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representation areas obtained with the MNE method and a 
previously introduced interpolation method. The MNE hot-
spots and centers of gravity were close to those obtained 
with the interpolation method. The areas of the maps, how-
ever, depend on the thresholds used for outlining the areas. 
The MNE method may improve the definition of cortical 
motor areas, but its accuracy should be validated by com-
paring the results with maps obtained with direct cortical 
stimulation of the cortex where the E-field distribution can 
be better focused.

Keywords Navigated transcranial magnetic stimulation · 
Minimum-norm estimate · Motor cortex · Motor-evoked 
potential · Motor representation · Electric field

Introduction

Navigated transcranial magnetic stimulation (nTMS) is 
considered an accurate and reliable tool for locating func-
tional areas in the cortex; it is already used routinely in pre-
surgical mapping of both motor and language representa-
tion areas (Jussen et al. 2016; Paiva et al. 2012; Picht et al. 
2011, 2013). TMS has also been used in stroke patients, 
for example, to predict their clinical outcome (Heald et al. 
1993; Jang et  al. 2010) and to probe cortical reorganiza-
tion (Liepert et  al. 2000; Traversa et  al. 1997). Conven-
tionally, motor maps are obtained by targeting magnetic 
pulses to different cortical locations while recording motor-
evoked potential (MEP) amplitudes and latencies or corti-
cospinal silent-period durations from peripheral muscles 
(Kallioniemi et  al. 2015; Pitkänen et  al. 2015; Vitikainen 
et  al. 2013; Wassermann et  al. 1993; Wilson et  al. 1993). 
The area thus obtained can be further outlined, for exam-
ple, by spline-interpolating the MEP amplitudes to a fine 
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grid of cortical locations, defining the 50-µV MEP contour 
line, and including in the area only those locations that lie 
within this line (Borghetti et al. 2008; Julkunen 2014). The 
center of the map can be identified by calculating the center 
of gravity (CoG) (Wassermann et  al. 1992). Currently 
used mapping methods are based on a simplified model 
of nTMS where only a small cortical point at the electric 
field (E-field) maximum would be activated. However, due 
to the extent of the E-field, nTMS can activate also neigh-
boring areas (Opitz et  al. 2014; Thickbroom et  al. 1998). 
Therefore, the motor areas deduced from nTMS trials tend 
to be larger than those obtained with the more focused 
direct cortical stimulation (DCS) (Vitikainen et  al. 2013) 
and might thus be misleading. If the nTMS-induced E-field 
distribution is included in the calculations, more accurate 
estimates of the extent of motor areas could be expected.

The effect of the E-field distribution on the estimation 
of motor maps has been investigated previously (Bohning 
et al. 2001; Matthäus et al. 2008; Opitz et al. 2014; Thiels-
cher and Kammer 2002). Bohning et al. (2001) calculated 
the deconvolution of the TMS-induced E-field distribution 
in the brain and the measured MEP amplitudes to esti-
mate motor representation areas. Thielscher and Kammer 
(2002), on the contrary, considered activated voxels to be 
those in which the E-field strength is most similar for dif-
ferent coil locations from which a similar MEP would 
result. These studies were conducted with non-navigated 
TMS. Opitz et al. (2013, 2014) used nTMS and estimated 
motor areas by weighting the mean E-field distribution by 
MEP amplitudes, whereas Matthäus et  al. (2008) deter-
mined the activation areas by computing the correlation 
between the E-field strength and the evoked responses. 
E-field calculations have also been combined with hierar-
chical model fitting to determine likely stimulated targets 
in a standard visual suppression paradigm (Thielscher and 
Wichmann 2009). Previous studies have also looked at the 
different components of the induced E-field, such as those 
tangential or normal to the cortex, when estimating the site 
activated by TMS (Bungert et al. 2016; Opitz et al. 2013). 
Furthermore, conventional nTMS measurements have been 
improved by exploiting stimulation intensities based on the 
E-field strength to reduce stimulator-dependent differences 
in the results (Danner et al. 2008; Julkunen et al. 2012) and 
by considering the input–output relationship between the 
MEP amplitudes and stimulation intensities to reduce inter-
individual variation in the motor maps (Kallioniemi and 
Julkunen 2016).

