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Abstract: Navigated transcranial magnetic stimulation (TMS) can be used to stimulate functional corti-
cal areas at precise anatomical location to induce measurable responses. The stimulation has commonly
been focused on anatomically predefined motor areas: TMS of that area elicits a measurable muscle
response, the motor evoked potential. In clinical pathologies, however, the well-known homunculus
somatotopy theory may not be straightforward, and the representation area of the muscle is not fixed.
Traditionally, the anatomical locations of TMS stimulations have not been reported at the group level
in standard space. This study describes a methodology for group-level analysis by investigating the
normal representation areas of thenar and anterior tibial muscle in the primary motor cortex. The opti-
mal representation area for these muscles was mapped in 59 healthy right-handed subjects using navi-
gated TMS. The coordinates of the optimal stimulation sites were then normalized into standard space
to determine the representation areas of these muscles at the group-level in healthy subjects. Further-
more, 95% confidence interval ellipsoids were fitted into the optimal stimulation site clusters to define
the variation between subjects in optimal stimulation sites. The variation was found to be highest in
the anteroposterior direction along the superior margin of the precentral gyrus. These results provide
important normative information for clinical studies assessing changes in the functional cortical areas
because of plasticity of the brain. Furthermore, it is proposed that the presented methodology to study
TMS locations at the group level on standard space will be a suitable tool for research purposes in
population studies. Hum Brain Mapp 31:1272–1280, 2010. VC 2010 Wiley-Liss, Inc.
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INTRODUCTION

The traditional concept of homunculus somatotopy of
the peripheral musculature [Penfield and Rasmussen,
1950] has been studied extensively [Barinaga, 1995; Beis-
teiner et al., 2004; Kapreli et al., 2007]. However, the exact
point-to-point representation of homunculus somatotopy
has been shown to be much more complex because there
are large variations between individuals in the motor-sen-
sory cortex [Branco et al., 2003; Farrell et al., 2007]. Fur-
thermore, functional representation areas of different
muscles have been reported to change in relation to certain
diseases and conditions such as joint immobilization [Lie-
pert et al., 1995; Zanette et al., 1997], chronic pain [Flor,
2002, 2003; Flor et al., 1997] or stroke [Byrnes et al., 2001;
Cramer and Crafton, 2006]. On the other hand, brain plas-
ticity may also be affected by therapy [Levy et al., 2001] or
learning and experience [Büchel et al., 1998; Kilgard et al.,
2001; Münte et al., 2002; Singer, 1995].

At present, several different brain mapping methods
such as functional magnetic resonance imaging (fMRI),
magnetoencephalography (MEG), and transcranial mag-
netic stimulation (TMS) can be used in clinical studies
assessing functional representation areas. TMS is a non-
invasive method that selectively stimulates cortical areas
using a magnetic pulse [Barker et al., 1985]. There are sev-
eral methods to position the TMS coil over the head and
target the TMS to certain areas on the cortex. It has been
shown that positioning the TMS coil based on individual
fMRI results yields a stronger behavioral effect size than
when positioning of the coil is based either solely on indi-
vidual anatomy (MR images), group-averaged fMRI results
or 10–20 EEG positioning [Herwig et al., 2003; Sack et al.,
2009; Sparing et al., 2008]. Furthermore, systems have been
developed to assist in TMS coil placement and stimulation
based on MR images, while the individual is inside the
MR scanner [Bohning et al., 2003; Denslow et al., 2005].
Positioning the TMS coil and performing the whole stimu-
lation session inside the MR scanner enables accurate coil
location in relation to individual anatomy, but it limits the
moving of the coil and stimulating over several locations
due to lack of space. In addition, the measurement of the
TMS induced response is technically demanding. There-
fore, it is not always possible to perform an fMRI study
before TMS, and it is especially difficult during the
procedure.

