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Abstract

We present a method for the coregistration and topographic mapping of trans-cranial magnetic stimulation (TCMS) data on surface
rendered images of the cortex, derived from Magnetic Resonance Images (MRI). We describe the TCMS procedure and the methods used
to locate the TCM stimulation sites in the MRI coordinate system, and the algorithms needed to depict the TCMS distribution as a
pseudocolour contour map on the cortical surface. The methods are validated using TCMS data from the hand (thenar) and leg (tibialis
muscle). The methods used correctly depict the expected motor representations of each of these areas and we therefore propose that this
technique may be used as a functional imaging tool in the investigation of cortical function in both normals and patients. © 1997 Elsevier

Science Ireland Ltd.
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1. Introduction

Trans-cranial magnetic stimulation (TCMS) allows the
selective stimulation of different cortical areas, using a
magnetic field pulse (Barker et al., 1985). This stimulation
can be correlated with a measured external response, m,
such as an evoked motor potential in a particular muscle
group (Wasserman et al., 1992), or a change in detection
thresholds for psychophysical stimuli (Beckers and Hom-
berg, 1995; Beckers and Zeki, 1995). If the stimulator coil-
set is moved systematically over a grid defined on the scalp,
a topographic map of the distribution of m can be con-
structed (see Fig. 1). Given these external measurements
we must then calculate which areas of the brain give rise
to the response we have measured. This can be characterised
as an inverse problem which has many similarities with the
inversion of magnetoencephalographic (MEG) data to find
the neuronal current distribution.

Suppose we define a function, F(r;) at each point in the
brain, r,, which is only non-zero in those areas which are
functionally correlated with the response. It is therefore the
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‘functional map’ which we wish to determine and is a mea-
sure of the functional importance of a particular cortical
area to the response we are measuring. We can also define
a geometrical function, ®(r;) (known as the lead field)
which characterises the spatial variation of the magnetic
stimulation at each point in the brain, when the coil is at
grid position i. Then, the evoked response, m; generated by
stimulation at this grid point is:

m; o< J F(r,)®;(r,)dv
Brain

Note that both F(r,) and ®,(r;) are vector functions, as it is
likely that the relative orientation of the cortical neurons
and the activation stimulus is important.

We can calculate ®,(r,) and we measure m;, so this equa-
tion must be inverted to find the functional map F(r,). It is
interesting to compare this equation with the general equa-
tion for the MEG forward problem (Himiildinen et al.,
1993):

me [ Sep
Brain
In this case m; is the measurement of the ith MEG detector

coil, J(r,) is the current density in the brain at point r;, and
®(r,) is the lead-field function of the coilset. Again, m; is
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Fig. 1. Schematic showing the principle behind topographic mapping of
TCMS. (a) A magnetic pulse in a particular portion of the brain elicits a
measurable and quantifiable response m, somewhere in the body. The
magnitude of m will vary with the position of the stimulator coil. By
positioning the coil at several grid positions (b) a topographic map of m
can be constructed (c).

measured and ®,(r,) is known, with J(r,) to be determined
by inversion.

As the two equations are similar in form and are mediated
by the same lead-field function, in principle the TCMS
Inverse Problem could be solved using similar algorithms
to those used in MEG. As with MEG there is a problem of
non-uniqueness (i.e. there will a multiplicity of possible
solutions for F(r,)). For example, the form of the lead-
field function is such that we cannot distinguish between a
deep focal solution for F(r,) and a diffuse superficial one.
As with MEG and electroencephalography (EEG), a solu-
tion can only be found by adopting an a-priori model for the
form of F(r,). For example, the assumption that F(r;) is
non-zero only in a single small area of the brain is directly
equivalent to the single equivalent current dipole model in
MEG/EEG.

In practice there are two additional problems in finding a
true solution to the TCMS Inverse Problem. Firstly, in the
above analysis we have assumed a linear transfer function
between the magnitude of the field pulse and the measured
response, m;. In practice, the precise relationship between
the intensity of stimulation and the evoked motor activity is
not always known and may vary between different cortical
areas. Although it is possible to numerically calculate the
electric field evoked by magnetic stimulation at each point
in the brain, the relationship between this electric field and
the trans-membrane potential induced in the cortical neu-
rons is not clear (Roth et al., 1991). This is in contrast to the
MEG forward problem described above, where the linear
relationship between the neuronal current and the measured
signal is a fundamental relationship arising from the theory
of electromagnetism.

Secondly, the physical size of most TCMS coilsets is

large compared to MEG detectors. This results in lead-
field functions which are spatially extended and hence
reduces the spatial resolution achievable in the determina-
tion of the functional map.