In the present study, motivated by the research of Bohn-
ing et  al. (2001), we take into account the effect of the 
spatial pattern of the E-field when determining the nTMS-
mapped primary motor areas by applying the minimum-
norm estimate (MNE). MNE (Hämäläinen and Ilmoniemi 
1994; Parker 1977) is a solution to an inverse problem 

and is advantageously used to estimate source current dis-
tributions in the brain from magnetoencephalogram or 
electroencephalogram signals in cases when only mini-
mal or no a priori information about the sources is avail-
able. Here, the inverse problem is to find the motor rep-
resentation area based on a number of nTMS–MEP trials. 
The MNE method is similar to the deconvolution of TMS 
maps (Bohning et al. 2001). We aim to further improve the 
method of Bohning et al. by applying nTMS and MNE with 
regularization in order to increase the accuracy of the TMS 
maps. We calculate the E-field in a spherical model instead 
of measuring it in a phantom and apply vectorial approach 
whereas Bohning et al. utilized only the magnitude of the 
E-field and assumed that the nerve bends and orientations 
were randomly distributed. Moreover, we determine motor 
representation areas with greater resolution and show the 
results in individual anatomies of the subjects. This work 
may lead, for example, to better nTMS assessment of corti-
cal reorganization after stroke or other brain damage.

Materials and Methods

MNE gives the simplest (in principle, in the case of a linear 
response model and the absence of any a priori information 
about the cortical excitability distribution, the most accu-
rate) excitability maps that can explain TMS-evoked motor 
responses. Here, the muscle response is approximated 
to be proportional to a sigmoidal function of the induced 
E-field on the cortex so that after a certain E-field strength, 
the response amplitudes start to increase until they reach 
a plateau (Devanne et  al. 1997). Therefore, similarly to a 
previous study (Bohning et al. 2001), the E-field distribu-
tion was transformed with a sigmoidal function to obtain 
an “activating function” E�(�), i.e., a function that describes 
how the motor response amplitude depends on the E-field:

where M is the response maximum, E(r) the E-field inten-
sity at location r, erf the error function, with µ and � defin-
ing the midpoint and transition width of the sigmoidal 
function, respectively (Bohning et al. 2001). The erf func-
tion is the cumulative distribution function of the Gaussian 
distribution.

In the present model, the muscle response is propor-
tional to the integral of the product of the cortical stimula-
tion sensitivity and the activating function. In the discre-
tized form of the model, the TMS-evoked MEP amplitudes 
obtained from different stimulation locations (the elements 
of vector m) are the product of the activating function 
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values and the motor representation area sensitivities or 
excitabilities (vector x):

The ith row of E′ contains the activating function of a TMS 
pulse used to evoke the corresponding motor response, i.e., 
the ith entry of m.

The representation area sensitivities can be estimated by

E
�†, the pseudoinverse of E′, can be calculated by applying 

the singular value decomposition:

Then,

V  and U are unitary matrices and � is a diagonal matrix 
containing the singular values of E′. �† is calculated by 
replacing non-zero elements of � by their reciprocals and 
transposing the matrix. �T is the transpose of U. The effect 
of noise (i.e., variability in the MEP responses) is reduced 
by regularization, e.g., by setting the smallest singular val-
ues in � to zero (Hämäläinen and Ilmoniemi 1994; Sarvas 
1987). The appropriate level of regularization, however, 
is often challenging to determine objectively. We applied 
Wiener regularization (Numminen et  al. 1995), where E′ 
and m are orthonormalized to get E′′ and m′, respectively; 
the estimate is then

where h ◦m′ means the Hadamard product, i.e., the ele-
ment-wise multiplication, of h and m′, where h is a vector 
of weighting factors h

i
, which can be obtained from ortho-

normalized noise variances �2

n,i
 and signal variance �2

s
:

MEP amplitude variability was estimated by deriving it 
from a Gaussian distribution with the standard deviation 
being 74% of the motor responses’ peak-to-peak ampli-
tudes. The standard deviation was obtained from a previous 
study (Säisänen et al. 2008).