When the stimulation system includes an MRI-based
navigation method, the targeting of the magnetic pulse to
a specific cortical area can be performed visually based on
individual cortex anatomy [Herwig et al., 2001; Julkunen
et al., 2009]. This provides a very specific focusing of the
TMS pulse to a specific area on the cortex and enables pre-
cise repetitive stimulation to the chosen site. When the
TMS induced electromyography (EMG) response is meas-
ured simultaneously, the optimal site on the motor cortex
can be determined based on both anatomical and func-
tional information. Furthermore, some MRI-based naviga-

tion systems keep a record of the stimulation sites in MR
coordinates for subsequent analysis and this information
can be utilized to compare representative areas found with
different brain mapping modalities, e.g. TMS and fMRI. It
has been shown that these two methods correspond well
with each other [Boroojerdi et al., 1999; Herwig et al.,
2002; Krings et al., 2001a,b; Lotze et al., 2003]. In our
study, the coil was positioned using both the information
of individual anatomy (MR images) and the induced func-
tion (EMG responses measured from the target muscle).
We believe that this procedure provides the best possible
functional and anatomical localization of the TMS at the
same time maximizing subject comfort and enabling stim-
ulation over a large area.

TMS as a method to study brain function has lately
gained more and more popularity. Traditionally, the loca-
tions of the TMS stimulations have not been reported on
standard space at the group level, presumably because
this requires specialized equipment that can record the
stimulation sites in the MR coordinates. Earlier, Denslow
et al. [2005] reported stimulation locations normalized to
standard space. However, their objective was to examine
the differences between function-guided and image-guided
TMS using fMRI, not to study variations in the locations
of the optimal stimulation sites. There are no large-scale
normalized materials for the representation areas of hand
and leg muscles determined with TMS. One can hypothe-
size that baseline information on the normal variation in
the optimal representation of muscles would improve
detection of abnormal excitation sites. The aim of this
study was to devise a methodology to report TMS loca-
tions in standard space and to determine baseline of repre-
sentation areas on the motor cortex for thenar and anterior
tibial muscles in a healthy population using navigated
TMS. Furthermore, we utilized the methodology to investi-
gate whether age and gender had any effect on the loca-
tion of the optimal stimulation sites and to investigate the
correlation of the location of the optimal stimulation site
and anatomically defined hand-knob at the group level.
We postulate that the normative data which we collected
may in future be used to provide baseline information for
clinical studies of brain plasticity.

METHODS

Subjects

This study examined 59 healthy right-handed volunteers
(31 women and 28 men) recruited from hospital and uni-
versity staff, student body, and the local community. The
same subjects participated in our recent study, where we
reported normal clinical neurophysiological values for
most common TMS parameters determined using naviga-
tion [Säisänen et al., 2008b]. None of the subjects had any
central nervous system (CNS) diseases or psychiatric dis-
orders and none of them were taking medications with
known CNS effects, or had any commonly accepted
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contraindications for MRI or TMS. The subjects gave their
written informed consent prior to participating. The study
was approved by the local ethics committee.

Age range of the subjects was 22–79 years, evenly dis-
tributed (appr. 10 subjects per decade). Handedness was
determined according to the Waterloo Handedness Ques-
tionnaire-revised and reduced form with 20 items.

Measurement Setups

Magnetic resonance imaging (MRI) was performed with
a 1.5T Siemens Magnetom Avanto (Erlangen, Germany)
scanner using a standard 8-channel head coil and a T1-
weighted sequence (TR 1980 ms, TE 3.93 ms, matrix 256 �
256, 176 sagittal slices, slice thickness 1.0 mm, in-slice reso-
lution of 1.0 mm � 1.0 mm). The MR images were used in
the rendering of a 3D image of each subject’s head for the
navigation (Fig. 1).

The TMS setup consisted of eXimia navigation system
combined with a magnetic stimulator and two figure-of-
eight TMS coils with mean wing radius of 50 mm (eXimia
NBS System and TMS stimulator, Nexstim Helsinki Fin-
land). Both biphasic pulse type and monophasic pulse
type were used. The navigation system combines individ-
ual MR images with online infrared-tracking of the sub-
ject’s head and the TMS coil in use. With the information
of the coil geometry and orientation relative to the sub-
ject’s head, the eXimia navigation software estimates the

Figure 1.

