1 Hz rTMS or ¢cTBS
can lead to facilitation or suppression of contralateral M1.
We argued in the previous section that the nature of the
effect on contralateral M1 probably relates to whether the
conditioning protocol activates transcallosal connections
directly or indirectly. A similar argument may explain the
differences in effect on ipsilateral SEP: relatively high con-
ditioning intensities (110% AMT, Enomoto et al., 2001;
105% RMT, Tsuji and Rothwell, 2002) might activate
directly the connections between M1 and S1. In these cases,
the effect on the SEP is similar to the effect on the MEP, so
that if MEPs are suppressed, SEPs are also suppressed.
Conversely, the low stimulus intensity used with TBS
(80% AMT) may be below threshold for activating these
projections with the result that the effect on the SEP is
opposite to that on the MEP.

In contrast, it appears as if a protocol that facilitates (or
inhibits) MEPs when applied over M1 will also facilitate
(or inhibit) SEPs when applied over S1. This occurs for
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Table 2 (continued)

Study

Duration of afier-effects

After-effects

Duration of

No. of

rTMS

Cortical area targeted

by rTMS

interventions

rTMS pulses
1800

intensity

215 min

TMEP amplitude in
contralateral M1

30 min

115% RMT

Left or right M1

Schambra et al. (2003)

10-15 min

No MEP change and

ISICl in

13min 20 s

800

115% RMT

Left M1

Plewnia et al. (2003)

contralateral M1

c¢TBS

260 min

IMEP amplitude in
contralateral M1

40s

600

80% AMT

Left M1

Present report

No change in MEP

amplitude

40s

600

80% AMT

Left SI

Present report
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Contralateral S1 excitability

c¢TBS

No change in SEP

amplitude

40 s

600

80% AMT

Left M1

Present report

No change in SEP

amplitude

600 40s

80% AMT

Left S1

Present report

rTMS, repetitive transcranial magnetic stimulation; PAS, paired associative stimulation; cTBS, continuous theta burst stimulation; RMT, resting motor threshold; AMT, active motor threshold; [SI,

interstimulus interval; N20, N20 latency; SICI, short latency intracortical inhibition; Medtronic coil, stimulated with Medtronic coil; Magstim coil, stimulated with Magstim coil.

the PAS protocol (Wolters et al., 2005) as well as with TBS
in the present experiments. One exception may be 1 Hz
rTMS. Enomoto et al. (2001) found that this increased
SEPs when applied over S1, but they did not report what
effect if any the protocol had on MEPs when applied over
M1. Further work is needed to resolve this point.

In conclusion, TBS for only 40 s can have short-lasting
(more than 50 min) after-effects on the somatosensory cor-
tex as well as motor cortex in humans and can influence
neural processing not only at the site of stimulation but
also at distant sites to which it projects. Therefore, a single
session of TBS is an interventional tool that can induce
rapid reorganization within cortical somatosensory as well
as motor networks in humans.
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Letter to the Editor

Comparison of different methods for estimating motor
threshold with transcranial magnetic stimulation

Motor threshold (MT) is one of the most important
parameters measured routinely in studies with transcranial
magnetic stimulation (TMS). It is used, for example, to
standardize stimulus intensities between individuals; to
determine the intensity of the conditioning stimulus in
paired pulse studies; and to define the safety range for
applications involving rTMS. The IFCN definition of rest-
ing MT (RMT) (Rossini et al., 1994; Rothwell et al., 1999)
is the intensity at which there is a 50% probability of pro-
ducing a response in relaxed subjects. A number of ways of
estimating this using EMG measures have been published,
such as the halfway point between the largest intensity that
never produces an MEP and the lowest intensity that
always gives an MEP (Mills and Nithi, 1997), but in prac-
tice they tend to yield very similar values (Tranulis et al.,
2006).

However, RMT is sometimes defined as the intensity at
which a visible finger movement is elicited in 50% trials.
Some authors have found that this leads to values less than
those estimated with EMG measures (Pridmore et al.,
1998), whereas others have found the opposite (Conforto
et al.,, 2004). Since RMT is the intensity around which
safety parameters for rTMS are defined, such variations
are not trivial.