We calculated the nTMS-induced E-field distributions 
inside a spherically symmetric conductor by computing the 
mutual inductance between the nTMS coil model and the 
triangle construction (Ilmoniemi 2009) on a grid of points 
(with 1-mm spacing) placed on the cortical surface at the 
depth that was visualized during nTMS. The E-field was 
calculated for each stimulation location separately. Since 
the surface curvature of the head was not known, the ori-
gin of the sphere was at the center of each subject’s head 
which was determined as the intersection of the imaginary 

(2)m = E
�
x .

(3)x̂ = E
�†
m .
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T
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=
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lines going through the nasion and auricular points used in 
the navigation. Therefore, the parameters, e.g., the distance 
from the coil to the cortex and the distance from the coil to 
the center of the spherical head model, slightly varied. The 
coil model (figure-of-eight, inner diameter 34  mm, outer 
diameter 70 mm) consisted of ten turns of wire in both of 
its wings in one layer (Fig. 1), being a simplified model of 
the coil used in the experiments. The E-field profiles along 
the directions parallel and perpendicular to the maximum 
E-field direction matched the measured E-field profiles of 
the modeled coil (Nieminen et  al. 2015). In every loca-
tion on the grid, only the E-field component perpendicular 
to the nearest sulcus, which is the direction that activates 
the neurons most likely (Fox et al. 2004; Ilmoniemi et al. 
1999), was considered. The perpendicular direction was 
approximated to coincide with the direction of the closest 
stimulation pulse, knowing that the pulses were directed 
perpendicular to the closest sulcus. Although the E-field 
calculations were conducted in a spherical head model 
applied at each stimulation location and the gyrification of 
the cortex or the tissue conductivities were not taken into 
account, the results were overlaid on individual magnetic 
resonance images (MRIs).

The MNE maps were calculated at discrete points using 
Eq.  6, and were then spline-interpolated (Borghetti et  al. 
2008; Julkunen 2014). The more conventional maps with-
out E-field consideration were determined by applying only 
spline interpolation to the recorded MEP amplitudes. The 
areas and their CoGs as well as hotspots, i.e., the locations 
of maximum motor responses, were determined. The areas 
were outlined by thresholding, i.e., excluding all responses 
below a given amplitude. The thresholds were 10–90% of 
the maximum motor response. We tested the MNE method 

Fig. 1  The coil model (figure-of-eight, ten turns, inner diameter 
34 mm, outer diameter 70 mm) used in the electric field calculations 
and the sphere with a 100-mm radius representing the head. The coil 
center was approximately 20 mm from the surface of the sphere
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on simulated data in which the true representation areas in 
the brain were known for comparison. The method was also 
applied to estimate motor representations in healthy volun-
teers and in one chronic ischemic stroke patient. The same 
methods were used for the simulated and experimental 
data. Custom-made Matlab functions (R2015b, The Math-
Works Inc., Natick, MA, USA) were utilized in the E-field 
calculations and data analysis.

Simulations

A cortical surface that would include the motor represen-
tation area was defined (Fig.  2, left column). One or two 
small regions were assumed to have a high sensitivity to 
E-field (areas with high magnitude in Fig. 2), whereas their 
surroundings were assumed to be insensitive (areas with 
zero magnitude in Fig.  2). The nTMS coil was approxi-
mately 30 mm above the grid, which was on average 90 mm 
from the center of the spherical conductivity model. The 
simulation included 90 different nTMS coil locations and 
orientations, which, as well as the coordinates of the motor 
representation area, were taken from previously recorded 
data in order to closely mimic experimental conditions. 
After computing the E-field distribution, we calculated 
the motor responses using Eq. 2 and the MNE map using 
Eq. 6. The mean values for the parameters M, µ, and � from 
the healthy subjects were used in the sigmoidal function. 
The parameters were obtained by fitting a sigmoidal curve 
to the measured and averaged input–output data of each 
subject in the least-squares sense. Moreover, we performed 
a parametric study by simulating ten coil locations on a 
curved line above the motor representation area (Fig.  2f). 
Gaussian noise with zero mean and standard deviation of 
74% of the motor response amplitudes was added to the 
responses. The noise was derived separately for each motor 
response, so that its standard deviation was proportional to 
the signal amplitude. The noise was used to model MEP 
variability. Other noise levels (with standard deviations of 
25, 50, and 100% of the MEP amplitudes) were also tested 
for one simulation case in which the true representation 
area was identical to that in Fig. 2a. The simulations were 
conducted 1000 times, which was considered to be suffi-
cient by checking that the means of the areas and CoGs had 
converged earlier to lie within the 95% confidence interval.