The primary motor cortex and the surrounding areas were

thoroughly mapped for thenar (hand) and anterior tibial (leg)

muscle representation areas. The middle image shows the corti-

cal stimulation areas with individual stimuli for leg and hand

areas. The yellow cylinders represent the location of the coil

during stimulation. The direction of the induced electrical cur-

rent is illustrated with orange arrows. Stimulation foci are

shown in the close-ups for both areas (leg on the left and hand

on the right). Red dots represent the optimal stimulation sites

inducing the highest MEP response.

Figure 2.

The anatomical measurements of the hand-knob in the normal-

ized space. Three points were defined in each hand-knob: lateral

(A), central (B), and medial (C) corner of the inverse X-shape.
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magnetic stimulation induced electric field on the visual-
ized reconstructed cortex surface [Ruohonen and Ilmo-
niemi, 1999]. The stimulation site in eXimia navigation
software is defined as the maximum of the induced elec-
tric field on the chosen surface. Thus, the location of the
maximum electric field on the surface is based on mathe-
matical modeling of the electrical conductivity of the sub-
ject’s head and not only a projection of a virtual rod from
the TMS coil.

During stimulation, EMG was recorded and monitored
continuously on-line (ME 6000, Mega Electronics Ltd.,
Kuopio, Finland). EMG was measured using pregelled dis-
posable Ag/AgCl electrodes. The active electrode was
attached to the skin overlying the thenar (abductor pollicis
brevis) and the reference electrode on the first metacarpo-
phalangeal joint when examining the hand motor area. On
the lower limb, the active electrode was placed on the an-
terior tibial muscle with the reference on the tibial bone
approximately 10 cm distally. The EMG signals were fil-
tered to the 8–500 Hz band, amplified, displayed and
stored for off-line analysis. The TMS system delivered trig-
gering pulses that synchronized the TMS and EMG
systems.

Localization of the Optimal Stimulation Sites

The induced electric field is greatest near the TMS coil
and predominantly causes excitation at bends of the
pyramidal axons [Ruohonen and Ilmoniemi, 1999]. There-
fore, in this study, we chose the depth to be as near the
TMS coil as possible (strong electrical field) with as much
axonal bends as possible (large probability to cause activa-
tion). The depth was chosen for each subject similarly
based on their individual anatomy to be the outermost
surface where gray and white matter are distinguishable.
We wanted to focus on variation on anteroposterior and
lateral-medial directions in the optimal location, as they
are the directions that can be measured when using TMS
and that affect the placement of the TMS coil. The depth
was therefore fixed as well as possible based on individual
anatomy. The optimal cortical stimulation site for studied
muscles was defined as the location of the maximum of
the electric field on the visualized surface where TMS
evoked the largest EMG-response in the relaxed target
muscle. To ensure the relaxation of the muscle, the back-
ground EMG activity was visually monitored during map-
ping, and stimulations were given only when the
examined limb was relaxed [Säisänen et al., 2008a].

The localization of the optimal stimulation site was sep-
arately performed with both bi- and mono-phasic pulse
forms for the thenar muscle, and with the biphasic pulse
form for the anterior tibial muscle, thus resulting in six
mapped stimulation locations for each subject. The optimal
stimulation site using the monophasic pulse form for the
anterior tibial muscle was not defined, because in most of
the subjects, the maximum stimulator output of the TMS

