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Haosu Zhang, Severin Schramm, Axel Schröder, Claus Zimmer, Bernhard Meyer and Sandro
M. Krieg et al.
Function-Based Tractography of the Language Network Correlates with Aphasia in Patients
with Language-Eloquent Glioblastoma
Reprinted from: Brain Sci. 2020, 10, 412, doi:10.3390/brainsci10070412 . . . . . . . . . . . . . . . . 57

Severin Schramm, Alexander F. Haddad, Lawrence Chyall, Sandro M. Krieg, Nico Sollmann
and Phiroz E. Tarapore
Navigated TMS in the ICU: Introducing Motor Mapping to the Critical Care Setting
Reprinted from: Brain Sci. 2020, 10, 1005, doi:10.3390/brainsci10121005 . . . . . . . . . . . . . . . 75

Valentina Baro, Samuel Caliri, Luca Sartori, Silvia Facchini, Brando Guarrera and Pietro
Zangrossi et al.
Preoperative Repetitive Navigated TMS and Functional White Matter Tractography in a
Bilingual Patient with a Brain Tumor in Wernike Area
Reprinted from: Brain Sci. 2021, 11, 557, doi:10.3390/brainsci11050557 . . . . . . . . . . . . . . . . 93

Ann-Katrin Ohlerth, Roelien Bastiaanse, Chiara Negwer, Nico Sollmann, Severin Schramm
and Axel Schröder et al.
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Transcranial magnetic stimulation (TMS) is being increasingly applied in neuroscience
and the clinical setup [1–5]. Applications of TMS are focused on treatment and diagnostics.
Modern advances include, but are not limited to, the combination of TMS with precise
neuronavigation, as well as the integration of TMS into a multimodal environment, mainly
by guiding TMS applications using complementary techniques such as functional mag-
netic resonance imaging (fMRI), electroencephalography (EEG), diffusion tensor imaging
(DTI), or magnetoencephalography (MEG). The impact of stimulation can be identified
and characterized by such multimodal approaches, thus helping to shed light on basic
neurophysiology and TMS effects in the human brain [6–9].

This Special Issue entitled “Modern Developments in Transcranial Magnetic Stimu-
lation (TMS)–Applications and Perspectives in Clinical Neuroscience” in Brain Sciences
received studies covering various applications of TMS, with focuses on neuronavigated
TMS (nTMS) for mapping of cortical functions [10–14], treatment and modulatory ef-
fects [15–19], and basic neuromechanisms [20–22], all clinically relevant and supporting
the aims set for the Special Issue.

Sollmann et al. comprehensively reviewed nTMS motor mapping in clinical applica-
tion with accompanying validating evidence, and provided additional and new evidence
on the parametric prerequisites crucial to ensuring feasible mapping accuracy [13]. In
addition, the accompanied multimodal information used (e.g., for fiber tracking of the
descending motor tracts) was concluded to provide potential aid and improvements in
nTMS applicability, particularly in the critical cohort of patients harboring motor-eloquent
brain tumors [13]. Highlighted applications of nTMS in clinical motor mapping include,
in addition to the conventionally acknowledged imaging information, the mode of risk
stratification and prediction of potential surgical outcomes, as well as observations of
neural plasticity related to adjustment and relocation of motor functions within the brains
of such patients [13]. Sollmann et al. also highlighted the role of methodological integration
into clinical routines and accompanied systems for achieving the full potential of nTMS,
while considering that successful application requires comprehensive knowledge of the
application and its methodological constraints [13]. The authors see great potential in nTMS
and its multimodal applications, not only as a surgical planning tool, but also for providing
longitudinal information applicable to prognostics and follow-up examinations [13].

Applying motor mapping in critically ill patients, Schramm et al. demonstrated the
use of nTMS as a safe and reliable method for motor mapping in the intensive care unit
(ICU) setting, and outlined its possible benefits [12]. The authors demonstrated that in the
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ICU environment, where imaging with computed tomography (CT) is more applicable
than magnetic resonance imaging (MRI) that is conventionally used with nTMS, the post-
processed CT images provided a feasible alternative to MRI for neuronavigation [12]. The
ICU environment is notoriously challenging, given that electromyography (EMG) for motor
mapping with nTMS is highly sensitive to noise coupled to weak signals. The noise in the
measured EMG signal has been successfully reduced to a feasible level [12]. Schramm et al.
considered the potential applications in the ICU to involve prognostics and monitoring of
certain transient complications related to the nTMS motor mapping procedure [12].

By mapping language-related areas, Zhang et al. provided evidence for structural
differences on cortical and subcortical levels between language-positive (i.e., locations
where upon stimulation, a modulatory effect on language performance was detected) and
language-negative areas (i.e., locations where no effect of nTMS was detected) during nTMS
language mapping among patients with language-eloquent brain tumors [14]. Their results
provided additional and new evidence in patients with glioblastoma multiforme regarding
the connection of speech and language function and brain anatomy, with nTMS demon-
strating that responsiveness to stimulation is critically related to cortical and subcortical
interplay and the rate of speech impairment [14]. They considered that the results further
increase confidence in nTMS language mapping and nTMS-based tractography in the
clinical setting [14]. In their study, Baro et al. reported a case of nTMS-based tractography
application in neurosurgery in a bilingual patient affected by a brain tumor in the left tem-
poral lobe, who underwent nTMS mapping for both languages (Romanian and Italian) [10].
This procedure was considered to disclose the true eloquence of the anterior part of the
lesion in both language-related tests [10]. The outcome was verified after surgery, with
language abilities remaining intact in both languages [10]. To further develop the protocol
of language mapping with nTMS, Ohlerth et al. compared a conventional noun-naming
task to an action-naming task, and reported that action naming may be more favorable in
nTMS mapping in terms of error rates and may hence improve the accuracy of nTMS-aided
preoperative planning [11]. Their findings may have distinct impact on nTMS language
mapping routines in clinical setups, where an object-naming task is routinely used despite
limited specificity.

In their study, Phipps et al. reviewed the current heterogeneous literature-based evi-
dence for using repetitive TMS (rTMS) to enhance or restore memory, e.g., for applications
in Alzheimer’s disease treatment, and offered several recommendations for the design of
future investigations using rTMS to modulate human memory performance [17]. Regarding
the potential analgesic effects of rTMS for treatment of chronic refractory pain, Freigang
et al. compared two treatment targets and sequences against a sham setting in multi-session
therapy for lower back pain, and found indications that treatment on the left dorsolateral
prefrontal cortex with 5-Hz rTMS may induce greater pain and stress relief than treatment
on the primary motor cortex (M1) with 20 Hz [16]. In addition, Xu et al. provided evidence
that an intermittent theta-burst stimulation (TBS) protocol on the ipsilesional M1 could
induce immediate neural activity and functional connectivity changes in motor, language,
and other brain regions in patients with post-stroke aphasia as observed through fMRI,
which could promote functional recovery [18]. In an experimental setting in rats, to shed
light on the efficacy of rTMS in multiple sclerosis (MS) treatment, Dragić et al. reported that
continuous TBS counteracted with experimental autoimmune encephalomyelitis (EAE)-
induced effects on adenosine signaling [19]. Furthermore, it attenuated the reactive state
of microglia and astrocytes, thus suggesting a potential TBS-induced reduction in the
neuroinflammatory process known to be related to MS [19].

In their exploratory study combining EEG and rTMS modulation, Casanova et al.
found that in autism spectrum disorder (ASD) subjects, visually evoked and induced
gamma oscillations were evident at higher magnitudes of gamma oscillations before rTMS
modulation than in neurotypical controls [15]. Recordings after rTMS treatment in ASD
revealed a significant reduction in gamma responses to task-irrelevant stimuli, and par-
ticipants made fewer errors after rTMS neuromodulation [15]. In addition, behavioral
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questionnaires conducted after treatment revealed decreased irritability, hyperactivity, and
repetitive behavior scores [15].

Guerra et al. provide a status update and summarizing review on previously reported
findings regarding the potential contribution of TMS in combination with EEG to the
understanding of the mechanisms underlying normal brain aging [20]. Continuing with
combined TMS and EEG, and to demonstrate the functional phase-dependent relationships
between frontal, parietal, and occipital areas of the brain to support EEG-state-dependent
TMS, Tabarelli et al. studied a large open dataset [22]. They found a consistent connectivity
between parietal and prefrontal regions, whereas occipito-prefrontal connectivity was
less marked and occipito-parietal connectivity was comparatively low [22]. The authors
consider their results a relevant add-on feature for individualized brain-state-dependent
TMS, with possible contributions to personalized therapeutic nTMS applications [22].

Kariminezhad et al. reported that the individual paired associate stimulation (PAS)
response, whether expressed as long-term depression (LTD)-like or long-term potentiation
(LTP)-like effects on motor-evoked potentials (MEPs), were related to the individual repeti-
tion suppression (RS) responses observed in the MEP amplitudes [21]. Kariminezhad et al.
considered this finding a promising step for predicting TMS neuromodulation outcome
based on the individual RS effect [21].

Overall, the original articles, reviews, and case studies included in this Special Issue
provide interesting reading, solid evidence, important indicative findings, and summa-
rizing conclusions based on recent literature, hence being of great interest for all those
working with clinical applications of nTMS or neuroscience research. We would like to
thank the authors for their contributions and wish the readers happy and fruitful reading.

Funding: P.J. received funding from the Academy of Finland (grant no: 322423).

Conflicts of Interest: P.J. received consultation fees and shares a patent with Nexstim Oyj (Helsinki,
Finland). N.S. received honoraria from Nexstim Oyj (Helsinki, Finland).
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Abstract: Navigated transcranial magnetic stimulation (nTMS) has developed into a reliable non-

invasive clinical and scientific tool over the past decade. Specifically, it has undergone several

validating clinical trials that demonstrated high agreement with intraoperative direct electrical

stimulation (DES), which paved the way for increasing application for the purpose of motor mapping

in patients harboring motor-eloquent intracranial neoplasms. Based on this clinical use case of

the technique, in this article we review the evidence for the feasibility of motor mapping and

derived models (risk stratification and prediction, nTMS-based fiber tracking, improvement of

clinical outcome, and assessment of functional plasticity), and provide collected sets of evidence

for the applicability of quantitative mapping with nTMS. In addition, we provide evidence-based

demonstrations on factors that ensure methodological feasibility and accuracy of the motor mapping

procedure. We demonstrate that selection of the stimulation intensity (SI) for nTMS and spatial

density of stimuli are crucial factors for applying motor mapping accurately, while also demonstrating

the effect on the motor maps. We conclude that while the application of nTMS motor mapping has

been impressively spread over the past decade, there are still variations in the applied protocols and

parameters, which could be optimized for the purpose of reliable quantitative mapping.

