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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 (c) 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 =0.013]. The mean amplitudes were 0.15 + 0.09 uV 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 t-test). The group of subjects did not significantly
affect the number of HFOs 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 NI3p-N20p (conventional CCT) of ALS patients
(Table 2) were significantly longer than those of healthy
subjects (P < 0.05, unpaired Student’s ¢-test). The latencies
of N30, 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
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Fig. 2. Plots of the amplitudes of N20o-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 <(.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
in ALS patients with moderate weakness, while they atten-
vated in those with severe weakness. This was not due to
insufficient 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 N13p-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; Tiihonen 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
(N20 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,

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
interval 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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Characteristics and distribution of somatosensory evoked
potentials in the subthalamic region
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RiTsuko HANAJIMA, M.D., PH.D.,* YOSHIKAZU UGAwA, M.D., PH.D.,*
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Departments of 'Neurology and *Neurosurgery, Sapporo Azabu Neurosurgical Hospital, Sapporo;
3Department of Neurology, Tokyo University of Medicine, Tokyo; and *Department of Neurology,
School of Medicine, Fukushima Medical University, Fukushima, Japan

Object. The aim of the present study is to evaluate the topographical distribution of somatosensory evoked potentials
(SSEPs) in the subthalamic area, including the zona incerta (ZI). Determination of this distribution may help in the cor-
rect placement of deep brain stimulation (DBS) leads.

Methods. Intraoperative SSEPs were recorded from contacts of DBS electrodes at 221 sites in 41 patients: three
patients with essential tremor and 38 with Parkinson disease who underwent implantation of DBS electrodes for the
relief of severe tremor or parkinsonism.

Results. Two distinct SSEPs were recorded in the subthalamic area. One was a monophasic positive wave with a mean
latency of 15.8 = 0.9 msec, which the authors designated subthalamic P16. Using both cephalic and noncephalic refer-
ences, subthalamic P16 was only recorded in the ventral part of the ZI (mean 6.6 * 1. 3 mm posterior to the midcom-
missure point, 4.8 = 1.2 mm inferior to the anterior commissure—posterior commissure line, and 9.7 = 0.6 mm lateral
to the midline). When bipolar recordings were made, the traces showed a phase reversal at the caudal part of the ZI. The
second potential is a positive-negative SSEP recorded throughout the entire subthalamic area. The mean latencies of the
initial positive peak and the major negative peak were 13.6 = 1.1 msec and 16.4 = 1.1 msec, respectively. Several small
notches were superimposed on the peaks, and their amplitudes were largest at the contact close to the medial lemniscus.

Conclusions. The results indicate that intraoperative SSEPs from DBS electrodes are helpful in refining stereotactic
targets in the thalamus and subthalamic areas. (DOI: 10.3171/JNS-07/09/0548)

KEY WORDS ¢ deep brain stimulation

stereotactic target * subthalamus

ment of various movement disorders. Stimulation
of the Vim has generally been used to treat severe
tremor,? and stimulation of the dorsolateral STN and adja-
cent subthalamic area can improve all levodopa-responsive
symptoms in patients with PD.’!* Recently some groups,
including our own, have reported that stimulation of the
posterior subthalamic region, which includes the ZI and the
prelemniscal radiation, can improve not only severe tremor
but also rigidity and akinesia in patients with PD.7!t1418
Both radiological and electrophysiological studies are
important in the determination of optimal target positions
for stereotactic surgery. Microelectrode recording of spon-
taneous neuronal activities is used to ensure optimal place-

O VER the past decade, DBS has been used in the treat-

Abbreviations used in this paper: AC = anterior commissure;
CT = computed tomography; DBS = deep brain stimulation; ML =
medial lemniscus; MR = magnetic resonance; PC = posterior com-
missure; PD = Parkinson disease; SSEP = somatosensory evoked
potential; STN = subthalamic nucleus; Vc = nucleus ventrocaudalis;
Vim = nucleus ventralis intermedius; ZI = zona incerta.
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ment for treatment. However, when the target is located in
white matter areas such as the posterior subthalamic region,
it is difficult to determine the target position by relying on
recordings of spontaneous neuronal activities. In addition
to spontaneous neuronal activities, SSEPs are also used for
localizing the electrodes in the thalamus, ML, prelemniscal
radiation, and STN.3¢8916 Using a quadripolar implanted
DBS electrode, SSEPs can be recorded simultaneously
from these four different sites 3 mm apart. We recently
reported that SSEPs recorded in the presumed site of the ZI
demonstrated a prominent positive component with fine
notches.”" The aim of the present study is to evaluate the
topographical distribution of SSEPs in the posterior sub-
thalamic area (including the ZI), which may aid in the cor-
rect placement of the DBS lead.

Clinical Material and Methods
Patient Population

We analyzed 221 SSEPs recorded in 41 patients (three
patients with essential tremor and 38 with PD) in whom
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DBS electrodes were implanted (Table 1). Electrodes were
implanted in the region of the ZI and prelemniscal radiation
in three patients with essential tremor and in 16 patients
who had PD and a severe resting tremor rated at least 3/4
according to Item 20 of the Unified PD Rating Scale.
Electrodes were implanted at the STN in 22 patients with
advanced PD and severe motor function fluctuations. In-
formed consent was obtained from all patients.

Surgical Procedures

The surgical methods used were essentially the same as
those previously reported by our group.'! Axial T2-
weighted MR images (Signa Excite 1.5-tesla, General
Electric; TR 4000 msec, TE 92.3 msec) were obtained in 2-
mm slice thickness without interslice spacing on the day
before surgery. The STN, red nucleus, AC, and PC were
clearly identified on the high-resolution images. On the day
of surgery, after a Cosman-Roberts-Wells frame (Radionics
Inc.) had been attached to the patient’s skull, CT scans of 1-
mm slice thickness were obtained. The MR and CT images
were fused with the aid of ImageFusion (Radionics) so that
a high quality of anatomical resolution could be maintained
without spatial distortion. Tentative targets in either the sub-
thalamic white matter or the STN were initially determined
on the axial MR—CT fused images. The anatomical loca-
tion of each target was confirmed using AtlasPlan software
(Radionics), in which images from the Schaltenbrand—
Wahren atlas are superimposed onto MR-CT fused images
with registration of the AC and PC as references. The ten-
tative target for the Zl-prelemniscal radiation region was
located at a point just lateral to the most lateral border of the
red nucleus (~ 10 mm lateral to the midline), and 3 to 4 mm
posterior to the posterior border of the STN on the axial
slice in which the STN appeared largest. A trajectory was
planned to pass through the Vim—ventrooralis posterior nu-
clei at an angle of approximately 60° from the AC-PC line.
The procedure used to determine the STN target was simi-
lar to that reported in recent articles citing the MR imag-
ing-based direct targeting method,' and the trajectory was
planned to pass through the center of the STN at an angle
approximately 50° from the AC-PC line.

