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at odds with past brain imaging studies showing that
nonwords relative to words produced greater activation
inthe left prefrontal area, whereas the opposite contrast
produced either no activation difference at all (Rumsey
et al., 1997) or activation difference in several distinct
areas of the left hemisphere, including the fusiform
(Herbster et al., 1997) and middle temporal gyri (Fiebach
et al., 2002) and inferior frontal area (Fiez et al., 1999).

However, another line of evidence supporting the hy-
pothesized dual neural systems for reading is available
from the neuropsychological literature on the two polar-
ized forms of acquired reading disorder, surface and
phonological dyslexia. The former is thought to reflect
a selective impairment of the whole-word reading sys-
tem and is most frequently associated with damage to
the left superior temporal area, whereas the latter arises
from a selective impairment of the orthography-to-pho-
nology conversion procedure and is associated with the
angular and supramarginal gyri in the left hemisphere
(Friedmann et al,, 1993; Greenwald, 2001). In fact, it is
possible that some past neuroimaging studies have
failed to detect the effect of lexicality because brain ac-
tivation triggered by the conscious perception of word-
like stimuli should be subject to the top-down atten-
tional amplification by the prefrontal cortex. This in
turn produces a distributed activation of the fronto-tem-
poro-parietal network, thereby causing an underestima-
tion of the potential activation difference between words
and nonwords. The combined use of visual masking and
TMS may have allowed dissection of the cerebral corre-
lates of the conventional dual-route model for reading
by eliminating such top-down modification of the activa-
tion of these task-specific posterior brain areas.

Experimental Procedures

Participants

Fourteen native Japanese speakers (age range 22-37 years) volun-
teered to participate in Experiment 1. A separate group of 16 right-
handed, native Japanese speakers (age range 20-41 years) were
recruited for Experiment 2. None of them had a previous history of
neurological or psychiatric disease. All participants gave written
informed consent prior to the TMS experiment. The protocol of
this study was approved by the ethical committee of the University
of Tokyo Graduate School of Medicine.

Stimuli and Task

The stimulus materials consisted of 20 trisyllabic words spelied with
three characters in kana script (Japanese syllabary) and 20 trisyl-
labic nonwords created by rearranging the character-string of the
real word items. A set of 160 prime-target pairs was constructed
such that each item appeared twice as a visual target preceded
either by itself or a different item in the same modality in “within-
modal” trials, and twice as an auditory target preceded either by
the same or a different item in the visual modality in “cross-modal”
trials. The lexical status of primes was always congruent with that of
targets both for the within- and cross-modal conditions.

The sequence of events used for the present experiment is illus-
trated in Figure 1. In cross-modal trials, the auditory targets were
presented synchronously with a backward mask which consisted
of a random combination of four pseudo-characters (M3 W). The
within- and cross-modal trials were randomly intermixed in the
same experimental session such that the modality of a given target
was unpredictable prior to its appearance (Kouider and Dupoux,
2001). For the LD task, participants determined whether or not the
target words irrespective of their modality represented a real Japa-
nese word as quickly and as accurately as possible, whereas for the
PRN task they read aloud the visual targets or repeated the auditory

targets as quickly as possible. After a brief training session, partici-
pants received four TMS sessions, each lasting 480 s for each task
for each stimulation site. The effects of task order and stimulation
sites were counterbalanced across participants. The experiment
was arranged in a 2 x 2 by 2 x 2 factorial design in which the
main factors of interest were prime-target relation (identical versus
unrelated), modality (within- versus cross-), lexicality (words versus
nonwords}, and stimulation site (L-STG versus L-IPL).

TMS Procedures

A high-resolution anatomical MRI scan was obtained for each partic-
ipant prior to the main experiment. The target sites for TMS were lo-
calized for each participant using a computerized stereotaxic system
(Eximia Navigated Brain Stimulation [NBS] System, Nexstim, Fin-
land). For the L-STG stimulation, we targeted a middle part of the
left lateral temporal cortex ~15 mm posterior to the lateral edge of
the primary auditory cortex or transverse temporal gyrus, keeping
a spatial separation of ~20 mm from the left occipitotemporal area
associated with visual word form recognition (Cohen et al., 2000).
The L-IPL was located at the left inferior parietal lobule on the lower
bank of the left intraparietal sulcus corresponding to Brodmann’s
area 40 (Price, 1998). The mean coordinates of the two anatomical
targets across participants were mapped onto the standardized
brain space by the Montreal Neurological Institute using affine trans-
formation of the individual brain (Figure 3A and Figure 4A).

A single-pulse TMS was delivered in each trial using two MagStim
200 magnetic stimulators connected to a 70 mm figure-of-eight coil
through a BiStim module (Magstim, UK). The magnetic pulse has
a rise time of 100 ms and a duration of 1 ms, whereas the effects
in the underlying cortical region are estimated to last approximately
10 ms (limoniemi et al., 1997). The coil was kept tangential to the
skull for stimulating the IPL and STS with the handle pointing back-
ward parallel to the midline. In each trial, a single puise synchronized
1o the onset of the fixation point (see Figure 1) was applied to the tar-
get anatomical structure at an intensity of 70% of the generator’'s to-
tal power output, which corresponds to approximately 90%~130%
of the motor threshold for the resting hand muscles. The spatial ex-
tent of the induced electric field was estimated as a cone-shaped
distribution within a diameter of 10 mm at a depth of 10 mm from
the coil center.