Keywords: brain stimulation; brain tumor; electric field; eloquent cortex; functional mapping;

motor mapping; motor threshold; navigated transcranial magnetic stimulation; neuronavigation;

presurgical evaluation

1. Introduction

Navigated transcranial magnetic stimulation (nTMS) combines the use of neuronavi-
gation with TMS to target neurostimulation inductively to the brain cortex, utilizing views
of the brain anatomy with sub-centimeter precision and enabling tracking of the coil during
stimulation (e.g., using an infrared (IR) tracking system combined with the stimulator;
Figure 1) [1]. For over a decade, nTMS has been used in diagnostic setups (e.g., to perform
non-invasive clinical mapping of motor or other brain functions) or for therapeutic purpose
(e.g., to treat major depression or other psychiatric diseases as well as chronic pain). Preced-
ing nTMS as we know it today, early approaches conducted mapping based on anatomical
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landmarks placed over the scalp or used frameless stereotactic systems to localize and track
stimulations [2–4]. However, such approaches seemed limited for clinical use where high
precision and reliability is warranted in relation to individual brain anatomy that can be
both spatially and functionally deranged due to pathology. Technological advancements
have enabled the estimation of the spatial extent and geometry of the electric field (EF)
induced by stimulation [1,5–7]. Specifically, the development of nTMS using EF-based
neuronavigation acknowledges that the EF induced by stimulation strongly depends on
several factors such as skull thickness and coil tilting, amongst others. In this context,
accurate and efficient modelling of the EF is essential to pinpoint the impact of stimulation
and to understand its effects [1,5–7]. Since nTMS using such EF-based neuronavigation
is currently considered the most accurate method for targeting stimulation, this article
focusses on this technique.

Figure 1. Setup for nTMS mapping. (A) Hardware of the nTMS system, including an infrared camera, EMG amplifier,
neuronavigation monitor, and the stimulator with a cooling unit as the central components. (B) Patient positioning during
mapping procedures, requiring initial co-registration of the patient’s head with cranial MRI (using a head tracker attached
to the patient’s forehead) to be able to track the stimulating coil (equipped with infrared trackers) in relation to individual
brain anatomy. (C) Navigation view during the mapping procedure, showing the stimulating coil (yellow marker) with its
orientation (red arrow) and modelled EF distribution.

Overall, interest towards combining neuronavigation with TMS has experienced more
and more interest in the research community as indicated by the increasing trend in pub-
lished studies (Figure 2). From a clinical perspective, nTMS has been gaining importance
especially as a tool for preoperative mapping used for planning and intraoperative resec-
tion guidance in patients harboring functionally eloquent brain neoplasms [1,8–11]. As of
today, mapping of motor function has become the mainstay of nTMS, making so-called
nTMS motor mapping in patients with motor-eloquent lesions an ideal use case for the
technique. In modern neuro-oncological surgery, achieving an optimal balance between
the extent of resection (EOR) of a brain tumor and the individual functional status of the
patient is the major principle for surgical resection [12]. Prognostically, a safely performed
maximized tumor resection is of utmost importance as incomplete resection is correlated to
lower survival rates and quality of life for patients with malignant glioma as the prominent
entity of intra-axial brain tumors [13–18]. To maximize the EOR while keeping surgery-
related decline of function (e.g., paresis in the context of the motor system) to the lowest
level achievable, intraoperative direct electrical stimulation (DES) is performed as the gold-
standard method for assessing subcortical and cortical functional representations [19–23].
Outside of the operating theater, nTMS motor mapping and later-developed nTMS-based
tractography can be performed for this purpose. As the major field of current application,
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the first part of this article focusses on the clinical utility of nTMS-based motor mapping
and derived tractography in patients with motor-eloquent brain neoplasms.

Figure 2. Number of articles on nTMS published annually between 2002 and 2020 as indexed
in PubMed (on the 21st of May in 2021). The search query in PubMed was defined as follows:
(“navigated transcranial magnetic stimulation” OR “navigated TMS” OR “neuronavigated TMS” OR
“neuronavigated transcranial magnetic stimulation”).

From a methodological perspective, the nTMS parameters selected for motor map-
ping, such as the stimulation intensity (SI), number of applied stimuli, and the density
of the applied stimulation grid, affect the outcome and accuracy of the motor mapping
(Figure 3) [24–27]. Specifically, optimal selection becomes especially important when quan-
titative parameters are drawn from the motor maps, e.g., to characterize the location of
motor function or to define its extent on the cortex. Quantitative mapping refers to those
quantitative parameters derived from nTMS motor mapping, based on the recorded re-
sponses and location information related to the responses. The quantitative parameters
in nTMS motor mapping include the locations of the motor hotspot and center of gravity
(CoG), and area and volume of the motor map, which are all based on recorded amplitudes
of motor-evoked potentials (MEPs) elicited by stimulation (Figure 3) [24–27]. The motor
hotspot location is often considered as the location of the maximum MEP amplitude re-
sponse [28,29]. It not only characterizes the major location of the motor representation, but
is also used as the location where the resting motor threshold (rMT) is determined and
around which the motor map extends. The CoG is defined as the amplitude-weighted
location representing the location in the motor representation area where the center of
motor activation lies [28,30,31]. The volume of the motor map is usually calculated by
summing the MEP amplitudes within a motor map, e.g., within a stimulus grid [30–33].
The area of the motor map on the other hand binarizes the MEP responses to positive
and negative responses and represents the area covered by positive responses (i.e., spots
where stimulation elicited an MEP with a certain amplitude) [27,34,35]. Importantly, wrong
selection or wrong interpretation of these quantitative parameters affects the confidence
in the motor map and, in the worst case, could lead to imprecise motor maps that may
have harmful consequences to the patient when used for preoperative planning and in-
traoperative resection guidance in neuro-oncological surgery. The technical solutions and
refinements realized in the nTMS systems by the manufacturers are also important for
the overall performance of motor mapping, albeit representative comparisons between
different manufacturer-specific approaches have not yet been made in the literature. Given
the crucial role quantitative parameters play for nTMS motor mapping, the second part of
this article demonstrates the significance of certain parameters used in motor mapping to
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apply quantitative measures on the resulting individual motor maps. Finally, we speculate
on the future of nTMS motor mapping by the potential in advancing from current trends
towards purely quantitative motor mapping, which would have direct clinical impact. Rel-
evant studies were identified by PubMed search (http://www.ncbi.nlm.nih.gov/pubmed;
accessed on 21 May 2021).

Figure 3. Overview of the main steps during the nTMS mapping procedure, starting with upload of the MRI data to the
nTMS system and resulting in the generation of the individual motor map that can be further used for nTMS-based fiber
tracking and other interdisciplinary or multi-modal applications. In addition, the main quantitative parameters that can be
extracted from the single steps are shown (including the location of the motor hotspot, SI, number of stimuli, density of the
stimulation grid, CoG, area, and volume of the motor map).

2. Clinical Application of nTMS for Mapping Motor Function

2.1. Feasibility, Reliability, and Comparison with Other Methods

The gold standard for functional brain mapping is defined by DES. Thus, any other
technique for mapping purposes needs to be validated against it. First case reports in
patients with intracranial metastasis (MET), meningioma (MEN), and low-grade glioma
(LGG) have already indicated good agreement between preoperative motor mapping
by nTMS and DES [32–34]. Specifically, in an early series of 20 patients with different
entities of intracranial neoplasms, the motor hotspot was located on the same gyrus for
nTMS and DES mappings in all enrolled cases, with distances of motor hotspots between
techniques amounting to values <1 cm for specific cortical muscle representations [35]. In
this regard, Table 1 provides an overview of studies on reliability of nTMS motor mapping
and comparison with other methods, mainly including DES.

The initial impression of high concordance between motor maps provided by pre-
operatively acquired nTMS motor mapping and those derived from DES was confirmed
by subsequent studies that aimed to enroll larger patient cohorts with different entities of
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brain lesions and performed comparisons with a third method. Specifically, comparative
analyses were achieved for nTMS and task-based functional magnetic resonance imaging
(fMRI) versus DES mappings since task-based fMRI appeared as a widely used alternative
to nTMS, with all major studies consistently revealing closer distances for localizations of
cortical motor function between preoperative nTMS and DES compared with task-based
fMRI activation maps [36–41]. Exemplarily, in a series of 26 patients, distances between mo-
tor hotspots of nTMS and DES amounted to 4.4 ± 3.4 mm on average [38]. However, when
comparing distances between activation in task-based fMRI and nTMS motor hotspots,
larger distances of 9.8 ± 8.5 mm for upper extremity (uE) and 14.7 ± 12.4 mm for lower
extremity (lE) muscle representations were observed [38]. More recently, considering motor
representations of the uE, lE, and tongue in 36 patients with intracranial tumors, there were
significantly smaller Euclidean distances as well as a better spatial overlap between DES
and nTMS compared with task-based fMRI [41]. In this regard, one study suggested that
nTMS motor mapping is as accurate in recurrent gliomas as it seems to be prior to the initial
surgery, opening up the possibility to reuse nTMS motor mapping in the individual course
of disease [39]. Similar to results for nTMS motor mapping versus fMRI, in an investigation
comparing the accuracy of nTMS with magnetoencephalography (MEG) and DES mapping,
distances between motor hotspots of nTMS and DES mappings were significantly smaller
than those between the activation in MEG and nTMS motor hotspots [42].

The implementation of nTMS motor mapping confirmed the expected anatomy in
22%, added awareness of high-risk functional areas in 27%, modified the approach in 16%,
changed the planned EOR in 8%, and changed the surgical indication in 3% of patients
among a cohort of 73 patients with different entities of brain neoplasms [43]. Similarly,
another study concluded that nTMS motor mapping enabled an exact localization of the
motor cortex in 88.2%, provided the neurosurgeon with new unexpected information about
functional anatomy in 70.6%, and facilitated a modification of the surgical approach to
spare the motor cortex from damage in 29.4% of patients [44]. Further, the availability
of nTMS data improved the neurosurgeons’ confidence in identifying the motor strip
or central region [38,40]. Importantly, valuable motor mapping data from nTMS may
be generated irrespective of the distinct experience level of the operator (after a certain
interval of training), with average intra-examiner distances between CoGs for an expert
investigator amounting to 4.4 mm and 4.9 mm for the expert versus novice investigator,
with comparable values in the investigated healthy subjects as well as in patients with
brain tumors [45].

Regarding potential variability of MEP latencies or the SI applied during nTMS
motor mapping as a function of the rMT, it has been revealed in large cohorts of patients
with motor-eloquent tumors that sex and antiepileptic drug (AED) intake, amongst other
factors, may considerably contribute to MEP latency variability as well as variability of
the determined rMT [46,47]. Interestingly, also the tumor grading according to the World
Health Organization (WHO) scheme may be held accountable for a certain degree of
variability introduced to nTMS motor mappings because MEP latencies of lE muscles
increased with the WHO grading, and correlations between the increase in WHO grading
and a decreased rMT were observed for lE muscles [48]. From a more methodological
perspective, efforts have been made to expand accurate nTMS-based motor mapping
beyond the limits of the supposed primary motor cortex, and to increase robustness by
introducing altered threshold values for MEP amplitudes [49,50]. Future research will
determine the distinct relevance of such influencing factors for motor mapping by nTMS in
patients with brain tumors, in whom such potential confounders of motor mapping results
are still largely neglected in the clinical routine workflow.
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Table 1. Feasibility, reliability, and comparison with other methods. This table outlines the studies published on feasibility and reliability of motor mapping by nTMS (using an
electric-field-navigated system) in patients harboring brain neoplasms. Furthermore, studies comparing nTMS motor mapping with other modalities (intraoperative DES, preoperative
fMRI, and preoperative MEG) are included.

