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Pharmacological management of Parkinson disease

Wi kA

Yusaku Nakamura

Abstract:  The most effective treatment for Parkinscn's disease (PD) is dopamine replacement with levodopa. After several years
starting from levodopa, PD symptoms do not respond to levodopa. After then, patients usually experience “wearing off”
and dyskinesias. The several strategies have been designed to try to ameliorate the motor complications of levadopa therapy.
Levodopa, peripherally, is catabolized by aromatic amino acid decarboxylase and COMT. The concept of COMT inhibi-
tion is enhancing the bioavailablility and efficacy of levodopa. This study showed the patients with “wearing of off” after
treatment of COMT inhibitor (Entacapone} showed daily “off” time decrease. The patients with non-motor fluctuation
have also improvement of Parkinson symptom with adding Entacapone. The role of COMT inhibitors in the management
of PD is that administering levodopa in combination with a COMT inhibitor could not only reduce motor fluctuation but
also make modification of the disease, avoidance of dyskinesia and good motor improvement.

Keywords: Levodopa; COMT inhibitor; Wearing of off

TTRAPEPEFHE MEENR (Department of Neurology, Sakai Hospital, Kinki University School of Medicine]
T 689-0132 KIRIFHAHRERFLUA 2-7-1 | Tel: 072-299-1 120 / Fax: 072-299-6068
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Entacaponel= &3 8B A&

Ofi(+).0ID(~)  Ofi(+). DID(+)

wearing off (—) wearing off (+)
(Non-motor
fluctuation)

Fig.1 Effect of Entacarpone on PD symptom. There was more effective-
ness in patients with "wearing off“ than patients with non-motor fluctua-
tion after administrating Entacapone.

Pharmacologic Treatment in PD
with Entacapone

$¢DOPA
5OV COMT_ [ g i

Entacapone Carbidopa
Benserazide
BBBI e ] BBB
L«DOPX'
DOPA decarboxylase
COMT MAO 3,4-dihydroxy-
l 3-OMD |'= DA] phenylacetic acid

\ Selegiline
bi

Fig.2 Pharmacologic treatment in PD with Entacapone. Entacapone can
peripherally inhibit the methylation of levodopa and generally increase of
the levodopa content in the brain.
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Supramaximal responses can be elicited in hand muscles
by magnetic stimulation of the cervical motor roots

Lumine Matsumoto,” Ritsuko Hanajima,® H1deyuk1 Matsumoto,” Shinya Ohminami,®
Yasuo Terao,” Shoji Tsuji,* Yoshikazu Ugawa™”

"Depar tment of Neurology, Division of Neuroscience, Graduate School of Medicine, The University of Tokyo, Tokyo, Japan
bDepartment of Neurology, School of Medicine, Fukushima Medical University, Fukushima, Japan

Background

The amplitude of compound muscle action potentials (CMAPs) evoked in response to magnetic
cervical motor root stimulation (MRS) has rarely been used as a diagnostic parameter because of the
difficulty in obtaining supramaximal CMAPs.

Objective
To clarify whether supramaximal CMAPs could be elicited by MRS, and if so, whether their amplitude
and area could be used to evaluate the conduction of proximal motor roots.

Method

With the use of a custom-made high-power magnetic stimulator, the CMAPs evoked in response to
MRS of the first dorsal interosseous, abductor digiti minimi, and abductor pollicis brevis (APB)
muscles were compared with those evoked by electrical stimulation at the wrist, brachial plexus, and
cervical motor roots. The collision technique was also used to exclude volume conduction. The
correlation between MRS-induced CMAP latency and body height was evaluated.

Results

In 32 of 36 normal subjects, supramaximal CMAPs were obtained in response to MRS. The size of
CMAPs occurring in response to MRS was the same as the size of those occurring in response to high-
voltage electrical cervical motor root stimulation. The collision technique revealed that the APB
muscle was highly contaminated by volume conduction from adjacent muscles. CMAP latency
correlated significantly with body height.

Part of this work was supported by Research Project Grants-in-aid for Scientific Research No. 16500194 from the Ministry of Education, Culture, Sports,
Science, and Technology of Japan, grants for the Research Committee on rTMS treatment of movement disorders from the Ministry of Health, Labour, and
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Conclusions

Supramaximal CMAPs can be obtained in most normal subjects. In subjects exhibiting confirmed
supramaximal CMAPs in response to MRS, not only the latency of these CMAPs but also their
amplitude and area can be clinically useful, excluding CMAPs in the APB muscle.

© 2010 Elsevier Inc. All rights reserved.

Keywords compound muscle action potential; magnetic stimulation; motor-evoked potential; peri-

pheral nerve

Magnetic stimulation has been widely used to evaluate
central and peripheral motor conduction in humans ever
since its initial clinical application.' Response latency has
frequently been used as a parameter aiding in the diagnosis
of many relevant conditions. Response amplitude, in
contrast, has rarely been used for diagnostic purposes,
probably because magnetic stimulation cannot always
evoke supramaximal responses.” ™

In this study, we demonstrate that supramaximal
responses can be obtained in response to magnetic cervical
motor root stimulation (MRS) by using a magnetic stim-
ulator that is more powerful than most. We compared
supramaximal responses obtained in response to MRS with
those obtained in response to electrical stimulation at the
wrist, Erb’s point (EP), and the cervical motor roots (Root).
Furthermore, we studied the relationship between response
latency and body height.

Subjects and methods

Subjects

The subjects enrolled in this study were 36 right-handed
healthy volunteers (23 men and 13 women; age range, 24-
57 years [mean * SD, 342 * 7.4 years]) without any
history of cervical spondylosis, diabetes mellitus, central
nervous system disorders, peripheral neuropathies, or other
neuromuscular diseases. The mean *= SD of their body
heights was 167.3 * 8.0 cm (range: 153-182 cm). One
patient was recruited to show the clinical use of our
method, which is described in detail in the Results section.
The results of this patient will be given as a case presenta-
tion. Written informed consent was obtained from all
subjects. The experiments were performed according to
the Declaration of Helsinki; and the procedures were
approved by the Ethics Committee of the University of
Tokyo.

