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    Abstract  

  There are two main indications for mapping of 
the motor cortex in patients eligible for sur-
gery with rolandic tumors. First, mapping is 
indicated if the functional anatomy (i.e. the 
exact spatial relationship between the tumor 
and the presumed essential motor areas) 
remains unclear after anatomical imaging. 
The reasons for this can be the mass effect of 
the tumor or infi ltrative growth. Second, map-
ping is indicated if there is a discrepancy 
between the imaging results and the clinical 
fi ndings (for example, a large tumor within the 
primary motor cortex but no noticeable motor 
defi cits). In such cases, the functional anat-
omy may have changed due to tumor-induced 
plasticity. In either of these two scenarios 
(which may occur separately or together), 
motor mapping provides elucidation of the 
functional anatomy and the state of the motor 
system. This chapter presents an overview of 
the possibilities and limitations of transcranial 
magnetic stimulation (TMS) and direct elec-
trical stimulation (DES) for mapping of the 
cortical motor topography in the neurosurgical 
setting. The intriguing feature of TMS is that 
it is the only painless non-invasive method 
that allows for direct electrical stimulation of 
the brain. Findings in basic research have 
recently been backed up by current studies 
that TMS is a relevant tool for performing 
stimulation mapping procedures, which were 
previously only possible with direct electrical 
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stimulation of the brain during surgery. All 
relevant studies comparing TMS to DES for 
mapping of the motor cortex are summarized 
and commented in this chapter.  

        Introduction 

 When a patient has a brain tumor in or near the 
motor cortex, the neurosurgeon’s goal is to maxi-
mize the extent of tumor resection, without caus-
ing any new functional defi cits. Achieving both 
of these goals simultaneously can be challenging, 
especially if the tumor is close to essential func-
tional areas of the motor cortex. To achieve both 
these goals, the surgeon needs precise knowledge 
of which areas of the brain are functionally essen-
tial versus which areas are not essential and can 
be safely resected. Unfortunately, the functional 
relevance of tissue in an individual case cannot 
be predicted from standard anatomical land-
marks, not only because of natural anatomical 
variation between all people, but even more 
importantly because the tumor mass can displace 
and/or obscure the familiar anatomical land-
marks, and also because the tumor can induce 
plastic reorganization of the brain’s functional 
areas, especially in the case of slow-growing 
tumors. So in order to achieve maximal tumor 
removal without causing functional defi cits, it is 
essential to have case-specifi c knowledge of the 
location of functionally essential areas. 
Intraoperative functional testing of the brain tis-
sue surrounding the tumor is the most accurate 
and reliable way to obtain this knowledge, but 
there are many advantages to obtaining such 
functional maps also  before  the surgery starts. 

 In the past, intraoperative direct electrical stim-
ulation (DES) of brain tissue was the only modal-
ity available for brain mapping. In recent decades, 
much effort has been spent on developing various 
technologies for non-invasive pre- operative brain 
mapping (Picht and Atalay  2012 ). One of the more 
promising modalities that has been developed is 
transcranial magnetic stimulation (TMS). 
Compared to all other modalities of pre-operative 
cortical mapping, TMS has the unique advantage 
that like DES it stimulates the brain and then 

records the motor output, rather than asking the 
patient to move, recording the brain activation, and 
then trying to interpret which cortical areas were 
essential for that movement. TMS works by hold-
ing a wire coil just above the patient’s head near 
the motor cortex and then sending a brief electric 
current through that wire coil. The electric current 
generates a corresponding magnetic fi eld, as elec-
tricity always does, and this magnetic fi eld passes 
through the patient’s skull. Inside the skull, this 
magnetic fi eld then again creates an electric fl ow 
of ions which can depolarize the patient’s neurons 
and lead to nerve signals in that part of the brain. 
TMS has been available for more than 20 years 
already. In the early years of TMS, it was not really 
possible to accurately know the anatomical loca-
tion of the stimulus, because the wire stimulation 
coil was held freehand according to anatomical 
landmarks, which vary between individuals 
(Krings et al.  1997 ). To overcome this problem, 
TMS has been refi ned by combining it with neuro-
navigation systems: “navigated TMS”, (nTMS) 
(Krings et al.  1997 ; Picht et al.  2009 ). This has 
made it possible to electrically stimulate precise 
areas of the brain with navigational targeting, thus 
achieving spatially accurate brain mapping pre-
operatively (Picht et al.  2011a ). 

 The main purpose of the present book chapter 
is to review previous reports assessing the spatial 
accuracy of nTMS by comparing it to the gold 
standard of DES, and also to summarize the 
advantages and disadvantages of nTMS. We 
begin with a general overview of the basic prin-
ciples of DES and TMS. Next we summarize the 
literature on the safety and risks of TMS. Then 
we review the literature on the spatial accuracy of 
nTMS compared to DES, and we also discuss the 
limitations of such comparisons. Finally, we will 
discuss the role of nTMS in pre-operative map-
ping of motor areas.  

    Direct Electrical Stimulation: The 
Gold Standard of Cortical Mapping 

 For almost a century, applying an electrical cur-
rent directly to the brain either by means of hand-
held electrodes or by implanted grids of electrodes 
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has been the only reliable method for identifi cation 
of brain areas carrying essential motor function. 
Clinically, direct electrical stimulation (DES) is 
still considered to be the “gold standard” for 
functional mapping of the primary motor cortex 
(Picht et al.  2011a ), since it enables more exten-
sive tumor resection at a lower rate of severe neu-
rological sequela (De Witt Hamer et al.  2012 ). 
Current understanding of functional brain topog-
raphy and connectivity is based on DES fi ndings. 
And DES is still the only modality that enables 
cortical and subcortical localization of motor 
function intra-operatively with absolute spatial 
accuracy. 