The real-time NBS system tracked the position and orientation of
the coil and the head at a rate of ~20 Hz, allowing us to minimize
their mutual displacement during the TMS session. For each TMS
pulse, this 3D monitoring system also computed and recorded the
estimated distribution and strength of the intracranial electric field
induced by the stimulation using a conventional multilayer spherical
approximation (e.g., Roth et al., 1991; Sarvas, 1987). For each partic-
ipant, the spatial displacement of stimulation points was then calcu-
lated for each anatomical target by computing average root mean
square distance of the trial-by-trial estimated maximum electric field
relative to the initial stimulation point.
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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

1388-2457/332.00 © 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

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 4 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).

Table 1
Clinical characteristics of the patients F, female: M, male
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
11 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 t-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 (MRC) 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: [F(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 62.91+9.2 61.4 + 10.0 68.0 £ 5.7 63.7+176
Body height (cm) 156.8 £7.9 159.1+6.7 1589+ 7.0 156.6 2.9 160.8 + 7.7
Disease duration (months) - 17.0 £ 16.9 18.7+19.4 9.7+73 175+ 11.0
Latency
N13 onset (ms) 11.7+£0.5 11.5+£0.7 11.4+£08 11.9+£0.5 118406
N13 peak (ms) 12.7+£04 12.5+0.7 124108 13.2£0.4 127105
N20 onset (ms) 157+£0.7 15.5+0.8 155+ 0.8 158 £0.6 154+1.1
N20 peak (ms) 18807 19.24+0.9 19.1+£09 19.6 £ 1.5 192104
P25 peak (ms) 232420 249+ 1.7 251+ 1.4 249+ 1.9 242125
N20 onset-N20 peak (ms) 3.0+0.7 3.6+£07 3.6+ 0.6 37408 39+1.0
N13 peak-N20 peak (CCT) (ms) 6.1+0.7 6.6+0.7 6.5+ 0.7 7.1+07 6.7+£0.3
N13 onset-N20 onset (ms) 41+05 40+0.5 4.0+ 0.5 42405 44+03
HFO: Number of peaks
Onset—N20 peak 24405 24104 22104 2.5+05 22104
Later than N20 peak 32407 29:+0.7 29107 3.5+05 27+05
CMAP (APB) (mV) 139 +£26 6950 9.5+4.1*" 6.5 4 3.4* 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).
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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 (N130) 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 (N200-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 (N13o, N13p, N20o, N20p,
P25p, N130~-N20o, N200-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, N20o-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 N13 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 N20o-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 (3.454+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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a Mild Moderate Severe
case 12 case 18 case 6
N20

b P25
early HFOs Ifte HFOs

EP

SuV‘_

Fig. 1. Representative SEPs and HFOs in patients with different levels of
weakness. Dotted line indicates the onset of N20. (a) N20 potential
recorded from C3' (C4') to Fz montage. Note the amplitude of N20
markedly larger in the patient with moderate weakness (case 18) as
compared with mild weakness patient (case 12). With severe weakness
(case 6), a considerable decrease of the amplitude of N20 was observed. (b)
HFOs obtained by digitally filtering raw SEPs from 500 to 1000 Hz. The
amplitudes of early and late HFOs tend to be larger in a patient with
moderate weakness than those with mild or severe weakness (¢) Raw SEPs
recorded from CV6-Fz and EP-Fz montage. Sufficient N9 and N13
potentials were evoked in all recordings.

For early HFOs (Fig. 3a, left), the group of subjects had
a significant effect on their amplitude [F{3,52)=3.985.
P =10.013]. The mean amplitudes were 0.15 = 0.09 pV for
healthy subjects, 0.19 £ 0.13 for mild, 0.28 + 0.11 for mod-
erate and 0.08 & 0.05 for severe weakness groups. The
amplitude of moderate weakness group was significantly
larger than that of severe weakness group (P =0.013).
Although the difference was not significant (P> 0.1), the
early HFOs changed in size in parallel with the size changes
of main components of SEP in ALS. On the other hand,

N20o-N20p

the amplitude of late HFOs (Fig. 3a, right) was not signif-
icantly affected by the group of subjects [F(3,52) = 1.167.
P =0.331] (control, 0.22 £ 0.14; mild, 0.23 = 0.18; moder-
ate 0.27 +0.12; severe, 0.11 £ 0.10). To evaluate relation
between SEP main components and HFOs, the size ratios
of oscillations to N200-N20p amplitude are shown in
Fig. 3b. There were no significant differences in these values
among four groups (P> 0.05). This indicates that HFO
amplitudes changed proportionally to the changes in main
component amplitudes of SEP.

The numbers of HFO peaks at each part are listed in
Table 2. There were no significant differences between
healthy subjects and ALS patients (P > 0.1, unpaired Stu-
dent’s r-test). The group of subjects did not significantly
affect the number of HFQOs peaks at each part (onset—
N20 peak; F(3,52) = 1.760, P > 0.1, later than N20 peak;
F(3,52) =2.319, P> 0.05).

3.2. SEP latencies

The latencies of P25p, N200-N20p (duration of N20),
and N13p—N20p (conventional CCT) of ALS patients
(Table 2) were significantly longer than those of healthy
subjects (P < 0.05, unpaired Student’s r-test). The latencies
of N13o, N20o, N13p, N20p, and N130-N20o did not sig-
nificantly differ between two groups. The group of subjects
had a significant effect on P25p latency [F{(3,52) = 3.218,
P =0.032]. The latency of mild weakness group was signif-
icantly longer than that of normal subjects (P == 0.030).
The group of subjects did not affect the remaining latencies
(P >0.05).