Recording

During the examination, subjects were seated on a reclining
chair with their arms relaxed on the arm rests. Compound
muscle action potentials (CMAPs) were recorded from the
following three distal muscles: the first dorsal interosseous
([FDI] C8-T1; ulnar nerve), the abductor digiti minimi

([ADM] CB8-T1; ulnar nerve), and the abductor pollicis
brevis ([APB] C7-T1; median nerve). Disposable silver-
silver chloride disk electrodes, 9 mm in diameter, were
placed in a belly-tendon montage. Signals were amplified
through a Biotop amplifier (GE Marquette Medical
Systems, Tokyo, Japan) with filters set at 20 Hz and 3
kHz, and recorded onto a computer (Signal Processor DP-
1200; GE Marquette Medical Systems). Subjects’ skin
temperature was maintained at around 33°C-34°C. At least
three CMAPs, either supramaximal or at the stimulus
intensity of maximal stimulator output, were recorded
from each subject to confirm the reproducibility of the
findings. The peak-to-peak amplitude (mV), negative area
(mV x milliseconds), and onset latency (milliseconds) of
each CMAP were measured. The SPSS 14 statistical
software package (SPSS, Chicago, IL) was used for all
statistical analyses. P values less than .05 were considered
significant.

Stimulation

MRS was delivered through a custom-built enhanced power
Magstim 200 stimulator (Magstim, Whitland, UK) with
a round coil 10 cm in mean diameter; this stimulator is
about 1.4 times as powerful as the commercially available
Magstim 200 stimulator. Electrical stimulation at the wrist
was delivered through a conventional electrical stimulator
(Electronic stimulator 3F46, NEC-San Ei, Tokyo, Japan),
whereas electrical stimulation at the EP and the Root
(electrical cervical motor root stimulation [ERS]) was
delivered through a D180A high-voltage electrical stimu-
lator (Digitimer, Welwyn Garden City, UK).

For MRS, the upper edge of a round coil was positioned
on the seventh cervical (C7) spinous process so that a part
of its edge was over the exit of each spinal nerve from the
intervertebral foramina. With the coil firmly held against
the spine, an examiner pulled the subject’s chest backward
so that the coil was as close as possible to the target spinal
nerves. The coil currents were directed clockwise as seen
from behind in our examination of the right hand muscles
so that the induced currents in the body were directed from
the muscles to the spinal cord at the upper edge of the coil
(Figure 1). A previous study has confirmed that this direc-
tion is suitable for producing maximal CMAPs (minimal
threshold) in MRS.* The stimulus intensity was gradually
increased until supramaximal CMAPs were obtained.
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The upper edge of the coil was over
the C7 spinous process.

e Current in the coil
€= Current in the body

Figure 1
back and forcefully pulling his chest backward.

We considered a supramaximal CMAP to have been ob-
tained only when the size of superimposed CMAPs was
saturated before the stimulus intensity reached a value
equal to 1.3 times the lowest intensity that resulted in
a maximal CMAP.

Electrical stimuli were applied at the wrist, EP, and
Root. At the wrist and EP, each anode was placed a few
centimeters proximal to the cathode. At the Root, a cathode
was placed over the C7 spinous process, and an anode was
placed 5 cm rostral to it.>® All electrodes were then
securely attached to the skin. The stimulus intensity was
increased gradually until a supramaximal CMAP was
obtained (i.e., until the stimulus intensity reached a value
1.3 times that of the lowest intensity capable of eliciting
a maximal CMAP).

Experiment 1: Collision experiment

Nine subjects participated in this experiment. Given that
MRS activates several nerves simultaneously because each
root connects with several peripheral nerves, it seemed
likely that volume conduction from nontarget muscles
might affect the size of CMAPs occurring in response to
MRS. Our collision experiment was designed to determine
the degree to which this occurs.”

CMAPs from the right hand muscles were elicited by
simultaneous MRS and electrical stimulation at the wrist
and recorded. We expected that, if CMAPs were produced
in response to MRS from the target muscle only, MRS
would elicit no potentials because the orthodromic de-
scending impulses generated by MRS would completely
collide with the antidromic ascending impulses generated

Press the coil tightly over the back.

Pull the chest backward.

Back and lateral views of magnetic cervical motor root stimulation. The examiner is firmly pressing a round coil to the subject’s

by wrist stimulation. If, on the other hand, some other
nontarget muscles were contributing to the CMAPs in
response to MRS (volume conduction effect), or if the
recorded muscle were partly innervated by nontarget
nerves, then MRS would provoke some potential at a longer
latency than CMAPs not contaminated by volume conduc-
tion. The amplitude of the later potential was expressed as
a percentage relative to that of the CMAPs in response to
wrist stimulation. This value indicated the amount of
volume conduction from other muscles that was contami-
nating the CMAPs. In our experiments, wrist stimulation
was delivered to the ulnar (for FDI and ADM) or median
nerve (for APB).

Experiment 2: Analyses of supramaximal CMAPs
evoked by MRS

All 36 subjects participated in this experiment. CMAPs
were recorded from the right FDI and ADM muscles in all
subjects (72 muscles). APB was excluded because of
considerable volume conduction (discussed in Results,
experiment I).

We determined how often supramaximal CMAPs could
be obtained in response to MRS. If supramaximal CMAPs
were obtained, the ratios of the amplitude and area of MRS-
induced CMAPs and of CMAPs induced by electrical
stimulation to the EP to those of wrist stimulation-induced
CMAP were calculated, as were the ratios of the amplitude
and area of MRS-induced CMAP to those of CMAPs
induced by electrical stimulation to the EP.

To analyze the relationship between body height and
CMAP latency, we performed a linear regression analysis.
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Moreover, to analyze the difference between the responses
generated in the two sides of each individual’s body,
CMAPs were also recorded from the left FDI and ADM
muscles in 22 of 36 subjects (44 muscles).

Experiment 3: Comparison between MRS and ERS

Twenty-two subjects exhibiting supramaximal CMAPs
participated in this experiment. CMAPs were recorded
from bilateral FDI and ADM muscles. To confirm supra-
maximal CMAPs, we compared the amplitudes of MRS-
induced CMAPs with those of ERS-induced CMAPs using
the paired 7 test.

Results

Subjects reported that the discomfort caused by MRS
delivered by our high-power stimulator was not different
from that caused by MRS delivered by a standard stimu-
lator; the form of MRS used in the present study was well
tolerated by all subjects. No side effects were noted.
Figure 2 illustrates an example of supramaximal CMAPs
recorded from the FDI of one subject.