Experimental data

Six healthy right-handed volunteers (five males, age: 
25–35 years) participated in the study. None of them had 
any contraindications for TMS or MRI; written informed 
consent was received from each of them. Structural 
T1 MRIs needed in the navigation were acquired with 
an Achieva 3.0T TX scanner (Philips, Eindhoven, The 

Netherlands). The stimulation was conducted with a Nex-
stim eXimia stimulator with a TMS-compatible electro-
myography (EMG) device, navigation software, a biphasic 
stimulator, and a figure-of-eight coil (version 3.2.2, Focal 
Bipulse, outer winding diameter ca. 70 mm, Nexstim Plc, 
Helsinki, Finland). EMG was measured from the first dor-
sal interosseous (FDI) muscle of the dominant hand. The 
mapping was started by searching for the optimal target, 
i.e., the location in which stimulation would induce the 
largest MEP amplitudes for FDI muscle, and measuring 
the resting motor threshold (rMT) in that location using 
the TMS Motor Threshold Assessment Tool 2.0 (Awiszus 
2003; Awiszus and Borckardt 2012). Subsequent map-
pings were performed once with the stimulation intensity 
of 110% rMT and once with 120% rMT. The mapping 
began from the optimal target and extended to its surround-
ings until only MEPs lower than 50 µV in amplitude were 
evoked. The direction of the maximum of the induced 
E-field was perpendicular to the nearest sulcus. Only 
MEPs with amplitudes equal to or greater than 50 µV were 
accepted and MEPs induced after muscle tension were 
discarded. On another day, rMT was measured again and 
input–output curves were generated by applying stimuli at 
intensities of 90–150% of rMT in 10% steps while record-
ing MEP amplitudes. Ten stimuli were given at each inten-
sity. The slopes of input–output curves have been found to 
possess long-term stability in healthy subjects (Malcolm 
et al. 2006; Wolf et al. 2004); thus, the delay between the 
mapping and the input–output curve measurement was con-
sidered acceptable.

In addition, one 58-year-old male with chronic ischemic 
cortical stroke in the right hemisphere was studied 
25  months after the incident. He had moderate recovery 
of the hand motor function. His head was scanned with a 
1.5-T MRI device (Siemens Magnetom Avanto, Siemens 
Healthcare, Erlangen, Germany). His both hemispheres 
were stimulated with a biphasic Nexstim eXimia stimulator 
using a figure-of-eight coil (version 3.2.2, Focal Bipulse, 
outer winding diameter ca. 70 mm) while EMG was meas-
ured from the contralateral extensor digitorum communis 
and abductor pollicis brevis muscles. The rMT was deter-
mined for both muscles as the minimum stimulator output 
evoking MEPs of minimum 50 μV in amplitude in a resting 
muscle, in at least five out of ten given stimuli (Rothwell 
et al. 1999). The muscles were mapped separately at 110% 
of rMT, and the direction of the maximum of the E-field 
was kept mostly perpendicular to the nearest sulcus.