3.3. CMAP amplitudes in APB

One way ANOVA revealed that the group of subjects
had a significant effect on CMAP [F(3,52) =22.944.
P <0.001]. The CMAP of control group was significantly
larger than those of mild (P <0.001), moderate
(P <0.001) and severe weakness groups (P <0.001) (Table

N20p-P25p

& %

Control Mild Moderate Savere

Control Mild Modarate Severe

Fig. 2. Plots of the amplitudes of N200-N20p (left) and N20p-P25p (right) components against the level of weakness. Circles indicate control subjects and
dots ALS patients. Error bars indicate standard deviations. *P<0.05, “*P <0.01.
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Fig. 3. (a) Plots of the amplitudes of early (left) and late (right) HFOs against the level of weakness. (b) Plots of the size ratio of HFOs to main component

of SEP. *P <0.05.

2). There was also significant difference between mild and
severe weakness groups (P < 0.001).

4, Discussion

We report three new findings. First, the amplitudes of
N200-N20p and N20p-P25p were abnormally enlarged
i ALS patients with moderate weakness, while they atten-
uated in those with severe weakness. This was not due to
msufficient peripheral stimulation because normal N9
potentials were elicited in all the patients. Second, both
the early and late HFOs changed in size in parallel with
the size changes of main components of SEP in ALS.
The association between the main components and HFOs
was confirmed by the constant size ratios of HFOs to the
main component of SEP irrespective of the level of weak-
ness. Finally, in ALS, the NI13p-N20p conduction time
(conventional CCT), N200-N20p (duration of N20) and
P25p latency were prolonged without any other latency
abnormalities. Our present investigation is the first report
about HFOs in ALS, and none of previous studies reported
an enlargement of the N20 potential in ALS.

The N20 component of median nerve SEP is considered
to reflect initial excitation of neurons in area 3b (Allison
et al., 1991; Tiithonen et al., 1989). In contrast, even though
several candidates have been proposed as a generator of
HFOs, such as brainstem, thalamus, thalamocortical pre-

synaptic 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), their generators remain
to be determined (see a review by Mochizuki and Ugawa,
2005). The seminal work by Hashimoto et al. (1996)
revealed the dissociation between SEP and HFOs ampli-
tudes during a wake-sleep cycle. Thus, they proposed that
HFOs reflect activities of inhibitory interneurons which are
strongly associated with excitatory postsynaptic potentials
(IN20 amplitude) through feed forward and feed back inhi-
bitions (Hashimoto et al., 1996; Nakano and Hashimoto,
1999; Tanosaki et al., 2002).

4.1. Amplitude changes in the N20 component

On the basis of the above notions, there are at least three
possibilities to explain the SEP amplitude changes here
reported in ALS.

(1) In humans, several studies using transcranial magnet-
ic stimulation (TMS) indicate that pure sensory input
can facilitate motor cortex (M1) (Hamdy et al., 1998;
Kaelin-Lang et al, 2002; Ridding et al., 2000;
Rosenkranz and Rothwell, 2003, 2004; Terao et al.,
1995, 1999). These reports indicate there must be
some mechanisms by which the sensory system mod-
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ulates the motor cortical excitability. Corticocortical
connections between areas 3a, 4 and 3b are present
and topographically organized (Burton and Fabri,
1995; De Felipe et al., 1986: Krubitzer and Kaas,
1990). Thus, as well as subcortical structures, the sen-
sory cortex might directly modulate the motor cortex.
This sensory cortical driving of M1 may be enhanced
to compensate for the affected motor cortex in ALS.
This leads to the sensory cortical hyperexcitability,
which is recognized as an enlargement of N20 poten-
tial in patients with moderate weakness. Then, small
N20 in patients with severe weakness suggests that
the compensation is no longer effective in those
patients.

In ALS, the patients may need some mechanisms to
compensate their weakness for precise and purposeful
movements. One functional magnetic resonance
imaging study suggested that cortical reorganization
between motor related areas was a kind of partial
compensation to optimize motor performances in
ALS (Konrad et al., 2002). Some kind of compensa-
tory function by non-motor system must exist in ALS
patients. We speculate compensatory changes for
motor dysfunction might occur not only in motor
related areas but also in the somatosensory system.
To use a weakened hand effectively, the patients
may use sensory information much more powerfully
than healthy subjects when they had moderate weak-
ness, and these compensatory functions may disap-
pear when the disease progresses because it becomes
impossible to move their hands even with much
compensation.

(2) The efferent signals from the motor cortex elicited by

intracortical microstimulation diminished the size of
any components of SEP generated by the sensory cor-
tex in the monkey (Jiang et al,, 1990). To date, vari-
ous gating studies have confirmed that an early
cortical response (N20) is attenuated by motor inter-
ferences (Gobbelé et al., 2003; Kakigi et al., 1995;
Mochizuki et al., 2004; Rossini et al., 1999; Tanosaki
et al., 2002; Valeriani et al., 1999). Though the precise
mechanism is still a matter of controversy, one plau-
sible explanation for this phenomenon is centrifugal
gating hypothesis (Cohen and Starr, 1987). Attenua-
tion of SEPs can be carried out by inhibitory interac-
tion between the sensory signals and the efferent
signals from motor related areas. Thus, in ALS
patients, motor system disturbances may reduce inhi-
bition of the sensory cortex, which finally leads to an
enlargement of N20 potential. This possibility is
unlike because SEPs were not enhanced but dimin-
ished in patients with severe weakness. If the above
explanation is the case, SEPs would be more
enhanced in the group of severe weakness.