 The basic principle of DES is to apply an 
electrical impulse to the brain cortex and record 
the muscle output. Technically, there are two 
different ways to do this: monopolar DES 
and bipolar DES (Kombos and Suss  2009 ). 
Comparing bipolar DES to monopolar DES 
neurophysiologically, it has been demonstrated 
that stimulation with a bipolar probe was very 
effective in producing localized current fl ows; 
whereas, a monopolar probe at the same stimu-
lation level produced higher current densities 
and stimulated a larger region of the cortex. The 
stimulation parameters also differ signifi cantly 
between the two methods. For monopolar stim-
ulation, the frequency typically varies between 
250 and 500 Hz, the pulse width is 0.2–0.7 ms, 
and the number of pulses in a stimulation train 
between two and seven, which leads to a stimu-
lation time of 4–28 ms. For bipolar stimulation, 
the frequency is typically 50 Hz or 60 Hz, the 
pulse width is 0.2–0.7 ms, and the number of 
pulses in a train varies between 50 and 200, 
which leads to a total stimulation time of 1–4 s 
(Penfi eld and Boldrey  1937 ; Taniguchi et al. 
 1993 ). These variations lead to marked differ-
ences in the net amount of charge applied to 
the cortex. In addition to these differences of 
charge applied per time and net amount of 
charge, several other factors infl uence the 
results of the stimulation: the shape of the elec-
trode tips, the type of stimulator used, and the 
way the electrodes are handled (e.g., pressured 
onto the cortex/light touch; lots of irrigation/
dry fi eld). 

 In the clinical setting of neurosurgery today, 
intraoperative DES in patients with brain lesions 
in or near the motor cortex enables neurosurgeons 
to identify both cortical and subcortical motor 
pathways during surgeries (Sanai and Berger 
 2010 ). Although many neurosurgeons are aware 
that DES improves surgeries of brain lesions such 
as gliomas in or near the motor cortex, there are 
only a few studies that actually provide scientifi c 
evidence of this (De Witt Hamer et al.  2012 ; 
Duffau et al.  2005 ). In 2012, De Witt Hamer et al. 
reported a meta-analysis of observational studies 
with 8091 adults patients in an attempt to elucidate 
the usefulness of intraoperative DES for rolandic 
infi ltrative glioma surgeries (De Witt Hamer et al. 
 2012 ). The percentage of gross total resections 
was higher with intraoperative DES (75 %) than 
without it (58 %). And the rate of severe neuro-
logic defi cits was lower with DES (3.4 %) than 
without it (8.2 %). That study provides level-one 
evidence that intraoperative DES make a substan-
tial improvement in outcomes from resecting glio-
mas in or near the motor cortex, so DES should 
always be used for such surgeries. 

 The major drawback of DES is its invasive-
ness. This restricts its clinical application to the 
intraoperative situation and largely limits its 
research usage to mapping that is clinically nec-
essary anyway. The limited understanding of spa-
tial accuracy of the method and evoked current 
spread into the brain tissue can make interpreta-
tion of DES results diffi cult and in part dependent 
on the individual team’s experience. Induction of 
epileptic seizures is a possible problem, espe-
cially for bipolar DES (Kombos et al.  1999 ). Yet, 
the likelihood depends on the exact stimulation 
parameters and the susceptibility of the individ-
ual brain. It is reported that stimulation- associated 
seizures occur in 1.2 % of patients stimulated 
with the monopolar technique and in 9.5 % of 
patients with the bipolar technique (Szelenyi 
et al.  2007 ). Bipolar stimulation can also lead to 
activating several muscles and thus to movement 
of the patient’s extremities; it is therefore unsuitable 
for monitoring (Kombos et al.  1999 ). Thus even 
though DES is the gold standard, its usage is lim-
ited to what is clinically necessary during the 
restricted time period of the operation.  

23 Comparison of Navigated Transcranial Magnetic Stimulation to Direct Electrical Stimulation…
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    Basic Principles of Navigated 
Transcranial Magnetic Stimulation 

 Transcranial magnetic stimulation (TMS) is a 
technique for noninvasive and painless stimula-
tion of the human brain. The stimulation of the 
brain is produced by passing a brief electric cur-
rent through a wire coil held outside the skull. 
This electric current simultaneously creates a cor-
responding brief, high-intensity magnetic fi eld, 
which passes through the skull. The induced elec-
trical fi eld then creates movements of electrically 
charged ions inside the brain tissue. Depending on 
the strength of this electrical current and local tis-
sue factors, this can lead to depolarization of neu-
rons, thus to neural signals. If the TMS stimulation 
coil is placed above the motor cortex, the stimula-
tion can lead to muscle movements, which can be 
recorded with a standard EMG. The stimulation 
coil can have different shapes and the parameters 
of the electric current can also be varied. 

 TMS was fi rst introduced into clinical practice 
in 1985 (Barker et al.  1985 ). But for many years, 
basic TMS was not much benefi t for planning 
neurosurgery, because the locations stimulated 
could only be guessed from neuroanatomical 
landmarks, which was not suffi ciently accurate 
for neurosurgical purposes. In recent years 
though, neuronavigational systems have been 
integrated together with TMS. This navigated 
TMS (nTMS) enables the examiner to see quite 
precisely on an uploaded MRI where the TMS 
stimulation is being applied, thus allowing us 
now to map the motor cortex of patients. 

 While the basic TMS technology used in neu-
rosurgery is still the same, an important aspect of 
TMS must be understood to make the method 
useful: namely, the operator needs to accurately 
know the location of the maximum electric-fi eld, 
induced by the magnetic impulse. The best 
assumption of the location of neuronal activation 
can be achieved when the electric fi eld evoked 
by stimulation is displayed in the navigation sys-
tem. It is important to point out that the primary 
magnetic fi eld from the coil is not infl uenced by 
any tissue variations. In order to calculate the 
resulting electric fi eld precisely for every intra-

cranial location, several factors must be known: 
the exact specifi cations of the coil and the elec-
trical characteristics of the stimulator, the size 
and shape of the extracranial and intracranial 
anatomy, and the exact location of the coil with 
respect to the head in all 6° of freedom (Ruohonen 
and Karhu  2010 ). Due to the spherical shape of 
the head, the absolute value of the electrical con-
ductivity of the respective tissue is of secondary 
importance when calculating the e-fi eld, when 
spherical head models are used (Ruohonen and 
Ilmoniemi  2005 ). 