The MNE calculations were conducted as explained 
above. The sigmoidal function (Eq.  1) was fitted in 
the least-squares sense to the averaged input–output 
data of each healthy subject to obtain M, µ, and σ. For 
the patient, the input–output data were not measured. 
Instead, the mean sigmoidal parameters obtained from 
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the healthy subjects were used to define the patient’s sig-
moidal function. The recorded locations and orientations 
of the coil were used in the E-field calculations. The dis-
tance from the coil center to the modeled cortical surface 

was approximately 20  mm. The rMTs were: 38±10% 
(mean ± standard deviation) (healthy), 34±2% (stroke, 
unaffected hemisphere), and 46±5% (stroke, affected 
hemisphere) of the maximum stimulator output.

Fig. 2  Examples of six dif-
ferent simulations (a–f). Left 
column: the simulated motor 
representation areas with small 
red arrows illustrating the 
locations and orientations of 
the stimulation targets on the 
cortex. Center column: the 
maps calculated from noisy data 
using minimum-norm estima-
tion (noise 74% of response 
magnitude). Right column: the 
spline-interpolated maps. a A 
small simulated representa-
tion area. b A medium-sized 
simulated representation area. 
c A large simulated representa-
tion area. d Two equal-sized 
simulated representation areas 
with equal sensitivities. e Two 
simulated representation areas 
with different sensitivities. f 
A small simulated representa-
tion area with ten stimulation 
target locations on a line over 
the presumed motor area. The 
axes are oriented similarly in 
each map and the contour lines 
are drawn at ten (dark blue), 
30, 50, 70, and 90% (yellow) of 
the maximum value of response 
amplitude in each map. The 
centers of gravity of the data 
thresholded at 50% are shown 
as large red crosses. MNE 
minimum-norm estimation. 
(Color figure online)

a

b

c

d

e

f
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Results

Simulations

The MNE method accurately located the activation site 
from the simulated noiseless data; the Euclidean distance 
between the CoGs of the estimate and the simulated repre-
sentation area was 0.6 mm, whereas between the more con-
ventional spline-interpolated CoG and the simulated CoG 
the distance was 3.3  mm. The areas were 1.7  cm2 (MNE 
map) and 0.7  cm2 (spline-interpolated map) for the data 
without noise, whereas the simulated area was 0.1  cm2. 
As the noise level increased, the estimation became less 
accurate and the role of regularization became more impor-
tant. The means and standard deviations of Euclidean dis-
tances between the simulated and estimated CoGs were 
greater with increasing noise levels. The distance of the 
MNE CoG from the simulated CoG increased to 0.8, 1.1, 
1.4, and 1.7 mm when the standard deviation of the noise 
was increased to 25, 50, 74, and 100% of the MEP ampli-
tudes, respectively. For a more conventional spline-interpo-
lated map, the CoG distance increased to 3.5, 3.6, 3.8, and 
3.9 mm, respectively. The MNE map became 18% broader 
and the spline-interpolated area diminished by 43% when 
the standard deviation of the noise was 100% of the MEP 
amplitudes compared to the noiseless data. The MNE map 
of the noisy data occasionally had additional local hotspots 
scattered around the correct location. Appropriate thresh-
olding seems to reduce the effect of noise, allowing one to 
obtain a more robust estimate of the motor representation 
area.

The results of the simulations at noise level of 74% 
are shown in Table  1 and in Fig.  2. The average Euclid-
ean distance from the MNE CoG to simulated CoG was 
shorter than the average Euclidean distance between the 
spline-interpolated and simulated CoG and the areas of 
the 50% thresholded maps were larger for MNE than for 

spline-interpolated maps. The more conventional 50-µV 
thresholding in spline-interpolated maps resulted in much 
larger areas. For example, the simulation presented in 
Fig. 2a resulted in an area of 7.3 cm2 (range: 6.3–8.0 cm2) 
when thresholded at 50 µV. When the simulated area was 
enlarged (Fig. 2b–c), the Euclidean distances and the areas 
were almost the same as previously (Table  1). When the 
simulated representation area consisted of two distinct 
regions (Fig. 2d–e), the differences between the simulated 
and MNE CoGs increased. Figure 2f shows the results of 
the line-mapping simulation. Even in this simulation, the 
MNE was able to estimate the representation area well, 
whereas the spline interpolation resulted in a narrow map 
in the anterior–posterior direction but a wide map in the 
medial–lateral direction.