Electrophysiological Recording

Intraoperative macrostimulation was used to confirm
therapeutic effects and check adverse responses at each tar-
get location. The probe was then replaced with a quadripo-
lar DBS electrode (model 3387; Medtronic, Inc.) that had
four contacts numbered 0, 1, 2, and 3 from the tip of the
electrode. The contacts were 1.5 mm long and spaced 1.5
mm apart. Four extension cords from each contact were
connected to different input ports on the evoked potential
recorder (Synax, model ER2100; NEC). The Ag/AgCl sur-
face cup electrodes were placed at several points, including
the NC (noncephalic reference on the contralateral shoul-
der), Fz (midline frontal), and CPc (centroparietal). The
contralateral median nerve was stimulated at the wrist by
applying 5-Hz electric square wave pulses, 0.2 msec in
duration, 1.1 to 1.2 times the motor threshold in intensity.
Two hundred fifty single responses were averaged using a
bandpass filter setting between 2 and 2500 Hz. Recordings
were made from the four contacts of the DBS electrode
with monopolar noncephalic (0-NC, 1-NC, 2-NC, 3-NC),
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TABLE 1

Patient clinical characteristics and targets of
electrode implantation*

Case Age (yrs), Target Re-
No. Sex Disease gion (side)
1 63, F PD ZI1/Prl (rt)
2 65, M PD ZI/Prl (rt)
3 67, M PD ZI/Prl (It)
4 40, M PD Z1/Pel (It)
5 67, F PD ZI/Prl (It)
6 4, M PD ZI/Prl (1t)
7 67, M PD ZI/Prl (1t)
8 76, M PD ZI/P1l (1t)
9 56, M PD Z1/Prl (1t)
10 54, M PD Z1/Prl (1t)
11 49, F PD Z1/Prl (It)
12 69, M PD Z1/Prl (It)
13 65,M PD ZI/Prl (It)
14 64, M PD ZI/Prl (both)
15 67, M PD ZI1/P1l (both)
16 74, F ET ZI/Prl (rt)
17 51, M ET Z1/Prl (1t)
18 63, M ET Z1/Prl (It)
19 72,M PD Z1/Prl (rt), STN (1t
20 68, F PD STN (rt)
21 63, M PD STN (rt)
22 67, F PD STN (rt)
23 63, M PD STN (rt)
24 62,M PD STN (rt)
25 53, M PD STN (1)
26 58, M PD STN (It)
27 68, M PD STN (1t)
28 80, F PD STN (lt)
29 67, M PD STN (It)
30 67, F PD STN (It)
31 63, F PD STN (both)
32 63, M PD STN (both)
33 76, F PD STN (both)
34 68, M PD STN (both)
35 63, F PD STN (both)
36 70, M PD STN (both)
37 72,M PD STN (both)
38 46, M PD STN (both)
39 54, M PD STN (both)
40 64, F PD STN (both)
41 59, F PD STN (both)

* ET = essential tremor; Prl = prelemniscal radiation.

monopolar cephalic (0-Fz, 1-Fz, 2-Fz, 3-Fz), and bipolar
(0-1, 1-2, 2-3) configurations. After the electrode had been
firmly affixed to the skull, the SSEPs were recorded again.
The averaged responses were stored on data disks of the
evoked potential recorder for later offline analysis. The
peak latency and amplitude of major components of the
SSEPs were measured on the recording provided by the
fixed leads.

Electrode Localization

Immediately postoperatively, axial MR images were
obtained with the same MR parameters. Using ImageFu-
sion, postoperative MR images were fused with preopera-
tive stereotactic CT scans to make the preoperative coordi-
nate system available for the postoperative images. The
deepest contact (Contact 0) was identified on the axial and
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sagittal reconstruction images, with careful avoidance of
the metallic artifacts that appeared just a few millimeters
below the deepest contact. The coordinates of Contact 0
were calculated using the targeting software (StereoPlan,
Radionics). The coordinates of the upper contacts (Con-
tacts 1-3) were calculated by retracting the target along the
trajectory by 3, 6, and 9 mm, respectively.

Results

Figure 1 shows an example of simultaneous SSEPs from
the scalp and four contacts (0, 1, 2, and 3) of the DBS elec-
trode along the trajectory to the ZI and the prelemniscal
radiation. The scalp P9, P13/14, and N18 were well identi-
fied in the Cpc-NC and Fz-NC lead. The mean latencies of
P13/14 and the initial negative peak of N18 were 13.6 =
1.1 msec and 16.3 * 1.1 msec, respectively. The scalp N20
was well identified in the Cpc-Fz lead, and the mean laten-
cy of N20 was 19.5 = 1.1 msec.

Subthalamic Region SSEPs with Cephalic and
Noncephalic References

Figure 2 shows examples of SSEPs from the DBS elec-
trode along the trajectory to the ZI and prelemniscal radia-
tion (Fig. 2A) and those to the STN (Fig. 2B). Using ce-
phalic (Fz) and noncephalic references, two distinct SSEPs
were recorded in the subthalamic area. One was a posi-

B CPc-Fz

M. Kitagawa et al.

tive—negative wave recorded in various subthalamic areas
including the prelemniscal radiation, ML, and STN. The
other was a monophasic positive wave recorded only in the
posteromedial subthalamic region. Figure 3 shows the dis-
tribution of SSEPs with identical configurations in the
Schaltenbrand—Wahren atlas.