Active motor threshold (AMT) is more difficult to de-
fine than RMT since the response has to be distinguished
from background muscle activity. However, many
authors use it because they want to define the threshold
at which a TMS pulse first elicits excitatory synaptic in-
puts to spinal motoneurones. During activation, there will
be some motoneurons that are close to threshold and
ready to discharge upon arrival of a minimal excitatory
input. Thus AMT is often assumed to be equivalent to
the threshold for evoking a descending corticospinal vol-
ley. Practically, AMT is usually defined as the intensity at
which MEPs with an amplitude of around 200-300 uV
can be distinguished from the background activity in
50% of trials (Rothwell et al., 1999). Clearly, intensities
below this level may still elicit some excitatory input to
spinal cord even though it is too small to lead to a
200 uV MEP. Thus this method of estimation does not
give a reliable definition of the threshold for eliciting a
corticospinal volley.

These considerations- lead us to study how much the
MTs differed when measured by different methods. Surface
EMGs were recorded from the right first dorsal interosse-
ous muscle (FDI) in ten right handed healthy volunteers
(seven men and three women, 30-53 years old). Responses
were amplified through filters set at 20 Hz to 3 kHz, recti-
fied when necessary and digitized at a sampling rate of
20 kHz. When measuring AMTSs, subjects maintained
8-12% of the maximum voluntary contraction with the
aid of an oscilloscope monitor. We placed a figure-8 shaped
coil (external diameter at each wing 9 cm) connected to a
Magstim 200 magnetic stimulator (The Magstim Com-
pany, UK) over the primary hand motor area (Ml) of
the left hemisphere so that the induced currents in the brain
flowed in an anterior-medial direction perpendicular to the
central sulcus. The intensity was decreased from supra-
threshold level to subthreshold level in steps of 1% maxi-
mum stimulator output (MSO).

We compared MTs determined in five different ways
(MTmov, MThovi, MTraw, MTrawi, MT .., see abbrevia-
tions below) in relaxed and active muscle (RMT, AMT).
The first method for MT determination was visual detec-
tion of minimal finger movements. MT,,,, was defined as
the minimal intensities to induce 8 slight twitches of the in-
dex finger out of 16 trials in relaxed or active conditions
(RMTpevs, AMT,0,). We also defined the intensity that
was needed to induce one visible movement out of 16 trials
as MTp,.y1. The second method was that recommended by
the IFCN (Rossini et al., 1994; Rothwell et al., 1999): thus
RMT,,, was defined as the minimal intensity at which half
of the stimuli produced MEPs 50 uV or larger in relaxed
condition. AMT,,,, was defined as the lowest stimulus
intensity at which 8 of 16 stimuli elicited reliable MEPs lar-
ger than 200 pV when the subjects made a voluntary con-
traction. We also defined AMT,,,, as the intensity to
elicit MEPs larger than 100 uV during tonic contraction
of the target muscle in half of the trials. In the third meth-
od, we averaged the rectified EMG evoked by each pulse of
TMS. We then defined MT,.. as the lowest intensity which
evoked a peak that was at least 1.3 times larger than the
mean background activity before stimulation.

The following mean threshold values were obtained in
the relaxed condition. RMT,, was 55.8+9.0
(mean 4+ SD)%, RMT,ov; was 51.6 £ 8.8%, RMT,,,, was
49.8 £ 10.3%, and RMT,.. was 47.0 = 10.1%. Repeated

measures ANOVA revealed there was a significant

1388-2457/$32.00 © 2007 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.
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difference among these values [F (1.33; 10.7)=18.5
P <0.001]. Post hoc analyses showed RMT,,,, was differ-
ent from the other RMTs (P < 0.001). RMT,,,, did not dif-
fer from RMT ,.1(P > 0.05), and RMT .. was significantly
smaller than any other RMTs (P <0.001).