Experimental Data

Figures  3 and 4 present the experimental data from the 
healthy subjects. The CoGs and hotspots were located quite 
similarly in the MNE and spline-interpolated maps (Euclid-
ean distances: CoGs 6.7 ± 4.3 mm, hotspots 8.9 ± 7.2 mm). 
The areas of the maps differed; when pooling all the map-
pings of the healthy subjects with 10, 50, and 90% thresh-
olding levels, the MNE map was on average 216% larger 
than the spline-interpolated map when they were thres-
holded at the same percentage levels (MNE area ranging 
from 0.2 to 18.5 times the spline-interpolated area). Fig-
ure 5 shows the spline-interpolated and MNE maps of the 
stroke patient. In the patient data, the Euclidean distance 
of the CoGs was on average 4.4 ± 1.9 mm and the hotspots 
were separated by 6.1 ± 1.9 mm. On average, the MNE map 
was 391% larger than the spline-interpolated map (MNE 
area being 0.7–11.9 times the spline-interpolated area). 
Again, the 50-µV thresholding resulted in larger areas than 
the percentage thresholding in the healthy subjects and in 
the patient.

Table 1  The results of the 
simulations presented in Fig. 2

The simulated area is the area which is estimated. The areas are reported for the 50%-thresholded data and 
the distances are Euclidean distances between the simulated center of gravity (CoG) and either the mini-
mum-norm estimate CoG or spline-interpolated CoG of the 50%-thresholded data. The standard deviation 
of the Gaussian noise is 74% of response magnitude

Simulated Minimum-norm estimate Spline-interpolated

Area  (cm2) Area  [cm2] 
[mean (range)]

Distance [mm] 
(mean ± standard 
deviation)

Area  [cm2] 
[mean (range)]

Distance [mm] 
(mean ± standard 
deviation)

Figure 2a 0.1 1.8 (1.1–3.8) 1.4 ± 0.8 0.4 (0.1–1.8) 3.8 ± 1.4
Figure 2b 0.2 1.8 (1.8–2.0) 1.5 ± 0.1 0.5 (0.4–0.8) 4.1 ± 0.1
Figure 2c 0.5 1.9 (1.2–3.8) 1.4 ± 0.8 0.5 (0.1–1.7) 3.9 ± 1.4
Figure 2d 0.2 2.6 (1.4–4.6) 2.4 ± 1.4 0.6 (0.1–1.6) 3.9 ± 2.1
Figure 2e 0.2 2.2 (2.1–2.7) 1.8 ± 0.1 0.5 (0.5–0.7) 3.1 ± 0.1
Figure 2f 0.1 1.4 (1.2–1.5) 4.2 ± 1.3 0.1 (0.0–0.1) 5.6 ± 1.7
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Fig. 3  The maps and the centers of gravity (white crosses) of FDI 
muscle of healthy subjects on individual MRIs. The stimulation 
intensity was 110% rMT. The maps are thresholded at 10 (dark blue), 
50 (cyan), and 90% (yellow) of the MEP amplitude maximum. The 
centers of gravity and the area values are for the 50%-thresholded 
data. Only the mapped hemispheres are shown. a MNE and b spline-

interpolated maps (without electric field consideration). A anterior, 
FDI first dorsal interosseous, L left, MEP motor-evoked potential, 
MNE minimum-norm estimation, MRI magnetic resonance imaging, 
P posterior, R right, rMT resting motor threshold, S subject. (Color 
figure online)
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Fig. 4  The maps and the centers of gravity (white crosses) of FDI 
muscle of healthy subjects on individual MRIs. The stimulation 
intensity was 120% rMT. The maps are thresholded at 10 (dark blue), 
50 (cyan), and 90% (yellow) of the MEP amplitude maximum. The 
centers of gravity and the area values are for the 50%-thresholded 
data. Only the mapped hemispheres are shown. a MNE and b spline-

interpolated maps (without electric field consideration). A anterior, 
FDI first dorsal interosseous, L left, MEP motor-evoked potential, 
MNE minimum-norm estimation, MRI magnetic resonance imaging, 
P posterior, R right, rMT resting motor threshold, S subject. (Color 
figure online)
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Discussion