Author Year Cohort
Tumor

Entities
nTMS

Method
Techniques for

Comparison
Main

Objective
Main

Findings

Coburger et al.
[32]

2011
75-year-old

woman
MEN

Preoperative
motor mapping

(60–80 V/m)
Intraoperative DES

To correlate nTMS
with DES

− The motor strip as determined by DES was located in the
same cortical area where motor responses were elicited
by nTMS.

− nTMS motor mapping is a helpful tool for preoperative
planning.

Picht et al. [33] 2011
63-year-old

woman
MET

Preoperative and
postoperative (4th
postoperative day)

motor mapping
(110% rMT)

Intraoperative DES

To test nTMS in a
patient with severe
preoperative motor
impairment and to
correlate with DES

− nTMS motor mapping demonstrated intact corticospinal
pathways in presence of hemiplegia.

− nTMS motor mapping modified the surgical strategy.
− nTMS and DES mappings agreed well.

Picht et al. [35] 2011
20 adult
patients

HGG, MET,
MEN, Other

Preoperative
motor mapping

(110% rMT)
Intraoperative DES

To compare the
accuracy of nTMS

with DES

− Motor hotspots were located on the same gyrus for nTMS
and DES mappings in all cases.

− Distances between motor hotspots of nTMS and DES
mappings amounted to 7.8 ± 1.2 mm for the APB and to
7.1 ± 0.9 mm for the TA muscles.

− nTMS and DES mappings agreed well.

Forster et al. [37] 2011
11 adult
patients

LGG, HGG,
MET, Other

Preoperative
motor mapping

(110% rMT)

Preoperative fMRI
Intraoperative DES

To compare the
accuracy of nTMS with

fMRI and DES

− Distances between motor hotspots of nTMS and DES
mappings (10.5 ± 5.7 mm) were significantly smaller
than those between the activation in fMRI and DES motor
hotspots (15.0 ± 7.6 mm).

− nTMS motor mapping is more precise than fMRI when
correlated to results of DES.

Picht et al. [43] 2012
73 adult
patients

LGG, HGG,
MET, MEN,

Other

Preoperative
motor mapping (110%
rMT) and nTMS-based

tractography (but
not considered)

Intraoperative DES

To evaluate the
influence, benefit, and

impact of nTMS
on surgery

− nTMS motor mapping confirmed the expected functional
anatomy in 22%, added awareness of high-risk areas in
27%, modified the approach in 16%, changed the planned
EOR in 8%, and changed the surgical indication in 3%
of patients.

− nTMS motor mapping has positive impact on surgical
planning and on the surgery itself.
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Table 1. Cont.

Author Year Cohort
Tumor

Entities
nTMS

Method
Techniques for

Comparison
Main

Objective
Main

Findings

Krieg et al. [38] 2012
26 adult
patients

LGG, HGG,
MET, Other

Preoperative
motor mapping

(110% rMT for uE and
130% for lE muscles)

Preoperative fMRI
Intraoperative DES

To compare the
accuracy of nTMS with

fMRI and DES

− Distances between motor hotspots of nTMS and DES
mappings (4.4 ± 3.4 mm) were significantly smaller than
those between the activation in fMRI and nTMS motor
hotspots (9.8 ± 8.5 mm for uE and 14.7 ± 12.4 mm for
lE muscles).

− In most cases of tumors in the precentral gyrus the
neurosurgeon admitted easier identification of the central
region in awareness of nTMS motor maps.

− nTMS and DES mappings agreed well.

Coburger et al.
[34]

2012 3-year-old boy LGG

Preoperative
motor mapping

(130 V/m for uE and
220 V/m for lE muscles)

Intraoperative DES
To test nTMS in a child

and to correlate
with DES

− DES verified the location of nTMS motor hotspots.
− nTMS is a precise tool for preoperative motor mapping

and is feasible even in young, pediatric patients.

Tarapore et al.
[42]

2012
24 adult
patients

LGG, HGG,
Other

Preoperative
motor mapping

(110% rMT)

Preoperative MEG
Intraoperative DES

To compare the
accuracy of nTMS with

MEG and DES

− Distances between motor hotspots of nTMS and DES
mappings (2.1 ± 0.3 mm) were significantly smaller than
those between the activation in MEG and nTMS motor
hotspots (4.7 ± 1.1 mm).

− DES did not reveal a motor site that was unrecognized by
nTMS motor mapping in any patient.

− nTMS motor mapping agreed well with DES as well as
preoperative MEG.

Coburger et al.
[36]

2013

28 adult
patients and 2
patients <18

years

LGG, HGG,
MET, MEN,

Other

Preoperative
motor mapping

(110% rMT in adult
patients and aMT in
patients <18 years)

Preoperative fMRI
Intraoperative DES

To compare the
accuracy of nTMS with

fMRI and DES

− Mean accuracy to localize the motor cortex was higher for
nTMS motor mapping compared with fMRI.

− In the subgroup of intrinsic tumors, nTMS motor
mapping produced significantly higher accuracy for lE
muscle representations than fMRI.

Krieg et al. [39] 2013
31 adult
patients

LGG, HGG,
MET, MEN,

Other

Preoperative
motor mapping

(110% rMT for uE and
130% for lE muscles)

Preoperative fMRI
Intraoperative DES

To compare the accuracy
of nTMS with fMRI and
DES in recurrent gliomas

vs. initially
operated tumors

− nTMS motor mapping correlated well with DES in
recurrent gliomas (6.2 ± 6.0 mm) and newly diagnosed
tumors (5.7 ± 4.6 mm), yet without a significant difference.

− Compared with fMRI, the difference was larger for uE
muscle representations (recurrent: 8.5 ± 7.2 mm; new:
9.8 ± 8.6 mm) and lE muscle representations (recurrent:
17.1 ± 10.6 mm; new: 13.8 ± 13.0 mm), yet without a
significant difference.

− nTMS motor mapping was as accurate in recurrent
gliomas as it has been prior to the initial surgery.
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Table 1. Cont.

Author Year Cohort
Tumor

Entities
nTMS

Method
Techniques for

Comparison
Main

Objective
Main

Findings

Mangraviti et al.
[40]

2013
8 adul

tpatients
LGG, HGG,
MET, Other

Preoperative
motor mapping

(110% rMT for uE and
130% for lE muscles)

Preoperative fMRI
Intraoperative DES

To compare the
accuracy of nTMS with

fMRI and DES

− Distances between motor hotspots of nTMS and DES
mappings (8.5 ± 4.6 mm) were significantly smaller than
those between the activation in fMRI and DES motor
hotspots (12.9 ± 5.7 mm).

− Visualization of nTMS motor hotspots improved the
neurosurgeons’ confidence in identifying the motor strip
as well as in planning of surgical strategies.

Zdunczyk et al.
[45]

2013

10 adult
patients (and 10

healthy
volunteers)

LGG, HGG,
MET, MEN,

Other

Preoperative
motor mapping

(110% rMT)
(and two motor

mappings per subject in
the healthy volunteers)

-

To assess the intra- and
inter-examiner

reliability of
nTMS mapping

− Distances between CoGs for the expert examiner in
healthy volunteers were 4.4 (1.9–7.7) mm and 4.9 (2.4–9.2)
mm for the expert vs. novice examiner.

− The reliability of nTMS motor mapping in tumor patients
appeared to be comparable to those in healthy subjects.

Rizzo et al. [44] 2014
17 adult
patients

LGG, HGG,
MET, MEN,

Other

Preoperative
motor mapping

(110–115% rMT for uE
and 130% for lE

muscles)

Intraoperative DES

To evaluate the
influence, benefit, and

impact of nTMS
on surgery

− nTMS motor mapping exactly localized the motor cortex
in 88.2%, provided the neurosurgeon with new
unexpected information about functional anatomy of the
motor area in 70.6%, and led to a change of the surgical
strategy in 29.4% of patients.

− nTMS motor mapping has objective and subjective
benefits on surgical planning and on the surgery itself.

Sollmann et al.
[46]

2017
100 adult
patients

LGG, HGG,
MET, Other

Preoperative
motor mapping

(110% rMT for uE and
130% for lE muscles)

-
To investigate factors
that have impact on

MEP latencies

− Common factors (relevant to APB, ADM, and FCR) for
MEP latency variability were sex and AED intake.

− Muscle-specific factors (relevant to APB, ADM, or FCR)
for MEP latency variability were tumor side, tumor
location, and rMT.

Sollmann et al.
[47]

2017
100 adult
patients

LGG, HGG,
MET, Other

Preoperative
motor mapping

(110% rMT for uE and
130% for lE muscles)

-

To investigate factors
that influence the
determination of

the rMT

− Edema and age at exam in the ADM model only jointly
reduced the unexplained variance for rMT determination.

− The other factors kept in the ADM model (sex, AED
intake, and motor deficit) and each of the factors kept in
the APB and FCR models independently and
significantly reduced the unexplained variance for
rMT determination.
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Table 1. Cont.

Author Year Cohort
Tumor

Entities
nTMS

Method
Techniques for

Comparison
Main

Objective
Main

Findings

Lam et al. [49] 2019
20 adult
patients

n/a
Preoperative

motor mapping
(105% rMT)

-

To investigate the
feasibility of increasing
the MEP threshold (50

µV vs. 500 µV) to
improve the robustness

of motor mapping

− Both the standard (50 µV) as well as the experimental
(500 µV) MEP threshold yielded motor maps in all patients.

− No significant differences in motor area sizes were found
between the conventional (50 µV) MEP threshold and the
experimental (500 µV) MEP threshold.

− MEP latency time was significantly reduced for
recordings from 500 µV compared with recordings from
50 µV MEP thresholds.

Weiss-Lucas et al.
[41]

2020
36 adult
patients

LGG, HGG,
MET, MEN,

Others

Preoperative
motor mapping

(110% rMT)

Preoperative fMRI
Intraoperative DES

To compare the
accuracy of nTMS with

fMRI and DES

− There were significantly smaller Euclidean distances
(11.4 ± 8.3 vs. 16.8 ± 7.0 mm) and better spatial overlaps
(64 ± 38% vs. 37 ± 37%) between DES and nTMS
mappings compared with DES vs. fMRI.

− Contrary to DES, fMRI and nTMS motor mappings were
feasible for all regions and patients without
complications (reliable and accurate DES was only
obtained in 25 of the included patients).

Mirbagheri et al.
[50]

2020

12 adult
patients (and

six healthy
volunteers)

n/a

Preoperative
motor mapping

(105% rMT for primary
motor areas,

120%/150% for
non-primary motor

areas)

-

To investigate whether
nTMS reliably elicits
MEPs outside of the

primary motor cortex

− 88.8% of stimulations in suspected non-primary motor
areas did not result in motor-positive spots with MEPs
≥50 µV.

− Positive nTMS motor mapping in non-primary motor
areas was associated with higher SI and larger primary
motor areas.

− Particularly when mapped with 150% rMT, more MEP
artifacts occurred in patients than in healthy volunteers.

Lavrador et al.
[48]

2020
45 adult
patients

LGG, HGG
Preoperative

motor mapping
(105% rMT)

-

To assess the excitability
of the motor system in

relation to
tumor grading

− MEP latencies of lE muscles increased with an increase in
the WHO grading of the tumor.