 Yet knowing where the maximum electric 
fi eld is acting does not necessarily mean that the 
neuronal activation also takes place at this point. 
The cortical neuronal structures are most sensi-
tive to depolarization when the induced current is 
oriented longitudinally to the axons (Day et al. 
 1989 ). This means that the threshold for activa-
tion of the motor cortex is lowest when the coil is 
orientated perpendicular to the nearest underly-
ing sulcus, due to the columnar structure of the 
cortical histological architecture. Thus the initia-
tion of action potentials will most likely appear in 
the area where the e-fi eld is optimally oriented to 
the cortex, which is not necessarily where the 
e-fi eld is at its maximum. 

 These improvements of the TMS technology 
in combination with standard EMG recordings 
have enabled accurate mapping of the motor cor-
tex with delineation of individual muscle repre-
sentations in healthy subjects (Hannula et al. 
 2005 ; Schmidt et al.  2009 ) and in patients with 
brain tumors and obscured anatomy (Krieg et al. 
 2012b ; Picht et al.  2011a ). Figure  23.1  shows a 
typical example of a TMS motor mapping in a 
case of a rolandic tumor and obscured anatomy 
of the central region. The 3D navigational view 
shows the results after TMS mapping have been 
performed. In the left panel of Fig.  23.1  all spots 
stimulated on the left hemisphere are displayed. 
The relevant area adjacent to the tumor has been 
stimulated in a dense raster. The premotor corti-
ces have also been stimulated. In the right panel, 
the image displays only the spots where a muscle 
response was observed (MEP > 50 μV peak-to- 
peak amplitude). Three different hand muscles 
(abductor pollicis brevis, abductor digiti minimi, 
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fi rst dorsal interosseus) and one leg muscle (tibialis 
anterior) were recorded in this case. The color 
coding corresponds to the intensity of the 
response, whereby red indicates small responses 
(MEP 50–500 μV), yellow indicates medium 
responses (MEP 500–1,000 μV), and white indi-
cates large responses (MEP > 1,000 μV). The 
responses close to the midline are from the leg 
(TA). This mapping makes it evident that the pre-
central gyrus has been displaced frontally.

       Overview of the Safety and Risks 
of Transcranial Magnetic 
Stimulation 

 When thinking about the safety and risks of tran-
scranial magnetic stimulation, we should recognize 
that there are different types of TMS: single-pulse 

TMS, paired-pulse TMS, and repetitive TMS 
(rTMS). The infl uence of the magnetic fi eld from 
these three different types of TMS procedures dif-
fers greatly, and thus they have different safety 
profi les. The modality used for mapping the motor 
cortex in patients with brain tumors is single-pulse 
TMS, in which the electro- magnetic infl uence is 
the lowest of the three different types of TMS. 
Generally, single-pulse TMS is considered to have 
no signifi cant risk from its more than 20 years of 
clinical experience (Rossi et al.  2009 ; Groppa 
et al.  2012 ). Nonetheless, it is recommended to use 
a short safety checklist such as a questionnaire 
developed by “The Safety of TMS Consensus 
Group” (Rossi et al.  2011 ) to identify patients with 
increased risk for performing TMS such as patients 
with a history of loss of consciousness due to 
seizures or syncope, brain diseases or medications 
associated with increased seizure risk, the presence 

  Fig. 23.1    Example of an nTMS mapping, performed on 
a 63 year-old female patient with a left hemisphere brain 
tumor, suffering from a mild hemiparesis on her right 
side. In the  left panel , all spots stimulated on the left 
hemisphere are displayed. In the  right panel , the image 
displays only the spots where a muscle response was 
observed (MEP > 50 μV peak-to-peak amplitude). Three 

different hand muscles (abductor pollicis brevis, abductor 
digiti minimi, fi rst dorsal interosseus) and one leg muscle 
(tibialis anterior) were recorded in this case. The color cod-
ing corresponds to the intensity of the response, whereby 
 red  indicates small responses (MEP 50–500 μV),  yellow  
indicates medium responses (MEP 500–1,000 μV), and 
 white  indicates large responses (MEP > 1,000 μV)       
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of implanted metallic devices, and pregnancy 
(Groppa et al.  2012 ). 

 In general, TMS has some direct safety concerns 
such as heating and magnetic fi eld exposure 
(Rossi et al.  2009 ). The heating effects to the 
brain induced by a single-pulse TMS is estimated 
to be less than 0.1° Celsius (Ruohonen and 
Ilmoniemi  2002 ). As for magnetic fi eld exposure, 
its exposure to both patients and operators should 
be taken into account. Magnetic fi eld exposure 
induced by single-pulse TMS to patients seems 
not to cause a signifi cant risk, since the total time 
of exposure is so short, but the potential risk of 
long-term adverse consequences for TMS opera-
tors has not yet been adequately studied (Rossi 
et al.  2009 ). 

 TMS has also several known potential adverse 
events (Rossi et al.  2009 ). The adverse events can 
be divided into two subgroups: (1) adverse events 
reported both in single-pulse TMS and paired- 
pulse or rTMS and (2) adverse events reported 
only in paired-pulse and/or rTMS but not in 
single- pulse TMS. The former subgroup includes 
events such as seizure induction, syncope, tran-
sient headache, local pain, neck pain, toothache, 
paresthesia, and transient auditory threshold 
changes. The latter subgroup contains events 
such as transient cognitive/neuropsychological 
changes, induced currents in electrical circuits of 
medical devices, structural brain changes, histo-
toxicity, and other transient biological effects 
such as hormonal change (Rossi et al.  2009 ). The 
latter set of adverse events only from paired- 
pulse or rTMS will not be discussed further here 
in this chapter about single-pulse TMS. 

