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Abstract

The objective of this systematic review is to create an overview of the literature on the comparison of navigated transcranial
magnetic stimulation (nTMS) as a mapping tool to the current gold standard, which is (intraoperative) direct cortical stimulation
(DCS) mapping. A search in the databases of PubMed, EMBASE, and Web of Science was performed. The Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines and recommendations were used. Thirty-five publica-
tions were included in the review, describing a total of 552 patients. All studies concerned either mapping of motor or language
function. No comparative data for nTMS and DCS for other neurological functions were found. For motor mapping, the distances
between the cortical representation of the different muscle groups identified by nTMS and DCS varied between 2 and 16 mm.
Regarding mapping of language function, solely an object naming task was performed in the comparative studies on nTMS and
DCS. Sensitivity and specificity ranged from 10 to 100% and 13.3-98%, respectively, when nTMS language mapping was
compared with DCS mapping. The positive predictive value (PPV) and negative predictive value (NPV) ranged from 17 to 75%
and 57-100% respectively. The available evidence for nTMS as a mapping modality for motor and language function is
discussed.
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Introduction

In neurosurgical practice, often lesions are encountered, which
are invading into eloquent brain regions or have a close rela-
Electronic supplementary material The online version of this article tion with eloquent brain structures (i.e., motor, language, or
(https://doi.org/10.1007/s10143-020-01397-x) contains supplementary other cognitive function). This is true for glioma surgery, for
material, which is available to authorized users. different kinds of vascular surgery, epilepsy surgery, and for
surgical procedures aiming at resection of lesions like metas-
tasis, meningiomas, and cavernomas. To maximize the safety
and extent of resection of neurosurgical procedures, multiple
mapping and monitoring modalities have been developed.
The review of Ottenhausen et al. [37] gives a good overview
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technique, spatiotemporal mapping of motor, somatosensory,
language, auditory, and visual functions can be performed
[37]. The high cost of MEG, and therefore the limited avail-
ability, is a big disadvantage of this technique. DTI-FT en-
ables subcortical white matter fiber tract delineation.
However, it is a purely radiologic anatomical imaging tech-
nique that does not include physiological functional data [37].
Traditionally, fMRI is the most available and employed pre-
operative mapping technique for localization of eloquent cor-
tical brain areas for different types of neurological functions.
One of the problems of the fMRI technique is that blood-
oxygen-level-dependent (BOLD) imaging shows blood oxy-
genation level as a surrogate parameter of neuronal activity. It
cannot be discerned if a BOLD signal represents a critical
cortical area or only a participatory, non-essential cortical area
for the tested neurological function. The performance of fMRI
is suboptimal in the vicinity of brain tumors [10]. Regarding
sensitivity and specificity of fMRI motor function localiza-
tion, the literature is not unambiguous [37]. Also, fMRI lan-
guage localization sensitivity and specificity show a very
broad range, limiting its ability as a presurgical mapping tool
[13]. In general, only fMRI mapping in adjunct to other
methods is advised [37].

In recent years, many studies on the use of navigated trans-
cranial magnetic stimulation (n'TMS) as a preoperative map-
ping tool have been published. nTMS enables inhibition or
excitation of a cortical area by way of repetitive or single
transcranial magnetic pulses, respectively. This technique is
appealing, because it can be conducted preoperatively in a
controlled environment. The procedure can be repeated as
often as is deemed necessary by the treating physician. This
in contrary to intraoperative direct cortical stimulation (DCS)
mapping, where fatigue and loss of optimal concentration
during awake procedures, epileptic seizures as well as dura-
tion of the surgery can be limiting factors for the mapping
procedure. Furthermore, the cortical surface that can be
mapped intraoperatively is limited to the extent of exposure
of brain cortex by the craniotomy. Nonetheless, intraoperative
mapping is still considered the gold standard amongst most
neurosurgeons.