Experiment 1: Collision experiment

Representative waveforms of the collision experiment are
shown in Figure 3. The amplitudes of late responses were
very small in the FDI (Figure 3, left) and the ADM (data
not shown), whereas responses of considerable amplitude
were elicited in the APB (Figure 3, right). The amplitudes
of the later responses, expressed as percentages relative to
the CMAP amplitudes, were 8.2% * 3.0% in the FDI,
32% * 1.6% in the ADM, and 28.8% * 15.0% in the
APB (mean * SD).

stimulation

|
L a/

amplitude

Wrist

(electrical stimulation)

Erb’s point (EP)

(electrical stimulation)

Root

(magnetic stimulation)

10ms

Figure 2 Representative waveforms of compound muscle action
potentials (CMAPs) in one subject. CMAPs are elicited by means
of electrical stimulation at the wrist and at Erb’s point (EP) as well
as by means of magnetic stimulation at the cervical motor roots
(Root), and recorded at the first dorsal interosseous (FDI) muscle.

Experiment 2: Analyses of supramaximal CMAPs
evoked in response to MRS

In 32 of 36 subjects (19 men, 13 women; age range 23-57
years [mean *+ SD, 34.7 * 7.6 years]; body height 153-179
cm [mean = SD, 1659 * 7.3 cm]), MRS induced
supramaximal CMAPs, that is, CMAPs did not increase
in size even when the stimulus intensity was increased to

APB

FDI

Wrist |

Root

Both

-| 10mV

10ms

Figure 3 Responses in collision experiment. Compound muscle action potentials (CMAPs) elicited by means of electrical stimulation at
the wrist, magnetic stimulation at the cervical motor roots (Root), and simultaneous stimulation at the wrist and Root are shown at the first
dorsal interosseus (FDI) (left) and the abductor pollicis brevis (APB) (right). At the wrist, the ulnar nerve is stimulated to elicit responses
from the FDI and the median nerve is stimulated to elicit responses from the APB. A very small late response is obtained by simultaneous
stimulation in the FDI, whereas a later response of considerable size occurs in the APB.
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1.3 times the minimal value that induced a maximal CMAP.
This final intensity corresponded to 60-95% of the maximal
stimulator output. In the four remaining subjects, supra-
maximal CMAPs could not be elicited even by using the
maximal stimulator output; all four subjects were compar-
atively large and deep-chested men with heights ranging
from 176-182 cm.

The amplitude, area and latency data obtained from the 32
subjects exhibiting supramaximal CMAPs are shown in
Table 1. In the FDI, the CMAP amplitude ratio of Root/EP
was 91.9% * 6.7% (mean * SD); the lowest normal limit
was 78% (mean —2 SD). The area ratio of Root/EP was
96.8% * 9.1%; the lowest normal limit was 78%. In the
ADM, the CMAP amplitude ratio of Root/EP was 93.5% =+
8.6%; the lowest limit was 72%. The area ratio of Root/EP
was 94.7% =+ 8.0%; the lowest limit was 78%.

In the FDI, the correlation between CMAP latency after
MRS and body height is shown in Figure 4. A significant
and positive linear relation was observed (P < .001; latency
= 0.11 x body height — 5.04). A similar correlation was
observed in the ADM (P < .001; latency = 0.12 x body
height — 6.74).

Experiment 3: Comparison between MRS and ERS

Among the 22 subjects who participated in this experiment,
there was no significant difference in amplitude, area or

latency between CMAPs occurring in response to MRS and
those occurring in response to ERS in either the FDI or the
ADM muscles (FDI amplitude: MRS 13.5 * 3.1 mV, ERS
13.2 = 34 mV, P = .218; area: MRS 19.7 £ 45 mV x
millisecond, ERS 19.2 = 4.8 mV x millisecond, P =
.077; latency: MRS 12.9 £ 1.0 millisecond, ERS 12.9 =
1.0 millisecond, P = .609; ADM amplitude: MRS 11.7
+ 2.2 mV, ERS 11.8 = 25 mV, P = .830; area: MRS
19.8 £ 4.1 mV x millisecond, ERS 19.5 * 4.4 mV x milli-
second, P = .183; latency: MRS 12.6 *= 1.2 milliseconds,
ERS 12.6 £ 1.2 milliseconds, P = .333).

Case presentation

Here we report on one patient whose response to MRS
provided us with clinically useful information concerning
the proximal regions of his peripheral nerves.

A 57-year-old man complained of acute shoulder pain
and had muscular weakness of the right arm develop 3 days
later. The clinical diagnosis was neuralgic amyotrophy.
Conventional nerve conduction studies were all normal.
F-wave latency was within the normal range, although the
occurrence rate of F-waves was reduced to 50% of normal.
Figure 5 shows CMAPs from the right ADM elicited in
response to MRS or electrical stimulation at several sites.
The CMAPs in response to electrical stimulation at the

Table 1 Data from subjects exhibiting supramaximal CMAPs
FDI ADM
Peak-to-peak amplitude (mV)
Wrist 15.9 = 4.0 15.6 = 3.3
EP 14.6 = 3.5 12,8 = 2.7
Root 13.4 £ 3.2 11.9 £ 25
Root (laterality) 2117 2.0+ 17
Ratio (%)
EP/wrist 92.6 + 10.6 (77-125) 82.7 * 7.4 (64-98)
Root/wrist 85.2 + 12.5 (60-118) 77.3 * 10.0 (53-98)
Root/EP 91.9 * 6.7 (78-112) 93.5 + 8.6 (75-123)
Negative area (mV X milliseconds)
Wrist 20.4 = 5.2 23.5 = 5.4
EP 20.4 =53 20.6 * 4.4
Root 19.6 * 4.7 19.4 £ 4.2
Root (laterality) 3.1 %22 4,3+ 3.5
Ratio (%)
EP/wrist 100.0 = 7.9 (84-117) 88.4 * 8.2 (71-113)
Root/wrist 96.9 + 11.8 (74-125) 83.8 + 10.5 (57-109)
Root/EP 96.8 + 9.1 (76-123) 94.7 * 8.0 (78-112)
Onset latency (milliseconds)
Wrist 3.7 £ 04 2.8 £ 0.4
EP 11.8 = 1.0 11.8 = 1.1
Root 12.8 = 1.0 12.6 = 1.2
Root (laterality) 0.5 = 0.4 0.3 +£0.3
EP-Root 1.0 £ 0.4 0.7 £ 0.3