 Induction of seizures is the most severe acute 
adverse effect for TMS, but most TMS-associated 
seizures were induced during repetitive TMS 
(Rossi et al.  2009 ). Less than 5 % of all the 
reported TMS-related seizures occurred during 
single-pulse TMS (Groppa et al.  2012 ), but this 
only provides a rough approximation, since it 
remains unknown what percent of all TMS usage 
is repetitive TMS. The exact incidence of sei-
zures after single-pulse TMS is not known. Of 
course this rate should not be underestimated, but 
it seems to be very low. The question of “what 
percentage of single-pulse TMS sessions result in 

a seizure”, is a very important issue for patient 
counseling and safety. Since the literature lacks 
fi rm answers, it should be investigated with large- 
scale multi-institutional studies in the near future. 
In most cases, single-pulse TMS-related seizures 
occurred in patients with known structural brain 
pathology or patients under medication such as 
amphetamines, lithium, and chlorpromazine, 
which can lower the seizure threshold (Groppa 
et al.  2012 ). Nonetheless, seizures can occur in 
patients without known risk factors. For example, 
Kratz et al. ( 2011 ) reported on a healthy subject 
who developed seizure after single-pulse TMS 
during motor threshold estimation. The risk and 
benefi t balance must always be fully discussed 
with the patient before TMS is used. 

 Patients with rolandic tumors frequently suf-
fer from symptomatic seizures and therefore 
may seem to be a patient group at high-risk of 
TMS induced seizures. Hufnagel et al. applied 
TMS to 13 patients with medically intractable 
complex partial seizures. They found that the 
epileptic focus was activated by TMS in 12 out 
of 13 patients, but clinical seizure was induced 
only in one patient (Hufnagel et al.  1990 ). Based 
on a literature review (Schrader et al.  2004 ), the 
risk of single-pulse TMS-induced seizure in 
patients with epilepsy ranges from 0.0 % to 
2.8 %. In any case, the TMS examiner should 
prepare space and medications for managing a 
seizure, should it occur. 

 Although TMS-associated syncope is also a 
rare adverse event, it is more likely to occur than 
seizure. Because of the lack of systematic stud-
ies, the incidence of TMS-associated syncope 
remains unknown, but many laboratories have 
experienced it (Groppa et al.  2012 ). This is an 
area deserving more attention, and until better 
reviews have been published, TMS users should 
be aware of the risk of syncope and proceed with 
caution in this regards. 

 As for pain, single-pulse TMS seems to be 
generally well-tolerated and experienced by most 
participants as painless (Rossi et al.  2009 ), but 
the literature specifi cally addressing this point 
also remains scant. As mentioned above though, 
transient headache, local pain, neck pain, and 
toothache, as well as paresthesia have all been 

S. Takahashi and T. Picht



267

reported from single-pulse TMS (Rossi et al. 
 2009 ). We would suppose though that these pains 
were at least transient, if not also mild. As for 
transient auditory threshold changes, TMS pro-
duces a loud clicking sound from the coil, up to 
120–130 dB, and all patients should be required 
to wear earplugs during the procedure to prevent 
transient auditory threshold changes, so called 
“noise induced temporary threshold shift” 
(Groppa et al.  2012 ). 

 Three reports have mentioned adverse events 
from nTMS in patients with rolandic tumors 
(Paiva et al.  2012 ; Krieg et al.  2012b ; Forster 
et al.  2011 ). To summarize these reports, there 
were two adverse events (unpleasantness in one 
patient, and headache in one patient) out of 31 
nTMS sessions in 30 patients. Although this is 
too small a sample size to support reliable esti-
mates, provisionally it suggests that about 1 in 15 
patients will experience such adverse events. 
Larger multi-institutional registries would help to 
better elucidate the frequency of these events, as 
well as monitor the occurrence of other possible 
rare adverse events. 

 Furthermore, we must keep in mind that some 
neurosurgical patients harbor metals such as tita-
nium skull plates for craniotomy closure or DBS 
electrodes inside the cranium, both of which 
present risks in the presence of an electromag-
netic fi eld such as TMS. Titanium skull plates 
may be of greatest concern, since TMS is per-
formed not only pre-operatively, but also post- 
operatively on these patient populations. 
Rotenberg et al. assessed the safety of applying 
rTMS (which has greater electromagnetic infl u-
ence than single-pulse TMS) to patients with tita-
nium skull plates. They found that small titanium 
skull plates are not likely to heat suffi ciently to 
injure the surrounding brain tissue during con-
ventional low-frequency rTMS protocols, and 
they concluded that low-frequency rTMS may be 
safe for patients with small titanium skull plates 
that are in the stimulation site (Rotenberg et al. 
 2007 ). Besides the problem of heating, one must 
consider the possibility that the induced currents 
might displace the titanium skull plates (“Lorentz 
interaction”). Yet only minimal displacement of 
loose titanium plates during simulated rTMS has 

been observed (Rotenberg et al.  2007 ). As for 
DBS electrodes, two ex vivo studies have shown 
that the current and voltages induced by TMS in 
the deep brain electrodes are smaller than those 
induced by DBS itself and seemed to be a safe 
level (Kumar et al.  1999 ; Kuhn et al.  2004 ). 
nTMS is still a quite new technology and further 
monitoring of its safety is needed from the 
broader community of clinical users. Clinical 
users should report any incidents of adverse 
events that they observe in clinical usage, ideally 
be sending a brief letter describing the incident to 
a scientifi c journal indexed by PubMed.  