− An association between the increase in the WHO grading
and a decreased rMT was observed for lE muscles.

− Higher WHO grading of the tumor and isocitrate
dehydrogenase wild-type tumors were associated with
the number of abnormal interhemispheric rMT ratios.

Abbreviations: nTMS—navigated transcranial magnetic stimulation; LGG—low-grade glioma; HGG—high-grade glioma; MET—metastasis; MEN—meningioma; rMT—resting motor threshold; aMT—active
motor threshold; uE—upper extremity; lE—lower extremity; DES—direct electrical stimulation; fMRI—functional magnetic resonance imaging; APB—abductor pollicis brevis; TA—tibialis anterior; EOR—extent
of resection; MEG—magnetoencephalography; CoG—center of gravity; ADM—abductor digiti minimi; FCR—flexor carpi radialis; MEP—motor-evoked potential; AED—antiepileptic drug; SI—stimulation
intensity; WHO—World Health Organization.
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2.2. Fiber Tractography

The motor-positive nTMS points can be used for seeding to obtain regions of interest
(ROIs) for subsequent delineation of the corticospinal tract (CST) in the context of fiber
tracking. The combination of nTMS motor maps at the cortical surface with diffusion
MRI (dMRI) and tractography, i.e., the delineation of the primary motor cortex and its
subcortical connections to the peripheral nervous system with visualization of the course of
the CST, can provide a more complete picture than one of the techniques alone (Figure 4). In
this regard, Table 2 outlines studies using data from nTMS motor mapping for tractography
of the CST in patients with different kinds of brain neoplasms.

In a first tractography study using nTMS data, 30 patients harboring motor-eloquent
brain tumors underwent presurgical nTMS motor mapping followed by nTMS-based
tractography, using the nTMS motor-positive spots and the ipsilateral cerebral peduncle
as ROIs [51]. Compared with the conventionally used approach with manual delineation
of the suspected primary motor cortex and the ipsilateral cerebral peduncle as ROIs, the
novel setup led to a lower number of fibers displayed, a reduced volume of the CST,
and, most importantly, lower fractions of aberrant tracts most likely not belonging to
the CST [51]. The approach of nTMS-based tractography of the CST was subsequently
refined by investigating individually adapted adjustments for the fractional anisotropy
(FA) that had to be defined for the deterministic tractography algorithm: the FA was
increased stepwise until no fibers were displayed, followed by reducing the FA value by
0.01, thus delineating only a thin fiber course; the obtained FA value was defined as 100%
FA threshold (FAT), and nTMS-based tractography was then carried out with 50% and 75%
FAT with motor-positive nTMS points and the manually delineated internal capsule or
brainstem as ROIs [52]. This method influenced the surgical strategy in 46% of patients, in
contrast to conventional tractography without nTMS data for ROI generation where an
impact was only observed for 22% of patients [52].

Furthermore, a study among 20 patients with different entities of brain neoplasms
achieved detailed somatotopic CST reconstruction derived from nTMS motor maps com-
bined with dMRI for uE, lE, and face muscle representations, with a decreased number of
fibers and a greater overlap between the motor cortex and the cortical end-region of the
CST when compared with conventional tractography with only anatomical seeding [53].
Of note, the obtained CST course as well as the somatotopic organization were confirmed
by DES mapping [53]. In another study on somatotopic reconstruction of the CST con-
sidering parts subserving uE, lE, and face muscles, a higher fraction of plausible fibers
was observed for seeding at the anterior inferior pontine level when compared with seed-
ing at the internal capsule, combined with nTMS-based seeding at the cortical level [54].
When setting somatotopic nTMS-based tractography in contrast to fMRI-based seeding,
a higher plausibility was observed for the nTMS-based approach, and fMRI-originated
tracts presented with a more posterior course relative to the nTMS-based reconstruction of
tracts [55]. Recently, in a comprehensive study systematically comparing different setups
for tractography (deterministic and probabilistic algorithms with variable ROI definitions)
and correlating tractography with DES mapping and fMRI findings in 11 adult patients,
highest accuracy of tractography was achieved when using seeding with a manually gen-
erated mask enclosing the precentral gyrus, but none of the applied setups showed clear
superiority and nTMS- or fMRI-based tractography differed only slightly [56]. Yet, proba-
bilistic tracking resulted in an optimized correlation with DES mapping when compared
with the more commonly used deterministic tractography algorithm [56]. Upcoming work
is needed to further investigate optimal settings and algorithms in representative cohort
sizes to achieve results of CST tractography as close as possible to DES mapping results in
order to assure accuracy and reliability of nTMS-based tractography.
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Table 2. Fiber tractography. This table presents the studies published on tractography of the CST primarily using motor mapping by nTMS (using an electric-field-navigated system) for
seeding in patients harboring brain neoplasms.

Author Year Cohort
Tumor

Entities
dMRI

Acquisition
Tractography

Specifics
Main

Objective
Main

Findings

Krieg et al. [51] 2012 30 adult
patients

LGG, HGG, MET,
MEN, Other

6 diffusion
directions, b-values:

0–800 s/mm2

(3 Tesla)

− Two ROIs: motor-positive
nTMS points and
ipsilateral brainstem
(conventional: manually
delineated motor cortex
and ipsilateral brainstem)

− Deterministic tracking: FA
<0.2, FL ~100 mm, angular
threshold of 30◦

To assess the feasibility of
nTMS-based tractography
in relation to conventional

seeding without
nTMS data

− nTMS-based tractography resulted in a lower number of
aberrant tracts (i.e., tracts not belonging to the CST) when
compared with conventional seeding without nTMS.

− The proximity of the tracts to the tumor was not different
between nTMS-based and conventional tractography for CST
reconstruction.

− Conventional seeding showed to be user-dependent, whereas
nTMS-based tractography seemed to be less subjective.

Frey et al. [52] 2012 50 adult
patients

LGG, HGG, MET,
MEN

23 diffusion
directions, b-values:

0–1000 s/mm2

(3 Tesla)

− One ROI: motor-positive
nTMS points
(conventional: manually
delineated internal capsule
or brainstem)

− Deterministic tracking:
FA = 50% and
75% FAT, FL = 110 mm,
angular threshold of 30◦

To assess the feasibility
and impact on surgery of
nTMS-based tractography
in relation to conventional

seeding without nTMS
data and to provide a new

algorithm for FA
determination

− nTMS-based tractography changed or modified the surgical
strategy in 46% of patients, whereas conventional tractography
would have changed the surgical strategy in only 22%
of patients.

− Tractography facilitated intraoperative situs orientation and
application of DES in 56% of patients.

− Tracking at 75% FAT was considered most beneficial by
the neurosurgeons.

Conti et al. [53] 2014 20 adult
patients

LGG, HGG,
MET, Other

32 diffusion
directions
(3 Tesla)

− Two ROIs: motor-positive
nTMS points, subdivided
for uE, lE, and face
muscles, and ipsilateral
brainstem (conventional:
ipsilateral brainstem)

− Deterministic tracking:
FA = 0.2, FL = 20 mm,
angular threshold of 45◦

To assess somatotopic
organization by

nTMS-based tractography
in relation to conventional

seeding without nTMS
data and to verify

nTMS-based tractography
by intraoperative DES

− Detailed somatotopic CST reconstruction was possible by
nTMS-based tractography with a greater overlap between the
motor cortex and the cortical end-region of the CST (90.5 ± 8.8%
vs. 58.3 ± 16.6%) when compared with conventional tractography.

− DES mapping confirmed the CST location and the somatotopic
reconstruction in all cases.

− nTMS-based tractography of the CST appeared to be more
accurate, less user-dependent, and capable of providing reliable
CST delineation compared with conventional tractography.

Weiss et al. [54] 2015 32 adult
patients

LGG, HGG, MET,
MEN, Other

30 diffusion
directions, b-values:

0–800 s/mm2

(3 Tesla)

− Two ROIs: motor-positive
nTMS points, subdivided
for uE, lE, and face
muscles, and internal
capsule and/or anterior
inferior pontine level

− Deterministic tracking:
FA = 75% and 100% FAT,
FL = 1 mm, angular
threshold of 30◦

To assess the impact of
subcortical seed regions

and of somatotopic
location of cortical seed

regions on plausibility of
tractography in relation to

clinical factors

− A higher proportion of plausible tracts was observed for seeding
at the anterior inferior pontine level when compared with
seeding at the internal capsule.

− Low FAT and the presence of peritumoral edema within the
internal capsule led to less plausible tractography, and most
plausible tractography was obtained when the FAT ranged
above a cut-off of 0.105.

− A strong effect of somatotopic location of the seed region was
observed, with the best plausibility present for tractography of
fibers subserving the bilateral uE muscle representations (>95%).
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Table 2. Cont.

Author Year Cohort
Tumor

Entities
dMRI

Acquisition
Tractography

Specifics
Main

Objective
Main

Findings

Weiss et al. [55] 2017 18 adult
patients

LGG, HGG, MET,
MEN, Other

30 diffusion
directions, b-values:

0–800 s/mm2

(3 Tesla)

− Two ROIs: motor-positive
nTMS points, subdivided
for uE, lE, and face
muscles, and anterior
inferior pontine level
(fMRI-based: task-derived
activation map and
anterior inferior pons)

− Deterministic tracking:
FA = 100% FAT, FL = 1 mm,
angular threshold of 30◦

To assess the impact of the
modality used for

somatotopic location of
cortical seed regions on

plausibility of tractography

− A higher plausibility was observed for nTMS-based
tractography compared with fMRI-based tractography, with
fMRI-originated tracts showing a significantly more posterior
course relative to the nTMS-based tracts.

− nTMS motor mapping seems to be the method of choice to
identify seed regions for tractography of the CST in patients with
close vicinity of the primary motor cortex to a brain neoplasm.

Münnich et al. [56] 2019
11 adolescent or

adult
patients

HGG, MET,
Other

20 diffusion
directions, b-values:

0–700 s/mm2

(3 Tesla)

− Several ROIs for
motor-positive nTMS
points, task-derived fMRI
activation maps, or
conventional seeding

− Deterministic and
probabilistic tracking:
minimal
FA threshold = 0.05/∈
[0.1;0.45], tracking step
length = 1 mm/∈ [0.5;7]
mm, maximum fiber
curvature = 0.3/∈ [0.2; 0.65]

To compare different
seeding setups and

tracking algorithms, and to
correlate tractography with

intraoperative DES and
MRI findings

− The best accuracy of tractography was achieved using the
segmented precentral gyrus for seeding (marginal R2 = 0.146);
however, since the marginal R2 of fMRI and nTMS motor
mapping differed very little, none of the methods showed
distinct superiority.

− Both nTMS-based and fMRI-based tractography showed
significant correlations between distances and the SI of DES for
the CST, but only with respect to uE muscle representations.

− The use of the probabilistic tracking algorithm led to a better
correlation between DES mapping and tractography.

− Tractography demands for careful interpretation of its results by
considering all influencing variables (e.g., seeding approach and
tracking algorithm used).