For our estimates of the mean AMT: AMT,,,,, was43.3 &+
6.5%, AMT 1 was 36.5 + 5.9%, AMT,,,, was 35.1 & 6.9%,
AMT,,., was 33.4 £ 5.6%, and AMT,. was 29.4 + 4.9%.
An ANOVA revealed that there were significant differences be-
tween these values [F(1.80; 16.2) = 24.5, P < 0.001]. Post hoc
analyses showed AMT ., was different from the other AMTs
(P <0.001). AMT,.. was significantly lower than AMT,,,,
AMT ov1, or AMT ., (P <0.001), and was about 8§7% AM-
T aw, and 68% AMT 6.

We constructed input-output curves of the relationship
between mean MEP amplitude and stimulus intensity nor-
malized to RMT,,,, and AMT,,,, which were given a value
of 1.0 (Fig. 1a and b). Arrows on the right and left of the x-
axis indicate the mean values of MT,,.v and MT,., respec-
tively, when normalized to MT,,y. In relaxed muscle, the
size of MEPs approaches zero at RMT,,. (the left arrow
in Fig. la). In active muscle, the size of the averaged
MEP was almost the same as the level of ongoing back-
ground activity (about 200 pV) at AMT, (the left arrow
in Fig. 1b). Clearly, MTov, M Ty, and MT,,,, correspond
to quite different points on the input-output curve, in both
relaxed and active muscle.

It is no surprise that estimates of MT depend on the
method of measurement (see also Conforto et al., 2004).
What is unexpected is the extent of the observed differ-
ences. Thus AMT,,,, was equivalent to almost 150% AM-
Tree, While RMT,,,, was equivalent to 190% AMT,..
Neurophysiologically, what is happening at these three
measures of MT will be very different indeed. rTMS safety
parameters have been defined in terms of RMT,,,, (Wasser-
mann, 1998), and have proved to be remarkably successful
since their introduction nearly 10 years ago. However, in
some centers, RMT,,., is often used instead of RMT,,,,.
Like Conforto et al. (2004) we found that RMT,,, was
lower than RMT,.: thus RMT,,, was equivalent to
113% RMT,,w. Such differences mean that parameters of
rTMS regarded as within safety guidelines using movement
estimates of MT would be regarded as well outside safety
limits by those using EMG measures.

Interestingly, Pridmore et al. (1998) found the opposite,
that RMT ., was lower than RMT,,,, in five of six sub-
jects. This may relate to the fact that we only counted
movement of the target muscle (FDI), and that we ensured
that it was relaxed before stimulation using EMG record-
ings. Pridmore et al. (1998) allowed movement of any hand
and forearm muscles, but did not use EMG recordings to
confirm that their subjects had completely relaxed all these
muscles. A low level of background contraction could have
lowered their threshold and account for the apparent dis-
crepancy in the results.

In physiological studies, AMT,,,, is sometimes consid-
ered as the lowest intensity for activating the pyramidal

tracts with the assumption that TMS at and below 90%
AMT,,, is below the intensity needed to induce any effects
on spinal motoneurones. However, the present data show
that, as expected from its definition, stimulation at
AMT,,, elicited an average MEP of 100-200 pV. This indi-
cates that AMT,,,, is greater than the physiological thresh-
old for activating corticospinal input to motoneurones. In
the present study, we even found that stimulation at 90%

a
08 = o e e e e e e e
03 4 r
3
)
% E 2. 4
OF oo _' ....................
$
s ¢
0 v ———r— .
08 0.9 1 1.1 12 13
0.94 1.14
Stimulus intensity
(Normalized value to RMTraw)
b
0.7 -
0.6 4
0'5 e E
% 044
5% 0
0.3 1
0.2 -
001 ¥ L] A4 ¥ v LJ v v LJ v L] " L ¥ L Ad v
06 07 08 ?.9 111 uT.m 14 15
0.87 1.25

Stimulus intensity
(Normalizeed value to to AMTraw)

Fig. 1. Input-output curves in relaxed (a) and actively contracting FDI
muscle (b). The ordinate plots the amplitude of MEPs (mean =% SE) across
all subjects at each intensity of stimulation. The abscissa plots the intensity
of TMS expressed relative to MT.,,, which is given a value of 1.0. In each
graph, the arrow to the right of the abscissa represents the mean value of
MT oy across all subjects whereas the left arrow shows the mean value of
MTrec.