In this paper we do not explicitly invert the integral equa-
tion to find a solution to the F(r;) distribution. Instead, we
show how the measurements may be mapped onto the cor-
tical surface to yield information about the topographic dis-
tribution of the measurement space, m;. However, as it is
considered likely that the most of the cortical activation is
within 15-20 mm of the cortical surface (Rudiak and Marg,
1994) and the figure-of-eight coilsets used in this work pro-
duce activation in a well focused region directly below the
centre of the coilset (Cohen et al., 1990; Roth et al., 1991),
these topographic maps will be a first approximation to
a solution for F(r;), i.e. the form of F(r}) is assumed to be
a two-dimensional distribution on the surface of the cortex.
A similar approximation is made for MEG measurement
systems utilising figure-of-eight gradiometer designs
(Hamaéldinen, 1989).

The cortical surface representation to be used is a 3-
dimensional rendered image of the brain, derived from mag-
netic resonance imaging (MRI) scans. In order to perform
the topographic mapping, the functional data must first be
co-registered with the co-ordinate system of the MRI scan,
and we use a bite-bar-based method (Singh et al., 1997).
Then, the surface rendered view of the brain must be gen-
erated and finally the data must be contour mapped onto this
surface. In this paper we shall describe in detail the algo-
rithms used to perform this procedure and we illustrate the
proposed technique using TCM stimulation of the region of
motor cortex representing the thenar area of the hand, and
the tibial region of the leg.

2. Methods and materials
2.1. TCMS procedure

TCMS was performed using a commercial stimulator
(Magstim 200, Magstim Ltd., UK) which has a figure-of-
eight coil with loop diameters of 70 mm. This system was
used to provide focal stimulation of up to 2.2 Tesla.

The experimental subject wore a closely fitting skullcap.
Over each side of the head, a 14 cm x 10 cm grid, with
points spaced antero-posteriorly by 2 cm and medio-later-
ally by 1 cm, was defined and each point marked on the
skullcap. The position of the grid was such that its most
medial and posterior corner was 2 cm posterior to the vertex.

During the experiment, the TCMS coil was placed so that
junction of the coilset was directly above one of the grid
points (e.g. point i). Thus, the maximum activation of the
cortical surface was directly below the grid point (Cohen et
al., 1990). As cortical excitation produced by magnetic sti-
mulation is dependent upon coil orientation relative to the
scalp surface, the figure-of -eight coil was always placed at a
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fixed angle, tangential to the scalp surface, with the long
axis of the coilset at 45° to the local vertical.

Surface electrodes were applied over the contralateral
thenar eminence of the hand, in line with the 1st metacarpal
bone. For one subject, data were also collected with the
surface electrode over the contralateral tibialis anterior mus-
cle. In a brief initial pilot study, each grid point was stimu-
lated with an intensity of 60-80% of the maximum
stimulator output to find the grid point which elicited max-
imum thenar or tibial response. Once the site of maximum
response was identified, the coilset was re-positioned over
this point and discharged at a sub-threshold of 20% stimu-
lator output. This intensity was increased in 5% steps until
an intensity was found which evoked quantifiable EMG
responses of greater than 30 uV in 50% of 6 repeated mea-
sures. This intensity is then defined as the threshold stimulus
intensity (Rossini et al., 1994),

The main stimulation phase of the experiment was then
carried out with the coil moved in a pre-determined ran-
dom order to each point in the grid and a pulse of 20% (of
stimulator output) above threshold was delivered. 3 stim-
ulations were made, separated by 15 s, and the mean
response value was then calculated. In the distal muscle
groups studied here, 3 repetitions were found to give an
acceptable degree of repeatability for mapping purposes,
without making the studies unduly lengthy and fatiguing
for the subject. However, for more proximal muscle groups,
a greater number of repetitions are required (Brasil-Neto et
al., 1992), resulting in a more lengthy mapping procedure.
In this paper we present results from 3 subjects, QA, SH and
GT.

2.2. Co-registration with MRI

After the TCMS experiment, the 3-dimensional co-ordi-
nates of each of the grid points was measured using a digi-
tising pen system (Polhemus Isotrak system, Kaiser
Aerospace Inc.). This system gives the x, y and z coordinates
of each grid point, referenced to a radio-frequency magnetic
field transmitter. The procedure was carried out with the
subject biting on a custom-made dental bite-bar (Singh et
al., 1997) which keeps the head fixed with respect to the
Polhemus transmitter. In addition to the TCMS grid points,
6 specially machined holes in the bite-bar are also digitised.
These extra fiducial marker points are used in the co-regis-
tration process.

The subjects were given a high resolution MRI scan us-
ing a 1.0 Tesla Siemens Magnetom system. For satisfactory
rendering results we have found that a slice resolution of
1 mm x 1 mm with an inter-slice gap of no more than 1.5
mm is desirable. The scan is a T1 image designed to give
good anatomical definition. During the MR scan, the sub-
ject wore the same dental bite-bite bar used in the TCMS
grid point digitisation. The 6 holes in the bite-bar were
filled with vitamin oil which is visible on the MR scans as
a high contrast marker, and thus allows the identification

of each of the 6 fiducial points in the MR co-ordinate
system.