    Review of Studies on the Accuracy 
of Navigated Transcranial Magnetic 
Stimulation 

 To establish the validity of any new method of 
non-invasive brain mapping, its accuracy must be 
assessed relative to the gold standard of DES. 
Several studies have assessed the ability of nTMS 
to identify the motor cortex and delineate the cor-
tical representation of individual muscles, in 
order to evaluate its reliability and accuracy for 
motor mapping. We conducted a review of the 
literature up to June 2012. The search terms we 
used on PubMed were: “transcranial magnetic 
stimulation”, “TMS”, “direct cortical stimula-
tion”, “direct electrical stimulation”, “DCS”, 
“DES”, “motor cortex”, “M1” and “brain tumo(u)
r”. We reviewed the abstracts of those reports, 
and if they reported on evaluating patients with 
rolandic tumors with both nTMS and DES, then 
we extracted information from the report. A total 
of eight studies meeting these criteria were iden-
tifi ed (Table  23.1 ).

   The fi rst study to compare nTMS to DES for 
evaluating the motor cortex was by Krings et al. 
( 1997 ). A mechanical stereotactic arm was used for 
TMS navigation. They compared areas of motor 
responses identifi ed by both nTMS and DES in two 
patients with rolandic tumors. The discrepancy 
between nTMS and DES maps was never more than 
1 cm. The major limitations of this study are that it 
reported on only two cases, and it used a homemade 
system that is not commercially available. 
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 The next study was published more than a 
decade later (Picht et al.  2009 ). In this study, the 
motor cortex of 10 patients with rolandic tumors 
were evaluated using a homemade nTMS system 
in which an electromagnetic navigation system 
was integrated with TMS for the purpose of posi-
tioning the TMS coil. The mean (SD) [range] dis-
tance between hotspots of the two modalities was 
3.4 (3.0) mm [0–7] mm. The limitation of this 
study was that the preoperative and intraoperative 
mappings were performed in the same predefi ned 
5-mm raster, so the resulting comparative data 
were semiquantitative (Picht et al.  2011a ). This 
system is not commercially available, so the 
applicability of the fi ndings is limited. The next 
study (Kantelhardt et al.  2010 ) evaluated hotspots 
determined by nTMS and DES in two patients 
with brain tumors. In one patient the distance 
between hotspots was estimated as less than 
5 mm, but in the other case the comparison 
referred to post-op nTMS. This study is unreli-
able because of the very small sample size and 
inadequate reporting. 

 These fi rst three studies were all semi- 
quantitative and/or had a sample size that was too 
small. From then on, all but one study (Paiva 
et al.  2012 ) have been using the same commer-
cially available system (eXimia “Navigated Brain 
Stimulation”; Nexstim; Helsinki, Finland). The 
fi rst and largest of these studies (Picht et al. 
 2011a ) was on 20 patients with rolandic tumors, 
though only 17 had surgery and thus DES. In this 
study, DES locations were chosen independently 
of nTMS, and the distance between nTMS and 
DES hotspots was determined. The mean (SE) 
distance between the nTMS and DES hotspots 
was 7.83 (1.18) mm for the abductor pollicis bre-
vis (APB) muscle (n = 15) and 7.07 (0.88) mm for 
tibialis anterior (TA) muscle (n = 8). Importantly, 
the mean (SE) distance decreased to 4.70 
(1.09) mm for APB (n = 8), and 5.61 (0.47) mm 
for TA (n = 5) after exclusion of the patients in 
which possibly insuffi cient (<15 stimulations) 
DES mapping was performed for that muscle. 
This study also reported comparisons on three 
other muscles in subsets of the sample. 

 In the same year, Forster et al. reported their 
experience with nTMS in 10 patients with rolan-

dic tumors when compared to DES and fMRI 
(Forster et al.  2011 ). This study has been of par-
ticular interest, despite the small sample size, 
because it provided a simultaneous comparison 
of fMRI to DES, thus enabling neurosurgeons to 
compare their options for pre-operative mapping. 
The mean (SD) [range] distance between the 
hotspots evaluated by nTMS and DES was 10.49 
(5.67) [2.6–27.6] mm. One problem with this cal-
culation though was that the pairs of nTMS and 
DES hotspots compared were from nine different 
muscles. Nonetheless, this result was smaller 
than the mean (SD) [range] distance between the 
hotspots of fMRI and DES: 15.03 (7.59) [3.4–
22.2] mm. So this study advocated that nTMS is 
better correlated to DES than fMRI. One major 
limitation of this study however is that they did 
not compare responses from the same muscles: 
fi ve hand/arm muscles, three leg muscles, and 
one facial muscle were recorded for TMS; 
whereas, activation areas from the fi rst interosse-
ous dorsal muscle or toe movement were obtained 
for fMRI. This use of different muscles may have 
accounted in part for the discrepancy between 
fMRI and nTMS. Nonetheless, one other inter-
esting fi nding from this study was that the median 
[range] distance for the TA muscle relative to 
DES was larger for nTMS, 11.1 [5.9–15.9] mm, 
than for fMRI, 9.4 [5.7–19.1] mm. Thus nTMS 
may be less accurate for deeper lying cortical 
regions, such as the cortical region corresponding 
to leg muscles. 

 Krieg et al. ( 2012b ) reported their experience 
on using nTMS pre-surgically for the resection of 
rolandic tumors. They performed preoperative 
nTMS on 14 patients with lesions located within 
or adjacent to the precentral gyrus and on 12 
patients with lesions in the subcortical white 
mater motor tract. In the former patient group, 
they compared the borders between positive and 
negative stimulation points for nTMS and DES 
on axial slices by using recalibrated screenshots 
and BrainLAB iPlan Net Cranial 3.0.1. Although 
this method of comparing borders may have 
some advantage of accuracy over the usual 
hotspot method, it is complicated and idiosyn-
cratic and renders comparisons to other studies 
problematic. Using this method, the mean (SD) 