system was insufficient to evoke EMG-responses with the
monophasic pulse form [Säisänen et al., 2008b]. To locate
the optimal stimulation site for the thenar muscle, the
hand muscle area around the anatomically defined cortical
‘‘hand knob’’ [Yousry et al., 1997] was extensively
mapped. With the biphasic pulse form, the starting stimu-
lation intensity was 45 or 50% of the stimulator maximum
output depending on the age of the subject. The mapping
intensity was adjusted individually (average: 52%, range:
35–75% of the stimulator maximum output) so that MEPs
of around 200–300 lV were elicited somewhere around the
hand knob. With the monophasic pulse form the required
mapping intensity was higher; average: 74%, range: 55–
99%. The mapping was continued in each direction from
the hand knob as long as MEPs were elicited. During stim-
ulation, the coil was kept tangential to the surface of the
head and the direction of the induced current perpendicu-
lar to the anatomically defined central sulcus (Fig. 1). For
the anterior tibial muscle, the mapping was begun at the
midline at the level of the central sulcus, then continued
both anteriorly and posteriorly, and a few centimetres lat-
erally (Fig. 1). The average mapping intensity was 76% of
the stimulator maximum output (range: 50–99%). On aver-
age, 40 � 15 stimuli were required to locate the optimal
stimulus site and coil orientation. The stimulation order of
the hemispheres was randomized in each subject.

Data Analysis

The navigation software was used to assess the location
of the maximum of the TMS induced electric field in the
cortex and it expresses this in MR coordinates. These coor-
dinates were used to define the optimal stimulation site
anatomically in the MR images. Subsequently, as a way to
enable the group comparison of these sites, the individual
MR images were spatially normalized to standard space as
defined by the Montreal Neurological Institute ICBM-152-
template using the SPM5-software (The Wellcome Depart-
ment of Imaging Neuroscience, Institute of Neurology,
University College London, UK) running on Matlab 7.4
(The Mathworks, Natick, USA). The images were first
manually aligned to the AC-PC-line in SPM5 to provide
the best possible starting estimates for the normalization
procedure. The normalized images were resampled into (2
� 2 � 2) mm3 voxel size. The location of a single voxel in
the standard space can be determined using the deforma-
tion field calculated from each subject’s inverse normaliza-
tion parameterization. It is essential to use the inverse
parameterization since the normal parameterization which
is saved in the normalization step defines the warps from
standard space to individual space. This procedure was
used to normalize the MR-coordinates of the optimal stim-
ulation into the standard space. Normalization of the MR-
coordinates enables comparison of the optimal stimulation
sites at the group-level. To determine the normal variation
of the optimal stimulation sites, ellipsoids of the 95%
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Figure 3.

The centres of masses of the normalized optimal stimulation sites for (a) left thenar muscle

(biphasic pulse form in red and monophasic in blue), b) right thenar muscle (biphasic pulse form

in red and monophasic in blue), and c) right (blue) and left (red) anterior tibial muscle.

Figure 4.

The normalized optimal stimulation sites (black dots) and their

corresponding 95% confidence interval ellipsoids using (a) bipha-

sic pulse form for left and right thenar muscle (red and dark

blue ellipsoids, respectively) and left and right anterior tibial

muscle (green and light blue ellipsoids, respectively), and

(b) monophasic pulse form for left and right thenar muscle

(dark blue and red ellipsoids, respectively). The outer surface of

the rendered brain represents the gray matter/CSF boundary

and the inner surface represents the gray matter/white matter

boundary.
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confidence interval were fitted to the clusters of the indi-
vidual sites by estimating the lengths and directions of the
ellipsoid main axis based on chi-square distribution using
Matlab.

Anatomical Measurements

The location of the hand-knob in standard space was
defined for each subject to check the anatomical consis-
tency of the normalized images. The location of the hand-
knob was defined using three points of the inverted
X-shaped hand-knob [Yousry et al. 1997]: medial, central,
and lateral corner (Fig. 2). The coordinates of these points
were defined on both hemispheres at the depth of the
individual optimal TMS-location if the shape of the hand-
knob was visible at that level or at the nearest depth
where it was visible.

Statistical Analysis

All statistical analyses were performed using the nor-
malized location coordinates. For each optimal stimulation
site, the centre of mass of the individual normalized coor-
dinates was calculated. The Euclidian distance and the dis-
tance in each Cartesian direction between the individual
site and the centre of mass were calculated for each sub-
ject. The statistical analyses were performed with SPSS
14.0 (SPSS Inc., Chicago, IL). The correlation of the var-
iance in the optimal stimulation site between age, head cir-
cumference, and hand-knob coordinates was tested with

Pearson correlation. Independent samples t-test was used
to test if there was a gender difference in optimal stimula-
tion sites. Differences between hand-knob coordinates and
optimal stimulation site coordinates in both lateral-medial
and anteroposterior direction were tested with paired sam-
ples t-test.