—103—



2122 Letter to the Editor | Clinical Neurophysiology 118 (2007) 2120-2122

AMT,,,, evoked small MEPs in averaged records, indicating
that corticospinal activity was still occurring. The implica-
tion is that AMT,,,, can be suprathreshold for pyramidal
tract activation, and therefore cannot be assumed to have
effects limited to supraspinal structures. If estimation of
corticospinal threshold is important then we recommend
using AMT,.. since this is a more sensitive measure of
motoneuronal activation and presumably nearer to a real
physiological threshold for corticospinal activation. On
average, this is equal to about 84% AMT,,y, which would
be a useful alternative measure if AMT,.. is not available.

Where possible we recommend recording EMGs when
determining the intensity for safe rTMS, otherwise MTp,0v)
should be used instead of MT,,,,. In that case, however,
the examiner should be well trained to detect visible move-
ment of the target muscle. We also propose that AMT,,,,
does not represent the threshold for evoking corticospinal
input to spinal motoneurones.
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Abstract

Objective: To investigate sensory cortical changes in amyotrophic lateral sclerosis (ALS), we studied somatosensory evoked potentials
(SEPs) and their high-frequency oscillation potentials.

Methods: Subjects were 15 healthy volunteers and 26 ALS patients. Median nerve SEPs were recorded and several peaks of oscillations
were obtained by digitally filtering raw SEPs. The patients were sorted into three groups according to the level of weakness of abductor
pollicis brevis muscle (APB): mild, moderate and severe. The latencies and amplitudes of main and oscillation components of SEP were
compared among normal subjects and the three patient groups.

Results: The early cortical response was enlarged in the moderate weakness group, while it was attenuated in the severe weakness group.
No differences were noted in the size ratios of oscillations to the main SEP component between the patients and normal subjects. The
central sensory conduction time (CCT) and N20 duration were prolonged in spite of normal other latencies.

Conclusions: The median nerve SEP amplitude changes are associated with motor disturbances in ALS. The cortical potential enhance-
ment of SEPs with moderate weakness in ALS may reflect some compensatory function of the sensory cortex for motor disturbances.
Significance. The sensory cortical compensation for motor disturbances is shown in ALS, which must be important information for

rehabilitation.

© 2006 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

Keywords: Somatosensory evoked potential; High-frequency oscillation; Amyotrophic lateral sclerosis

1. Introduction

Somatosensory evoked potentials (SEPs) have been
studied in amyotrophic lateral sclerosis (ALS): some
reports revealed no SEP abnormalities (Cascino et al.,
1988; Chiappa, 1983; Oh et al., 1985), while others showed
abnormalities in upper limb SEPs (Bosch et al., 1985; Cosi
et al., 1984; Dasheiff et al., 1985; Radtke et al., 1986; Subr-
amaniam and Yiannikas, 1990; Theys et al., 1999; Zanette
et al.,, 1990) and lower limb SEPs (Georgesco et al., 1997;

* Disclosure: The authors have reported no conflicts of interest.
* Corresponding author. Tel.: +81 3 5800 8672; fax: +81 3 5800 6548.
E-mail address: ugawa-tky@umin.net (Y. Ugawa).

Matheson et al., 1986; Radtke et al., 1986; Subramaniam
and Yiannikas, 1990; Zanette et al., 1996). They are still
controversial.