Another possible influence on area 3b pyramidal cells
by motor tasks is based on the intense cortico-cortical
connections between area 3a and 3b (Kaas and Pons,
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1988). Area 3a, which receives afferent signals from
the muscles and joints, may reduce SEP sizes. This
mechanism is called centripetal gating (Jones et al.,
1989). We speculate the sensory input from muscle
spindle must decrease in ALS because of inability of
stretching spindles. This less gating of sensory cortex
must enlarge the cortical potentials of SEP. This
hypothesis also cannot explain the fact that SEPs
were diminished in the patients with severe weakness.
(3) Neuropathological involvement of non-motor sys-
tems is well recognized in ALS patients. Neuronal
loss may be seen in subcortical structures, including
the basal ganglia, locus ceruleus, substantia nigra,
thalamus, and so on {Lowe and Leigh, 2002). Based
on the pathologically proven widespread involvement
in ALS, one possible explanation for the N20/P25
changes is as follows: slight to moderate neuronal loss
and gliosis were detected in the thalamic nuclei except
for pulvinar thalamus in sporadic ALS patients who
survived much longer with a respiratory support
(Hayashi and Kato, 1989). It seems likely that some
excitability changes occur in those thalamic nuclei
in the late stage ALS. If the inhibitory reticular
thalamic nucleus is involved, the N20 potential must
be enhanced. If this is the case, SEPs must be
enlarged even at the late stage of the ALS, which is
inconsistent with our results.
Another possible explanation based on widespread
involvement of extramotor systems is as follows.
Some TMS studies revealed the lower motor thresh-
old in the early stage of the ALS (Eisen et al,, 1993;
Mills and Nithi, 1997), and the others revealed
abnormal firing patterns in the peristimulus time his-
tograms in ALS (Eisen et al., 1996; Kohara et al,
1996; Mills, 1995). These results suggested the corti-
comotor hyperexcitability. This hyperexcitability is
considered to be due to monoamine neuroexcitotoxi-
city in ALS. Therefore, we can speculate that similar
neuroexcitotoxic changes occur in the sensory cortex,
one of extramotor systems, which must cause SEP
enlargements. Further studies are needed to deter-
mine whether it is the case in ALS.

4.2. Amplitude changes in the HFOs

The results showed that the early and late HFOs tended
to be enlarged in patients with moderate weakness. The
HFO/N20 amplitude ratios were not affected by the degree
of weakness.

According to the hypothesis proposed by Hashimoto
and coworkers, HFOs must reflect activities of inhibitory
interneurons activated by both thalamocortical afferents
and excitatory synaptic inputs from pyramidal neurons of
area 3b through their local axon collaterals (Hashimoto
et al., 1996; Nakano and Hashimoto, 1999; Tanosaki
et al., 2002). If so, they reflect both feed forward and feed
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back inhibitory effects onto the post synaptic pyramidal
neurons of the sensory cortex. They claimed that one
function of inhibitory interneurons of the sensory cortex
must be a stabilization of the pyramidal cell activity, sim-
ilar to that of Renshow cell in the spinal cord (Tanosaki
et al., 2002). Based on this hypothesis, we can speculate
that, in ALS patients with moderate weakness, the com-
pensatory hyperexcitable sensory cortex may be stabilized
by inhibitory interneurons comparably active to the
hyperexcitable pyramidal neurons. In patients with severe
weakness, inhibitory interneurons may not be activated
because of the low activity of excitatory sensory pyrami-
dal neurons. Such modulation from the pyramidal neu-
rons toward the interneurons can explain the parallel
behavior of HFO and N20/P25 potential and also explain
some previous results which show the absence of a disso-
ciation between HFOs and main components of SEP in
aged or young healthy subjects and in patients with
myoclonus epilepsy (Mochizuki et al., 1999; Nakano
and Hashimoto, 1999, 2000). Another possibility to
explain our results is that HFOs do not purely reflect
the inhibitory interneuron activities and the dissociation
between HFOs and SEP components is not a universal
phenomenon.

4.3. Sensory conduction time in ALS

Many studies of SEP in ALS are conflicting: some
reports revealed no SEP abnormalities (Cascino et al.,
1988; Chiappa, 1983; Oh et al., 1985), while others showed
conduction delays in upper limb SEPs (Bosch et al., 1985;
Cosi et al, 1984; Dasheiff et al., 1985; Radtke et al.,
1986; Subramaniam and Yiannikas, 1990; Theys et al,,
1999: Zanette et al., 1990) and lower limb SEPs (Georgesco
et al., 1997; Matheson et al., 1986; Radtke et al., 1986;
Subramaniam and Yiannikas, 1990; Zanette et al., 1996).
They were delays of N13-N19 (Bosch et al., 1985; Cosi
et al., 1984; Subramaniam and Yiannikas, 1990; Zanette
et al., 1990) and N9-N20 interpeak latencies (Radtke
et al., 1986; Theys et al., 1999). The prolonged convention-
al CCT in our results is consistent with such previous stud-
ies. However, we should interpret these results carefully.
The interpeak latency of N13-N20 is widely accepted as
“central sensory conduction time” even though various
issues concerning them remain to be investigated (Sonoo
et al., 1996; Tanosaki et al., 1999). Because the amplitude
of N20 positively correlated with its duration (Sonoo
et al., 1997), alternation of the N20 amplitude may cause
changes in the conventional CCT. In ALS, the enhanced
N20 must cause prolongation of the conventional CCT
and duration of N20. In addition, no differences were
found in any other latency parameters between ALS and
healthy subjects; the onset latency of N13 and N20, the
mterval of N130-N20o and the peak latency of N13 and
N20. These suggest that the intracranial sensory conduc-
tion was not prolonged in ALS. Based on these, we con-
clude that in ALS, the prolonged conventional CCT is