RESULTS

As expected, the optimal stimulation site for the thenar
muscle was usually found at the hand knob or in the near
vicinity and for anterior tibial muscle the optimal location
was near to the longitudinal fissure on M1. The centres of
mass of optimal stimulation sites in MNI-coordinates are
illustrated in Figure 3. There were no statistically signifi-
cant differences in any direction in the locations of the
optimal stimulation sites or anatomically defined hand-
knob between genders.

The coordinates of the centres of mass of the normalized
optimal stimulation sites and the basis vectors of 95% con-
fidence interval ellipsoids main axis, as well as the vol-
umes of the ellipsoids are presented in Table I for both
coils and both muscles. The normalized optimal stimula-
tion sites with 95% confidence ellipsoids are illustrated in
Figure 4. The observed variance in the optimal stimulation
site did not correlate with age or head circumference.

There were no statistically significant differences
between lateral or central hand-knob coordinates and opti-
mal stimulation site coordinates for the thenar muscle
using either of the coils in the lateral-medial direction.

TABLE I. 95% Confidence interval ellipsoids

Centre of mass Main axis’ basis vectors (mm) V (ml)

Biphasic pulse form, thenar muscle
Right hemisphere 40, �12, 57 4.0i þ 0.4j þ 4.5k 5.9

�3.0i – 13.0j þ 4.0k
12.2i – 6.0j – 10.2k

Left hemisphere �37, �16, 59 �3.5i – 0.1j þ 4.2k 5.4
11.1i þ 4.0j þ 9.3k
�3.4i þ 15.0j – 2.4k

Biphasic pulse form, tibial muscle
Right hemisphere 10, �24, 70 1.9i þ 0.1j þ 7.0k 9.1

14.8i þ 1.7j – 4.0k
�2.2i þ 19.3j þ 0.3k

Left hemisphere �8, �23, 70 �1.4i – 0.6j þ 7.7k 7.1
11.0i – 0.2j þ 2.0k
0.1i þ 19.1j þ 1.6k

Monophasic pulse form, thenar muscle
Right hemisphere 38, �12, 58 �3.9i – 0.6j – 4.2k 5.0

6.5i þ 8.6j – 7.2k
8.6i – 11.8j – 6.2k

Left hemisphere �36, �15, 59 �2.8j þ 0.1j þ 4.3k 5.2
9.4i – 2.5j þ 6.1k
4.1i þ 20.6j þ 2.1k

The table presents the centres of mass of optimal stimulation sites in MNI-coordinates, the basis
vectors of the 95% confidence interval ellipsoids’ main axis and the corresponding ellipsoids’ vol-
umes (V) in milliliters for all subjects according to the pulse form and studied muscle.
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However, with the medial hand-knob coordinate, there
was a significant difference (P < 0.001) so that the optimal
stimulation sites were more laterally located. In anteropos-
terior direction, the optimal stimulation sites for thenar
muscle were located more anteriorly than the hand-knob.
This difference was significant (P < 0.001) with all three
hand-knob coordinates.

There were no significant correlations between the
hand-knob coordinates and the optimal stimulation sites
in the anteroposterior direction using either of the pulse
forms, or in lateral direction when using biphasic pulse
form. However, on the left hemisphere, the optimal stimu-
lation site for the monophasic pulse form did correlate
with all the hand-knob points in lateral-medial direction
(P < 0.05, R ¼ 0.29–0.40).

DISCUSSION

In this study, the normal optimal TMS sites were
defined for thenar and anterior tibial muscles in the
healthy population. Somatotopy of the thenar and anterior
tibial representation areas in primary motor cortex fol-
lowed the order reported with several imaging methods
[Beisteiner et al., 2004; Hlustı́k et al., 2001; Van Gelderen
et al., 2005; van Westen et al., 2004].