The aim of this review is to give a contemporary overview
of the existing literature comparing nTMS mapping to DCS
mapping techniques. In the previous literature, a smaller scale
review from Takahashi et al. [53] on localization of motor
function by way of nTMS appeared in 2013, in which 11
articles were included. The recent review and meta-analysis
of Raffa et al. [46] from 2019 also focuses solely on motor
mapping, with an emphasis on the effect on oncologic treat-
ment outcome, and is not informative concerning the compar-
ison of nTMS and DCS mapping. In this publication, the
authors found a significantly reduced risk of postoperative
new permanent motor deficit and an increased rate of gross-
total resection (GTR), in favor of the use of nTMS. Also, a
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smaller craniotomy size and a trend toward a reduction in the
duration of the surgery were found in this meta-analysis.
However, the authors also conclude that there is a need for
high-level evidence from multicenter randomized controlled
studies. Our review adds to the abovementioned literature by
considering not only motor mapping but also language map-
ping. For other neurological functions, no comparative data
could be found at this moment.

Materials and methods

The primary research objective was formulated as follows: the
comparison of mapping techniques in patients with a neuro-
surgical intervention in an eloquent brain area (population)
undergoing preoperative cortical mapping using nTMS and
cortical mapping by DCS for neurological function localiza-
tion (outcome) in prospective and retrospective comparative
case series and cohort studies (study design).

Search strategy

On 17 September 2019, a literature search was performed in
the electronic databases of PubMed, EMBASE, and Web of
Science. A search strategy was formulated for each of the
three databases (see Table 1 for the PubMed search strategy;
the comparable search strings for all three databases are given
in Supplement 1). The review was conducted according to the
PRISMA guidelines and recommendations.

Study selection criteria
The steps of selection of the articles for inclusion are shown in

the flowchart (Fig. 1). Articles that met the following criteria
were included: (1) articles describing patients undergoing both

Table 1
PubMed

Search strategy as applied in the electronic database of

((navigated transcranial magnetic stimulation OR navigated TMS)

OR

((“Transcranial Magnetic Stimulation”[Mesh] OR transcranial magnetic
stimulation*[tiab] OR TMS[tiab] OR rTMS][tiab])

AND

(((intraoperat*[tiab] OR intra-operat*[tiab] OR during surg*[tiab] OR
(awake[tiab] AND surgery[tiab]) OR intracranial[tiab]) AND
(mapping[tiab] OR cortical stimulat*[tiab] OR subcortical
stimulat*[tiab])) OR

direct cortical stimulat*[tiab] OR direct electrical stimulat*[tiab] OR
cortical stimulation mapping[tiab] OR intraoperative stimulat*[tiab]
OR intra-operative stimulat*[tiab] OR direct stimulation[tiab] OR

((direct[tiab] NOT (“direct current”[tiab] OR tdcs[tiab])) AND (cortical
stimulat*[tiab] OR electrical stimulat*[tiab])) OR dcs[tiab])))

NOT

(“Animals”’[Mesh] NOT “Humans”’[Mesh])
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a nTMS mapping procedure and a DCS mapping procedure.
(2) A comparison in function localization between both map-
ping techniques was performed. The study selection proce-
dure was performed by three of the authors (H-RJ, A-KO,
AW). Each citation was checked by at least two different
researchers. Disagreement was resolved by discussion. The
following languages were allowed for inclusion: English,
German, French, Italian, and Spanish. There was no restriction
in the type of neurological function that was being mapped,
although motor and language were the predominant neurolog-
ical functions investigated in most publications. The refer-
ences of the articles selected for full-text reading were hand
searched for new eligible citations. This did not lead to the
addition of any new citations. Comments, letters to the editor,
and author replies were excluded because they contained no
new experimental data. Case reports describing a single pa-
tient were excluded in this review.