Data are shown as mean * SD (range). ADM = abductor digiti minimi; CMAPs = compound muscle action potentials; EP = Erb’s point; FDI = first dorsal

interosseus; Root = cervical motor roots; SD = standard deviation.
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Figure 4 Significantly positive correlation between compound
muscle action potential (CMAP) latency and body height. Data
from the first dorsal interosseus (FDI) muscle are plotted. The
formula for the relationship between latency and body height is
as follows: latency = 0.11 x body height — 5.04 (P < .001,
R? = 0.55). PI = prediction interval; CI = confidence interval.

wrist, below the elbow, and at the EP were all normal in
amplitude, area, and latency. The supramaximal CMAP
that occurred in response to MRS, however, had an ampli-
tude that was obviously smaller than those of the other
distal CMAPs. The amplitude of the CMAP in response
to MRS was 40% of that of the CMAP in response to EP
stimulation, which itself was smaller than the mean -2
SD (72%) of our normal values shown previously. Based
on these results, we concluded that a conduction block
was present between these two sites, that is, between the
brachial plexus and the exit of the cervical spinal nerves
from the intervertebral foramina. The patient’s symptoms
improved after treatment with intravenous immunoglob-
ulin. After the symptoms had improved, the amplitude of
his CMAPs occurring in response to MRS recovered to
96% of that of his CMAPS occurring in response to EP
stimulation.

Discussion

The current data show that magnetic stimulation can be
useful for evaluating conduction in the proximal regions of
peripheral nerves as well as for central motor conduction
studies. If this is confirmed, magnetic stimulation may come
to be used in the diagnosis of neuropathies such as
inflammatory demyelinating polyneuropathy,®® brachial
plexus injury,lO and radiculopathy.' =2 Magnetic or electrical
stimulation over the cervical enlargements is often termed
motor “root” stimulation, but neither method actually
activates the spinal motor roots; instead, stimulation is deliv-
ered to the spinal nerves as they exit from the spinal canal
through the intervertebral foramina.>*'"'> Accordingly,

“spinal nerve stimulation” would be a more correct nomen-
clature; however, because MRS has been commonly used,
we use this term to describe our method in this article.

Several reports have demonstrated the clinical useful-
ness of data acquired through MRS, especially data on the
latency of responses.”>'>'* Data on the amplitude and area
of responses, in contrast, have rarely been used as parame-
ters for evaluation, probably because MRS cannot always
elicit supramaximal CMAPs. The reported amplitudes of
CMAPs occurring in response to MRS*? have ranged
from 10%-45% to 9%-100% and 16%-77% of the ampli-
tudes of CMAPs occurring in response to peripheral nerve
stimulation* in normal subjects. In our study, the ampli-
taudes of CMAPs occurring in response to MRS ranged
from 78%-100%. Moreover, supramaximal CMAPs could
be obtained in 32 of 36 subjects, and the occurrence of
supramaximal CMAPs in these subjects was verified by
using high-voltage electrical stimulation. Our success in
obtaining supramaximal CMAPs from most of the subjects
might be explained by our use of a high-power magnetic
stimulator that is about 1.4 times as powerful as commer-
cially available stimulators. Another important technical
point is that we pressed the coil firmly to the back of
each subject while forcefully pulling the chest backward
to place the coil as close as possible to the target spinal
nerves.

Supramaximal stimulation is necessary for measurement
of the CMAP amplitude in the detection of conduction
blocks in neurophysiologic studies.”>'® In the current
study, the difference in amplitude between CMAPs in the
ADM induced by EP stimulation and those induced by
Root stimulation was about 6.5%; the highest normal limit
(mean -2 SD) was 28%. This result is similar to one previ-
ously reported by Arunachalam et al.,'> who conducted

Root

EP

N
f\ﬁ

Wrist

2mV

10 ms

Figure 5 Compound muscle action potentials (CMAPs) in
a patient with neuralgic amyotrophy. CMAPs from the right
abductor digiti minimi (ADM) were elicited by means of electrical
stimulation at the wrist, below the elbow, and at Erb’s point (EP).
CMAPs were also elicited by means of magnetic stimulation at the
cervical motor roots (Root). The amplitude of MRS-induced
CMAPs was only 40% of that of EP stimulation-induced CMAPs.
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cervical motor root stimulation using a high-voltage electri-
cal stimulator. Therefore, when supramaximal MRS is
achieved and the difference in amplitude between CMAPs
induced by EP stimulation and those induced by Root stim-
ulation is above the highest normal limit, this indicates
a conduction block, as in the case presentation.

The collision experiment revealed that volume conduc-
tion accounted for less than 9% of the responses in the FDI
and less than 4% of those in the ADM. In the APB,
however, volume conduction was substantially greater (by
approximately 30%) than in the other two muscle. These
amounts of volume conduction are similar to those
previously reported in a study that used a high-voltage
electrical stimulator.'”> The high-volume conduction
commonly observed in CMAPs from the APB in response
to both MRS and ERS is explained by the fact that the
APB is surrounded by ulnar-nerve-innervated muscles
(the flexor pollicis brevis and the adductor pollicis), as
well as by the fact that APB itself is sometimes partly
innervated by the ulnar nerve. Based on our results, we
concluded that MRS-induced CMAPs from the APB are
not suitable for amplitude evaluation.

A positive correlation between the latency of CMAPs
occurring in response to MRS and body height has been
reported.>'*!” Cervical motor root stimulation by means of
a needle electrode has revealed an identical correlation.'®
Our normal values were consistent with these previously
described values, and the formulas obtained through our
study are useful for the evaluation of the latency of CMAPs
in response to MRS.

ERS is an alternative method for cervical motor root
stimulation, but magnetic stimulation offers two advantages
over it. First, magnetic stimulation produces less discomfort
than electrical stimulation, which can sometimes elicit
severe pain. Second, magnetic stimulation can be used for
patients on whose skin it is not possible to fix cutaneous
electrodes because of skin problems."®

Our study has some limitations. First, the number of
subjects was fairly small and their age range was fairly
restricted; this makes it less likely that our data are
normative. Data from additional healthy subjects must be
acquired to make our data set comprehensive and norma-
tive. Second, supramaximal CMAPs cannot be obtained in
all subjects. If CMAPs continue to enlarge as stimulation
intensity increases, we cannot exclude the possibility of
suboptimal stimulation. If this is the case, then amplitude
inconsistencies in CMAPs occurring in response to MRS do
not necessarily indicate conduction blocks in patient
analyses. Another disadvantage of our stimulation method
is the current spread to distal regions far from the expected
stimulation point at very high stimulus intensities (such as
stimulation with 95% or 100% maximal stimulator output).
In this case, the existence of a conduction block may be
missed because the stimulation site may jump to a more
distal position lying beyond the region of the conduction
block. Despite these limitations, however, MRS can provide

us with useful information about proximal motor conduc-
tion when supramaximal CMAPs are obtained in response
to MRS, as in the case study reported here.