Positive—Negative Wave

Positive—negative waves were recorded in the various
subthalamic areas including the prelemniscal radiation (2-
Fz and 3-Fz, Fig. 1; 3-Fz and 3-NC, Fig. 2A), ML (0-Fz
and 0-NC, Fig. 2A) and STN (0-Fz and 1-Fz, Fig. 2B). The
peak latencies of the positive-negative SSEPs were almost
the same as those of the scalp CPc-NC and Fz-NC SSEPs
(Fig. 1). The mean latency of the positive peak of the bipha-
sic wave was 13.6 = 1.1 msec (209 SSEPs), which was the
same as that of scalp P13/14. The mean latency of the neg-
ative peak was 16.4 * 1.1 msec, which was almost the
same as that of N18. The mean amplitudes of the positive
and negative peaks in relation to the sites of recording are
summarized in Fig. 4. The amplitude of the initial positive
peak was maximal in the ventral part of the ZI (6.0 *
4.3 wV, 27 SSEPs), while the amplitude of the negative
peak was maximal in the STN (6.9 = 2.0 wV, 58 SSEPs).

Several small notches were distributed between initial
positive and major negative peaks. The small notches
became large when the contact was located close to the ML
(Figs. 1 and 2A).

A . 10 mm
: CPc-NC
Fz-NC
|
+* I‘lg ;“ * * + * +
3-Fz o] ;‘ - e .
. L ; .
2Fz g ! [ -
L.
LFz W ’MJ/R
0-Fz  Nany .M,JV\'\M?M\«,\/'W
Lo N | Tuv
FiG. 1. A: The locations of contacts are superimposed on the
Schaltenbrand-Wahren atlas in the sagittal plane. B: An example . bR
of SSEPs from the scalp and DBS electrode along the trajectory to » i w
the ZI in a patient with tremor-dominant PD (Case 7). Because a 12 et
DBS electrode was implanted in the lateromedial direction, the ML A B
atlases above and below the AC-PC line were designated 12.5 mm 01 ot NI o st | 20 1V
and 10.5 mm lateral to the midline, respectively. The contacts were L N

1.5-mm long and spaced 1.5-mm apart. The SSEP numbers (0-Fz,
1-Fz, 2-Fz, 3-Fz) are identical to the contact numbers (0, 1, 2, 3).
Dotted lines show the latency period of P9, P13/14, N18 and N20. Somatosensory evoked potentials with a cephalic reference showed can-
celing of P9. The positive-negative SSEPs with a major negative polarity were recorded from the upper two contacts located in the prelem-
niscal radiation (2-Fz and 3-Fz). The latency of the initial positive wave was almost the same as P13/14 at the CPc-NC and Fz-NC. The laten-
cy of the major negative peak was almost the same as N18. From the lower two contacts located in the ZI, broad positive potentials with the
peak latency of 16.1 msec were recorded. Many small notches were supenmposed on subthalamic SSEPs, and the amplitude was the maxi-
mum at contact Q located closest to the ML. With bipolar recordings, a broad posmve potential with small notches was recorded at contact 1-2
Abbreviations: H2 = H of Forel; IC = internal capsule; MCP = mid-commissure point; Prl = prelemniscal radiation; Rt = nucleus reticularis;
SN = substantia nigra; Voa = nucleus ventrooralis anterior; Vop = nucleus ventrooralis posterior. 0, 1, 2, 3 represent the contacts of the DBS
electrode.
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A

3F:
2F2
1-F2

0-Fz

3-NC
2-NC

1-NC
0-NC

1-2 et | 0uV Sms
0.1 b D FiG. 2. Depictions of the SSEPs from the DBS electrode along the tra-
Jjectory to the ZI in Case 12 (A), and those along the trajectory to the STN
- in Case 33 (B). Positive-negative SSEPs were recorded in the various sub-
Sms thalamic areas including the prelemniscal radiation (3-Fz and 3-NC in A),

ML (0-Fz and 0-NC, in 2A) and STN (0-Fz and 1-Fz in B). In the ventral part of the ZI, monophasic positive potential was recorded with
cephalic and noncephalic references, and with bipolar recordings (1-Fz, 2-Fz, 1-NC, 2-NC and 2-3 in A). With bipolar recordings, the poten-
tial with the same latency reversed phase between the ZI and ML (between 0-1 and 1-2 in A). In the anterior subthalamic region including the
subthalamic nucleus, small negative potentials with a mean latency of 16 msec were recorded (1-2 and 2-3 in B) with bipolar recordings. These
negative potentials did not show phase reversal, and amplitudes of the potentials recorded from the upper pair of contacts were larger than those

recorded from the lower pair of contacts.

Monophasic Positive Wave

In the posteromedial subthalamic region, a monophasic
positive wave was recorded using cephalic and noncephal-
ic references (0-Fz and 1-Fz, Fig. 1; 1-Fz, 2-Fz, 1-NC and
2-NC, Fig. 2A). The latency of the monophasic positive
wave was between P13/14 and N18 (15.8 = 0.9 msec). The
mean amplitude was 10.2 + 4.5 pV. We designated this
positive wave subthalamic P16. Subthalamic P16 was
recorded only in the posteromedial subthalamic region
(mean 6.6 = 1.3 mm posterior to the MCP, 4.8 £ 1.2 mm
inferior to the AC-PC line, and 9.7 = 0.6 mm lateral to the
midline, 12 SSEPs), which coincided with the ventral
region of the ZI in the Schaltenbrand—Wahren atlas (filled
circles in Fig. 3A). There was a transition of the posi-
tive—negative SSEP configurations over the boundary of
the ventral region of the ZI and the immediately surround-
ing area (the ML and the prelemniscal radiation). Several
small notches were superimposed on the monophasic posi-
tive SSEPs. Using the contact from which the monophasic
positive SSEP was recorded, we applied stimulation at a
low intensity, which led to improved tremor and rigidity
and transient paresthesia in the contralateral hand. Using
the deeper contact electrode located near the ML, we ap-
plied stimulation at 1.5 V and 130 Hz, which evoked mod-
erate paresthesia in the entire contralateral side of the body.

Somatosensory Evoked Potentials in the Subthalamic
Region With Bipolar Recordings

With bipolar recordings, we can minimize the contribu-
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tion of far-field potentials. Positive potentials with a mean
peak latency of 16.5 * 1.2 msec were recorded in the ven-
tral ZI (1-2 in Fig. 1, 2-3 in Fig. 2A, filled circles in Fig.
3B). The potential with reversed phase at the same latency
was located immediately caudoventral to the ZI (between
0-1 and 1-2 in Fig. 2A). Negative potentials with mean a
latency of 16.2 * 0.7 msec, were recorded in the subthala-
mic region located immediately caudoventral to the ZI
(open triangle in Fig. 3B).