The high-frequency oscillation (HFO), one newly devel-
oped SEP analysis, is considered to reflect some sensory
cortical information processing. The N20 potential is con-
sidered to reflect an initial excitation of neurons in area 3b
(Allison et al., 1991; Tiihonen et al., 1989). In contrast, the
generators of HFOs remain to be determined, even though
several candidates have been proposed; such as brainstem,
thalamus, thalamocortical presynaptic action potentials
and somatosensory cortex (Curio et al., 1997; Eisen et al.,
1984; Gobbelé et al., 1998, 2004; Hashimoto et al., 1996,
1999; Klostermann et al., 2002; Shimazu et al., 2000). We

1388-2457/$32.00 © 2006 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.
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previously reported changes in HFOs in movement disor-
ders (Mochizuki et al., 1999). However, the high-frequency
oscillations (HFOs) of median nerve SEP have not been
studied in ALS.

In addition, several studies using transcranial magnetic
stimulation (TMS) showed that pure sensory input facili-
tated the primary motor cortex (M1) (Hamdy et al,
1998; Kaelin-Lang et al., 2002; Ridding et al., 2000;
Rosenkranz and Rothwell, 2003; Rosenkranz and Roth-
well, 2004; Terao et al., 1995, 1999) and a number of gating
studies confirmed an attenuation of the early cortical
responses to median nerve stimulation by motor interfer-
ences (Gobbelé et al., 2003; Kakigi et al., 1995; Mochizuki
et al., 2004; Rossini et al., 1999; Tanosaki et al., 2002;
Valeriani et al., 1999). These reports indicate there are
several kinds of interactions between the motor and
sensory systems in humans. Those integrations of the
sensorimotor information must be necessary for precise
and purposeful movements.

One functional magnetic resonance imaging study
revealed cortical reorganization in ALS (Konrad et al,
2002). They concluded that a partial compensation between

Table |
Clinical characteristics of the patients F, female: M, male

motor areas was a strategy to optimize motor performances
in ALS. We hypothesize that similar compensation for
motor dysfunction might occur in the somatosensory system
in ALS.

To solve the above-mentioned three issues; (1) the
inconsistency of SEP results, (2) the lack of HFO studies,
(3) sensory compensation for weakness, in the present com-
munication, we studied median nerve SEPs in patients with
ALS.

2. Subjects and methods
2.1. Subjects

We studied 26 patients with ALS. The diagnosis was
based on the revised El Escorial criteria (Brooks et al.,
2000): 15 had definite, five probable, and six probable-lab-
oratory-supported ALS at the time of the examination.
Their clinical features are summarized in Table 1. The
age ranged from 33 to 78 years (mean % SD; 62.1 £ 10.2
years). The duration of the illness at the time of our exper-
iment ranged from 3 to 48 months (16.7 = 15.9 months).

Case No. Age (year) Sex Disease duration (months)

El Escorial criteria

Clinical onset Recorded side Severity

1 33 M 7 Probable-laboratory-supported Limb Right Mild
2 43 M 6 Probable-laboratory-supported Limb Right Mild
3 45 M 14 Probable-laboratory-supported Limb Left Mild
4 52 M 26 Probable Limb Right Severe
5 57 M 14 Definite Bulbar Right Mild
Left Mild
6 57 M 13 Definite Limb Left Severe
7 58 M 12 Probable Limb Left Mild
8 59 F 6 Probable Limb Right Moderate
9 59 F 3 Definite Limb Right Mild
Left Mild
10 60 F 9 Probable Bulbar Right Mild
Left Mild
i1 62 M 11 Probable Limb Left Mild
Right Mild
12 63 F 20 Definite Limb Left Mild
13 64 M 35 Definite Bulbar Right Mild
14 64 M 36 Definite Limb Right Severe
15 64 F 6 Definite Bulbar Right Mild
Left Moderate
16 64 F 3 Definite Limb Right Mild
17 66 M 48 Probable-laboratory-supported Limb Left Mild
18 68 M 24 Definite Limb Right Mild
Left Moderate
19 68 F 72 Definite Limb Right Mild
Left Mild
20 69 M 10 Definite Limb Right Severe
Left Severe
21 70 F 10 Definite Bulbar Right Moderate
22 71 F 10 Probable-laboratory-supported Limb Right Mild
Left Severe
23 72 F 11 Definite Bulbar Right Mild
Left Mild
24 73 M 8 Definite Limb Right Moderate
25 74 M 4 Definite Limb Left Moderate
26 79 M 24 Probable-laboratory-supported Limb Left Mild
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Fifteen healthy, age matched, volunteers were also studied.
They all were free from neurological or other diseases and
their ages ranged from 41 to 83 years (60.9 + 12.4 years).