This study has yielded two new findings with regard to
MRS: (1) though previous studies have reported otherwise,
supramaximal CMAPs can be elicited in response to MRS
in most normal subjects. The amplitude and area of CMAPs
can also be used as diagnostic parameters in patients who
exhibit supramaximal CMAPs. (2) CMAP latency corre-
lates significantly with body height; the formulas for this
relationship have been provided.
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In chronic inflammatory demyelinating polyradiculoneuropathy (CIDP), it has not been well known which
segment of the peripheral nerves, distal or proximal, is more often involved in electrophysiological
examination. This study compares nerve conductions at proximal segments with those at distal segments in
11 patients with CIDP. To obtain cauda eugina conduciton time (CECT), compound muscle action potentials
(CMAPs) were elicited by magnetic stimulation using a MATS coil from the abductor hallucis muscle. CECT
was prolonged in 9 patients (81.8%), whereas the ankle-knee conduction was delayed in 4 (36.4%). The
proximal segments are more frequently involved than the distal segments in this disorder.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Chronic inflammatory demyelinating polyradiculoneuropathy
(CIDP) is a relapsing or chronically progressive disorder most
commonly presenting with limb weakness, distal sensory distur-
bance, and hyporeflexia [1,2]. In the process of demyelination, the
immune-mediated pathogenesis such as unknown antibodies or some
other circulating factors might be involved [2,3]. Nerve conduction
studies in the distal extremities usually show slowing of motor
conduction [2,3]. F-wave studies also reveal the high frequency of
proximal peripheral nerve lesions [4,5]. However, F-wave method
alone cannot allow us to localize the peripheral nerve lesions.
Therefore, it has not been well known which segment of peripheral
nerves, distal or proximal, is more often involved in electrophysio-
logical examination.

Recently, we have developed a novel magnetic stimulation
method to measure cauda equina conduction time (CECT) using a
specially devised powerful coil designated as a Magnetic Augmented
Translumbosacral Stimulation (MATS) coil [6,7]. This method enables
us to activate the spinal nerves at the both proximal and distal sites of
cauda equina.

In this investigation, we compared nerve conductions at proximal
segments with those at distal segments using the above mentioned

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

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

0022-510X/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi: 10.1016/}.jns.2009.10.014

new stimulation method as well as the conventional nerve conduction
studies.

2. Subjects and methods
2.1. Subjects

We studied 11 CIDP patients (6 men and 5 women) diagnosed
according to the established diagnostic criteria [8]. The age and body
height of the patients were 54.1+16.8 (mean 4 standard deviation
(SD); range 26-83 yearsand 163.5 4 10.1 (145-175) cm, respectively.
Patients in whom reliable compound muscle action potentials
(CMAPs) were unobtainable by electrical stimulation or magnetic
stimulation were excluded from this study. The clinical profile of the
patients is summarized in Table 1. Their disabilities were assessed
using the Hughes functional grading scale (grade 4 = bound to bed,
grade 3 = able to walk 5m with aid, grade 2 = ambulates
independently, and grade 1 =minimal signs and symptoms and
able to run) [9].

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

2.2. Stimulation, recording and analysis

During the examination, patients lay comfortably on a bed in
prone position. CMAPs were recorded from the abductor hallucis
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Table 1
Clinical profile and results of 11 CIDP patients.
Case Age Sex Disease Hughes  Diagnostic MCv CECT
duration  scale categories (m/s) (ms)
1 42 M  6months 3 Definite CIDP 42 5.1
2 51 M 7months 1 Possible CIDP 44 3.8
3 33 F 1 year 2 Definite CIDP 50 691
4 57 F 1year 2 Definite CIDP 45 10.17
5 71 M lyear 2 Definite CIDP 31} 9.1t
6 26 F 5 years 1 Definite CIDP 31} 1031
7 57 M 7 years 2 Definite CIDP 42 591
8 66 F 1years 2 Definite CIDP 38} 711
9 44 M 19years 3 Definite CIDP 27} 9.8t
10 63 F 24years 4 Definite CIDP 41 8.1t
11 83 M 29years 4 Definite CIDP 44 6.81
Normal values (mean - SD, n= 20 subjects)
493+44 37408
Mean — or -+ 2.55D (lower limit or upper limit)
383 57

MCV: motor conduction velocity, CECT: cauda equina conduction time, SD: standard
deviation, |: abnormal decrement, 1: abnormal increment.

muscle (AH) on the more affected side. Disposable silver—silver
chloride disc electrodes of 9 mm diameter were placed in a belly-
tendon montage over AH. Signals were amplified with filters set at
20 Hz and 3 kHz and recorded by a computer (Neuropack MEB-9100,
Nihon Kohden, Japan). The skin temperature was maintained at
around 32-33 °C.

For distal segment nerve conduction studies, the posterior tibial
nerve was stimulated at the posterior medial malleolus of ankle and
the popliteal fossa with a conventional electrical stimulator (Neuro-
pack MEB-9100, Nihon Kohden, Japan). The motor conduction
velocity (MCV) was calculated dividing the ankle-knee length by
the latency difference. For proximal segment conduction studies
(measuring CECT), magnetic stimulation was performed with a
monophasic stimulator, Magstim 200 (The Magstim Co, UK) using a
MATS coil (diameter 20 cm, 0.98 T; The Magstim Co, UK) [6,7]. For the
most distal cauda equina level stimulation, the edge of MATS coil was
positioned over the 1st sacral (S1) spinous process for inducing
currents to flow 60° downward from horizontal direction [6]. The
most proximal cauda equina was activated by the MATS coil whose
edge was positioned over the 1st lumbar (L1) spinous process for
inducing currents to flow upward [7]. The CECT was obtained by
subtracting the CMAP latency to S1 level stimulation from that to L1
level stimulation.

CECT and MCV of the patients were compared to those of age and
body height matched control subjects. The frequencies in abnormities
of CECT and MCV were statistically compared between two groups
using Wilcoxon's signed rank test. P values less than 0.05 were
considered to be significant.