not due to a conduction delay in the central sensory system
but due to a prolongation of N20 production processes.
Based on the above arguments, we have two conclu-
sions. (1) The amplitude alternation of N20 potential has
some relation with the severity of weakness. Enlarged
N20 potential must reflect somatosensory compensation
for motor system dysfunction in ALS. (2) In ALS patients,
the prolonged conventional CCT does not indicate a con-
duction delay in the sensory system, but it suggests an
alternation of some central sensory processing.
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Somatosensory-evoked potentials (SEPs) are attenuated by movement.
This phenomenon of ‘gating’ reflects sensorimotor integration for
motor control. The frontal N30 component after median nerve
stimulation was shown to be reduced in amplitude prior te hand
movement. To investigate the mechanism of this sensory gating, we
recorded median SEPs immediately before and after application of
monophasic very low-frequency (0.2 Hz) repetitive transcranial
magnetic stimulation (rTMS) of 250 stimuli over motor cortex (MC),
premotor cortex (PMC), or supplementary motor area (SMA) in 9
healthy velunteers. The stimulus intensity for MC or PMC was set 85%
of the resting motor thresheld for the hand muscle, and that for SMA
was at the active motor threshold for the leg muscle. SEPs showed
significant increases in amplitudes of the frontal N30 component after
PMC stimulation, but not after SMA or MC stimulation. Low-
frequency (1 Hz) biphasic stimulation over PMC showed no significant
N30 changes in 6 out of 9 subjects tested, indicating the effect being
specific for 0.2 Hz monophasic stin To examine the functional
anatomy of the N30 change, single photon emission computed
tomography was performed immediately before and after monophasie
0.2 Hz rTMS over PMC in all the 9 subjects. Regional cerebral bleod
flow showed significant increases mainly in PMC and prefrontal cortex,
indicating the involvement of these cortical areas in sensory input
gating for motor control.
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Introduction

Somatosensory-evoked potentials (SEPs) have been used to
explore the central mechanism of sensory input processing. SEP
amplitudes are attenuated during voluntary (Papakostopoulos et al.,
1975: Cohen and Starr, 1987) and passive (Brooke ct al., 1996)
movement or under mental simulation of movement (Cheron and
Borenstein, 1992: Rossi et al., 2002). This attenuation is referred to
as “gating”. SEPs are also gated before movement (Starr and
Cohen, 1985; Shimazu et al, 1999; Asanuma et al., 2003), and
clarification of its precise mechanism should help understand the
sensorimotor integration in motor control of normal subjects and
patients with basal ganglia disorders (Murase et al., 2000).

Transcranial magnetic stimulation (TMS) is a useful tool for
studying the excitability and conductivity of the entire motor
pathway from the cortex to the target muscle or the connectivity of
the cerebral cortex. Recently, repetitive TMS (frTMS) has been
used to apply a series of stimuli to a specific cortical area (Siecbner
and Rothwell, 2003: Muwrase et al., 2005). This can lead to long-
lasting aftereffects on the excitability not only in the area itself, but
also those areas that are functionally linked to it (Munchau et al.,
2002). Because of its inhibitory effect on cortical excitability, low-
frequency rTMS (<1 Hz) has been used for treating disorders
related to brain hyperexcitability (Siebner et al., 1999. Hoffman
and Cavus, 2002; Murase et al., 2005), whereas high-frequency
rTMS (>5 Hz) exerts an excitatory influence on the cortex.

Non-primary motor areas may have an important role in
sensorimotor integration for motor control because of their closer
link to basal ganglia than the primary motor cortex. Although
several studies have reported the effects of rTMS on SEPs
(Enomoto et al., 2001: Tswi and Rothwell, 2002; Satow et al,,
2003: Ragert et al,, 2004), only a few investigations have explored
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the effect of 'TMS applied over non-primary motor areas {Siebner
et al., 2003: Murasc ct al., 2005). In this study, using the clinically
effective stimulation parameters in writer’s cramp (Murase et al.,
2005), we recorded SEPs immediately before and after application
of monophasic very low-frequency (0.2 Hz) rTMS over the
primary and non-primary motor cortices of normal subjects to
investigate the role of these areas on processing sensory input. In
TMS over PMC, we also recorded SEPs immediately before and
after biphasic low-frequency (1 Hz) rTMS to investigate the
frequency or phase specificity of the 1ITMS aftereffects on median
SEPs. In addition, we recorded single photon emission computed
tomography (SPECT) and compared regional cerebral blood flow
(rCBF) images immediately before and after monophasic 0.2 Hz
1TMS over PMC to investigate changes in cortical blood flow
associated with those in SEPs.

Methods
Subjects

Nine healthy right-handed subjects (all men aged 30.2 = 8.8
years) participated in this study. All subjects gave their informed
consent for the study, which was approved by the Ethics
Committee of the University of Tokushima, School of Medicine.
The subjects were free from neurological and psychiatric diseases.

FExperimental design

SEPs were recorded immediately before and after application of
monophasic rTMS; 250 pulse trains were delivered at 0.2 Hz over
the right-hand motor area (MC), the premotor area (PMC), or the
supplementary motor area (SMA) in 9 subjects. To compare the
effects of monophasic 0.2 Hz 1TMS to the standard low-frequency
rTMS used in many previous studies, we also recorded SEPs
mmediately before and after application of biphasic 1 Hz rTMS
(250 pulse trains) over PMC in 6 of 9 subjects. The sessions were
performed on separate days in a counterbalanced order at intervals
of at least 1 week. In addition, we evaluated the effect of premotor
monophasic very low-frequency rTMS on cortical blood flow
using SPECT in the same 9 subjects who had SEP studies on
separate days at least 1 week apart from the SEP recording session.
In the present study, parameters of rTMS were in accordance with
the international safety guidelines (Wassermann, 1998).