The purpose of the study was explained to every subject,
and the informed consent to participation in the study was
obtained from all the subjects. The study was approved by
the Ethics Committee of the University of Tokyo.

In the patients, the right median nerve was stimulated in
nine subjects, left in seven, and both in 10 (Table 1). In
total, 36 SEPs were obtained from 26 patients. In the 15
healthy volunteers, the right median nerve was stimulated
in 10 and both in five, and 20 SEPs were recorded in total.
Because the amplitudes and latencies of every SEP compo-
nent did not differ significantly between two sides (P > 0.1,
unpaired Student’s ¢-test), normal values were made from
all the results obtained from both sides.

To see the clinico-physiological correlations, the strength
of a median nerve innervated abductor pollicis brevis (APB)
muscle at the stimulated side was assessed at the time of
examination in ALS patients by manual muscle testing using
the Medical Research Council (MR C) scale (scores from 0 to
5). The studied limbs were divided into three groups accord-
ing to the muscle strength of APB: muscle strength of MRC
5-4 (defined as mild weakness group), MRC 3 (moderate),
and MRC 2-0 (severe). In the 36 limbs, 24 APB muscles
had mild weakness (MRC 5-4), 6 moderate (MRC 3), and
6 severe (MRC 2-0) (Table 2). In these patients, the level of
weakness correlated with the degree of recruitment reduc-
tion in needle electromyographic studies of APB. There were
no significant differences in age and body height among the
four groups (mild, moderate, severe weakness and control)
(age: [F1(3,52)=0.636, P=0.595] body height: [F(3,
52) = 0.516, P = 0.674]) and in duration of the illness among
the three groups ([F(2,33)=0.681, P = 0.513]) (Table 2).

Table 2

2.2. Data recordings

Somatosensory evoked potentials (SEPs) were elicited
after electrical stimulation of the median nerve at the wrist
using a constant current square wave pulse (0.2 ms dura-
tion). The anode was placed over the median nerve at the
wrist, and the cathode 2.5 cm proximal to the anode. The
stimulus intensity was about 4 times sensory threshold
which was almost equivalent to 1.5 times motor threshold.
The stimuli were delivered at a repetition rate of 2-3 Hz.
Since the alertness has a profound influence on the HFOs
(Emerson et al.,, 1988; Gobbelé et al., 2000; Yamada
et al., 1988), we kept the subjects awake during the exper-
iments. The alertness was monitored by EEG recordings
from a midfrontal electrode (Fz) of the international 10-
20 system with ear (Al) reference. For SEPs, recording
electrodes were placed at two locations: the spinous process
of C6 (CV 6), and C3’ or C4' (2 cm posterior to the C3 (C4)
of the international 10-20 system), with Fz reference. To
confirm that stimuli activated peripheral nerves adequately
in the experiments, the electrode was placed on the ipsilat-
eral Erb’s point for recording the N9 potential. The elec-
trode impedances were kept less than 5kQ. Responses
were amplified with filters set at 20 and 3000 Hz. 1000—
2000 responses were averaged and then digitized with an
analogue to digital converter at a sampling rate of
20 kHz. An epoch of 50 ms duration was obtained. At least
two averaged responses were obtained under the same con-
ditions to ascertain the reproducibility of SEPs.