3. Results

Fig. 1 displays the representative CMAPs in a patient with CIDP (case
3). Although MCV calculated by using ankle and knee stimulations was
normal (50.0 m/s), CECT calculated by using S1 and L1 level MATS coil
stimulations was abnormally prolonged (6.9 ms, upper limit of normal
values is 5.7 ms). The results of MCV and CECT in all the patients are
summarized in Table 1. MCV was abnormally decreased in 4 patients
(36.4%). CECT was significantly prolonged in 9 patients (81.8%). All the
patients with prolonged CECT had been suffering from CIDP for more than
one year. The other 2 patients with normal CECT (cases 1 and 2) had
relatively short disease duration (6 and 7 months). CECT prolongation was
observed at a significantly higher frequency compared to MCV decrease
(P=0.0253).

Ankle
(Electrical)

Knee
(Electrical)

T

Si
(MATS coil)

Ll l
(MATS coil) [ | omV

g

Fig. 1. MATS coil stimulation study in case 3. Motor conduction velocity (MCV) between
ankle and knee is normal (50.0 m/s}. In contrast, CECT calculated by using S1 and L1
level MATS coil stimulations is prolonged (6.9 ms, upper limit of normal values is
5.7 ms).

4. Discussion

CECT prolongation was more frequently cbserved as compared to
MCV reduction in CIDP. It suggests the high frequent spinal nerve
involvement in the spinal canal. Prior studies of magnetic resonance
images reveal that the spinal nerves in the spinal canal are frequently
involved in CIDP [10-12]. Therefore, our results have verified the
prominent spinal nerve involvement in the spinal canal
electrophysiologically.

Similar comparison in the upper extremities has been reported by
Inaba et al. [13]. The cervical root conduction time in the spinal canal was
prolonged in 7 out of 11 CIDP patients (63.6%) and MCV between wrist
and elbow was decreased in 9 patients (81.8%). These values should not be
directly compared with our results because the spinal canal segment of
cervical spinal nerves is very short as compared with cauda equina.
Considering the short length, this indicates that the cervical spinal nerves
in the spinal canal also must be very frequently involved.

Why are the segments within a spinal canal so frequently
involved? This might be explained by some anatomical reasons. The
blood nerve barrier needs to be broken for the demyelinating process
of distal peripheral nerves [14]. In contrast, the proximal spinal nerves
in the spinal canal are lacking blood nerve barriers and these are
directly exposed to cerebrospinal fluid [15] These anatomical
structures might allow unknown antibodies or some other circulating
factors to gain direct access to the spinal nerves including the cauda
equina. Based on these discussions, we conclude that the cauda
equina is very vulnerable to the immunological attack in CIDP.
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implanted electrodes in the central nervous system, and safety aspects of TMS in neuroimaging environ-
ments. We cover recommended limits of stimulation parameters and other important precautions, mon-
itoring of subjects, expertise of the rTMS team, and ethical issues. While all the recommendations here
are expert based, they utilize published data to the extent possible.

© 2009 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.
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1. Introduction

Transcranial magnetic stimulation (TMS) is a neurostimulation
and neuromodulation technique, based on the principle of electro-
magnetic induction of an electric field in the brain. This field can
be of sufficient magnitude and density to depolarize neurons, and
when TMS pulses are applied repetitively they can modulate cortical
excitability, decreasing or increasing it, depending on the parame-
ters of stimulation, even beyond the duration of the train of stimula-
tion. This has behavioral consequences and therapeutic potential.

The last decade has seen a rapid increase in the applications
of TMS to study cognition, brain-behavior relations and the path-
ophysiology of various neurologic and psychiatric disorders
(Wassermannn and Lisanby, 2001; Kobayashi and Pascual-Leone,
2003; Gershon et al., 2003; Tassinari et al., 2003; Rossi and Ros-
sini, 2004; Leafaucheur, 2004; Hoffman et al., 2005; Couturier,
2005; Fregni et al, 2005a,b; Hallett, 2007; George et al., 2007;
Maélly and Stone, 2007; Rossini and Rossi, 2007; Devlin and Wat-
kins, 2007; Ridding and Rothwell, 2007). In addition, evidence
has accumulated that demonstrates that TMS provides a valuable
tool for interventional neurophysiology applications, modulating
brain activity in a specific, distributed, cortico-subcortical net-
work so as to induce controlled and controllable manipulations
in behavior.

Repetitive transcranial magnetic stimulation (rTMS) has been
found to be a promising noninvasive treatment for a variety of
neuropsychiatric conditions (Devlin and Watkins, 2007; George
et al, 2007; Aleman et al, 2007; Fregni and Pascual-Leone,
2007), and the number of applications continues to increase with
a large number of ongoing clinical trials in a variety of diseases.
Therapeutic utility of TMS has been claimed in the literature for
psychiatric disorders, such as depression, acute mania, bipolar
disorders, panic, hallucinations, obsessions/compulsions,
schizophrenia, catatonia, post-traumatic stress disorder, or drug
craving; neurologic diseases such as Parkinson’s disease, dystonia,
tics, stuttering, tinnitus, spasticity, or epilepsy; rehabilitation of
aphasia or of hand function after stroke; and pain syndromes,
such as neuropathic pain, visceral pain or migraine. A large indus-
try-sponsored trial (O'Reardon et al, 2007) and a multi-center
trial in Germany (Herwig et al.,, 2007) of rTMS in medication of
refractory depression have been completed, and other appropri-
ately controlled and sufficiently powered clinical trials of TMS
are ongoing.

Most claims of therapeutic utility of TMS across conditions need
further support and evidence-based clinical trial data, but the
potential clinical significance is huge, affecting a large number of
patients with debilitating conditions. A number of clinics have
been set up worldwide offering TMS for treatment of various
diseases, and rTMS is already approved by some countries for
treatment of medication-refractory depression (i.e., Canada and
[srael). In October 2008, a specific rTMS device was approved by
the Food and Drug Administration in the United States for the
treatment of patients with medication-refractory unipolar depres-
sion who have failed one good (but not more than one) pharmaco-
logical trial. It is reasonable to expect that the use of rTMS and its

penetrance in the medical community will continue to increase
across different medical specialties.

The number of laboratories using TMS for therapeutic or neuro-
scientific purposes, and consequently the number of healthy indi-
viduals and patients with various neurological or psychiatric
diseases studied worldwide, has been increasing yearly for the past
20 years (Fig. 1). A further increase in the wide-spread use of TMS
in medical therapeutic applications and research is expected. This
makes the need for clear and updated safety guidelines and recom-
mendations of proper practice of application critical.