Quality assessment of included articles

The study design of the included articles in this review was
noted. Furthermore, the articles were scored on four different
domains as described by Murad et al. [33] in a modified way.
For every domain, the information in a publication was eval-
uated as good, moderate, or insufficient. The four domains
were patient selection (Do the patients represent the whole
experience of the investigator/center? Is the selection method
unclear to the extent that other patients with similar presenta-
tion may not have been reported?), ascertainment (Were ex-
posure and outcome adequately ascertained?), causality (Were
other alternative causes that may explain the outcome ruled
out?), and reporting (Are sufficient details given to allow other

researchers to replicate the research or make inferences related
to their own practice?).

Data extraction from articles

From the available full-text articles, the following information
was extracted: information on the comparison of mapping
outcome of nTMS and DCS. For motor mapping, in most
studies, the Euclidian distance was given between nTMS-
and DCS-mapped cortical representations of muscle groups.
For language studies, often sensitivity, specificity, positive
predictive value (PPV), and negative predictive value (NPV)
were used to evaluate nTMS mapping, by comparison of
nTMS results with “gold standard” DCS mapping results.
To obtain these data, most studies divide the cortical surface
in many small cortical areas and calculate the (dys)congruence
of the mapping results from the nTMS and DCS techniques
for each of these areas. If available, the following information
was also extracted: the number of patients in the study on
which the comparison between nTMS and DCS was made
(this did not always correspond to the total number of patients
included in a study), the year of publication, and the disease
type of the patient population. The type of TMS machine and
other hardware used for the preoperative mapping procedure
were noted. The nTMS mapping protocol and settings were
recorded as completely as possible from the description in the
article. A qualitative analysis was performed.

Results

The initial database search yielded 2190 citations. After re-
moval of duplicates and title and abstract screening, 62
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Table 2 For the included articles, the study design was noted. The articles were assessed on the domains of patient selection, ascertainment, causality, and
reporting. Regarding these domains, the available information in the publications was evaluated as good ( ), moderate ( ), or insufficient ( . )

Q:S <
Publication Study design 3 g 5? §
5 g o &
<
Motor
Krings etal (1997) [29] Prospective §
Finke et al (2008) [6] N/At
Picht et al (2009) [41] N/A'l'
Vitikainen et al (2009) [58] N/A"' ’
Kantelhardt et al (2010) [21] Prospecﬁve .
Forster et al (2011) [7] Prospective
Picht et al (2011) [43] Prospecﬁve
Krieg et al (2012) [25] Prospective
Krieg et al (2012) [24] Prospective
Paiva et al (2012) [39] Prospecﬁve
Tarapore et al (2012) [56] Prospecﬁve
Mangraviti et al (2013) [31] Prospective
Coburger et al (2013) [3] Prospective
Krieg et al (2013) [25] Prospective
Paiva et al (2013) [38] Prospecﬁve
Vitikainen et al (2013) [59] Retrospective
Opitz et al (2014) [36] Prospective .
Forster et al (2015) [8] Retrospective .
Saisinen et al (2015) [48] N/AT .
Takakura et al (2017) [54] Prospective
Aonuma et al (2018) [1] Prospective
Jung et al (2019) [20] Retrospective
Kohlert et al (2019) [21] Prospecﬁve
Raffa et al (2019) [44] Retrospective
Raffa ct al (2019) [45] Retrospective
Seynaeve et al (2019) [51] Prospective
Language
Picht et al (2013) [40] Prospecﬁve
Tarapore et al (2013) [55] Prospective
Kricg et al (2014) [27] Prospective &
Krieg et al (2014) [28] Prospective
Tlle et al (2015) [18] Prospecﬁve
Ille et al (2015) [19] Prospecﬁve
Babajani-Feremi et al (2016) [2] Retrospective .
Sollmann et al (2016) [52] Prospective
Lehtinen et al (2018) [30] N/A'l‘
Jung et al (2019) [20] Retrospective