Recording and analvsis of SEPs

In an electrically and auditory shielded room, the subjects sat
comfortably on a reclining chair with their feet on the foot-rest and
the neck supported by a U-shaped pillow to avoid head movement.
SEPs were obtained by applying a 0.2-ms square electrical pulse at
1 Hz to the median nerve at the right wrist through a pair of surface
electrodes. The intensity was adjusted just above the thumb twitch
threshold. SEPs were recorded with silver chloride disk surface
electrodes at F3 and C3' (2 cm posterior to C3), according to the
International 10-20 system. The linked earlobe electrodes served
as the reference. The impedance of these electrodes was kept below
3 k€. The electrooculogram (EOG) was also recorded with a pair
of silver chloride disk electrodes at 2 cm above and 2 cm below the
right outer canthus. Signals from scalp electrodes and the EOG
were amplified and acquired at a sampling rate of 10 kHz and

filtered at 1-5000 Hz and 0.5-1000 Hz respectively (MEB2200
amplifier; Nihon Koden, Tokyo, Japan). All signals were recorded
for 100 ms after the onset of median nerve stimulation and stored
on a personal computer for off-line analysis. We collected at least
150 artifact-free sweeps and then averaged them off-line. To ensure
SEP reproducibility, electrodes were left attached at the initial
positions without being connected to the amplifier throughout the
application of 1TMS. Our preliminary studies confirmed that no
current injury or electrode heating occurred afier this procedure.

We identified 5 components at C3', an initial positive peak with
a latency of 10-16 ms (P14), a following negative large peak
(N20), a second positive peak (P26), a second negative peak (N34)
and a third positive peak (P45). For recordings from F3, 3
components following P14 were analyzed: a positive peak of 15—
25 ms (P22) and two negative peaks (N30 and N60). We measured
the base-to-peak amplitudes and the peak latencies of these
components. The baseline was defined as the segment between 2
and 6 ms after stimulation.

In 2 of 9 subjects, we recorded median SEPs before and after
application of monophasic 0.2 Hz rTMS over PMC with 62 scalp
electrodes (a Ag/AgCl surface electrode cap system, Quickcap;
Neuromedical Supplies Inc., El Paso, Texas, USA) to obtain SEP
topographical mapping on the subject’s real head model. Electrical
stimulation was applied to the right median nerve as mentioned
above. Signals were sampled at 5000 Hz and filtered at 1 - 1000 Hz
(SynAmp amplifier and Scan software; Neuroscan Inc., El Paso,
Texas, USA). We performed two recording sessions before and
after application of rTMS, and about 200 sweeps were recorded in
a single session. The data were stored in a personal computer and
grand-averaged over 200 artifact-free sweeps for off-line analysis.
With these waveforms, topographical maps of N30 components
were calculated on a reconstructed realistic head model from their
MRI images (Curry sofiware; Neuroscan Inc., El Paso, Texas,
USA).

rTMS

We used monophasic rTMS at 0.2 Hz over three sites (MC,
PMC, SMA) by the same procedure in the previous clinical study
with writer’s cramp (Murase et al., 2005) and biphasic rTMS at 1
Hz only over PMC.

For stimulating MC on the left, a figure-of-eight stimulation
coil (outside diameter of one half-coil, 8.7 cm) connected to a
Magstim 200 stimulator (2.2 T at the coil surface when connected
to the Magstim 200; Magstim Co. Lid., OHR Wales, UK) was
placed over the area 2 cm anterior and 3.5 cm lateral to Cz
(International 10-20 System). The intensity of stimulation was
increased from 30% of the maximum output of the stimulator in
5% steps until an MEP became just visible. The coil was then
moved in 0.5-cm steps in all four directions, medially, laterally,
posteriorly and anteriorly, until the maximum MEP was found on
the right first dorsal interosseous muscle (hot spot). The stimuli
were applied over the ‘hot spot’ with the figure-of-eight coil at a
stimulus intensity set at 85% of the resting motor threshold (RMT).

The stimulation site for PMC was determined 2 ecm anterior and
1 cm medial to the hot spot over the left hemisphere (Schluter et
al,, 1998). This was estimated from the dorsal premotor cortex
established in a PET study (Fink et al., 1997). Stimuli were applied
with the figure-of-eight coil, and the stimulus intensity was set at
85% of RMT for MC. We used the same coil and stimulator in MC
session for monophasic 0.2 Hz stimulation. For biphasic 1 Hz
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stimulation session, we used a figure-of-eight coil connected to
Magstim rapid stimulator (Magstim Co. Ltd., OHR Wales, UK) to
estimate RMT for MC and to deliver rTMS over PMC at 85%
RMT using the same procedure as in monophasic stimulation.

The site for stimulating SMA was 2 cm anterior to the leg motor
area (Muri et al,, 1994; Fink et al., 1997). A double-cone coil
(Magstim Company Limited, OHR Wales, UK; outside diameter of
one half-coil, 12.5 cm; angle of two surfaces, 95°) connected to
Magstim 200 stimulator (1.4 T at the coil surface when connected to
Magstim 200) was used. We searched for the leg motor area during
active contraction of the leg muscles. Subjects were asked to
continuously contract the right tibialis anterior muscle with a
constant force of approximately 50% of the maximum EMG output,
which was fed back to the subjects by sound. The double-cone coil
was then placed 2 cm anterior to the Cz. The stimulus intensity was
increased from 20% of the maximum output in 5% steps until an
MEP larger than 200 1V became just visible. The coil was then
moved in 0.5-cm steps posteriorly or anteriorly and, if necessary,
also medially or laterally, until the point of the maximum MEP was
reached (the leg motor area). We then determined the active motor
threshold (AMT), which was defined as the lowest stimulus intensity
at which 5 out of 10 consecutive stimuli elicited a reliable MEP
larger than 200 pV. We applied rTMS over SMA on the sagittal
midline (Muri et al., 1994: Fink et al., 1997; Cunnington et al., 1996)
with the active motor threshold intensity for the leg motorarea. Inthe
leg motor area, RMT is often not attainable in some subjects. Since
AMT in the hand motor area is approximately 85% of RMT (Murase
et al., 2005; Rounis et al., 2005), we chose the AMT for the leg
muscle for stimulation of SMA.