Abbreviations: nTMS—navigated transcranial magnetic stimulation; LGG—low-grade glioma; HGG—high-grade glioma; MET—metastasis; MEN—meningioma; CST—corticospinal tract; dMRI—diffusion
magnetic resonance imaging; ROI—region of interest; FA—fractional anisotropy; FAT—fractional anisotropy threshold; FL—fiber length; fMRI—functional magnetic resonance imaging; uE—upper extremity;
lE—lower extremity; DES—direct electrical stimulation; SI—stimulation intensity.
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Figure 4. Exemplary patient case (right-hemispheric glioma in a 56-year-old male patient) for illustration of CST reconstruc-
tion using tractography based on motor maps derived from motor mapping with nTMS. (A) Motor map with binarization
into motor-positive (white) and motor-negative (grey) stimulation points. (B) Tractography of the CST (orange) based on a
ROI constituted of motor-positive nTMS points (green). (C) Fusion of T1-weighted imaging and tractography results (axial
plane). (D) Fusion of T1-weighted imaging and tractography results (sagittal plane).

2.3. Improvement of Clinical Outcome

When added to the armamentarium of the preoperative workup of patients harboring
brain neoplasms, the question arises whether nTMS motor mapping and derived nTMS-
based tractography may be capable of improving the clinical outcome, as measured by an
ideally increased EOR combined with lowered rates of functional perioperative decline. In
this regard, Table 3 gives an overview of studies focused on clinical outcome.

An initial study compared 11 patients who underwent preoperative nTMS to 11 pa-
tients without nTMS motor mapping, revealing that preoperative nTMS motor mapping
changed the treatment plan towards early and more extensive resection in 6 out of 11 pa-
tients [57]. Furthermore, one of four patients of the nTMS group with preoperative motor
deficits improved by one year, whereas increased deficits were observed in three of the eight
patients of the historical group not having surgery [57]. In two retrospective studies in con-
siderably large cohorts of patients with different types of brain tumors, the utility of nTMS
motor mapping and nTMS-based tractography of the CST may have facilitated a more ex-
tensive EOR, combined with tendencies towards better motor function after surgery [58,59].
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Specifically, nTMS disproved suspected involvement of the primary motor cortex in 25.1%
of the 250 enrolled patients, and it enabled expanding surgical indication in 14.8%, thus
facilitating planning of more extensive resections in 35.2% of patients [58]. Furthermore,
the distinct add-on value of nTMS-based tractography of the CST has been evaluated in a
study including 70 adult patients with different brain tumor entities, revealing that patients
having nTMS-based tractography available are characterized by an improved risk-benefit
profile, showed an increased EOR, and demonstrated reduced rates of worsening in motor
function in cases of already preexisting preoperative motor deficits [60].

In a follow-up study investigating the role of nTMS motor mapping and nTMS-based
tractography in 70 patients presenting with high-grade glioma (HGG), residual tumor
tissue and unexpected tumor residuals were less frequent in the nTMS group compared
with historical control patients, with patients of the nTMS group being more frequently
eligible for postoperative radiotherapy and showing prolonged 3-, 6-, and 9-month survival
rates [61]. A significantly higher EOR was subsequently confirmed by another study for
patients with a diagnosis of glioblastoma multiforme (GBM), in which patients of the nTMS
group showed a gross total resection (GTR) rate of 61% versus 45% for the non-nTMS
group [62]. Analogously, in studies focusing on patients with intracranial MET, patients of
the nTMS group showed a lower rate of residuals combined with comparatively low rates of
perioperative decline of motor function [63,64]. Specifically, in a retrospective comparative
study pooling patients with intracranial MET from three different neurosurgical centers,
surgery-related paresis was clearly less frequent in patients of the nTMS group [64]. In
47 patients with MEN located in the rolandic area, nTMS motor mapping and tractography
facilitated a modification of the surgical strategy in 42.5% of cases, and a new permanent
motor deficit (i.e., deficit that did not resolve to the preoperative status within the follow-up
interval) occurred in 8.5% of cases, which is at the lower edge of the range for motor deficits
known from the literature of the pre-nTMS era [65]. Furthermore, the combination of
sodium fluorescein-guided resection (FGR) with preoperative nTMS motor mapping and
tractography has been explored recently, revealing a higher GTR rate for patients operated
on using nTMS and FGR as well as lower rates of new surgery-related permanent motor
deficits when compared with controls [66,67].

One study in 43 patients with LGG and HGG showed that 72% of patients had motor-
positive nTMS points in areas frontal of the rolandic area and, thus, outside of the expected
spatial dimensions of the primary motor cortex [68]. Interestingly, 10 of the 13 patients who
underwent resection of motor-positive nTMS points presented with postoperative paresis
(8 patients with a new permanent surgery-related paresis), suggesting that even motor-
positive nTMS points within the superior or middle frontal gyrus should be considered
carefully for resection planning and guidance to avoid perioperative functional decline [68].
Hence, nTMS motor mapping and derived tractography may help to understand individual
functional anatomy, allowing for optimized resection that provides a high EOR and low
rates of surgically induced motor function decline.
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Table 3. Improvement of clinical outcome. This table outlines the studies published on improvements of clinical outcome through the use of motor mapping by nTMS (using an
electric-field-navigated system) with or without additional nTMS-based tractography in patients harboring brain neoplasms.

Author Year Cohort
Group for

Comparison
Tumor

Entities
nTMS

Method
Outcome Parameters

Main
Objective

Main
Findings

Picht et al. [57] 2013
11 adult
patients

11 historical
controls

(suspected) LGG,
HGG

Preoperative
motor mapping

− Influence on
surgery

− EOR/tumor
volume

− Motor function
(BMRC)

To assess the
impact of nTMS on

the treatment
strategy and

clinical outcome

− In 6 out of 11 patients, nTMS changed the
treatment plan towards early and more
extensive resection.

− One of 4 patients of the nTMS group with
preoperative motor deficits improved by
one year, whereas increased motor deficits
were observed in 3 of the 8 patients of the
non-nTMS group not having surgery.

− Median change of tumor volume from
baseline to one year was −83% in the nTMS
group and +12% in the non-nTMS group.

Frey et al. [58] 2014
250 adult
patients

115 historical
controls

LGG, HGG,
MET, Other

Preoperative motor
mapping and
nTMS-based
tractography

− Influence on
surgery

− EOR/tumor
volume

− Motor function
(BMRC)

− KPS
− PFS

To assess the
impact of nTMS on

the treatment
strategy,

clinical outcome,
and survival

− nTMS disproved suspected involvement of
the primary motor cortex in 25.1%,
expanded surgical indication in 14.8%, and
led to planning of more extensive resections
in 35.2% and more restrictive resections in
3.5% of patients.

− The rate of GTR was significantly higher in
the nTMS group (42% vs. 59%), and PFS for
patients with LGG was better in the nTMS
group (at 22.4 months) than in the
non-nTMS group (at 15.4 months).

− Integration of nTMS led to a non-significant
change of postoperative deficits from 8.5%
in the non-nTMS group to 6.1% in the
nTMS group.

− Expanding surgical indications and EOR
based on nTMS might enable more patients
to undergo surgery and could lead to better
motor function outcome and improved PFS.
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Table 3. Cont.

Author Year Cohort
Group for

Comparison
Tumor

Entities
nTMS

Method
Outcome Parameters

Main
Objective

Main
Findings

Krieg et al.
[59]

2014
100 adult
patients

100 historical
controls

(matching
criteria: tumor

location,
preoperative
paresis, and
histology)

LGG, HGG,
MET, Other

Preoperative
motor mapping

(110% rMT for uE
and 130% for lE

muscles) and
nTMS-based
tractography

− Influence on
surgery

− EOR/tumor
volume

− Motor function
(BMRC)

To assess the
impact of nTMS on

the treatment
strategy, clinical

outcome, and
survival

− Patients of the nTMS group showed
significantly smaller craniotomies.

− 12% of patients of the nTMS and 1% of
patients of the non-nTMS group improved,
while 13% and 18% of patients in the nTMS
and non-nTMS groups, respectively,
deteriorated in postoperative motor
function on long-term follow-up.

− Patients of the nTMS group showed a lower
rate of residual tumor tissue according to
postoperative MRI (odds ratio = 0.3828; 95%
confidence interval = 0.2062–0.7107).

Krieg et al.
[61]

2015
70 adult
patients

70 historical
controls

(matching
criteria: tumor

location,
preoperative
paresis, and
histology)

HGG

Preoperative
motor mapping

(110% rMT for uE
and 130% for lE

muscles) and
nTMS-based
tractography

− Influence on
surgery

− Perioperative
complications

− Adjuvant
therapy

− EOR/tumor
volume

− Motor function
(BMRC)

− KPS
− PFS/overall

survival

To assess the
impact of nTMS on

the treatment
strategy,

clinical outcome
including direct

perioperative
complications,
and survival

− Patients of the nTMS group showed
significantly smaller craniotomies.

− Residual tumor tissue (nTMS group: 34.3%,
non-nTMS group: 54.3%) and unexpected
tumor residuals (nTMS group: 15.7%,
non-nTMS group: 32.9%) were significantly
less frequent in the nTMS group.

− Patients of the nTMS group were
significantly more frequently eligible for
postoperative radiotherapy (nTMS group:
67.1%, non-nTMS group: 48.6%).

− 3-, 6-, and 9-month survival rates were
significantly better in the nTMS group.

Picht et al. [62] 2016
93 adult
patients

34 controls
(with nTMS
mapping not

available)

HGG (only
GBMs)

Preoperative motor
mapping and
nTMS-based
tractography

− Influence on
surgery

− Perioperative
complications

− EOR/tumor
volume

− Motor function
(BMRC)

To assess the
impact of nTMS on

the treatment
strategy and

clinical outcome
including direct

perioperative
complications (at
two campuses)

− In 10% of patients of the nTMS group the
initial recommendation for biopsy or a
“wait and see” approach was changed to
resection because nTMS disproved the
suspected invasion of motor structures.

− Patients of the nTMS group showed a
significantly higher rate of GTR.

− A higher impact from nTMS was found in
patients with tumors located subcortically
when compared with tumors restricted to
the cortex.
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Table 3. Cont.

Author Year Cohort
Group for

Comparison
Tumor

Entities
nTMS

Method
Outcome Parameters

Main
Objective

Main
Findings

Hendrix et al.
[63]

2016
61 adult
patients

-
LGG, HGG,
MET, MEN,

Other

Preoperative motor
mapping

(110% rMT)

− Influence on
surgery

− EOR/tumor
volume

− Motor function
(BMRC)

To assess the
impact of nTMS on

the treatment
strategy and

clinical outcome

− Paresis resolved or improved in 56.7% of
patients one week after surgery, and 89.5%
of patients with postoperative paresis
improved during the follow-up interval.

− Only 4.3% of patients with a metastatic
lesion, but 26.3% of patients with a
non-metastatic lesion experienced
deterioration of motor function
after surgery.

− All metastatic lesions were completely
resected compared with 78.9% of
non-metastatic lesions.

Krieg et al.
[64]

2016
120 adult
patients

130 historical
controls

MET

Preoperative motor
mapping (110% rMT
for uE and 130% for

lE muscles) and
nTMS-based
tractography

− Influence on
surgery

− EOR/tumor
volume

− Motor function
(BMRC)

To assess the
impact of nTMS on

the treatment
strategy and

clinical outcome
(multi-centric with

three sites)

− Patients of the nTMS group showed
significantly smaller craniotomies.