S. Takahashi and T. Picht



271

[range] of the distance between borders for 
nTMS versus DES was 4.4 (3.4) [1.9–9.2] mm. 
They also evaluated the difference between bor-
ders delineating the primary motor cortex accord-
ing to BOLD data of fMRI and mapping area 
identifi ed by nTMS. The mean (SD) [range] devi-
ation between nTMS and fMRI for this method 
was 9.8 (8.5) [5.3–39.7] mm for the upper extrem-
ity and 14.7 (12.4) [8.4–33.5] mm for the lower 
extremity. They mentioned that their data demon-
strate that nTMS correlates well with intraopera-
tive DES, while nTMS and fMRI differed 
signifi cantly from each other. Regrettably, they 
did not make any comparison between preopera-
tive fMRI and DES, so it remains diffi cult to say 
whether nTMS is more accurate than fMRI on 
the basis of this study. In particular, the fact that 
the discrepancy between nTMS and fMRI is 
greater for the lower extremity than the upper 
extremity may again, as in the study by Forster 
et al. ( 2011 ) refl ect a lesser accuracy of nTMS for 
the deeper lying cortical representations of leg 
muscles. 

 Another study focused on patients with rela-
tively homogeneous brain tumors (i.e. only 
patients with low grade gliomas with a maximum 
diameter or 4 cm were included), using an 
unspecifi ed nTMS system (Paiva et al.  2012 ). In 
this study, they used the “center-of-gravity” 
approach to compare the difference between the 
two modalities. This method is more time con-
suming but also more accurate and reliable. They 
reported a mean [range] distance between nTMS 
and DES of 4.16 [2.56–5.27] mm. The limitations 
of this study were its small sample size and inad-
equate explanation of the statistical methods. 

 The most recent study identifi ed by our review 
performed mapping on 24 patients but then made 
comparisons only in fi ve, because DES revealed 
a positive motor site in only fi ve patients with the 
tailored craniotomy they used (Tarapore et al. 
 2012 ). They calculated the difference between 
hotspots identifi ed by nTMS and DES at eight 
points in fi ve patients as a median (SE) of 2.13 
(0.19) mm. An interesting point in this study is 
that they reported that negative nTMS mapping 
also correlates with negative DES mapping: in 
other words, DES mapping did not fi nd any new 

motor sites where TMS had not. The study also 
included the result of a comparison between 
motor areas identifi ed by nTMS and magnetoen-
cepholography (MEG). The median (SE) dis-
tance between the two hotspots of 46 sites in 23 
patients was reported as 4.71 (1.08) mm. 
Unfortunately, they did not report a comparison 
of MEG to DES. Although this study reports 
some interesting new information, it is otherwise 
limited by the small number of patients having 
DES data available. 

 In summary, all studies reviewed here con-
cluded that nTMS correlated well with the gold 
standard of DES (Forster et al.  2011 ; Kantelhardt 
et al.  2010 ; Krieg et al.  2012b ; Krings et al.  1997 ; 
Paiva et al.  2012 ; Picht et al.  2009 ,  2011a ; 
Tarapore et al.  2012 ). A total of 97 attempts in 96 
patients to identify the motor cortex using nTMS 
were described. In only one patient with an infi l-
trating glioma within the somatosensory cortex, 
could TMS not identify any motor site (Tarapore 
et al.  2012 ). 

 We have calculated the mean distance between 
motor cortex identifi ed by nTMS and DES using 
the mean distance described in fi ve quantitatively 
evaluated studies (Picht et al.  2011a ; Forster et al. 
 2011 ; Krieg et al.  2012b ; Paiva et al.  2012 ; 
Tarapore et al.  2012 ). We then weighted the mean 
from each study by the number of patients that 
mean was derived from. (In one study (Picht 
et al.  2011a ), we used only the data for APB 
(n = 15) for simplicity.) With the method, we have 
calculated a weighted mean distance between 
nTMS and DES in 50 patients as 6.39 mm.  

    The Accuracy of Transcranial 
Magnetic Stimulation and Direct 
Electrical Stimulation 

 The basic mechanism of neuronal activation is 
the same for both TMS and DES. An electric 
fi eld moves electric charges within the target tis-
sue. Wherever the electric fi eld is of adequate 
strength and direction in relation to the neuronal 
structures, neurons will be excited and action 
potentials triggered. Yet, the spread of the elec-
tric fi elds from the electrodes (DES) or the 
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“virtual electrodes” (TMS) is diffi cult to predict 
since the electric current will follow the paths of 
least impedance in the tissue and is infl uenced by 
macroscopic factors (e.g. sulci, CSF) and micro-
scopic factors (e.g. preferred orientation of cells). 
As a result, the exact extent of the stimulated 
cortical area remains unclear for both TMS and 
DES, so spatial discrepancies might refl ect meth-
odological differences rather than “inaccuracies” 
of either method. 

 For electrical stimulation, it has been estab-
lished that neurons are excited at lower thresholds 
when the applied voltage induces currents that 
are oriented along the axon rather than across it 
(Day et al.  1989 ). It has been demonstrated that 
during bipolar cortical stimulation the current 
peaks in the region directly below the bipolar 
electrodes; whereas, current density decreases 
much less rapidly with depth during monopolar 
anodal stimulation (Nathan et al.  1993 ). 
Consequently, suprathreshold anodic stimulation 
of the motor cortex leads primarily to direct stim-
ulation of the pyramidal cells. By contrast, 
single- pulse TMS is likely to involve both tan-
gential cortical fi bers and direct corticospinal 
axonal bundles (Di Lazzaro et al.  2004 ; Ruohonen 
and Ilmoniemi  2002 ). Depending on the e-fi eld 
direction and the stimulation strength, TMS on 
the primary motor cortex will preferentially acti-
vate the pyramidal cells directly (D-waves) or 
indirectly (transsynaptically; I-waves) at their 
axon hillock. In the cerebral cortex, the threshold 
for TMS excitation is highly sensitive to orienta-
tion (Fox et al.  2006 ). In clinical practice, the coil 
orientation is adjusted for each stimulated posi-
tion during the motor mapping, so that the 
induced electric fi eld is set to be perpendicular to 
the bank of the gyrus with the help of MRI-based 
navigation. In sum, it can be hypothesized that 
suprathreshold anodal monopolar DES and 
nTMS at 110 % RMT perpendicular to the indi-
vidual gyral anatomy elicit MEPs through direct 
axonal depolarization as well as through intracor-
tical transverse connections. This implies that 
both methods stimulate preferentially the same 
population of neurons. Nevertheless, the exact 
stimulation path remains unknown in each indi-
vidual case, especially around a tumor with pos-

sible conductivity changes. So TMS and DES can 
stimulate via somewhat different paths in any 
given patient. 