The individual optimal stimulation sites were normal-
ized into standard space to enable group comparison. The
spatial variation in the location of the optimal stimulation
sites proved to be relatively high especially in the anterior-
posterior direction. Our finding of spatial variation
between subjects is in line with previous findings of indi-
vidual variability in motor cortex somatotopy. In particu-
lar, in studies using direct electrical stimulation extensive
individual variation has been identified and the concept of
homunculus somatotopy of the motor-sensory cortex has
been criticized [Branco et al., 2003; Farrell et al., 2007]. The
largest variation in our study was found in anteroposterior
direction. This is in agreement with an earlier test–retest
study where the variation for the representation area of
APB was larger in the anteroposterior direction than in the
lateral direction [Malcolm et al., 2006]. Although these
researchers studied variation within subjects, the observed
intra-individual variation in the anteroposterior direction
may also have an effect on our inter-individual results.
The variation in optimal stimulation sites was further
examined by fitting 95% confidence interval ellipsoids in
clusters of optimal stimulation sites. The volumes of the
ellipsoids represent the variation between the sites, i.e. the
larger the volume, the greater the variation. The variations
in optimal stimulation sites for the anterior tibial muscles
were larger than for thenar muscle. This is logical since
the representation area of leg muscles is known to be
located on the medial surface of each hemisphere where it
is more difficult to target the magnetic pulse as accurately
as on the hand area. The monophasic pulse type has been
shown to be more accurate in motor cortex excitation

[Alexander and Maciunas, 1999] which might explain the
slightly smaller variation in the locations of the optimal
stimulation site for thenar muscle using the monophasic
pulse type than biphasic pulse type. The difference in vari-
ation between these two pulse forms, however, was not
large in our study population, highlighting the larger vari-
ation between-subjects than within-subjects.

The optimal stimulation site for the thenar muscle was
usually found anterior to the central sulcus and laterally
from the medial corner of the anatomically defined hand-
knob. However, as there was no correlation between the
hand-knob location and the optimal stimulation site, the
stimulation site in the TMS studies should not be defined
purely based on individual anatomy. This is in line with
previous studies in which different coil positioning
approaches has been compared [Denslow et al., 2005; Sack
et al., 2009; Sparing et al., 2008]. In these studies, position-
ing the coil based on individual fMRI results was found to
be the most reliable approach. If individual fMRI results
are not available, accurate and thorough mapping to iden-
tify the optimal site needs to be performed.

Navigated TMS enables the mapping of the cortex accu-
rately only bidimensionally, i.e. in the anteroposterior and
lateral directions. The third dimension, the depth, cannot
be defined unambiguously due to the nature of the TMS
technique. In this study, the depth has been systematically
defined similarly in each subject as the depth where the
gray and white matter first can be distinguished on the
reconstructed surface of the 3D-rendered MRI head. There-
fore, the differences in the depth direction are not within
the scope of this study. To study deeper structures of the
brain in 3D and also more complex movement-related
functions, other methods, such as fMRI, need to be used.
However, the better spatial resolution of navigated TMS
on the cortex supports its use for mapping changes in the
sensorimotor cortical areas. It has been proposed that com-
bining the fMRI or PET with MEG and navigated TMS
might be the optimal way to study brain plasticity [Rossini
and Dal Forno, 2004].