We developed an nTMS–MNE method for estimating pri-
mary motor representation areas, taking into account the 
E-field distribution that tends to blur conventional nTMS 
motor maps. Our method was able to locate the activation 
site from the simulated data. However, as the true acti-
vation areas in the experimental data were unknown, we 
can only speculate about the accuracy when interpreting 
measured data. When compared with the spline-interpo-
lated maps, the CoG and hotspot locations were close but 
on average the MNE maps were larger than the more con-
ventional spline-interpolated ones when thresholded at 
the same percentage level (10, 50, or 90% of maximum). 

The difference might be due to the regularization which 
blurs the MNE maps while reducing the effect of noise.

The MNE maps are in different units than the conven-
tional MEP response maps. Commonly, the MEP areas are 
outlined with a 50-µV contour, as that usually is the mini-
mum amplitude for acceptable resting MEPs (Jussen et al. 
2016; Rossini et  al. 2015), but in this study, both maps 
were thresholded at different percentage levels in order to 
compare them better. If the outline of the map is required, 
thresholding is necessary due to the large number of small 
values at the edges of the maps. This thresholding influ-
ences the area of the estimates; hence, its use should be 
carefully contemplated. Based on our simulations, the 50% 
threshold seems to estimate the location and the area of the 
motor representations quite robustly. If spline-interpolated 
maps without the E-field consideration were thresholded at 
a level based on the percentage of the maximum value, they 
might be more accurate than conventional 50-µV maps, 
which were larger. The small motor responses when stim-
ulating at the edges of the nTMS maps might be induced 
because the broad E-field likely stimulates the center of the 
map in addition to the actual stimulation target location. 
MNE estimates only the primary area of excitation by con-
sidering the E-field-distribution-induced spreading, which 
is conventionally seen in motor maps. The areas outside the 
MNE map can, therefore, produce motor responses when 
the maximum E-field is targeted there.

The MNE method was tested on simulated data for 
which the true representation areas were known. One step 
was the simulation with ten stimulation locations on a 
curved line. Usually in healthy subjects, the primary motor 
area is located in the pre-central gyrus and a line-mapping 
along the gyrus could already give information about the 
motor representation. This kind of mapping, however, is 
only used in basic nTMS research, for example, to reveal 
the mediolateral differences in cortical muscle representa-
tions (Raffin et al. 2015). Based on our simulations, MNE 
could locate the primary motor area even in this case. How-
ever, the resolution in the direction perpendicular to the 
gyrus was poor, as the mapping did not provide sufficient 
information in that direction. On the other hand, the spline-
interpolated map had poor resolution in the direction paral-
lel to the gyrus. This implies that fewer stimulation points 
might be needed for the MNE method than for the method 
without E-field consideration to estimate the motor repre-
sentation. However, more stimulation points make the esti-
mate more accurate. Based on the simulations, the MNE 
method is able to estimate the motor representation areas, 
possibly even with less stimulation pulses than needed for 
conventional methods.

Conventional MEP mapping and the input–output 
curves may be sensitive to MEP variability and outliers. We 
reduced the effect of outliers by averaging MEP amplitudes 