Current safety precautions and practice recommendations re-
main guided by the consensus conference held at the National
Institutes of Health in June 1996 and summarized in Clinical Neu-
rophysiology (Wassermannn, 1998). These recommendations were
adopted with minor modifications by the International Federation
for Clinical Neurophysiology (Hallett et al., 1999). Ethical consider-
ations on the application of TMS to health and disease were ini-
tially dealt with by Green et al. (1997) during the early stages of
rTMS testing, and more recently have been addressed by several
publications (Wolpe, 2002; Mashour et al, 2005; Illes et al.,
2006; Steven and Pascual-Leone, 2006). However, as previously
mentioned, the use of TMS has grown dramatically in the past dec-
ade, new protocols of TMS have been developed, changes in the de-
vices have been implemented, TMS is being increasingly combined
with other brain imaging and neurophysiologic techniques includ-
ing fMRI and EEG, and a growing number of subjects and patients
are being studied with expanding numbers of longer stimulation
sessions.

The safety of TMS continues to be supported by recent meta-
analyses of the published literature (see Machii et al., 2006; Loo
et al., 2008; Janicak et al., 2008), yet there is a clear need to revisit
the safety guidelines, update the recommendations of practice, and
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Fig. 1. Number of published papers per/year on Transcranial Magnetic Stimulation.
Medline search updated to December 2008. Key words used are “Transcranial
magnetic stimulation” (left bars) and “repetitive TMS” (right bars).
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improve the discussion of ethical aspect to be reflective of the
expanding uses of these powerful and promising techniques. To-
wards this end, a consensus conference took place in Certosa di
Pontignano, Siena (Italy) on March 7-9, 2008. As in the 1996 NIH
Consensus Conference, the 2008 meeting brought together some
of the leading researchers in the fields of neurophysiology, neurol-
ogy, cognitive neuroscience and psychiatry who are currently
using TMS for research and clinical applications. In addition, repre-
sentatives of all TMS equipment manufacturers were invited and
those of Magstim, Nexstim, and Neuronetics were present, along
with representatives from various regulatory agencies and several
basic and applied scientists, including physicists, and clinicians
whose work has bearing on decisions regarding the safe and ethical
use of rITMS. The present article represents a summary of the issues
discussed and the consensus reached. It follows the outline of the
1998 consensus statement, addressing all issues raised previously
to provide corrections or updates where necessary, and including
various new topics needed given technological advances.

2. Principles of TMS
2.1. Nomenclature

TMS can be applied one stimulus at a time, single-pulse TMS, in
pairs of stimuli separated by a variable interval, paired-pulse TMS,
or in trains, repetitive TMS. Single-pulse TMS can be used, for exam-
ple, for mapping motor cortical outputs, studying central motor
conduction time, and studying causal chronometry in brain-behav-
ior relations. In paired pulse techniques TMS stimulation can be
delivered to a single cortical target using the same coil or to two
different brain regions using two different coils. Paired pulse

Conventional rTM8

10s
| 1
! —— -
1s
10s

cTBS

techniques can provide measures of intracortical facilitation and
inhibition, as well as study cortico-cortical interactions. Pairing
can also be with a peripheral stimulus and a single TMS stimulus,
paired associative stimulation (PAS).

When multiple stimuli of TMS are delivered in trains, one can
differentiate “conventional” and “patterned” protocols of repeti-
tive stimulation. For conventional protocols (Fig. 2), there is uni-
versal agreement that the term ‘repetitive TMS' (rTMS) has
replaced earlier uses of the terms ‘rapid TMS' and ‘rapid-rate
TMS' and should be used to refer to the application of regularly re-
peated single TMS pulses. The term ‘fast’ or ‘high-frequency’ rTMS
should be used to refer to stimulus rates of more than 1 Hz, and the
term ‘slow’ or ‘low-frequency’ rTMS should be used to refer to
stimulus rates of 1 Hz or less. Such a classification is based on
the different physiological effects and degrees of risk associated
with low- and high-frequency stimulation.

Patterned rTMS refers to repetitive application of short rTMS
bursts at a high inner frequency interleaved by short pauses of
no stimulation. Most used to date are the different theta burst
(TBS) protocols in which short bursts of 50 Hz rTMS are repeated
at a rate in the theta range (5 Hz) as a continuous (cTBS), or inter-
mittent (iTBS) train (Huang et al., 2005; Di Lazzaro et al.,, 2008)
(Fig. 2).

Lasting inhibitory aftereffects of 1 Hz rTMS and cTBS and facil-
itatory after-effects following high-frequency rTMS and iTBS were
found on motor corticospinal output in healthy subjects, with a
neurophysiologic substrate that remains unclear. Various mecha-
nisms are worth considering, including synaptic changes resem-
bling experimental long term depression (LTD) and long term
potentiation (LTP) mechanisms, as well as shifts in network
excitability, activation of feedback loops, activity-dependent

Patterned rTMs

200 ms (3 pulses - 50H2)
—

20sEHD)

I

360 trains

Fig. 2. Left panel (Conventional rTMS). From the top: examples of 10 s of rTMS at 1 Hz (first trace) and at 5 Hz (second trace); 1 s of rTMS at 10 Hz and a typical example of
20 Hz application for therapeutic purposes (trains of 2 s interleaved by a pause of 28 s). Right panel (Patterned rTMS). From the top: 20 s of continuous theta burst (first trace);
intermittent theta burst (second trace) and intermediate theta burst (third trace). The fourth trace represents protocols of quadripulse stimulations (QPS).
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metaplasticity (Gentner et al., 2008; lezzi et al,, 2008) etc. In the
context of the present manuscript, a few issues are worth pointing
out as they are relevant for the safety of TMS.

Regarding rhythmic, conventional repetitive, rTMS it is note-
worthy, that in order to comply with present safety guidelines,
protocols of slow rTMS (<1 Hz stimulation frequency) generally
apply all pulses in a continuous train, whereas protocols of fast
rTMS (e.g., >5 Hz stimulation frequency) apply shorter periods
of r'TMS separated by periods of no stimulation (e.g., 1200 pulses
at 20 Hz and subthreshold stimulation intensity might be delivered
as 30 trains of 40 pulses (2 s duration) separated by 28 s intertrain
intervals (Fig. 2). There is only limited safety information on the ef-
fect of inserting pauses (intertrain intervals) into rTMS protocols
(Chen et al.,, 1997). However, considering metaplasticity arguments
(Abraham and Bear, 1996; Bear, 2003), it is likely that such pauses
also have a significant impact on the effect of rTMS, both in terms
of efficacy and safety. Therefore, further investigations are needed.