From the pairs of contacts located in the dorsal border of
the STN and the most rostral subthalamic area, small neg-
ative potentials were recorded (0-1, 1-2, and 2-3 in Fig. 2B;
filled triangles in Fig. 3B). The mean latency was 16.0 =
1.2 msec in 38 SSEPs. These negative potentials did not
show phase reversal, and the amplitudes of the SSEPs from
the lower pair of contacts were smaller than those from the
upper pair of contacts (Fig. 2B). In the other subthalamic
areas, no significant potentials were recorded with bipolar
recordings (53% of SSEP recordings).

Discussion

We recorded SSEPs in response to contralateral median
nerve stimulation from DBS electrodes implanted in sub-
thalamic areas. Somatosensory evoked potential configura-
tions depended on locations of the DBS electrode. Using
cephalic and noncephalic references, positive—negative
SSEPs at peak latencies similar to those of the scalp at
P13/14 and N18 were recorded in the entire subthalamic
area. In the ventral part of the ZI, a monophasic positive
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Monopolar
(0-N¢,1-N¢, 2-N¢, 3-N¢)

X Positive-negative SEP

A ® Monophasic positive SEP

M. Kitagawa et al.

Bipolar
(0-1, 1-2, 2-3)

PC

A Small negative SEP

x  No significant difference

B ®  Positive SEP

A Negative SEP with phase reversal

FiG. 3. The SSEPs were classified by the configuration and their distribution was mapped on the Schaltenbrand—
Wabhren atlas. With monopolar recordings (A), positive—negative SSEPs (crosses) and monophasic positive SSEPs (sub-
thalamic P16, filled circles) were recorded in the subthalamic region. Subthalamic P16 was recorded in the ZI (mean
6.0 = 1.8 mm posterior to the MCP, 4.7 = 1.3 mm inferior to the AC-PC line, and 9.6 = 0.6 mm lateral to the midline,
15 SSEPs). With bipolar recordings (B), subthalamic P16 (filled circles) was recorded from the ventromedial part of the
ZI (mean 4.5 = 1.2 mm posterior to the MCP, 3.5 £ 1.8 mm inferior to the AC-PC line, and 10.4 = 0.9 mm lateral to the
midline, 16 SSEPs). They showed phase reversal, and negative SSEPs with latency similar to that of subthalamic P16 (op-
en triangles) were recorded in the subthalamic region located immediately caudoventral to the ZI. The majority of SSEPs
recorded from the anterior half of the subthalamic region showed no significant potential differences (crosses), but sever-
al small negative potentials (filled triangles)were recorded in the rostral subthalamic region including the rostral pole of
the ZI, H fields of Forel and dorsal part of the STN (mean 0.1 = 1.5 mm posterior to the MCP, 0.6 = 2.0 mm inferior to

the AC-PC line, and 12.0 = 1.2 mm lateral to the midline).

A Mean amplitude of
positive peak
mV mV

B Mean amplitude of
negative peak

i e :
ML Prl ZI-v ZI-r STN H2

FiG. 4. Bar graphs of the mean amplitude of positive peak (A),
and negative peak (B). The mean and standard error of amplitude of
the positive and negative peaks with cephalic reference were calcu-
lated in relation to the recording sites. Numbers in parentheses are
numbers of SSEPs. The mean amplitude of the positive peak was
maximal in the ventral part of the ZI, and the maximal mean ampli-
tude of the negative peak was in the STN, located immediately ros-
tral to the ventral part of the ZI. Abbreviations: ZI-r = rostral part of
the ZI; ZI-v = ventral part of the ZI.

ML Pri ZI-v ZI-r STN H2
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SSEP at a latency of 16 msec (subthalamic P16) was re-
corded using both cephalic references and bipolar record-
ings. Because the ventral part of the ZI is a particularly
effective target of DBS for severe proximal tremors,! sub-
thalamic P16 can be a landmark for the assessment of the
best position for DBS in the posterior subthalamic area.

Monophasic Positive Wave

Monophasic positive SSEPs at similar peak latencies to
those measured at subthalamic P16 have been recorded in
the Vc.36916 Although the amplitudes of the reported poten-
tials were much larger than at subthalamic P16, there were
many similarities between monophasic positive SSEP in the
Vc and subthalamic P16. The positive SSEPs in the Vc did
not extend to the immediately surrounding areas rostrally
(Vim), ventrally (ML), or dorsally (the dorsal part of the Vc
and the phase reversal occurred on the boundaries of the
Ve-Vim and Ve-ML.5# Subthalamic P16 also did not ex-
tend to the immediately surrounding areas dorsally (prelem-
niscal radiation), rostrally (STN), or ventrally (ML or fas-
ciculus Q), and showed a phase reversal at the boundary
of the ZI and ML. Based on these findings, we consider it
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unlikely that subthalamic P16 was produced by a volume
conduction of the positive potential generated at the Vc. In
animal studies, the ventral subregions of the ZI have been
found to receive dense direct afferent projections from the
trigeminal complex and dorsal column nuclei, and to project
to the sensory cortex from the rostral pole.*"* Somatosenso-
ry responses have been recorded in the rostral two thirds of
the ZI in rats.” Therefore subthalamic P16 may reflect exci-
tatory postsynaptic potentials of neurons in ZI. Because the
electrophysiological features of the ZI have not been well
defined in humans, more studies of neuronal activities of the
human ZI are needed to prove this hypothesis. Another pos-
sibility is that subthalamic P16 represents junctional poten-
tials from the ML. Junctional potentials are generated at the
bend of the sensory tract. According to the Schaltenbrand—
Wahren atlas, the ML has lateral bending at approximately
9 to 10 mm lateral to the midline. This position is compati-
ble with the site of subthalamic P16 potential, and we can-
not exclude this possibility from our present results.

Positive—Negative Wave

In previous studies, positive—negative SSEPs with major
negativity have been recorded in various thalamic nuclei
and in the subthalamic region including the ML, prelem-
niscal radiation and STN.+6%16 Because the potentials were
distributed over a wide recording area and occurred at an
equal latency at all recording points, the positive—negative
SSEP must be a far-field potential generated by volume
conduction from one certain potential generated at one site.
Investigators of recent studies have suggested that the
potential generated at the cuneate nucleus may partly cause
the P13/14 and N18 component of the scalp and subcorti-
cal SSEPs.5621617 The peak latency of the major negativity
of the dorsal column SSEPs recorded from the cervico-
medullary junction is identical to the scalp P13/14."° In the
present study, most positive—negative SSEPs in the sub-
thalamic region showed no significant potential differences
in bipolar recordings, suggesting that they reflect mainly
P13/14 and N18.