In all conditions, the stimulation coil was held by hand. The
coil position was marked on the head clearly with red ink to ensure
accurate repositioning of the coil and was monitored continuously
throughout the experiment. To confirm the anatomical position of
the coil with regard to the subject’s own cortical areas, we

PMC

reproduced the anatomical TMS coil positions on the realistic
cortex model-reconstructed MRI images using an image-guided
TMS system (Brainsight: Magstim Co. Ltd., Carmarthenshire,
Wales, UK) on 1 of 9 subjects (Fig. 1). In all of three conditions,
the coils were found at appropriate anatomical positions.

SPECT

The perfusion SPECT images were measured before and after
application of rTMS over PMC. Each subject received an injection
of 555 MBq of 99mTc-ethyleysteinate dimer (ECD) via an
intravenous line in order to avoid pain. Data acquisition was started
5 min after injection and performed with a double-head gamma
camera (E.CAM Signature; SIEMENS, USA) with a total acquisi-
tion time of 7 min. Then, the subjects were given monophasic 0.2 Hz
rTMS (250 pulses) over PMC. As soon as the application of rTMS
finished, they received an injection of 99mTc-ECD and underwent
SPECT studies again. During this session, the subjects lay supine on
the scanning bed and were instructed not to move. The head of each
subject was immobilized using a head holder.

Data were reconstructed so that images were converted into
DICOM format after transfer to a workstation. All images were
reconverted into ANALYZE format for statistical parametric
mapping analysis and underwent normalization onto the template
and smoothing using easy Z score imaging system (eZIS, version
2.0.0, developed by Matsuda H. of National Center of Neurology
and Psychiatry, Mizumura S. of Nihon Medical University, Souma
S. and Takemura N. of Daiichi Radioisotope Laboratory; Matsuda
et al., 2004; Kanetaka et al., 2004). The differences in adjusted
1CBF between before and after rTMS were determined by a voxel-
by-voxel paired ¢ test setting at height threshold (P = 0.001),
uncorrected for independent multiple comparison. These differ-
ences were considered significant if they survived a correction for
multiple comparisons with cluster level at P = 0.001 with the

anterior

L.

right

top
anterior

left

Fig. 1. TMS coil positions on realistic cortex model reconstructed MRI images from top (upper row) and left-sided back view (lower row). The cross-points of
the yellow bars indicate the centers of the figure-of-eight or double-cone coils. The yellow bars indicate the sagittal and horizontal center lines of the coils to
represent the horizontal plane of the coils. The red bars show the directions of the vertical axis through the center of each coil. The yellow lines as extended red

lines are placed anatomically on each target area.
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statistical parametric mapping software (SPM for windows, version
1.01, programmed by Sergey Pakhomov and Nick Tsygankov).
The parametric maps were generated to determine significant
regions of only increased activity because no regions reached
significant decreases in activity. Then, the coordinates that reached
the significance level in a MNI standard brain model were
transformed into the Talairach and Tournoux coordinates (Talairach
and Tournoux, 1988).

Statistical analysis of SEPs

We compared the aftereffects of rTMS between stimulation
sites using the data from all 9 subjects who had SPECT studies. To
evaluate the changes after rTMS, we subtracted SEP data before
rTMS from those after rTMS for each measured component. These
differences were analyzed by two-way repeated measures ANOVA
using two factors: COMPONENT (latencies and amplitudes of
each component) and SITE (stimulation sites at MC, PMC and
SMA). When statistical significance is reached, we performed one-
way repeated measures ANOVA using SITE as a factor to examine
the stimulation site specific effects of ITMS. Post hoc comparison
was carried out using Scheffe’s F test.

Using the data from 6 of 9 subjects who participated in biphasic
1 Hz rTMS over PMC session, we compared the aftereffects of
monophasic 0.2 Hz to biphasic 1 Hz rTMS over PMC. The
differences between before and after rTMS were analyzed by two-
way repeated measures ANOVA using two factors: COMPONENT
and FREQUENCY (stimulation frequencies at 0.2 Hz and 1 Hz).
When statistical significance is reached, paired ¢ test was carried
out for the examination of the stimulation frequency-specific

F3

N6O

MC

P14 -
P22

SMA

20msec

effects and for the amplitudes of SEP components before and after
rTMS. All data were analyzed with standard statistical software
(Statview; SAS Institute, Cary, USA).

Results

SEPs

Fig. 2 shows the grand-averaged waveforms from 9 subjects.
Because of the variations of latencies across the subjects, grand-
averaged waveforms were constructed by adjusting the time to
coincide the P14 peaks of each average. At both electrodes, the
subcortical far-field P14 component was the first activity detected
in all subjects. Table 1 shows the peak latencies and amplitudes
of each component and their differences before and after
application of monophasic 0.2 Hz rTMS over three cortical areas
(MC, PMC, SMA).