We now have 3-dimensional coordinates for each of the 6
fiducial markers in both the TCMS and MRI coordinate
systems. This allows us to calculate a coordinate transform
which will transform any point in the MRI system into the
TCMS system (or vice-versa). Any such transform can be
defined by a 3 x 3 rotation/scaling matrix A and a transla-
tion vector, ry, and can be expressed as the following equa-
tion:
rTEMS — 4 (rmri + rO)

We solve this equation by a least squares minimisation,
using the Powell algorithm (Press et al., 1989), of the
chi-square value:

6

= X (TN A0 )

with respect to the elements of A and ry. Once these para-
meters have been determined, we can now transform each
of the TCMS grid points so that they can be represented on
the MRI scans. The accuracy of this method of co-registra-
tion has been evaluated (Singh et al., 1997) and depending
on the cortical region of interest, co-registration accuracies
of a few mm are attainable. Another advantage of the bite-
bar co-registration method is that the MRI need only be
carried out once for each subject. Then, any experiment
that is carried out at a later date using TCMS (or any
other functional imaging technique) may be co-registered
with the original MRI set, as long as the same bite-bar is
used and the same fiducial points are digitised. Note that
the bite-bar need only be used for the relatively brief Pol-
hemus phase of the experiment, not for the actual TCMS
measurement period.

2.3. Extraction of grey and white matter

We wish to render the cortical surface of the brain. In
order to do this, we must first remove all extraneous struc-
tures (skull, scalp etc.) from the MR scans. We use a semi-
automatic procedure which seems to yield satisfactory
results with a moderate amount of operator intervention.

The software sequentially displays each slice of the MR
volume set. Under operator supervision a rectangular region
is defined which just encloses the brain and all pixels outside
this region are set to zero. Then, all pixels which have grey-
scale values outside the normal range for grey or white
matter are also set to zero. In most cases this is sufficient
to separate the brain from the skull/scalp. The operator then
selects a point in the brain and a floodfill operation occurs
from this point so that all points which are connected to the
selected point are filled with a chosen colour (e.g. green). In
some cases this fill operation erroneously ‘leaks’ over into
unwanted parts of the image via small ‘bridges’ which sur-
vived the thresholding operation. The operator can interac-
tively remove these until only the wanted part of the slice is
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Fig. 2. A surface rendered image of the cortical surface of the brain. The
image is generated by first removing the skull and scalp from the raw MRI
dataset and then rendering the image using an integrated shading method
(Bomans et al., 1990).

coloured green. The green image is used in a Boolean AND
operation on the original image to yield a new image of the
slice, containing only the brain.

The result of this procedure is another set of MRI scans
which only contain voxels representing the brain. The num-
ber and geometry of these scans is identical to the ‘raw’” MR
scans and so the coordinate transform defined in the pre-
vious section is still valid. This procedure for brain extrac-
tion is a relatively simple algorithm compared to more
automatic ones which utilise spatial filters such as erosion
and dilation (Wieringa, 1993), but we have found it to be a
robust procedure which yields excellent results.

2.4. Surface rendering of the brain
To generate a surface rendered view of the extracted MRI

brain volume, we use an integrated shading algorithm
(Bomans et al., 1990). A view plane is set up outside the

brain which can be in any position and orientation with
respect to the centre of the brain. Simulated ‘rays’ are cast
from each pixel in this view plane and those which do not
intersect the brain are set to black. If a ray does ‘hit’ the
cortical surface then we could simply colour the pixel with
the greyscale of the MRI voxel that has been hit. However,
such an image is dominated by noise and surface structures
such as blood vessels. A much cleaner and more appropriate
image results if we allow the ray to traverse into the brain by
5-10 voxels and integrate these voxels to provide a grey-
scale value. Further enhancements can be made by optimis-
ing the contrast and using depth shading so that parts of the
brain furthest from the view plane are slightly darker than
those nearest the observer. Fig. 2 shows a typical result.

Note that an image of the surface of the head can be
generated in a similar way by rendering a view of the ori-
ginal MRI set (before brain extraction). Best results are
achieved by simply using depth shading, without integrated
shading.

2.5. Constructing a mapping surface

The procedure outlined above generates good quality sur-
face rendered views of the brain in any orientation and
position. Topographic mapping onto this surface view is
not a trivial process as no actual parametric surface is gen-
erated. We could preferentially colour code each pixel as we
generate the surface rendered view, using the TCMS data.
However, this would be computationally intensive and
would require the recalculation of the 3D cortical surface
if, for example, we changed either the mapping parameters
or the TCMS dataset. We believe a better approach is to
generate a smooth surface representation of the surface of
the brain which can be quickly rendered and rotated to any
viewing position or orientation. Mapping onto this surface
will be relatively straightforward and the TCMS dataset and
mapping parameters (smoothing etc.) can be changed inter-
actively.

The first stage in generating a mapping surface is to
extract a set of boundary points from each slice in the

Fig. 3. An example of generating a parametric surface for contour mapping. (a) The ‘cloud” of surface points extracted from the MRI scans of the brain. (b)
The resultant surface, composed of triangular elements. In (c) the surface is rendered using a light shading model.