− Patients of the nTMS group showed a lower
rate of residual tumor tissue after surgery
(odds ratio: 0.3025, 95% confidence interval:
0.1356–0.6749).

− Surgery-related paresis was significantly
less frequent in patients of the nTMS group
(nTMS group: improved: 30.8%, unchanged:
65.8%, worse: 3.4%, non-nTMS group:
improved: 13.1%, unchanged: 73.8%, worse:
13.1% of patients).

Moser et al.
[68]

2017
43 adult
patients

- LGG, HGG

Preoperative
motor mapping

(110% rMT for uE
and 130% for
lE muscles)

− Latency analyses
− Motor function

(BMRC)

To assess the
impact of resection
of motor-positive
prerolandic nTMS

points on
clinical outcome

− 72% of patients showed motor-positive
nTMS points in the prerolandic gyri and,
thus, outside of the anatomically suspected
extent of the primary motor cortex.

− Out of the 13 patients who underwent
resection of motor-positive nTMS points,
10 patients showed postoperative paresis
(2 patients with transient and 8 patients
with permanent surgery-related paresis).

− Motor-positive nTMS points within the
superior or middle frontal gyrus should be
considered carefully and can result in motor
deficits when affected during resection.
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Table 3. Cont.

Author Year Cohort
Group for

Comparison
Tumor

Entities
nTMS

Method
Outcome Parameters

Main
Objective

Main
Findings

Raffa et al. [60] 2018

70 adult patients
(50% also having

nTMS-based
fiber tracking)

35 historical
controls

LGG, HGG,
MET, Other

Preoperative motor
mapping

(120% rMT) and
nTMS-based
tractography

− Influence on
surgery

− EOR/tumor
volume

− Motor function
(BMRC)

− KPS

To assess the
impact of nTMS
with or without

nTMS-based
tractography on

the treatment
strategy and

clinical outcome

− Patients of the nTMS and nTMS +
nTMS-based tractography groups received
significantly smaller craniotomies and had
better postoperative motor performance
and KPS scores than patients of the
non-nTMS group.

− Patients of the nTMS-based tractography
group exhibited an improved risk-benefit
analysis, a significantly increased EOR in
absence of preoperative motor deficits, and
significantly less motor and KPS score
worsening (in case of preoperative motor
deficits when compared with the
nTMS group).

− Risk-benefit analysis, EOR, and outcome
could be improved when nTMS-based
tractography is added to nTMS
motor mapping.

Raffa et al. [66] 2019
79 adult
patients

55 historical
controls

HGG

Preoperative
motor mapping
(120% rMT) and

nTMS-based
tractography

− EOR/tumor
volume

− Motor function
(BMRC)

To assess the
impact of nTMS
and nTMS-based
tractography with

sodium-fluorescein
guidance on
the treatment
strategy and

clinical outcome

− In patients operated on considering nTMS +
FGR, the GTR rate was significantly higher
compared with controls (64.5% vs. 47.2%).

− Surgery-related permanent motor deficits
were reduced in the nTMS + FGR group
compared with controls (11.4% vs. 20%).

Raffa et al. [67] 2019
41 adult
patients

41 historical
controls

HGG

Preoperative motor
mapping

(120% rMT) and
nTMS-based
tractography

− Influence on
surgery

− EOR/tumor
volume

− Motor function
(BMRC)

− KPS

To assess the
impact of nTMS
and nTMS-based

tractography with
sodium-

fluorescein
guidance on
the treatment
strategy and

clinical outcome

− Use of nTMS motor mapping and
nTMS-based tractography reliably
identified the spatial tumor-to-function
relationship with an accuracy of 92.7%.

− Patients of the nTMS group showed an
increased EOR and higher rate of GTR
(73.2% vs. 51.2%).

− The number of cases with new
surgery-related permanent motor deficits
was lower in the nTMS group compared
with controls (9.8% vs. 29.3%).

− The number of cases with KPS worsening
was lower in the nTMS group compared
with controls (12.2% vs. 31.7%).
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Table 3. Cont.

Author Year Cohort
Group for

Comparison
Tumor

Entities
nTMS

Method
Outcome Parameters

Main
Objective

Main
Findings

Raffa et al. [65] 2019
47 adult
patients

- MEN

Preoperative
motor mapping and

nTMS-based
tractography

− Influence on
surgery

− EOR/tumor
volume

− Motor function
(BMRC)

− Arachnoidal
cleavage plane

To analyze the role
of nTMS motor

mapping for
planning resection

of rolandic
meningiomas and

predicting
arachnoidal

cleavage plane.

− Use of nTMS motor mapping and
nTMS-based tractography was considered
useful in 89.3% of patients and changed the
surgical strategy in 42.5% of patients.

− A new permanent motor deficit occurred in
8.5% patients.

− A higher rMT and the lack of an
intraoperative arachnoidal cleavage plane
were independent predictors of poor motor
function outcome.

− A higher rMT and perilesional edema
predicted the lack of an arachnoidal
cleavage plane.

Abbreviations: nTMS—navigated transcranial magnetic stimulation; LGG—low-grade glioma; HGG—high-grade glioma; MET—metastasis; MEN—meningioma; rMT—resting motor threshold; uE—upper
extremity; lE—lower extremity; EOR—extent of resection; GTR—gross total resection; BMRC—British Medical Research Council; KPS—Karnofsky performance status; PFS—progression-free survival; OS—overall
survival; FGR—fluorescein-guided resection; GBM—glioblastoma multiforme.23
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2.4. Risk Stratification and Prediction

Besides the role for preoperative planning and intraoperative resection guidance,
nTMS motor mapping and tractography could also be efficiently used for risk stratification
and prediction of the motor status in patients with brain neoplasms. This has already been
acknowledged by a growing body of studies, which are summarized in Table 4.

An early study characterized the neurophysiological status as derived from nTMS
motor mapping in 100 patients, and already suggested that interhemispheric differences
for MEP latencies may be considered as potential warning signs for the motor system at
risk as comparatively similar latencies are commonly observed between the two hemi-
spheres [69]. On a similar note, a high interhemispheric rMT ratio (i.e., the ratio between
the two hemispheres regarding the rMT, which is commonly higher in a tumor-affected
hemisphere) could suggest immanent deterioration of the functional motor status [69].
Furthermore, two studies in patients with various tumor entities investigated the role of
nTMS-based tractography of the CST for risk stratification, evaluating the cut-off value for
the lesion-to-CST distance that amounted to 8 mm and 12 mm to avoid new surgery-related
permanent motor deficits, respectively [70,71]. Hence, patients that showed a lesion-to-CST
distance above this cut-off value based on preoperative nTMS-based tractography were
unlikely to suffer from surgery-related postoperative permanent paresis [70,71]. Moreover,
statistically significant negative correlations were observed between the rMT value and
lesion-to-CST distances in patients with a new surgery-related paresis, emphasizing the
interplay between the SI used during motor mapping and results of nTMS-based tractogra-
phy [71]. Correspondingly, motor function did not improve in cases with the rMT being
significantly higher in the tumor-affected hemisphere than in the contralateral hemisphere,
as expressed by an interhemispheric rMT ratio of >110% [70]. In a study investigating
patients harboring HGG, lower FA values within the tumor-affected CST and higher aver-
age apparent diffusion coefficient (ADC) values were significantly correlated to worsened
postoperative motor function, thus further exploring the contribution of dMRI-derived
metrics to risk modelling [72].

In an innovative approach investigating postoperative nTMS motor mapping—instead
of standardly used presurgical mapping—compared with intraoperative neuromonitor-
ing (IONM) for predicting recovery of motor function, it was revealed that IONM and
postoperative nTMS motor mapping were equally predictive for long-term motor recov-
ery [73]. Specifically, when postoperative motor mapping was able to elicit MEPs, motor
strength recovered to a score of at least 4/5 on the British Medical Research Council (BMRC)
scale within one month after surgery, whereas when postoperative nTMS motor mapping
did not elicit MEPs, the patient did not recover [73]. Furthermore, when implementing
presurgical nTMS motor mapping and tractography in multi-modal neuroimaging with
multi-sequence MRI and dedicated positron emission tomography (PET) protocols, it has
been demonstrated that PET may be superior to contrast-enhanced T1-weighted MRI for
proposing a motor deficit prior to surgery, and that the highest association with clinical
impairment was revealed for the T2-weighted lesion overlap with functional brain tissue
(i.e., the spatial overlap between the lesion volume on T2-weighted images of MRI and
the functional primary motor cortex and/or CST volumes as derived from nTMS motor
mapping and nTMS-based tractography) [74]. Future research may further explore the
role of nTMS in multi-modal environments, given that data from various methods are
frequently available for clinical needs prior to surgery. Opportunistic use of data from
adjunct modalities (e.g., PET) as well as performance of dedicated longitudinal motor
mapping (e.g., during the immediate postoperative course and during long-term follow-up
examinations) could pave the way for a more efficient use of nTMS motor mapping and
related tractography.
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Table 4. Risk stratification and prediction. This table provides an overview of the studies published on risk stratification and prediction using motor mapping by nTMS (using an
electric-field-navigated system) with or without additional nTMS-based tractography in patients harboring brain neoplasms.

Author Year Cohort
Tumor

Entities
nTMS

Method
Tractography Specifics

Main
Objective

Main
Findings

Picht et al. [69] 2012
100 adult
patients

LGG, HGG,
MET, MEN,

Other

Preoperative
motor mapping

(110% rMT)
-

To provide reference
values for parameters of

the functional status
and neurophysiological

measurements

− The MEP latency was almost never different in the
tumor-affected hemisphere compared with the healthy
hemispheres; thus, interhemispheric differences for MEP
latencies may reflect a warning sign for functional
decline.

− A high interhemispheric rMT ratio or a low
interhemispheric MEP amplitude ratio may suggest
immanent deterioration of the motor status.

Neuschmelting
et al. [74]

2016
30 adult
patients

HGG, MET,
Other

Preoperative motor
mapping (110% rMT)

and nTMS-based
tractography

− One ROI:
motor-positive
nTMS points

− Deterministic
tracking:
FA = 100% FAT,
FL = 1 mm,
angular threshold
of 30◦

To better understand
motor deficits in

patients with brain
tumors using

structural, functional,
and metabolic

neuroimaging and to
determine the

predictive value of
this approach

− Motor deficits were detected in almost all patients in
whom the contrast-enhanced T1-weighted or
O-(2-[18F]fluoroethyl)-L-tyrosine PET lesion area
overlapped with functional tissue.

− All patients who declined in motor function
perioperatively showed such overlap on presurgical
maps, while the absence of overlap predicted a favorable
motor function outcome.

− O-(2-[18F]fluoroethyl)-L-tyrosine-PET was superior to
contrast-enhanced T1-weighted imaging for proposing a
motor deficit before surgery.

− The highest association with clinical impairment was
revealed for the T2-weighted lesion area overlap with
functional tissue.