 In addition to these neurophysiological con-
siderations, one should be aware that the com-
parison of spatial accuracy of TMS and DCS is 
also infl uenced by methodological factors con-
cerning the hardware and study conception which 
may further infl ate the discrepancy between the 
nTMS and DES results. There are four main 
 reasons why these may cause discrepancy 
between the nTMS and DES results. 

 First, the mappings are conducted under dif-
ferent chemical infl uences and different states 
of alertness. DES is conducted under general 
anesthesia, while nTMS is not. Under general 
anesthesia, MEPs can only be evoked by using 
a train of stimuli, not by single pulses. This 
necessity of applying larger electrical charges 
to evoke muscle responses during DES map-
ping in comparison to TMS mapping can lead 
to different stimulation effects of the two meth-
ods even if exactly the same area is targeted. In 
addition, a signifi cant proportion of patients 
with brain tumors have been using anti-epilep-
tic medications, and we cannot rule out its pos-
sible infl uence. 

 Second, there are a couple kinds of measure-
ment errors related to the neuronavigation, such 
as registration error or measurement errors from 
brain shift (Suess et al.  2007 ), which could infl u-
ence the measurement of DES stimulation loca-
tions. It can be assumed though that the impact of 
brain-shift is minimal, because the cortical map-
ping procedures are all performed before tumor 
resection begins. The error occurring during 
coregistration of the 3D MRI dataset and the 
patient’s head is stated to be below 2 mm for 
nTMS (Ruohonen and Karhu  2010 ). 

 Third, the kind of EMG electrodes used by the 
two methods differ: dermal surface electrodes for 
nTMS but intramuscular needle electrodes for 
DES. Cross-talk from adjacent muscles can be 
picked up by surface electrodes, while this is not 
the case when using needle electrodes. This also 
means that dermal electrodes can be more sensitive 
in picking up very small responses from different 
muscles as a summation of subliminal responses. 
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Thus the use of different EMG electrodes may 
introduce a bias in terms of the recording sensitiv-
ity of the muscle output. 

 Fourth, after all the mapping is done, the most 
commonly used method for measuring the dis-
tance between the muscles representation of the 
nTMS and DES mappings is to compare the 
“hotspots”: the single point with the largest 
EMG response for that muscle. This hotspot 
method is likely to emphasize errors contained 
by a single response. The “wrong” DES hotspot 
may have been chosen, if there were multiple 
foci or a diffuse center for the motor cortex rep-
resentation of the target muscle or if the true 
hotspot was never even stimulated. Similarly, the 
number of stimulation points during DES varies 
widely depending on the tumor location, crani-
otomy size, and other factors. Consequently the 
distance between nTMS and DES hotspots is 
much greater when there were fewer DES 
responses (Picht et al.  2011a ). Also, in most 
studies the surgeon was not aware of the exact 
nTMS locations thus he could not deliberately 
stimulate them. So in cases where there was a 
limited number of DES stimulation spots, it was 
quite possible that the nTMS hotspot and/or the 
true cortical center of muscle control was never 
covered, thus leading to a wider discrepancy 
between nTMS and DES. Using a “center-of-
gravity” approach or comparing mapping areas 
is more accurate, but it is usually restricted by 
time limitations of surgery, which usually pre-
vent taking enough measurements for such an 
approach. Altogether, these considerations and 
fi ndings suggest that DES may not really be a 
reliable gold standard when a low number of 
stimulations are performed. Of course DES does 
tell the surgical team when a spot on the brain is 
necessary for motor function, but unless exten-
sive freehand mapping is performed, DES will 
not necessarily reveal the most essential center 
of cortical control for a muscle. Depending on 
the tumor location, extensive DES mapping may 
not be necessary, thus leaving its results unreli-
able for scientifi c comparisons to nTMS. 

 In summary TMS and DES are applying the 
same basic underlying methodology, namely the 
electrical stimulation of cortical neurons. In 

respect to identifi cation of direct corticospinal 
motor connections differences in the specifi c 
neurophysiological details of neuronal activa-
tion are of minor relevance. Discrepancies 
between TMS and DES motor mappings are 
predominantly caused by system inherent errors 
(e.g. navigational error) or refl ect inadequate 
surrogate parameters for evaluation of accuracy 
(e.g., comparison of “hot spots”).  

    The Clinical Role of Navigated 
Transcranial Magnetic Stimulation 

 The studies summarized above provide some 
evidence that nTMS has acceptably good accu-
racy for identifying cortical representations of 
individual muscles vis-à-vis the gold standard 
of DES. Yet preoperative nTMS is not therefore 
intended as a substitute for intraoperative DES. 
Instead, it provides complimentary information, 
derived from its unique features. The overarch-
ing strength of nTMS is that it is the only other 
mapping modality that is analogous to DES 
(stimulate the brain and record the output), but it 
can be performed pre-operatively and post-
operatively; whereas, DES cannot be. So while 
DES is still used to guide the actual surgical 
resection of tumors, nTMS can be used to plan 
the surgery ahead of time, guide the DES, and 
assess postoperative or longitudinal changes in 
cortical motor representation. 