 Information on retrospective or prospective character of case series not available
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Table 3 (continued)

semi-quantitative result was verified by a

screen shot with the navigational system
Intraoperative mapping and nTMS mapping nTMS-based mapping of the motor pathway

100%

100% 66.6%

93.5%

Raffa et al. (2019) [44]

can be considered a useful presurgical

tool for treatment of rolandic

meningiomas

were concordant in all but 2 cases (5.7%).
The accuracy of the nTMS-based

mapping compared with intraoperative

- mapping was 94.2%
89.66%' nTMS-based reconstruction of the entire

The multimodal approach of sodium

100%'

80%'

100%'

Raffa et al. (2019) [45]

fluorescein—guided resection with

motor pathway (M1 and CST) had an

nTMS-based preoperative reconstruction
of the motor pathway could facilitate

accuracy of 92.68% compared with

intraoperative mapping

achievement of maximal safe resection
The method with which TMS mapping data

Accuracy 83-86% for locating the motor

n/a

n/a

Range between 66.7 and

Range between 38.3 and

Seynaeve et al. (2019) [51]

are analyzed clearly affects the predicted

area of the primary motor cortex
representation. Realistic electric
field—based modeling improves
delineation of the motor cortex

representation

cortex

88.7% for different TMS

analysis methods

83.2% for different TMS

analysis methods

RMT resting motor threshold, »n/a not available, MEP motor evoked potential, ECS electrical cortical stimulation, MT motor threshold, NBS navigated brain stimulation, MSO maximum stimulator output,

APB abductor pollicis brevis, TA tibialis anterior, DES direct electrical stimulation, AMT active motor threshold, CST corticospinal tract, EMG electromyography

For nTMS-based reconstruction of the entire motor pathway (M1 and CST)

citations remained for full-text reading. After the final step in
the selection process, 35 articles were included in this review.
Study design of the included articles and information regard-
ing the domains described by Murad et al. were determined
(Table 2). There were 26 publications with data about motor
mapping and 10 publications with data about language map-
ping (one publication giving information on both motor and
language mapping). No publications on the comparison of
nTMS mapping and DCS mapping for other neurological
functions were found. The publications appeared between
1997 and 2019.

nTMS for motor function
Patient population

Twenty-six articles with information about nTMS and DCS
mapping of motor function were found, describing a total of
364 patients (Table 3) [1, 3, 6-8,20-22,24-26,29, 31, 36, 38,
39,41,43-45,48, 51, 54, 56, 58, 59]. The technique is used in
tumor patients with different kinds of histopathology (high-
grade/low-grade glioma, metastasis, meningioma, DNET,
lymphoma, hemangiopericytoma, ganglioma, and
cavernoma), in patients with vascular lesions, and in epilepsy
patients. In all studies, patients tolerated n'TMS mapping well.
No adverse events were being mentioned.

nTMS motor mapping protocols

Different n'TMS protocols were used for motor mapping. In 22
articles, the (resting) motor threshold (R)MT was determined.
Two articles only mention the percentage of maximum stim-
ulator output (MSO) that was applied [21, 22]. Another article
also used the active motor threshold (AMT) in some patients
to determine the stimulator output setting [54]. In the articles
where (R)MT was obtained, the stimulation intensity varied
from 105 to 130% of (R)MT for mapping of motor function.

Muscle groups mapped with nTMS

In the included studies, hand, arm, leg, and facial muscles are
mapped with nTMS. Hand muscles are most often mapped (in
all 26 available articles), followed by leg muscles (in 14 out of
26 articles).