We used C3’ (C4')-Fz montage for recording HFOs
because it is the best montage for recording oscillation
potentials clearly (Curio et al., 1994; Hashimoto et al.,
1996; Mochizuki et al., 1999). The oscillation potentials
were obtained by digitally filtering raw SEPs from 500 to

Main clinical characters and mean (£SD) latencies of SEP and number of HFOs for different groups of subjects

Group of subjects (Number of limbs) Control (N = 20) ALS total (N = 36) Mild (N =24) Moderate (N =6) Severe (N = 6)
Age (years) 63.1+12.8 62.9+9.2 61.4+£10.0 68.0 £ 5.7 63.7+76
Body height (cm) 156.8 +7.9 159.1 £6.7 1589+ 7.0 156.6 29 160.8 4 7.7
Disease duration (months) - 17.0 £ 16.9 18.7+19.4 9.7+73 17.5+11.0
Latency
N13 onset (ms) 11.7+0.5 11.5+0.7 11.4+0.8 11.9+0.5 11.8+ 0.6
N13 peak (ms) 12.74+04 125 +£0.7 124 +0.8 13.2+04 127405
N20 onset (ms) 15.7+£0.7 15.5+0.8 15.5+0.8 158 £0.6 154+ 1.1
N20 peak (ms) 18.8+0.7 19.2+09 19.1£0.9 19.6 + 1.5 19.2+04
P25 peak (ms) 232420 249 +1.7" 251+ 147 249+19 242425
N20 onset-N20 peak (ms) 3.0+£0.7 3.6£0.7" 3.6+ 0.6 37+£038 39+ 1.0
N13 peak—N20 peak (CCT) (ms) 6.1+0.7 6.6+0.7" 6.5+0.7 7.1+£0.7 6.7+03
N13 onset—N20 onset (ms) 4.1+05 4.0+0.5 40+0.5 42+£05 44+03
HFO: Number of peaks
Onset—-N20 peak 24+05 24+04 22404 25+05 22404
Later than N20 peak 3.2+07 29+40.7 29+40.7 35+0.5 27+£05
CMAP (APB) (mV) 13.9+26 6.9 £5.0* 9.5+4.1"" 6.5+34" 0.7+ 0.7*

Age, body height and SEP latencies of 15 control subjects and 24 ALS patients. “N” indicates number of studied limbs. 20 limbs from normal subjects and
36 limbs from the patients.
Asterisk indicates significant difference from the control data (*P <0.05, **P <0.01).

—107—



880 M. Hamada et al. | Clinical Neurophysiology 118 (2007) 877-886

1000 Hz (Butterworth type, 12 dB/octave), using a Neuro-
pack Micro computer system (Nihon Kohden, Japan).

In wide-band SEPs, onset latencies of N13 (N13o) and
N20 (N20o), peak latencies of N13 (N13p), N20 (N20p)
and P25 (P25p) components were measured. Sonoo et al.
(1996) reported that the N13 (they named N13’ to distin-
guish from the components recorded with a non-cephalic
reference) onset in the CV6-Fz lead nearly coincided with
the P13/14 onset. The origin of P13/14 is thought to be
localized at a small region around foramen magnum and
cuneate nucleus, whereas the N13 onset and P13/14 onset
are not always coincident completely (Sonoo et al., 1996).
On the basis of these facts, special attention must be needed
to evaluate latencies. Therefore, we measured the interval
between the onsets of N13 and N20 (N130-N20o), which
may represent conduction from a site around the foramen
magnum to the sensory cortex, to evaluate the intracranial
sensory conduction. We also measured an interval between
N13 peak and N20 peak (N13p-N20p) which was conven-
tionally called the central sensory conduction time (CCT).
We measured amplitudes of N20 onset-peak (N200o-N20p)
and N20 peak-P25 peak (N20p-P25p) in wideband
recordings.