In bipolar recordings, small negative potentials with a
peak latency of 16 msec were recorded in the rostral sub-
thalamic area and at the dorsal border of the STN, which can
be a landmark for the dorsal border of the STN. These po-
tentials displayed a tendency for caudorostral increments in
amplitudes, and did not show phase reversal. Hanajima et
al.’ also have reported similar negative potentials recorded
near or in the STN at similar latencies, which also displayed
a tendency toward caudorostral increments in amplitudes.
These findings suggest that there is a gradient in the positive
(thalamus) to negative (STN) shift that is steep at the ventral
border of the thalamus. In the present study, the amplitude
of the negative peak was significantly high in the STN.
However, the mean peak latency of 16 msec is too short to
assume the STN neurons to be a generator because the STN
does not receive direct afferent nerve impulses from the
medial lemniscal pathway but receives projections from
neurons in the primary motor cortex.!?

Small Notches Superimposed on Subthalamic SSEPs

Several studies have reported small notches superim-
posed on SSEPs in the thalamus and subthalamic region.>
8216 In the present study, the amplitude of the small notch-
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es superimposed on SSEPs recorded in the posterior sub-
thalamic region was larger at the lower contact located
closer to the ML, suggesting that high-frequency compo-
nents of subthalamic SSEPs may be generated in the lem-
niscal system.

Conclusions

Our results indicate that the direct recording of SSEPs
with DBS electrodes is a practical method for refining
stereotactic targets in the subthalamic area. Subthalamic
P16 can be a landmark for the ventral ZI. Small negative
SSEPs were recorded in the rostral region of the ZI. The
small negative potentials may be a landmark for the target
of the electrodes for DBS of the STN.
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Effects of High Frequency Electromagnetic
Field (EMF) Emitted by Mobile Phones on the
Human Motor Cortex

Satomi Inomata-Terada, Shingo Okabe, Noritoshi Arai, Ritsuko Hanajima,
Yasuo Terao, Toshiaki Frubayashi, and Yoshikazu Ugawa*

Department of Neurology, Graduate School of Medicine, the University of Tokyo,
Tokyo, Japan

We investigated whether the pulsed high frequency electromagnetic field (EMF) emitted by a mobile
phone has short term effects on the human motor cortex. We measured motor evoked potentials
(MEPs) elicited by single pulse transcranial magnetic stimulation (TMS), before and after mobile
phone exposure (active and sham) in 10 normal volunteers. Three sites were stimulated (motor cortex
(CTX), brainstem (BST) and spinal nerve (Sp)). The short interval intracortical inhibition (SICI) of the
motor cortex reflecting GABAergic interneuronal function was also studied by paired pulse TMS
method. MEPs to single pulse TMS were also recorded in two patients with multiple sclerosis showing
temperature dependent neurological symptoms (hot bath effect). Neither MEPs to single pulse TMS
nor the SICI was affected by 30 min of EMF exposure from mobile phones or sham exposure. In two
MS patients, mobile phone exposure had no effect on any parameters of MEPs even though conduction
block occurred at the corticospinal tracts after taking a bath. As far as available methods are concerned,
we did not detect any short-term effects of 30 min mobile phone exposure on the human motor cortical
output neurons or interneurons even though we can not exclude the possibility that we failed to detect
some mild effects due to a small sample size in the present study. This is the first study of MEPs after
electromagnetic exposure from a mobile phone in neurological patients. Bioelectromagnetics
28:553-561,2007. © 2007 Wiley-Liss, Inc.

Key words: mobile phone; transcranial magnetic stimulation (TMS); hot bath effect; motor
evoked potential (MEP); multiple sclerosis; conduction block

INTRODUCTION

Widespread use of mobile phones has given rise to

a growing concern for their possible adverse effects on
the human central nervous system. Mobile phones emit
pulsed high frequency electromagnetic field (EMF)
may have some effects on the brain. Many studies have
investigated the effects of mobile phones on the human
brain function [Reiser et al., 1995; Eulitz et al., 1998;
Freude et al., 1998; Urban et al., 1998; Borbely et al.,
1999; Hladky et al., 1999; Kellényi et al., 1999;
Preece et al., 1999; Huber et al., 2000, 2002; Koivisto
et al., 2000; Krause et al., 2000, 2004; Sandstrom et al.,
2001; Croftet al., 2002; Ozturan et al., 2002; Arai et al.,
2003; Bak et al., 2003; Lee et al., 2003; Hamblin
et al., 2004; Maby et al., 2005], some of which showed
non-thermal bioeffects of mobile phones [Reiser et al.,
1995; Borbely et al., 1999; Kellényi et al., 1999; Huber
et al., 2000; Hamblin et al., 2004; Maby et al., 2005].
Some of the studies used evoked potentials [Urban
et al., 1998; Kellényi et al., 1999; Arai et al., 2003; Bak
et al., 2003; Hamblin et al., 2004; Maby et al., 2005],
one kind of objective analysis of human brain function,
during and after mobile phone exposure. On the other

© 2007 Wiley-Liss, Inc.

hand, one review article stressed the importance of
secondary, indirect effects rather than direct biological
effects of mobile phone exposure [Hossmann and
Hermann, 2003]. Sandstrom et al. [2001] review-
ed many papers on the effects of the mobile phone
and cautioned that we should not conclude that any
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evoked effects are produced by pulsed EMF before
excluding various other physical factors associated with
using a mobile phone. Exclusion of such confounding
factors warrants control experiments using appropriate
sham exposures. In this paper, therefore, we compared
the results between real and sham exposures.

Previously we have shown that no short term
adverse effects were elicited by 30 min of mobile phone
exposure on auditory brainstem responses (ABRs),
middle latency responses (MLRs) [Arai et al., 2003] or
somatosensory evoked potentials (SEPs) [ Yuasa et al.,
2006]. Other groups have employed visual evoked
potentials (VEPs) to investigate possible bioeffects of
mobile phone exposure [Urban et al., 1998; Hladky
et al., 1999] and showed no significant effects. The
reaction times were not affected by the mobile phone
exposure [Hamblin et al., 2006; Terada et al., 2006].
Even though TMS is very useful in investigating motor
cortex physiology in humans, there have been no
reports of effects of mobile phones on the human motor
cortex using transcranial magnetic stimulation (TMS).
In this article, comparing motor evoked potentials
(MEPs) before and after mobile phone exposure, we
have studied short term effects of pulsed EMF from a
mobile phone on the motor cortex in normal human
subjects. To investigate the possible effects of pulsed
EMF on the GABAergic inhibitory interneuronal
function of the motor cortex [Ziemann et al., 1996a],
we studied the short interval intracortical inhibition
(SICI) using paired pulse TMS [Kujirai et al., 1993].