Comparison of nTMS and DCS motor mapping

Eighteen articles describe the distance between nTMS-
mapped functional points and DCS-mapped functional points
as an outcome measure. Average/median (Euclidian) dis-
tances of 2.13—16 mm are reported. The data in the publication
of Kantelhardt et al. [21] were not taken into consideration
here, because the authors give a distance between nTMS

@ Springer
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mapping and DCS mapping after removal of the tumor. In this
situation, most likely brainshift will have occurred. Fourteen
articles describe an accuracy of <10 mm for nTMS motor
mapping compared with DCS mapping. Most authors con-
clude that nTMS motor mapping is reliable compared with
DCS mapping.

nTMS devices for motor mapping

For motor mapping, 15 out of 26 articles used a Nexstim
navigated brain stimulation (NBS) system (Helsinki,
Finland). Two other manufacturers of TMS devices,
Magstim (Whitland, UK) and MagVenture (Farum,
Denmark), could be identified in the included publications.

nTMS for language function
Patient population

Ten publications give information about language mapping
with nTMS and DCS, describing in total 188 patients
(Table 4) [2, 1820, 27, 28, 30, 40, 52, 55]. In one of their
publications, Ille et al. mention that some patient data have
been used in previous studies [19]. The use of patient data in
multiple publications could potentially make the total number
of patients described in the literature, regarding the compari-
son of n'TMS language mapping and DCS language mapping,
lower than the number mentioned here. In the included studies
in this review, language function in tumor patients and epilep-
sy patients was mapped. No adverse events are mentioned in
the studies. The nTMS language mapping was also well tol-
erated in pediatric patients according to Lehtinen et al. [30]. In
the study, 14 pediatric and adolescent patients were included,
with an age ranging from 9 to 18 years.

nTMS language mapping protocols

For language mapping, repetitive TMS (rTMS) is used to
suppress part of the (sub)cortical network responsible for the
production of language. All studies use the NexSpeech mod-
ule of the Nexstim NBS system, in which an object naming
task has to be performed. Stimulation was done at 76—-120% of
resting motor threshold (RMT). In the rTMS mapping proto-
cols, between 5 and 20 TMS bursts were given, with a fre-
quency ranging from 5 to 10 Hz. Other variables in the stim-
ulation protocols were duration of picture display time (range
700 ms-3 s), interpicture interval (range 2-5 s), and picture-
to-stimulation interval (range 0 s—500 ms).

DCS language mapping protocols

The DCS language mapping was conducted using the
“Penfield technique” in eight studies, with a stimulation

@ Springer

frequency of 40-60 Hz during 4 s. In six studies, intraopera-
tive electrocorticography (ECoG) was applied to detect epi-
leptic activity and afterdischarges after stimulation. In the two
studies on epilepsy patients, a subdural grid electrode was
used for DCS extraoperative language mapping.

Type of language error elicited by stimulation

All articles mention in their study protocols the type of lan-
guage errors that are registered during the nTMS mapping
procedure (speech arrest, performance error, hesitation, neol-
ogism, semantic paraphasia, phonologic paraphasia, circum-
locution, anomia). Only Sollmann et al. analyzed the correla-
tion between the type of language error that could be evoked
with nTMS mapping and the type of error found with DCS
mapping [52]. Lehtinen et al. give information about the per-
centage of true positive nTMS mapped types of language
errors in relation to the DCS mapping outcome, which ranged
between 14 and 76% [30].

Comparison of nTMS and DCS language mapping

Eight publications use a cortical parcellation system (CPS) for
language mapping. In this model, the hemisphere is divided
into 37 anatomical regions. The two other studies use the
Montreal Neurological Institute (MNI) coordinate system.
The comparison between language positive and negative
nTMS and DCS points makes calculation of sensitivity, spec-
ificity, NPV, and PPV possible. Sensitivity ranged from 10 to
100% and specificity ranged from 13.3 to 98%. NPV and PPV
ranged from 57 to 100% and 17-75%, respectively. Cut-off
values, regarding when a cortical region is considered positive
or negative for language function, strongly influenced these
outcomes. The negative mapped areas clearly had the highest
predictive value. One study mentioned distance between
nTMS- and DCS-mapped points as an outcome measure.
Babajani-Feremi et al. [2] described a Euclidian distance of
8.7 mm between nTMS- and DCS-mapped localizations. In
four articles, a separate analysis for the posterior and anterior
language areas and nTMS mapping accuracy was performed.
The anterior (Broca’s) language areas had the most reliable
nTMS mapping results. Most articles conclude that nTMS
language mapping is clinically useful, especially in regard to
negatively mapped regions.