Fig. 5  The maps and the centers of gravity (white crosses) of the 
stroke patient. The maps are thresholded at 10 (dark blue), 50 (cyan), 
and 90% (yellow) of the MEP amplitude maximum. The centers of 
gravity and area values are for the 50%-thresholded data. a Spline-
interpolated map of abductor pollicis brevis (APB) without electric 
field consideration. b MNE of APB. c Spline-interpolated map of 
extensor digitorum communis (EDC) without electric field considera-
tion. d MNE of EDC. A anterior, L left, MEP motor-evoked potential, 
MNE minimum-norm estimation, P posterior, R right. (Color figure 
online)
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in the input–output data and by fitting a sigmoidal curve to 
the values. Furthermore, the MEPs occurring after muscle 
tension were rejected from the analysis to reduce the num-
ber of outliers. However, based on the simulations with dif-
ferent noise levels, the MNE method seems to be sensitive 
also to the variability of the MEPs. Regularization might 
reduce this influence. Moreover, MEP outliers may domi-
nate even after averaging. MEP variability distribution is 
dependent on the stimulation intensity, and if this behav-
ior is taken into account in the future, the input–output data 
analysis could be improved (Goetz et al. 2014).

Previously, Bohning et  al. (2001) applied an approach 
similar to the introduced MNE method to determine the 
cortical area activated by TMS. They measured the mag-
nitude of the E-field in a spherical phantom and computed 
the deconvolution of the TMS maps and the E-field. Con-
trary to their study, we calculated the E-field in a spherical 
head model and considered also the direction of the E-field.

Limitations

Since MEPs are non-linearly related to the stimulation 
intensity, and since MNE is a linear transformation, the 
non-linearity of the responses was taken into account by 
transforming the induced E-field by a sigmoidal func-
tion in order to obtain an activating function that would 
be approximately proportional to MEPs; this transforma-
tion was assumed to be the same for all cortical locations. 
This assumption may have influenced the results because, 
in reality, the sigmoidal function may vary by location. 
Input–output data were not measured from the stroke 
patient and the use of the mean input–output parameters of 
healthy subjects might have distorted the results. In addi-
tion, least-squares fitting of input–output data in the linear 
domain might not be the optimal method due to MEP dis-
tribution characteristics (Goetz et al. 2014).

The E-field values were calculated in the spherical head 
model instead of a realistic model, in which the computa-
tions could be carried out, e.g., by the boundary element 
method. The E-field distribution is affected by the con-
ductivity geometry of the head (Ilmoniemi et  al. 1999); 
therefore, a realistic head model would be more accurate 
than the spherical model. In addition, estimated stimula-
tion areas have been larger for the spherical model than 
for a realistic model (Opitz et al. 2014) and therefore, the 
use of a realistic model could lead to smaller motor maps 
than shown in this study. We did not take the gyrification 
of the cortex into account which may have reduced the 
spatial specificity of our estimation (Opitz et al. 2014) and 
potentially lead to deviations from the actual representation 
areas. Furthermore, the E-field calculations may have been 
affected by the stroke lesion in the patient. The locally-fit-
ted spherical model is, however, easier to implement and 

is considered sufficient for the motor cortex (Nummenmaa 
et  al. 2013). In the spherical model, the nTMS-induced 
E-field is also straightforward to measure (Nieminen et al. 
2015). In addition, we calculated the motor maps only 
using the E-field component perpendicular to the closest 
sulcus. In a preliminary investigation, we conducted a simi-
lar analysis using the norm of the E-field but it resulted in 
less accurate results. The coil model might in principle also 
have affected the results, as we used a simplified figure-of-
eight coil model to reduce the computational load in the 
calculations.

Moreover, the regularization affects the estimates. We 
used Wiener regularization (Numminen et  al. 1995), for 
which information about the noise amplitude should be 
known or approximated because optimal regularization 
depends on the signal-to-noise ratio. However, there is no 
consensus on the best regularization method or on how the 
noise level should be determined.

In the future, the correct motor representation location 
and the amount of thresholding should be validated by DCS 
mappings. DCS mapping could also reveal if our model 
was biased, i.e., whether it is better suited for the simu-
lated than for the experimental data. Limitations regarding 
regularization should be reduced and different regulariza-
tion methods should be compared with each other. If these 
issues can be overcome, the MNE method could provide a 
useful way of analyzing nTMS mappings in healthy sub-
jects and, for example, in stroke patients.

In conclusion, we applied MNE to estimate nTMS motor 
maps. The MNE method could be more advantageous than 
the conventional methods if it can be shown to provide 
results that are similar to those obtained with DCS.
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