Because many neurological patients may use a
mobile phone as usual people do, we should investigate
whether it affects some parts of the brain in patients,
especially in those who have some temperature depend-
ent neurological symptoms. We had the chance to
observe two patients with multiple sclerosis showing
conduction block in the corticospinal tracts after taking
a bath (hot bath effect). This indicated that their
corticospinal tracts were more susceptible to high
temperature than those of normal subjects. Therefore,
we studied the effects of mobile phone exposure on the
central motor pathways in these patients to see whether
such susceptible tracts are particularly vulnerable to the
effect of EMF emitted by a mobile phone. Additionally,
we would inquire whether mobile phone exposure
causes an increase in core temperature similar to that
caused by taking a hot bath.

As we would expect the mobile phone induced
effects to be greatest during exposure, we were
interested in possible changes in the motor cortex when
the EMF was given. However, as we could not perform
TMS during exposure due to the possible interference
of the mobile phone-emitted EMF, we compared MEPs
before and after exposure.

SUBJECTS AND METHODS

Ten normal volunteers (5 men and 5 women, age
22 to 51 years) participated in this investigation.
Although the sample size of 10 or less may not be
sufficient enough to detect a very mild effect from a
mobile phone, many papers have shown some mild,
unnoticed effects on the motor cortex in ten subjects or
less. For example, in smaller number of subjects, mild
effects on the motor cortex were detected by TMS,
especially by paired pulse TMS in the case of drug
intake [Ziemann et al., 1996b; Ziemann, 2004], motor
imagery [Kasai et al., 1997] and so on. Therefore, in the
present article, we studied ten normal subjects. We also
studied two patients with multiple sclerosis (MS) who
had weakness after taking a bath (hot bath effect).
Although the number of two was again not sufficient for
statistical comparison, I have examined only four MS
patients (including the present two patients) showing
paralysis after taking a bath in my 25-year clinical
career. Therefore, we studied the two MS patients in the
present article. The subjects all gave their written
informed consent to participate in the study, which was
approved by the ethics committee of the University of
Tokyo according to the Declaration of Helsinki.

Single pulse TMS experiments were done before
and after EMF exposure in all 10 normal subjects and
two patients. In normal subjects, the same experiments
were repeated before and after sham exposure. In the
two patients, we performed the same experiments again
before and after taking a bath to confirm a so-called hot
bath effect. In ten normal subjects, paired pulse TMS
experiments were also performed to study the SICI of
the motor cortex reflecting its GABAergic function.

Pulsed EMF was given with a handset (Matsushita
communication P97-7051-0) connected to a cellular
phone simulator (Digital cellular phone communication
tester, NJR-920). It was set to emit its maximum output
comparable to the maximum output of usual Japanese
mobile phones. In order to investigate whether the
mobile phone had an effect on the brain when the
maximum output was continuously given, we set it at
the maximum output. The mobile phone employed for
the current experiments transmitted in the 800 MHz
frequency band, used an/4 shifted Quadrature Phase-
Shift Keying (QPSK) modulation shame; multiple
access; three channel time division multiple access
(TDMA); 20 ms, time slot; 6.7 ms, maximum trans-
mitting power; 270 mW as the averaged value (0.8 W of
burst power). The handset was oriented in normal
position for use over the left ear and the microphone
oriented towards the corner of the mouth. The top of
the antenna was located about 4 cm from the head.
The subject held the handset for 30 min in a position
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similar to normal use. Because they could not fix it
at exactly the same position for 30 min, speci-
fic absorption rate (SAR) in the brain was not mathe-
matically constant throughout the experiment.
However, we asked the subjects to keep the position
of the handset as still as possible for 30 min. We used
this exposure because we considered it appropriate for
studying effects of mobile phone exposure on the brain
during use in daily life. SARs at the brain area (3 cm
below the skull under the coil) were measured using a
phantom system for SAR measurement recommended
by the IEC (International Electrotechnical Commis-
sion) standard [IEC, 2003]. This measurement was
performed at several conditions in which the handset
was fixed at different positions to the phantom similarly
seen when we hold a handset in daily life. They were
within .054 + .02 W/kg of 10 g averaged value in our
experiments. These values did not differ between
several positions of the handset. In the sham exposure,
the experimental setting was the same as the real
exposure except that the EMF was turned off. Just
before and after the real or sham exposure, we
performed single and paired pulse TMS experiments.
The exposure condition was blinded to the subjects and
experimenters performing TMS experiments.

In two patients with MS, we recorded MEPs
before and after taking a bath for 30 min. A period of
30 min was long enough to induce reversible mild
weakness (hot bath effect). The temperature of hot
water was set at 42 °C.

Single Pulse TMS Experiment

Subjects sat comfortably on a reclining chair with
their arms supported. Surface electromyographic
(EMG) activities were recorded from the right first
dorsal interosseous muscle (FDI) with a pair of surface
cup electrodes in a belly-tendon montage. Signals were
amplified with filters set at 100 Hz and 3 KHz and
recorded at sampling rate of 10000 Hz by a computer
(Signal Processor DP-1200, GE Marquette Medical
Systems) for later off-line analysis.