 Preoperative nTMS can be useful for plan-
ning surgeries, while there is still an opportunity 
to discuss it with the patient. The magnetic stim-
ulation of a precise cortical spot enables the 
operator to identify cortical areas with direct 
cortico- spinal motor connections. The synthesis 
of the patient’s clinical status, MRI fi ndings, and 
TMS mapping can improve the surgical team’s 
ability to better plan the surgical strategy. A pro-
spective study has shown that in about one-
fourth of the surgical cases of tumors in presumed 
motor eloquent location, nTMS brought objec-
tive benefi t to the surgical team (nTMS changed 
the surgical indication or the planned extent of 
resection, or it modifi ed the surgical approach), 
and in another one-fourth of cases it added critical 

23 Comparison of Navigated Transcranial Magnetic Stimulation to Direct Electrical Stimulation…



274

awareness of high risk areas, which helped guide 
the intraoperative DES (Picht et al.  2012 ). 

 Several other imaging modalities – such as 
fMRI, PET, and MEG – have also been used to 
map the motor cortex preoperatively and plan the 
surgical resection. Yet nTMS has the advantage 
over other preoperative mapping methods that 
nTMS is analogous to DES: nTMS stimulates the 
brain and records the muscle output, rather than 
asking the patient to move, recording brain acti-
vation, and then trying to interpret which brain 
areas were essential for the movement versus 
which ones were merely co-activated. Also, 
nTMS can be used to evaluate responses from 
any muscles desired; whereas, functional imag-
ing can only be used to evaluate responses from 
muscles that can still be moved voluntarily and, 
ideally, isolated from other muscles. For further 
comparisons to other preoperative mapping 
modalities, we refer the reader to a previous book 
chapter (Picht and Atalay  2012 ). 

 It has to be emphasized though that TMS 
has an entirely different role from DES and is 
not capable of being a substitute for DES. 
Surgical resection of brain tumors in eloquent 
location should be guided by intraoperative 
mapping and monitoring which nTMS cannot 
provide, so DES remains essential. Yet nTMS 
can be useful to plan and guide the DES, and 
the pre-operative nTMS maps can also serve as 
a back-up, if intraoperative technical errors or 
patient seizures make it impossible to continue 
with intraoperative DES. Also, if the resection 
will extend to subcortical levels, mapping 
needs to be carried out on these subcortical 
levels. nTMS cannot perform mapping of sub-
cortical tracts, so DES remains essential for 
this function. nTMS can be benefi cial by 
improving diffusion tensor imaging to visual-
ize the subcortical fi ber tracts; but the resulting 
information can only be used for surgical plan-
ning and intraoperative guidance of the stimu-
lation probe and not for determining resection 
margins. In sum, TMS is performed pre- 
operatively and is used to plan the surgery; 
whereas DES is used intra-operatively to guide 
tumor resection. TMS does not have this capa-
bility to be performed intra-operatively. Both 

modalities should be used complementarily, 
drawing on their respective advantages, to 
maximize the quality of the surgery. 

 nTMS has fi ve unique capabilities that supple-
ment the information provided by intraoperative 
DES: (1) nTMS provides an objective assessment 
of the possibility of recovery of motor function. 
For example, in patients who have become ple-
gic, nTMS can show if motor function is still pos-
sible (Picht et al.  2011b ). (2) nTMS provides 
pre-operative clarifi cation of detailed cortical 
functional anatomy, which can resulting in 
smaller craniotomies and a modifi cation of the 
surgical approach (Picht et al.  2012 ; Krieg et al. 
 2012b ), also applicable in small kids (Coburger 
et al.  2012 ). (3) nTMS can be performed repeat-
edly across time, and this can enable visualiza-
tion of plastic changes, which may infl uence the 
timing of surgical interventions (Takahashi et al. 
 2012 ). (4) nTMS enables an objective preopera-
tive estimation of the extent of safe cortical tumor 
resection. In a prospective study, nTMS mapping 
changed the planned extent of resection in about 
8 % of cases (Picht et al.  2012 ). (5) nTMS can be 
used to defi ne the accurate “seed- points” for dif-
fusion tensor imaging, to visualize the pathways 
of the pyramidal fi ber tracts. This approach can 
improve the accuracy of diffusion tensor imaging 
for fi ber tracking (Frey et al.  2012 ; Krieg et al. 
 2012a ). Altogether, these fi ve unique capabilities 
of nTMS enable neurosurgeons to improve tumor 
resection through better advanced planning of the 
surgery.  

    Conclusions 

 The recent addition of neuronavigation to tran-
scranial magnetic stimulation has greatly 
improved the accuracy and usefulness of this cor-
tical mapping technology. nTMS provides a valu-
able complement to the gold standard of DES for 
mapping the motor cortex. Because nTMS can be 
performed pre-operatively with little risk or dis-
comfort to the patient, it provides the surgical 
team with important information about each 
individual patient’s functionally essential areas 
of the motor cortex. Having this information 
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preoperatively is often quite useful in various 
ways for planning the surgery. nTMS has the 
advantage over all other preoperative methods of 
functional imaging that only nTMS stimulates 
the brain and records motor output – just like DES. 
All other forms of preoperative imaging ask the 
patient to move (if they can and will), record 
brain activation, and then attempt to interpret 
which areas of the brain were essential for the 
movement versus which ones were incidental. 

 Our literature review here supports the view 
that the accuracy of TMS is suffi ciently high to 
rely upon its results for surgical planning. The 
overall weighted mean distance between nTMS 
from DES in 50 patients was calculated as 
6.39 mm. Yet it must be emphasized that nTMS 
and DES have different roles and are not inter-
changeable: only nTMS can be used preopera-
tively and postoperatively, while only DES can 
be used intraoperatively and subcortically. nTMS 
also has many unique capacities that make it a 
promising new technology for better understand-
ing the motor cortex. The neurosurgical commu-
nity is still just beginning to explore the many 
capabilities of nTMS and further research is sure 
to yield many more exciting discoveries from this 
new technology.     
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