nTMS devices for language mapping
All nTMS language mapping was done with the Nexstim

equipment and software. There was no diversity in manufac-
turer of the device and language testing software.
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Discussion

nTMS is a relatively new, promising mapping technique for
cortical function localization. This article provides an over-
view of the available literature on the comparison of nTMS
with DCS mapping in the neurosurgical practice. At the mo-
ment, comparative data are only available for motor and lan-
guage mapping. For other modalities (e.g., arithmetic func-
tion/calculation, neglect/spatial function, visual field aspects),
only non-comparative data in healthy subjects and sometimes
patients are available [11, 12, 14, 32, 49]. This renders multi-
ple unresolved questions for future research. Comparing the
results of nTMS and DCS mapping for other modalities can
help cross-validate the results of the relatively new motor and
language literature. The number of centers publishing their
data on nTMS mapping is growing but still limited, with some
centers being the predominant publishers/collaborators.
Especially the Munich and Berlin neurocenters have a broad
experience with the nTMS mapping technique and are respon-
sible for 31% of the publications included in this systematic
review.

clinically useful and safe in
epilepsy surgery patients.

Obtained sensitivity,
values are generally in line

specificity, and predictive
with previous results

Preoperative language
confirmed a high NPV and
specificity

nTMS language mapping is
mapping with nTMS

posterior regions is

Separate analysis for
anterior and
performed

n/a

27%
54.5%

nTMS motor mapping

The largest body of evidence is available for nTMS motor
mapping. The technique has proven to be reliable on a scale
of millimeters compared with DCS in a large number of stud-
ies (Table 3). Hand motor function is the most frequently
mapped cortical area. However, other muscles can be mapped
with the nTMS technique as well. There is an extensive body
of literature on nTMS motor mapping, forming a solid base
for its application in clinical practice. Although there is excel-
lent agreement between preoperative nTMS motor mapping
and DCS motor mapping, intraoperative monitoring of the
pyramidal tract and SCS are still indispensable, to secure in-
tegrity of the entire motor pathway.

95%
74.1%

nTMS language mapping

76%
66.7%

Language mapping with nTMS has also extensively been de-
scribed in the literature, albeit to a lesser extent than motor
mapping. The technique of language mapping is more com-
plex, because language is the result of a network function,
which is more difficult to localize and map than a
circumscriptive motor area in the precentral gyrus [47]. In
the studies on nTMS language mapping, a notable large var-
iability in sensitivity, specificity, NPV, and PPV was ob-
served. The different values are highly dependent on the
criteria that are used to determine if a cortical area is consid-
ered positive or negative for language function. In DCS map-
ping during awake surgery, the 2-out-of-3 rule is commonly
applied, to decide if a specific area is language eloquent or not.
This rule implicates that a cortical area is stimulated three

68%

(2018) [30]

(20]

! Interval between picture presentation and rTMS stimulation onset

Table 4 (continued)

Jung et al. (2019) 63.2%

ERT error rate threshold

i Overall results all mapped regions

it Here, results of the 2-out-of-3 rule are given

Lehtinen et al.
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times. The specific localization will be regarded eloquent for
the tested neurological function, if a performance error can be
provoked at least two times due to stimulation. If the amount
of positive stimulations is less than 2-out-of-3, then the area is
regarded non-eloquent for the tested neurological function.
The nTMS mapping error rate, which is used as a cut-off value
for positive or negative language function localization, greatly
influences sensitivity, specificity, NPV, and PPV [19]. For the
moment, there are no guidelines available, advising on which
error rates should be used as a cut-off in deciding on elo-
quence versus non-eloquence in nTMS language mapping.