For identification of HFOs, we used the same method as
that described by Hashimoto and colleagues (Nakano and
Hashimoto, 1999, 2000; Inoue et al., 2004). The oscillations
after the onset of primary cortical response (N20) with an
amplitude of twice or larger than that of background noises
were considered as components of HFOs. The noise level
was measured between 8 and 14 ms after the stimulus.
Because early and late HFOs are considered to be generat-
ed by different mechanisms (Haueisen et al., 2000; Kloster-
mann et al., 1999, 2000; Mochizuki et al., 1999; Nakano
and Hashimoto, 1999), we analyzed two parts of HFOs
separately: the early HFOs (HFOs from the onset to peak
of N20) and the late HFOs (HFOs later than the N20
peak). The HFO whose peak was identical to the N20 peak
was treated as a component of early HFOs (Inoue et al.,
2004). We calculated the average amplitude of the early
and late HFOs and compared these values between the
patients and normal subjects. The amplitude ratios of early
or late HFOs to the N200~N20p were used to evaluate
relations between SEP main components and HFOs. We
also counted the number of negative peaks of HFOs within
early and late parts.

We also recorded compound muscle action potentials
- (CMAPs) from APB and measured their sizes. Their rela-
tion to the muscle strength assessed by the MRC scale
(de Carvalho and Swash, 2000) was also evaluated. CMAP
was recorded with surface Ag/AgCl electrodes: an active
electrode placed over the muscle belly and a reference elec-
trode over the tendon. A ground electrode was placed
between the wrist and the recording electrode. A conven-
tional bipolar electrical stimulation (0.2 ms duration, cath-
ode distal) was applied to the median nerve at 3cm
proximal to the distal crease of the wrist. Supramaximal
stimulation was ensured by increasing the stimulus intensi-

ty until no further enlargement was obtained in CMAPs
(Kimura, 2001). Usually, we recorded CMAPs elicited at
intensity 1.3 times the minimal intensity to elicit maximal
CMAPs. Responses were amplified with filters set at 2 Hz
and 3 kHz. Sampling rate was 20 kHz. The peak to peak
amplitude was measured.

2.3. Data analysis

We compared latencies (N13o0, N13p, N20o, N20p,
P25p, N130-N20o, N20o-N20p, and N13p-N20p) and
the numbers of HFOs peaks at each part between the
patients and healthy volunteers using unpaired Student’s
t-test. We also compared those latencies, amplitudes
(CMAP, N200-N20p and N20p-P25p) and the numbers
of HFOs peaks among four groups (control, mild, moder-
ate, and severe weakness) using one way analysis of vari-
ance (ANOVA), and post hoc comparisons were made
with Bonferroni method to compensate for multiple com-
parisons. P values less than 0.05 after compensation for
multiple comparisons were considered to be significant.

3. Results

In all examined subjects, SEPs and HFOs were recorded
clearly.

3.1. SEP amplitudes, HFO amplitudes and number of HFOs
peaks

Typical SEPs and HFOs of patients with different levels
of weakness are shown in Fig. 1. Two SEPs are superim-
posed in every trace. In the patient with moderate weakness
(case 18), the N20 was larger than that of the patient with
mild weakness (case 12). In the patient with severe weak-
ness (case 6), the N20 was abnormally small though the
amplitudes of N9 and NI13 were normal (Fig. 1c). The
amplitudes of early and late HFOs were in parallel with
those of main components of SEP (Fig. 1b).

The N200-N20p and N20p-P25p amplitudes of all sub-
jects were sorted by the levels of weakness and plotted
(Fig. 2). One way ANOVA revealed that the group of sub-
jects had a significant effect on both N200-N20p [F
(3,52) =10.904. P<0.001] and N20p-P25p amplitudes
[F(3,52)=11.368. P <0.001]. Post hoc analysis revealed
following differences. The N200-N20p amplitude of mod-
erate weakness group (mean £ SD; 5.40 + 1.81 pV) was
significantly larger than those of healthy control
(2.38 £1.11; P<0.001), mild (3.45+1.50; P=0.018)
and severe weakness groups (1.43 £ 1.17; P <0.001). The
N20p-P25p amplitude of moderate weakness group
(9.92 & 2.44) was significantly larger than that of control
(4.60 £ 1.64; P =0.001). Its amplitude of severe weakness
group (1.76 + 1.74) was significantly smaller than that of
mild (6.80 & 3.54; P =0.001) or moderate weakness group
(P <0.001), whereas it was not significantly smaller than
the size of healthy subjects (P > 0.1).
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