TMS was performed according to the previously
described methods [Ugawa et al.,, 1994]. TMS was
delivered with a figure-of-eight-shaped coil (outer
diameter of each wing was 7 cm) connected to a
Magstim 200 magnetic stimulator (The Magstim Co.,
Ltd., Whitland, UK). For motor cortical stimulation, the
coil was positioned over the hand area of the left
primary motor cortex (M1) (the motor cortex innervat-
ing the target muscle). In our experiments, M1 was
defined as the position where stimulation evoked the
largest MEP from the right first dorsal interosseous
(FDI) muscle. In two normal subjects, that position was

" confirmed to lie over the primary motor cortex by the
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neuronavigation system. The coil was oriented to
induce currents antero-medially in the brain, which is
perpendicular to the central sulcus. For brainstem
stimulation, we used a double cone coil, the center of
which was placed over 2—3 cm below the inion on the
median line. The coil currents were set to induce
upward currents in the brain [Ugawa et al., 1994].
For cervical motor root stimulation, we placed a
round coil with its upper edge positioned over the
spinous process of the seventh cervical vertebra.
For cortical or brainstem stimulation, the subjects
maintained a weak constant voluntary contraction of
the FDI; for cervical stimulation, they relaxed it. In
each stimulation condition, the intensity was increased
to evoke supramaximal MEPs in normal subjects
or up to the maximal stimulator output in the two
patients. In each stimulation condition, TMS was
repeated at least twice to assess the reproducibility of
the findings.

We measured the size and onset latency of all
MEPs to motor cortical, brainstem and cervical
stimulation and compared them before and after mobile
phone exposure, sham exposure or taking a bath. For
normal subjects, we compared all measured parameters
(latency and amplitude) among the four conditions
(before and after real or sham exposure) using paired
Student’s -test with compensation for multiple
comparisons (Bonferroni correction). Statistical sig-
nificant level after compensation was set at P <.05
(before compensation P <.0125). For each of the two
patients, instead of group comparison between normal
subjects and the patients, we judged whether some
changes occurred after a hot bath or mobile phone
exposure according to the following criteria. Because
the sample size of two was not sufficient for statistical
comparison and measured values varied due to variable
positions of lesions in patients, their results were not fit
to statistical comparisons between the groups. There-
fore, we evaluated significant changes in each patient
individually. When the MEP latency was shortened or
prolonged by more than .7 ms or its amplitude changed
in the amount of more than 32 % of the control MEP, we
judged them as significant changes. These criteria
were based on our clinical experiences that in the same
muscle of normal subjects, the mean (+SD) latency
variability was .3 + .2 ms and amplitude variability was
20 4 6% of MEP amplitude. Their mean + 2 SDs were
.7 ms and 32%.

Paired Pulse TMS Experiment to
Study the SICI of the Motor Cortex

We studied the short interval intracortical inhibi-
tion [Kujirai et al., 1993; Hanajima et al., 1996] of the
motor cortex in all normal subjects. Conditioning and

—124—



556 Inomata-Terada et al.

test stimuli were given through the same figure-eight
shaped coil by connecting two magnetic stimulators
linked with a Bistim module.

We first determined the threshold using averaged

rectified EMGs for active muscles (average of at least
10 responses). The intensity of stimulation was changed
in steps of 2% of the maximum stimulator output. We
defined the active threshold as the lowest intensity that
evoked a small response (about 50 pV) compared to
the pre-stimulus background activities in averaged
responses. The intensity of the conditioning stimulus
was set at —2% of the maximum output below this
threshold. The test stimulus was adjusted to evoke a
response approximately.5 mV peak to peak in the active
FDI, which was 10 to 15% above the threshold. We used
a randomized conditioning-test design similar to that
reported previously [Hanajima et al., 1996]. In short,
various conditions (a test or conditioning stimulus given
alone, and a test stimulus preceded by a conditioning
stimulus at various ISIs) were intermixed randomly in
one block. A few blocks of trials were performed to
investigate the entire time course of the studied effect.
Interstimulus intervals (ISIs) between 1 and 5 ms (1, 2,
3, 4, and 5 ms) were used. Eight to 10 responses were
collected and averaged for each condition in which both
stimuli were given and 20 responses for a control

Motor cortex
stimulation

Brainstem
stimulation

Cervical root
stimulation

Before exposure

condition in which the test stimulus was given alone.
The peak-to-peak amplitude of single responses under
each condition was measured to statistically compare
the amplitudes of control and conditioned responses in
the same block with a t-test corrected for multiple
comparisons (Bonferroni correction) in each single
subject. We calculated the ratio of the mean amplitude
of the conditioned response to that of the control
response for each ISI in every subject. The graphs plot
the mean (£ standard error: SE) time course of the
effect of the conditioning stimulus with the mean ratios
from all normal subjects against the ISI.

We compared time courses for the four conditions
using repeated measures ANOVA. The dependent
variables were the size ratios of MEP amplitudes. The
timing of two levels (before and after exposure), mode
of exposure of two levels (real and sham exposure) and
the interval of five levels (1, 2, 3, 4, and 5 ms) were
independent factors. The interval was a repeated
factor. The Greenhouse—Geisser correction was used
to correct for nonsphericity. When an ANOVA test
showed significant effects, we further performed post-
hoc analyses with Student’s t-test with compensation
for multiple comparisons (Bonferroni correction).
The statistical tests were performed with SPSS 10
software, and the significance level was set at 5%.

After exposure

Fig. 1. MEPs before and after EMF exposure from a mobile phone in a normal subject. Several single
MEPs fromthe first dorsalinterosseous muscle are superimposed in each trace. MEPs before exposure
are shown on the left and those after on the right. Top traces are cortical MEPs, middle traces MEPs to
brainstem stimulation, and bottom traces MEPs to cervical stimulation. No changes were seen in any

responses before and after the exposure.
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RESULTS

Pulsed EMF Effects on the Central Motor
Pathways in Normal Subjects

Figure 1 shows one example of MEPs before and
after 30 min of EMF exposure in a single normal
subject. In all MEPs to motor cortical, brainstem and
cervical stimulation, their latencies and amplitudes
after the EMF exposure were not different from
those before. Table 1 shows mean (4 SD) latencies
and amplitudes of MEPs to single pulse TMS. There
were no significant differences between the 4 con-
ditions for any parameters (paired Student’s ¢-test with
Bonferroni correction; P >.10). This suggested that
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TABLE 1. Mean 4 SD of Parameters of MEP Before and After
EMF Exposure and Sham Exposure

Real exposure Sham exposure

Before After Before After

Latency (ms)

Cortical 1924+15 193+16 194+15 192415

Brainstem 16.6+08 165+1.0 167+06 166+0.8

Cervical 13.0£0.7 132110 13.1+08 13.0+09
Amplitude (uV)

Cortical 39+2.7 414+30 38423 40+£25

Brainstem 20+23 19421 21+£16 20416

Cervical 39+34 36431 38+£25 37+£26

None of the parameters differed significantly between before and
after or between real and sham exposure.