The changes of latencies of median SEP components following
rTMS showed no differences in two-way repeated measures
ANOVA; SITE x COMPONENT (F[16,128] = 0.930, P =
0.537). In the amplitudes of SEP components, SITE x COMPO-
NENT interaction was significant ( F[16,128] = 2.108, P = 0.012),
and one-way repeated measures ANOVA for these components
using the factor of SITE (MC versus PMC versus SMA) was
carried out. The factor of SITE was significant on two frontal
negative components (N30: F[2,16] = 10.257, P = 0.014, N60:
F[2,16] = 3.765, P = 0.046). Post hoc analysis was performed for
these components. For N30 component, the amplitude change after
application of monophasic 0.2 Hz rTMS over PMC was

c3

Fig. 2. Grand-averaged SEP waveforms from F3 (left column) and C3' (right column) before (thick wave) and after (thin wave) application of monophasic 0.2
Hz 1'TMS over each stimulated site, MC, PMC and SMA. After application of :TMS over MC or SMA, no major changes occurred in SEPs, whereas significant
increase in amplitude of N30 component (asterisk) was observed after application of :”TMS over PMC. Dotted lines show 95% confidence interval of each SEP

waveform recorded before rTMS.
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significantly larger than that after MC stimulation (P = 0.021) or
SMA stimulation (£ = 0.014). But, N60 amplitude change after
application of monophasic 0.2 Hz rTMS over PMC was not
different from after MC stimulation (P = 0.201) and SMA
stimulation ( P = 0.053).

In addition, to confirm whether this PMC rTMS aftereffect on
median SEP is specific in very low-frequency (monophasic 0.2 Hz)
tTMS or not, we compared the aftereffects of monophasic 0.2 Hz
rTMS over PMC on median SEP to biphasic 1 Hz rTMS in 6 of 9
subjects (Fig. 3 and Table 2). The changes of latencies of median
SEP components following rTMS at both frequencies showed no
differences in two-way repeated measures ANOVA: FREQUEN-
CY x COMPONENT (F[840] = 0281, P = 0.969). In the
amplitudes of SEP components, FREQUENCY x COMPONENT
interaction was significant ( F[8,40] = 3.740, P = 0.024). The
significant differences between the aftereffects of monophasic 0.2
Hz and biphasic 1 Hz 'TMS were found for frontal N30 (P =
0.022) and N60 (P = 0.012) components and parietal N34 (P =
0.020) component by paired ¢ test. However, the amplitude
differences before and afler *'TMS were not significant for the
parietal N34 (P = 0.27) in contrast with frontal N30 (P = 0.002)
and N60 (P = 0.029). Therefore, the changes of these frontal
components after monophasic 0.2 Hz stimulation were significant-
ly larger than those after biphasic 1 Hz stimulation, and the
differences were significant in frontal N30 and N60 only after
monophasic 0.2 Hz stimulation.

We also recorded median SEPs using a 62-electrode cap system
in 2 subjects. Topographical mapping at N30 latency demonstrated
frontal N30 enhancement after application of monophasic 0.2 Hz
fTMS over PMC, whereas parietal positive components were
unchanged (Fig. 4), suggesting that SEP changes by rTMS
occurred mainly at the frontal radial component rather than the
tangential component as discussed below.

SPECT

The analyses of SPECT images revealed significant increases of
cerebral blood flow in several regions afer application of mono-

1Hz

0.2Hz

2uvV

20msec

phasic 0.2 Hzr'TMS over PMC, whereas there were no regions with
significant decreases. Fig. 5 shows areas with significant changes in
cerebral blood flow after rTMS, and Table 3 shows their exact
coordinates. These areas showing significant increases in blood flow
included the regions, left middle frontal gyrus and precentral gyrus,
under and near the magnetic coil (Fig. 5). These gyri correspond to
areas 9 and 6 in Brodmann cytoarchitectural map of the human brain
and include PMC and prefrontal cortex. An additional region
showing blood flow increase was the cingulate gyrus.

Discussion

In the present study, we compared median SEPs before and
afler application of monophasic very low-frequency subthreshold
rTMS over the primary and non-primary motor cortices.
Application of monophasic 0.2 Hz rTMS over PMC, but not
over MC or SMA, significantly increased the amplitude of frontal
N30 component, but not of the parietal counterpart, and this
effect was not seen after biphasic 1 Hz rTMS over PMC. This
change was associated with increased rCBF in PMC and
prefrontal cortex, as confirmed using SPECT imaging analysis.
Using the same stimulation parameters as those in this study, we
have shown that subthreshold monophasic very low-frequency
rTMS over PMC, but not over MC or SMA, significantly
improved symptoms of writer’s cramp (Murase et al., 2005). The
present findings corroborate these clinical effects specifically seen
after PMC stimulation.

SEP waveforms before 1TMS were slightly different among
sessions of stimulating over MC, PMC and SMA (Fig. 2) or
stimulation over PMC at monophasic 0.2 Hz and biphasic 1 Hz
(Fig. 3) performed at least 1 week apart. This is probably due to the
technical difficulty of reproducing the same recording electrode
position. The comparison of waveforms before and after rTMS, the
main analysis in this study, was free from this problem because the
electrodes were kept attached to the scalp during the sessions.
Although the coil positions were confirmed anatomically, it is
conceivable that stimulation over PMC may have spread to MC or

c3¥

N20

N34

P26
P45

Fig. 3. Grand-averaged SEP waveforms from F3 (left column) and C3' (right column) before (thick wave) and afier (thin wave) application of :TMS over PMC
at each stimulation frequency, biphasic 1 Hz and monophasic 0.2 Hz in 6 of 9 subjects. Asterisks show that the components showed larger aftereffects of
monophasic 0.2 Hz than biphasic 1 Hz rTMS over PMC. Dotted lines show 95% confidence interval of each SEP waveform recorded before rTMS.
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