Regarding patterned rTMS, most TBS protocols employed to
date replicate the original ones explored by Huang et al. (2005):
for ¢TBS 3 pulses at 50 Hz are applied at 5 Hz for 20 s (300 total
stimuli) or 40 s (600 stimuli). For iTBS twenty 2 s periods of cTBS
each separated from the following by 8 s are applied (Fig. 2). Obvi-
ously, there are an infinite variety of combinations of such proto-
cols, and it is important to emphasize that the effects and safety
of the different protocols may differ, and that small changes, may
have profound impact.

Recently, quadripulse stimulation (QPS) (Hamada et al., 2008)
has been added to patterned rTMS procedures able to induce
long-term changes of cortical excitability (see Fig. 2). Repeated
trains of four monophasic pulses separated by interstimulus inter-
vals of 1.5-1250 ms produced facilitation (at short intervals) or
inhibition (at longer intervals), probably through a modulatory
action on intracortical excitatory circuitry (Hamada et al., 2008).

The combination of repeated sub-motor threshold 5 Hz repeti-
tive electrical stimulation of the right median nerve synchronized
with sub-motor threshold 5 Hz rTMS of the left M1 at a constant
interval for 2 min, or paired associated stimulation (PAS), is an-
other protocol to temporally enhance rTMS effects at cortical level
on the basis of a previously demonstrated interaction of the condi-
tioning and test stimuli at the cortical level (Mariorenzi et al.,
1991), perhaps through (meta)-plasticity mechanisms (Quartarone
et al., 2006).

Repetitive paired-pulse stimulation (not included in Fig. 2) has
be performed at ICF periodicity (Sommer et al., 2001) or i-wave
periodicity (Di Lazzaro et al, 2007) [(also termed iTMS
(Thickbroom et al., 2006) or rTMS (Hamada et al., 2007)]. Although
higher excitability increases could be observed in comparison to
single-pulse rTMS no seizures have been reported so far with this
technique.

In all studies introducing new TMS protocols, safety should be
addressed by including careful monitoring of motor, sensory and
cognitive functions before, during, and after the intervention.

2.2. Interaction of magnetic field with tissue

In TMS, electric charge stored in a capacitor is discharged
through a stimulation coil, producing a current pulse in the circuit
that generates a magnetic field pulse in the vicinity of the coil.
According to Faraday’s law of electromagnetic induction, this
time-varying magnetic field induces an electric field whose magni-
tude is proportional to the time rate of change of the magnetic
field, which in the case of TMS is determined by the rate of change
of the current in the coil. If the coil is held over a subject’s head, the
magnetic field penetrates scalp and skull, and induces an electric
field in the brain. The induced electric field causes ions to flow in
the brain, without the need for current to flow across the skull

and without charged particles being injected into the scalp. In con-
trast, in transcranial electric stimulation (TES) charge is injected
into the scalp at the electrodes and current must flow through
the skull. Due to the low conductivity of the skull, in TES a large po-
tential difference must be applied between the electrodes in order
to achieve a current density in the brain high enough to stimulate
neurons, and this leads to a much higher current density in the
scalp. Thus, the ratio of the maximum current density in the scalp
to the maximum current density in the brain is much lower in TMS
than for TES, allowing TMS to stimulate cortical neurons without
the pain associated with TES.

The flow of ions brought about by the electric field induced in
the brain alters the electric charge stored on both sides of cell
membranes, depolarizing or hyperpolarizing neurons. The exis-
tence of passive ion channels renders the membrane permeable
to these ions: an increased membrane conductance decreases the
amplitude of the change in membrane potential due to the induced
electric field and decreases the time constant that characterizes the
leakage of the induced charge. Experimental evidence (Amassian
et al., 1992; Maccabee et al., 1993) and theoretical calculations
(Nagarajan et al., 1993) indicate that stimulation occurs at a lower
threshold where axons terminate, or bend sharply, in the relatively
uniform electric field induced by the TMS stimulation coil. Accord-
ingly, stimulation should occur where the electric field is strongest
and points along the direction of an axon that terminates, for
example at a synapse, or bends sharply. Axons with larger length
constants, and hence larger diameters, are expected to be stimu-
lated at lower stimulus intensity.

The stimulators and coils currently in production develop about
1.5-2.0 Tesla (T) at the face of the coil, produce currents changing
at rates up to 170 A/us (Thielscher and Kammer, 2002) and induce
electric fields in the cortex of up to about 150 V/m. They are
thought, depending by the stimulation intensity, to be able to acti-
vate cortical neurons at a depth of 1.5-3.0 cm beneath the scalp
using standard Figure 8, circular or double-cone coils. The Figure
8 coil produces a more focal and shallower stimulation, whereas
the double-cone coil was especially designed for stimulation of
deeper cortical targets. When using intensities below 120% of mo-
tor threshold, the stimulation can not induce direct activation at
depth of more than 2 cm beneath the scalp (Roth et al, 2002,
2007; Zangen et al,, 2005; Roth et al.,).

Stimulus waveform and current direction have a significant im-
pact on stimulation threshold. Shorter stimulus duration requires
larger pulse amplitude but lower pulse energy to achieve stimula-
tion (Barker, 1991; Hsu et al., 2003; Peterchev et al., 2008). For
monophasic pulses over the motor cortex, a lower threshold is
observed when the induced current flows in the brain in poster-
ior-anterior direction. For biphasic pulses, the threshold is lowest
when the induced current flows in the posterior-anterior direction
in the second phase, and hence in the opposite direction from the
first phase (Kammer et al., 2001). This effect can be explained in
terms of the delayed (capacitive) response of the membrane
(Davey and Epstein, 2000; Corthout et al., 2001). Stimulation
threshold is lower for biphasic stimuli than for monophasic stimuli
only if compared in terms of the energy stored in the stimulator's
capacitors. In practice, the relative value of these two thresholds
may be different for different stimulators (Kammer et al., 2001),
which might have relevance in terms of safety.

Several simulation models have been developed to provide a
view of the electromagnetic field distributions generated in biolog-
ical tissue during TMS (Wagner et al., 2007). The simplified geom-
etries of early models argued for the absence of currents normal to
the superficial cortex and limited effects of surrounding tissues or
altered anatomies, but more realistic head models indicate that
such conclusions are inaccurate. For example, the conjecture
that radial currents are absent during TMS, has influenced the
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