A Before exposure After exposure
control /\M -
ISI=3ms Y e
4ms NSNS "‘VL/\/“V\/\/\/\ —
Sms UVW WW’F\[\'—‘A T
1mV
30ms
B
1S e
—&— Mean(ShamBefore)
- —/— Mean (ShamAfter)
s L —8— Mean(Before)
s S —O— Mean (After)
g3
o =
N .2
232 0.5
5
0 ] 1 []
0 2 4 6

Interstimulus intervals (ms)

Fig. 2. A:Cortical MEPs ofthe paired pulseTMS experimentin anormalsubject. MEPs before exposure
are shown on the left side and those after on the right. Top traces are average control MEPs, the other
traces are average conditioned MEPs at ISis of 3, 4, 5 ms. All conditioned MEPs were smaller than the
control MEPs. B: Average time courses for shortintervalintracortical inhibition before and after 30 min of
EMF exposure and sham exposure. The inhibition was seen atall studiedinterstimulusintervals inall four
conditions. ANOVA revealed no significant effects of the timing (before and after the exposure) or the
mode of exposure (real and sham exposure) onthe time course.
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neither thirty minutes of EMF exposure nor sham
exposure had any effect on MEPs to single pulse TMS in
normal subjects.

Paired Pulse TMS in Normal Subjects

Figure 2A shows MEPs of the paired pulse TMS
experiment in one normal subject. Suppression was
noted at ISIs of 3, 4, and 5 ms both before and after
exposure. In all normal subjects, significant suppression
was evoked at all ISIs from 1 to 5 ms under all four
conditions (before and after the real or sham exposure).
We compared the time courses of suppression between
the four conditions. Mean time courses for the four
conditions are shown in Figure 2B. Statistical compar-
isons of SICI are summarized in Table 2. ANOVA
revealed a significant effect of IS, whereas neither the
timing (before or after the exposure) nor the mode of
exposure (sham or real exposure) had significant
effects. There were no significant interactions between
the interval and timing, timing and mode or between
interval and mode of exposure, nor was there a
significant interaction among three factors (ISI, timing,
mode of exposure). The size ratio at 2 ms was slightly
greater than those at the other ISIs, which is consistent
with our previous report [Hanajima et al., 2003]. These
results suggest that the SICI did not differ significantly
before and after the real or sham exposure. Thus, neither
real nor sham exposure had significant effects on the
SICI of the motor cortex.

Central Motor Conduction in
Two Patients with MS

A 45-year-old man with MS often had left
hemiparesis after taking a bath which disappeared by
cooling about 1 h after the bath. He had had MS for
12 years. Magnetic resonance images (MRIs) of the
brain disclosed an active plaque at the base of the right

TABLE 2. Analysis of Variance Test for the Short Interval
Intracortical Inhibition of the Motor Cortex

Short interval intracortical inhibition (SICI)

DF1 DF2 F-value  P-value
ISI 2.293 32.096 8.146 .01*
Mode of 1 14 .094 .763
stimulation (Mode)
Before and after 1 14 444 516
the phone use (B/A)
ISI x mode 2.293 32.096 Sl .630
ISI x B/A 2.311 32.635 .046 .97
Mode x B/A 1 14 .09 926
ISI x mode x B/A 2311 32.635 3.081 .073

DF, degree of freedom; ISI, interstimulus interval.
*gstatistically significant.

midbrain involving cerebral peduncle. Figure 3A shows
MEDPs to single pulse TMS before and after taking a
bath. Similar sized MEPs were elicited at almost the
same latency in brainstem and cervical stimulation
before and after the bath. Before taking a bath, the
brainstem latency was 18.3 ms and cervical latency was
13.8 ms. Both of them were within the normal range.
However, the cortical latency of 25.8 ms was abnor-
mally prolonged. These results suggested that a lesion
affected the corticospinal tracts between the motor
cortex and foremen magnum, which was compatible
with a lesion shown by MRI at the cerebral peduncle.
The latencies after taking a bath were 25.9, 18.5, and
13.9 ms, respectively, each of which did not differ
from those before the bath. In contrast to latencies, the
amplitudes showed some changes after a bath. In spite
of an absence of changes in amplitude in brainstem and
cervical stimulation, MEPs to cortical stimulation were
smaller after the bath than before it. This indicated that,
after taking a bath, conduction block occurred in the
corticospinal tracts at some intracranial level, probably
at the cerebral peduncle. Figure 3B shows MEPs before
and after the pulsed EMF exposure in the same patient.
Neither latencies nor amplitudes were affected by
30 min of mobile phone exposure. MEPs to motor
cortical stimulation were almost the same in size before
and after the EMF exposure although their sizes were
suppressed after a bath.

In another MS patient having a hot bath effect, the
EMF exposure emitted by mobile phones did not affect
any parameters of MEPs to three kinds of stimulation
even though cortical MEP amplitudes decreased after a
bath.

These results suggested that mobile phone
exposure had no effect on the corticospinal tract lesions
susceptible to high body temperature.

DISCUSSION

Before the main discussion, it should be noted that
our normal values for MEP amplitude were smaller than
those reported previously, whereas the normal values
for MEP latency were consistent with others. This is
explained by the difference in EMG recording, that is,
the low cut filter in our recording was set at a relatively
high value (100 Hz). EMG responses recorded with a
low cut filter of 100 Hz are half to two-thirds the size of
those recorded with 10 Hz low cut filter. Therefore, our
normal values of amplitude were actually consistent
with those of other previous articles [De Rosa et al.,
2006].

In normal subjects, no effects were detected on
either the corticospinal tract neurons or interneurons of
the motor cortex in the pulsed EMF exposure from
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Fig. 3. A: MEPs before (left) and after (right) taking a bath in a patient with multiple sclerosis. A few
single MEPs are superimposed. Cortical MEPs are shown at the top row, those to brainstem stimulation
atthe middle, and MEPsto cervical stimulation atthe bottom. The sweeptime wastwice aslong asthat of
Figure 1. Cortical MEPs were smaller after taking a bath than those before, even though responses
to brainstem or cervical stimulation showed no changes. This suggests that taking a bath evoked
conduction blockinthe corticospinaltracts between the cortex and brainstem. B: MEPs before and after
the mobile phone exposure inthe patient shownin (B). MEPs are showninthe same pattern as (A). MEPs
were not affected by the EMF exposure.

—128—

559