In general, navigated TMS is considered as very specific
in mapping functional areas of the brain, especially the pe-
ripheral muscles [Ruohonen and Ilmoniemi, 2002]. The ac-
curacy of the aiming tool in the eXimia navigation
software gives a precision of �2 mm and �2 degrees in
rotation when consecutive stimuli are given to the same
location. The specificity of individual optimal stimulation
sites, however, may vary even in healthy subjects, e.g. due
to varying level of alertness during the measurement ses-
sion [Salih et al., 2005], fluctuating relaxation level in the
target muscle [Begum et al., 2005], or errors caused by
the measurement system. Commonly the reproducibility of
the mapped location of the representation area of muscles
is good from session-to-session using the eXimia naviga-
tion system [Danner et al., 2008; Julkunen et al., 2009]. The
issues mentioned earlier may have led to some inaccuracy
in defining the optimal stimulation sites in some of our
subjects. However, because of the large number of subjects
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in this study, any systematic effect of the individual inac-
curacies has been minimized. Another possible source of
inaccuracy is the normalization of the individual MR
images and stimulation sites into standard space.
Although normalization is an essential step in comparing
results between subjects, it may contribute some additional
variation, depending on the success of the procedure. In
fMRI studies; however, spatial normalization is regarded
as a standard procedure when studying populations [Ash-
burner and Friston, 1999] and the normalization method
used in this study is one of the most commonly used tech-
niques in fMRI studies. The precision of anatomical nor-
malization of this method has been reported to have a
standard deviation of about 1 mm in the medial temporal
lobe [Salmond et al., 2002]. To further study the accuracy
of the normalization, the hand-knob location was defined
in normalized MR images for each subject. The average
standard deviation in the hand-knob coordinates (medial,
central, and lateral points, x- and y-coordinates) was 4.4
mm (range: 3.6–4.9 mm) in our study population. This var-
iation is not solely attributable to the normalization proce-
dure; there is also variation in the shape of the hand-knob
thus affecting the chosen coordinates. Therefore, the possi-
ble variation caused by the normalization is acceptable
and the accuracy was considered as adequate.

In summary, the normal functional area of healthy brain
motor cortex was mapped and placed into standard space.
MRI-navigated TMS combined with image-normalization
procedure was found to be a suitable method with which
to study group differences in localizing brain motor func-
tion. Furthermore, the methodology presented in this
study could be used to study possible differences in the
location of functional representation areas of muscles or
other functionally active cortical areas caused by disease,
learning, or experience. It is predicted that navigated TMS
will prove to be a valuable method in the study of brain
plasticity with an outcome comparable to fMRI.
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Karhu J (2008): Navigated transcranial magnetic stimulation
and comuted electric field strength reduce stimulator-depend-
ent differences in the motor threshold. J Neurosci Methods
174:116–122.

Denslow S, Bohning DE, Bohning PA, Lomarev MP, George MS

(2005): An increased precision comparison of TMS-induced

motor cortex BOLD fMRI response for image-guided versus

function-guided coil placement. Cog Behav Neurol 18:119–126.

Farrell DF, Burbank N, Lettich E, Ojemann GA (2007): Individual

variation in human motor-sensory (rolandic) cortex. J Clin

Neurophysiol 24:286–293.
Flor H, Braun C, Elbert T, Birbaumer N (1997): Extensive reorgan-

ization of primary somatosensory cortex in chronic back pain
patients. Neurosci Lett 224:5–8.

Flor H (2002): The modification of cortical reorganization and
chronic pain by sensory feedback. Appl Psychophysiol Bio-
feedback 27:215–227.

Flor H (2003): Cortical reorganisation and chronic pain: implica-
tions for rehabilitation. J Rehabil Med 41(Suppl):66–72.

Herwig U, Schonfeldt-Lecuona C, Wunderlich AP, von Tiesenhau-

sen C, Thielscher A, Walter H, Spitzer M (2001): The naviga-

tion of transcranial magnetic stimulation. Psychiatry Res:

Neuroimaging 108:123–131.

Herwig U, Schonfeldt-Lecuona C, Wunderlich AP, von Tiesenhau-

sen C, Thielscher A, Walter H, Spitzer M (2002): Spatial

congruence of neuronavigated transcranial magnetic stimula-

tion and functional neuroimaging. Clin Neurophysiol 113:462–

468.
Herwig U, Satrapi P, Schonfeldt-Lecuona C (2003): Using the

international 10-20 EEG system for positioning of transcranial
magnetic stimulation. Brain Topogr 16:95–99.

Hlustı́k P, Solodkin A, Gullapalli RP, Noll DC, Small SL (2001):
Somatotopy in human primary motor and somatosensory
hand representations revisited. Cereb Cortex 11:312–321.
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