Also, methodological differences influence accuracy re-
sults of the included studies, as has been pointed out by
Tarapore et al. [54]. For example, their use of a more dense
grid to separate different mapped brain regions than other
groups and a standardized data normalization algorithm can
explain the relatively high sensitivity, specificity, and NPV in
their publication. Furthermore, the methodological definition
of nTMS/DCS concordance versus nTMS/DCS non-
concordance influences the accuracy outcomes.

False-negative nTMS-mapped regions are, of course, a ma-
jor concern. However, the total number of false-negative
nTMS-mapped areas is low in all included studies. The
false-negative areas occurred predominantly in the posterior
language areas.

Most authors conclude that nTMS language mapping is
a very useful preoperative tool, but the technique cannot
replace DCS during awake surgery and it should be used as
an adjunct to awake intraoperative testing. There is no sup-
portive literature for resection of language-eloquent lesions
based on nTMS functional data alone. Only in patients in
which an awake procedure is not feasible (e.g., due to a
psychiatric condition or in young children), it can be con-
sidered to perform a resection without awake testing based
on nTMS mapping results (combined with DTI-FT) as has
been described by Ille et al. [17]. In their case series of four
patients, who did not qualify for awake surgery and had a
nTMS-based resection under general anesthesia, no new
neurological deficits occurred. However, one patient
underwent a second resection several days after the prima-
ry procedure to achieve a complete resection. The authors
advocate that nTMS-based resection can only form a “res-
cue strategy” for patients who do not qualify for awake

surgery.
nTMS mapping protocols

Regarding nTMS mapping protocols, our findings show that
differences in mapping protocols exist. In recent literature, this
is especially true for language mapping protocols. For exam-
ple, the publication from Krieg et al. shows that the timing of
nTMS pulse onset after picture presentation influences the
nTMS mapping result [28]. Also, differences in the number

@ Springer

of TMS bursts and time intervals (interpicture interval, pic-
ture-display-time) exist. This opens possibilities for future di-
rections/perspectives. A recent consensus meeting about the
protocol for motor and language mapping, however, has
helped to overcome major diversity in current practice [23].
During this meeting, participating experts agreed that there is
enough supportive evidence for the use of nTMS motor map-
ping in routine clinical practice. Details on the nTMS motor
mapping protocol are given in the supplementary material of
the meeting report [23]. In the opinion of this consensus
group, nTMS language mapping should be performed in the
framework of clinical studies. In the meeting report, a nTMS
language mapping protocol is proposed and the parameters are
appointed that should be taken into consideration when
performing nTMS language mapping. It is stated, however,
that further refinement of this protocol is necessary [23].
Optimization of nTMS mapping protocols should be
achieved, primarily, by testing different settings in healthy
subjects.

Furthermore, there is a need for standardization regard-
ing the interpretation of nTMS responses. Especially cut-
off values when a stimulated area is considered positive or
negative should become more clearly established in future
protocols. Besides, in most n'TMS language mapping ses-
sions, only an object naming task was performed. There are
no data on nTMS mapping test batteries containing, for
example, verb generation, reading, and writing, and the
comparison with DCS mapping results of those functions.
Also, data regarding the correlation between type of lan-
guage errors (e.g., speech arrest, anomia, phonemic
paraphasia, semantic paraphasia, hesitation) in nTMS and
DCS mapping procedures are scarce.