Rosenstock et al.
[70]

2017
113 adult
patients

LGG, HGG

Preoperative
motor mapping

(105% rMT for uE and
~130% for lE muscles)

and nTMS-based
tractography

− Two ROIs:
motor-positive
nTMS points and
ipsilateral
brainstem

− Deterministic
tracking:
FA = 75%
FAT, FL = 110 mm,
angular threshold
of 30◦

To establish risk
stratification by

examining whether the
results of nTMS motor

mapping and its
neurophysiological data

predict postoperative
motor function outcome

− No new surgery-related permanent motor deficit was
observed when the lesion-to-CST distance was >8 mm
and the precentral gyrus was not infiltrated by the tumor
mass.

− New postoperative motor deficits were associated with a
pathological excitability of the motor cortices (as
indicated by an interhemispheric rMT ratio of <90% or
>110%).

− Motor function did not improve in any patient when the
rMT was significantly higher in the tumor-affected
hemisphere than in the healthy hemisphere (related to an
interhemispheric rMT ratio of >110%).
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Table 4. Cont.

Author Year Cohort
Tumor

Entities
nTMS

Method
Tractography Specifics

Main
Objective

Main
Findings

Rosenstock et al.
[72]

2017
30 adult
patients

HGG

Preoperative
motor mapping

(105% rMT for uE and
130–150% for lE

muscles) and
nTMS-based
tractography

− Two ROIs:
motor-positive
nTMS points and
cubic ROI in
the pons

− Deterministic
tracking:
FA = 75%
FAT, FL = 110 mm,
angular threshold
of 30◦

To analyze FA and ADC
within the CST in

different locations and
their usefulness for
predicting motor
function outcome

− Lower FA within the tumor-affected CST as well as
higher average ADC values were significantly correlated
to worsened postoperative motor function.

− Segmental analyses within the CST indicated that the
extent of impairment of diffusion metrics correlates with
motor function deficits.

Sollmann et al.
[71]

2018
86 adult
patients

LGG, HGG,
MET

Preoperative
motor mapping

(110% rMT for uE and
130% for lE muscles)

and nTMS-based
tractography

− Two ROIs:
motor-positive
nTMS points and
ipsilateral
brainstem

− Deterministic
tracking:
FA = 50%
FAT/75%
FAT/100%
FAT, FL = 110 mm,
angular threshold
of 30◦

To explore whether
nTMS-based

tractography can be
used for individual
preoperative risk

evaluation for
surgery-related

motor impairment

− For tractography with certain FATs, a significant
difference in lesion-to-CST distances was observed
between patients with HGGs who had no impairment
and those who developed surgery-related transient or
permanent motor function deficits.

− As a cut-off value, no patient with a lesion-to-CST
distance ≥12 mm showed a new surgery-related
permanent paresis.

− Significant negative associations were observed between
the rMT and lesion-to-CST distances of patients with
surgery-related transient paresis or surgery-related
permanent paresis.

Seidel et al. [73] 2019
13 adult
patients

LGG, HGG,
MET

Postoperative motor
mapping (within 14
days after surgery;
“MEP loss” if not

5/10 stimulations could
be elicited with 70–100%

of the MSO)

-

To investigate the value
of postoperative nTMS

motor mapping
compared with

intraoperative MEP
monitoring for

predicting recovery of
motor function

− Motor strength recovered to a score of at least 4/5 of the
BMRC scale within one month after surgery if
postoperative motor mapping elicited MEPs
(PPV = 90.9%).

− When postoperative nTMS motor mapping did not elicit
MEPs, the patient was unlikely to recover in terms of
motor function.

− Intraoperative MEP monitoring and postoperative nTMS
motor mapping were equally predictive for long-term
motor recovery.

− ~2/3 of patients with intraoperative MEP alterations or
signal loss but positive postoperative nTMS motor
mapping demonstrated motor function recovery.

Abbreviations: nTMS—navigated transcranial magnetic stimulation; LGG—low-grade glioma; HGG—high-grade glioma; MET—metastasis; MEN—meningioma; CST—corticospinal tract; ROI—region
of interest; FA—fractional anisotropy; FAT—fractional anisotropy threshold; FL—fiber length; uE—upper extremity; lE—lower extremity; rMT—resting motor threshold; MEP—motor-evoked potential;
PET—positron emission tomography; MSO—maximum stimulator output.
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2.5. Plasticity and Reallocation of Motor Function

Repeated application of nTMS motor mapping and tractography has potential to
provide insights into brain plasticity that is likely to occur to a certain degree due to the
presence and growth of a brain tumor. Few studies have already tried to investigate the
role of nTMS motor mapping in this regard, and these studies are outlined in Table 5.

The non-invasive character of nTMS makes possible the acquisition of data from
multiple time points, ideally spanning from the preoperative to the postoperative and
follow-up interval. Correspondingly, an early explorative study in five patients and five
controls used preoperative motor mapping by nTMS as well as mapping during follow-up
examinations, revealing a shift of CoGs over a mean interval of 18 months of 6.8 ± 3.4 mm
and a shift of motor hotspots of 8.7 ± 5.1 mm for the dominant hemispheres [75]. In a case
report on a patient with a LGG that was situated within the frontal lobe and affected the
suspected primary motor cortex, motor representation shifted from the precentral to the
postcentral gyrus over an interval of 18 months according to serial nTMS motor mappings,
which was confirmed by DES mapping during re-resection [76].

In general, a connection between the distinct location of the motor map as enclosed
by nTMS as well as its extent and tumor location has been demonstrated in the sense
of tumor location-dependent changes in the distribution of polysynaptic MEP latencies
and spread of motor maps, especially along the anterior-posterior direction [77]. In the
further course, it was revealed that in a majority of patients with mixed tumor entities,
MEP counts, when elicited by nTMS to the precentral gyrus, were higher than average,
potentially reflecting robust and less variable motor representations within the primary
motor cortex [78]. Additionally, patients with tumors affecting the postcentral gyrus and
other parietal areas primarily showed high MEP counts when stimulation by nTMS was
delivered to the postcentral gyrus [78]. Hence, functional reorganization patterns seem to
be reflected by a reorganization within anatomical constraints, such as of the postcentral
gyrus [78]. Using again serial nTMS motor mappings from presurgical and follow-up
sessions, the initial observation of CoG or motor hotspot shifts have been confirmed in
further series including 22 and 20 patients with different tumor entities, respectively [79,80].
Additionally, motor representations appeared to shift more clearly toward the tumor mass if
the lesion was anterior to the rolandic region than if it was located posterior to the rolandic
region, and a preferential regrowth pattern of tumor recurrence towards the primary motor
cortex and/or CST as defined by nTMS-based motor mapping and tractography has been
suggested by exploratory approaches [80,81].
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Table 5. Plasticity and reallocation of motor function. This table outlines the studies published on plasticity and reallocation of motor function as revealed by motor mapping using nTMS
(using an electric-field-navigated system) with or without additional nTMS-based tractography in patients harboring brain neoplasms.

Author Year Cohort
Tumor

Entities
nTMS

Method
Main

Objective
Main

Findings

Forster et al. [75] 2012
5 adult patients
(and 5 healthy

volunteers)
LGG, HGG

Preoperative and
follow-up

motor mapping
(110% rMT for uE and lE

muscles; interval
between mappings:

18 months on average)
(two motor mappings in

healthy volunteers)

To investigate cortical
motor representation

after resection of
perirolandic WHO grade

II and III gliomas

− Shift of CoGs over time was 0.7 ± 0.3 cm in the
dominant and 0.8 ± 0.4 cm in the
non-dominant hemisphere.

− Shift of motor hotspots amounted to
0.9 ± 0.5 cm for the dominant and 0.8 ± 0.5 cm
in the non-dominant hemisphere.

− In one patient CoG and motor hotspot shifts
significantly differed from the control group of
healthy volunteers.

Takahashi et al.
[76]

2013 20-year-old man LGG

Preoperative and
follow-up

motor mapping
(110% for uE muscles;

interval between
mappings: 18 months)

To confirm induced
brain plasticity by nTMS

motor mapping

− Primary motor representation as determined
by nTMS motor mapping shifted from the
precentral to the postcentral gyrus over time,
which was confirmed by DES mapping.

− Plastic changes in primary motor
representations permitted complete tumor
removal without neurological decline.

Bulubas et al.
[77]

2016 100 adult patients
LGG, HGG, MET,

Other

Preoperative
motor mapping

(110% rMT for uE and
130% for lE muscles)

To investigate whether
brain lesions induce a

change in motor
cortex representation

depending on
tumor localization

− Motor areas according to nTMS motor
mapping were not restricted to the
precentral gyrus.

− The dominant hemisphere showed a
significantly greater number of longer MEP
latencies than the non-dominant hemisphere.

− Tumor location-dependent changes in the
distribution of polysynaptic MEP latencies
were observed.
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Table 5. Cont.

Author Year Cohort
Tumor

Entities
nTMS

Method
Main

Objective
Main

Findings

Conway et al.
[80]

2017 22 adult patients LGG, HGG

Preoperative and
follow-up motor

mapping (110% rMT for
uE and ≥130% for lE

muscles; interval
between mappings:

3–42 months)

To demonstrate the
frequency of plastic

reshaping and reveal
clues to the patterns

of reorganization

− Motor hotspots showed an average shift of
5.1 ± 0.9 mm on the medio-lateral axis, and a
shift of 10.7 ± 1.6 mm on the antero-posterior axis.

− CoGs shifted by 4.6 ± 0.8 mm on the
medio-lateral axis and by 8.7 ± 1.5 mm on the
antero-posterior axis.

− Motor-positive nTMS points tended to shift
more clearly toward the tumor if the lesion was
anterior to the rolandic area than if it was
located posterior to the rolandic area.

Bulubas et al.
[78]

2018 100 adult patients
LGG, HGG, MET,

Other

Preoperative motor
mapping

(110% rMT for uE and
130% for lE muscles)

To investigate the spatial
distributions of motor

sites to reveal
tumor-induced brain
plasticity in patients
with brain tumors

− High MEP counts were elicited less frequently
by stimulating the precentral gyrus in patients
with tumors directly affecting this gyrus.

− In more than 50% of these patients, the MEP
counts elicited by stimulating the precentral
gyrus were higher than average, indicating
robust motor representations within the
primary motor cortex.

− Patients with parietal tumors (and specifically
tumors within the postcentral gyrus) showed
high MEP counts when stimulating the
postcentral gyrus.

− The functional reorganization seemed to be
reflected by a reorganization within anatomical
constraints, such as of the postcentral gyrus.
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Table 5. Cont.

Author Year Cohort
Tumor

Entities
nTMS

Method
Main

Objective
Main

Findings

Barz et al. [79] 2018

20 adolescent
to adult

patients (and
12 healthy
volunteers)

LGG, HGG, Other

Preoperative and
follow-up

motor mapping
(110% rMT for uE and lE

muscles; interval
between mappings:

26.1 ± 24.8 months and
46.3 ± 25.4 months)

(two motor mappings in
healthy volunteers)

To evaluate motor cortex
reorganization in

patients after
perirolandic

glioma surgery

− Pre- and postoperatively pooled CoGs from the
areas of the dominant APB muscle and
non-dominant lE representation area differed
significantly from those of healthy individuals.

− During the follow-up period, reorganization of
all muscle representation areas occurred in
3 patients, and significant shifts of uE muscle
representations were detected in another
3 patients.