In DCS mapping, ECoG is frequently used intraoperatively
to be informed about epileptic activity and afterdischarges
following cortical stimulation, which can form an alternative
explanation for language errors. The addition of electroen-
cephalography (EEG) to nTMS mapping is not applied in
most protocols. The combination of both techniques could
possibly make the interpretation of stimulation results in
nTMS language mapping more accurate. Although during
nTMS mapping hardly any epileptic seizures have been en-
countered according to the literature, it could be interesting to
know if a nTMS-provoked speech disturbance is a very focal
effect, or that the stimulation maybe did cause a more wide-
spread disturbance/epileptiform activity in patients than is cur-
rently believed.

nTMS mapping devices

The diversity in TMS hardware/devices is limited.
Predominantly Nexstim NBS (Helsinki, Finland) machines
were used. In total, 24 out of 35 publications use the
Nexstim equipment. Two other manufacturers of nTMS



Neurosurg Rev (2021) 44:1903-1920

1917

devices for mapping of neurological function could be identi-
fied in the included articles in this review, which are Magstim
(Whitland, UK) and MagVenture (Farum, Denmark).

nTMS mapping and fMRI function localization

nTMS mapping has been compared with fMRI mapping in
several studies as well. For motor function localization, there
is support that n'TMS mapping is more accurate than fMRI [3,
7,30] and, in addition, the distance between nTMS- and DCS-
mapped functional regions is smaller than the distance be-
tween nTMS- and fMRI-mapped functional regions [23-25].
Regarding mapping of language function, nTMS mapping is
more sensitive, but less specific than fMRI [2, 18].

nTMS mapping for other purposes than preoperative
cortical function localization

Although initially during its development in the neurosurgical
practice, the focus was on nTMS being a preoperative map-
ping tool, many new applications have been described recent-
ly. There is literature describing nTMS as a tool to investigate
plasticity and shift of neurological function localization over
time in patients suffering from different neurological condi-
tions [15]. With this, nTMS becomes an instrument to judge
the possibility of secondary craniotomies after the primary
procedure because, due to the plasticity and shift of neurolog-
ical function, new opportunities for safe resections might be-
come possible in the course of the disease, which were not
possible during the primary procedure due to eloquence. Also,
nTMS data are successfully used as seeding point for diffusion
tensor imaging (DTI) fiber tracking of white matter tracts [4,
9,34, 35, 60]. There is literature describing nTMS mapping as
a helpful tool in the planning of radiosurgery targets in elo-
quent brain regions [5, 42, 50, 57]. Last but not least, n"TMS is
used as a method to determine eloquence and thus classifica-
tion of arteriovenous malformations and, depending on this
classification, the treatment of those lesions [16]. All these
purposes are useful in clinical practice. However, it must be
emphasized that the accuracy of the nTMS technique remains
the pivotal mainstay for all aforementioned purposes. The
current review gives an overview of the available data
concerning this topic.

Study limitations

The data in this systematic review were not deemed suitable
for meta-analysis because of the diversity in outcome mea-
sures and because it cannot be excluded that some patient data
are used in multiple studies. The included studies have a pro-
spective or retrospective character. Hence, in a number of
studies, the data were collected primarily for clinical, not com-
parative, purposes. This review compares nTMS mapping

with DCS mapping; in most included articles, this concerned
intraoperative DCS mapping, but in the articles on epilepsy
patients, an operatively placed subdural grid was used for
DCS extraoperative language mapping. Both DCS techniques
are not fully comparable. In this systematic review, the effect
of nTMS mapping on treatment outcome was not evaluated.

Conclusion

nTMS mapping is a relatively new mapping technique for
cortical function localization and can be a helpful and infor-
mative preoperative diagnostic tool. The largest body of evi-
dence is available for nTMS motor mapping, in which the
accuracy compared to DCS mapping is good. Concerning
nTMS language mapping, there is more variability in accuracy
results. The technique cannot replace intraoperative language
mapping and should be used as an adjunct. The NPV and
sensitivity of nTMS language mapping seem to be the most
reliable, when nTMS is compared with DCS, especially in the
anterior language areas. For now, only for nTMS motor and
language mapping, comparative data with DCS are available.
For other neurological functions, no comparative literature
between both techniques is available yet. Further work should
emphasize on the validation of nTMS mapping for other neu-
rological functions, as well as other language tasks.
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