Sollmann et al.
[81]

2018 60 adult patients HGG

Preoperative motor
mapping (110% rMT for

uE and ≥130% for lE
muscles) and
nTMS-based
tractography

(and fMRI for a
subsample of the cohort)

To evaluate whether
brain tumor relapse has

a preference to grow
towards motor-eloquent

brain structures

− 69.0% of patients without residual tumor,
64.3% with residual tumor away from motor
areas, and 66.7% with residual tumor facing
motor areas showed tumor recurrence that was
directed towards motor eloquence.

− Average growth towards was highest for
patients with residual tumor already facing
motor areas, suggesting a preference in growth
patterns towards (reshaping) motor areas.

Abbreviations: nTMS—navigated transcranial magnetic stimulation; LGG—low-grade glioma; HGG—high-grade glioma; MET—metastasis; rMT—resting motor threshold; uE—upper extremity; lE—lower
extremity; DES—direct electrical stimulation; fMRI—functional magnetic resonance imaging; APB—abductor pollicis brevis; CoG—center of gravity; ADM—abductor digiti minimi; MEP—motor-evoked
potential; WHO—World Health Organization.
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2.6. Integration into the Clinical Environment

For broad application of nTMS motor mapping and derived nTMS-based tractography
in neuro-surgical oncology, seamless integration into existing hospital infrastructure and
processes is key for acceptance and optimal use of generated data. In this regard, a
structured workflow has already been proposed [82]. It starts with admission of the patient
and when the indication for mapping is made and includes, amongst other steps, transfer of
nTMS data to a hospital-intern picture archiving and communication system (PACS) as well
as reporting within dedicated masks for the hospital-intern electronic patient charts [82].

An example of inter-disciplinary integration into different systems requiring nTMS
data transfer is represented by the versatile use of the motor maps for planning and treat-
ment purposes in radiosurgery and radiotherapy [83–87]. The first published approach
achieved easy and reliable integration of nTMS, fMRI, and tractography data for radio-
surgery treatment planning, which led to an average radiation dose reduction of 17% to
functional brain areas in a cohort with mixed entities of pathologies [83]. Another study
approved flawless integration of specifically nTMS data for radiosurgery, which influenced
the radiosurgical planning procedure by improving risk-benefit balancing in all cases,
achieved dose plan modifications in 81.9%, facilitated treatment indication in 63.7%, and
reduced radiation doses in 72.7% of cases [86]. Compared with radiosurgery plans without
nTMS data, treatment plans with integration of nTMS data demonstrated a significant
decrease in dose to eloquent cortex volume, which was achievable without a reduction
of the dose applied to intracranial MET [87]. Moreover, integration of nTMS motor maps
with radiotherapy planning software for hypofractioned stereotactic treatment regimens
for patients diagnosed with intracranial MET has been proposed, and by constraining the
dose applied to the nTMS motor maps outside the planning target volume (PTV) to 15 Gy,
the mean dose was significantly reduced from 23.0 Gy to 18.9 Gy, while the mean dose of
the PTV increased [85]. Analogously, in patients with HGG, mean dose to the nTMS motor
maps was significantly reduced by 14.3% when constraining the dose to nTMS motor areas,
while the dose to the PTV was not compromised [84].

Furthermore, integrating nTMS motor mapping in clinical workflows has provided
initial evidence for the usefulness of the method for planning of a stereotactic tumor biopsy,
performing endoscopic cystoventriculostomy, or facilitating a transparietal approach to
the trigone of the lateral ventricle in patients with brain neoplasms [88–90]. In a special
environment such as the intensive care unit with critically ill patients, an approach for safe
and reliable use of nTMS motor mapping has been described recently, yet preliminarily
in patients suffering from other diseases than brain tumors (e.g., central cord syndrome
after trauma, ischemic or hemorrhagic stroke) [91]. In particular, the use of computed
tomography (CT) instead of MRI data may help to establish nTMS motor mapping also in
special environments with patients who may only be eligible to undergo CT due to specific
infrastructural constraints (e.g., non-availability of timely imaging by MRI) or medical
conditions (e.g., specific implanted devices as contraindications for MRI) [91,92]. While this
underlines the broad applicability of nTMS motor mapping, which requires little patient
interaction while creating valuable data on the motor system in a non-invasive way, high
accuracy has to be ensured and other imaging sources than MRI have to be regarded as
second-line alternatives in selected cases.

3. Methodological Considerations on Application of nTMS Motor Mapping

3.1. Current Practices and Protocols

Previous large-scale studies have converged to feasible routines for nTMS motor
mapping in clinical practice [93]. As an example, the usual SI is normalized to the rMT,
and 110% rMT has become the standard, though also 105% rMT is often used. Alternative
methods, such as using Mills–Nithi upper threshold (UT), exist as well [93].

There is large variance in the motor mapping protocols since the studies intend to
answer specific research questions. On a similar note, the terminology used is not always
clear and uniform. New methods and analysis tools have emerged. In addition to formerly
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used metrics, new and parallel map measures (e.g., area and volume in defining the extent
of motor maps) are increasingly used and reported, which brings variance to the studies
and makes them more difficult to compare with each other. For instance, motor map
topography based on counting the number of discrete peaks, which in turn was based
on MEP amplitudes, was introduced in 2017 [94]. Another measure that seems to be
interesting and reliable and may also have clinical relevance is the overlap of the motor
representation of muscles, though its potential meaning is not yet fully understood [95–97].

When it comes to quantitative mapping, a lot of research on quantitative parameters
derived from nTMS motor mapping is ongoing. Despite many motor mapping results in
patients (such as greater or smaller area of motor maps, closeness of CoGs, or location
and shift of CoGs) have already been published, there is clear need of comparison data on
healthy volunteers as a basis against which to evaluate cortical reorganization in clinical
populations [98,99]. In addition, the normativity of hemispheric side-to-side differences
needs to be ensured before comparison between potentially affected and non-affected
hemispheres takes place. Fine-scale topography seems to be complex and variable between
subjects. To understand it better, multi-modal approaches would be important to better
track and understand nTMS-induced effects across the brain [100,101]. Furthermore,
instead of mapping single muscles, the importance of groups of muscles, their synergy, and
the role of movements and their relation to posture and biomechanics have been pointed
out [102].

It should not be forgotten that the steps during initial mapping to locate a motor
hotspot, sometimes called coarse mapping or technical mapping, are an important part
of the examination to define the precise and correct hotspot. Regarding motor areas
of lE muscle representations, a double-cone coil is recommended to reach deeper [103].
Different coil types hinder direct comparison between studies. The coil orientation may
also have impact, which partly depends on the area of interest (uE, lE, or face muscle
representations) [104–106]. The need for preactivation of muscles is a special issue that
needs to be taken into account, particularly for lE and face muscle representations [106].
Another important issue is that when mapping the extent of several muscle representations
within a limb, the rMT is usually only determined for one specific small hand muscle
(abductor pollicis brevis (APB) or first dorsal interosseous (FDI) muscle), and this is used
as a reference for motor mapping of representations of other muscles as well. This could
perhaps be tackled by targeted post-hoc analysis [95]. For the lE, there is much more
variance when choosing the muscle of primary interest, which should preferably also have
the lowest rMT. The clinical importance is, however, mostly unknown.

In the analysis of motor mapping data, large variability in MEP amplitudes is a
challenge. Another challenge is that the amplitudes are often small. The usual response
criterion for an accepted MEP in rest is often 50 µV [26], but lower amplitude criteria
have been successfully applied [107]. Some of the measures need to be normalized to
the maximum recorded MEP amplitude. Mapping-related biomarkers of sensorimotor
plasticity could be used in the study of pathophysiology of different diseases and an
important application is rehabilitation. Based on these reflections on the current status
and routine procedures for nTMS motor mapping, in the following we outline the most
important quantitative parameters and methods for ensuring feasible accuracy of nTMS
motor mapping.

3.2. Selecting Stimulation Intensity

The proper SI used in quantitative mapping is conventionally and fundamentally de-
pendent on the rMT, which can be determined in several ways [47,108–112]. These days, the
most convenient and most widespread method is adaptive threshold hunting (ATH), which
estimates the threshold SI in an iterative fashion with excellent confidence [109,110,113–115].

Selection of the SI used in motor mapping overall is a crucial part of the experimental
design, as the SI defines the amplitude and spread of the responses, and the spatial accuracy
of individual stimuli [25]. In general, the map size increases with the SI [24,25]. A common
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practice is to use a SI that is related to the individual rMT by percentage increase, i.e., 110%
of the rMT. A workshop report including recommendations for nTMS motor mapping
in patients harboring brain tumors suggest the use of 105% rMT when mapping the uE
muscle representations and 110% (with additional 20 V/m) to map the representations of
lE muscle representations [93]. While these are practical solutions easily applied for clinical
practice, they are likely to cause protocol-induced variation to the results. The individual
input–output characteristics vary with factors such as age [116,117]. Furthermore, they are
then also affecting the outcome of the mapping, as the used supra-threshold SI is dependent
on those characteristics [24,25,107,118,119].

From a risk-benefit perspective, the risks in selection of the SI are the following:
(1) too low SI will not activate the cortex that contains motor functions in mapped areas
(and, as a result, false-negative responses are gained), and (2) too high SI that excites
neurons outside the stimulated target region (resulting in a response that is falsely positive,
i.e., positive responses not associated with the stimulated target). Provided that the
fluctuation in cortical excitability is normal, and muscles are maintained in rest, the benefits
corresponding with the above-mentioned risks are that with (1) low SI if the stimulation
of a cortical target is producing a response, it can be assumed with high confidence as
a true-positive response, and with (2) high SI the probability of inducing a response is
greater (Figure 5), and it is likely that if there is no response the stimulated target is a true-
negative response. Therefore, in selecting the SI, the risks and benefits should be weighted
regarding the information that is needed to be acquired. In preoperative motor mapping
in patients with brain tumors, a motor map that only shows a minimum number of false-
positive stimulation points is warranted in order to avoid overestimation of the extent of
the motor map. Such overestimation could lead to incomplete tumor resection given that
false-positive spots are unnecessarily spared from resection due to anticipated, but faulty
“true” motor function representations. However, high fractions of false-negative points
would put the patient at a theoretically higher risk of functional deterioration in cases in
which such points are included in the surgical resection. Correspondingly, Thordstein et al.
speculated that using a low SI could include an additional risk since the activation area of
a muscle could be distributed non-continuously along the motor cortex [107,120].

Figure 5. Example of the cumulative distribution function (black line) fitted to the experimental data
of one subject. The red dots indicate the probability of response based on repeated MEP trials. The
number of repetitions at each SI (given as %-MSO) is reflected in the marker size, which has been
used to weight the fitting of the cumulative distribution function.

When using a SI that is at supra-threshold level normalized to the rMT (e.g., 110%
rMT), it is unclear what the individual likelihood for induction of a response is (Figure 6).
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However, it may largely avoid false-negative stimulation points within the motor map by
arbitrarily creating some sort of a “safety margin” around unequivocally motor-positive
stimulation spots. Certainly, the likelihood for producing a response at the motor hotspot
where the rMT was determined is greater than 50%—but is it 60% or 95%? This dilemma
makes it difficult to estimate the real accuracy of individual motor mapping if the input–
output characteristics are unknown. Alternative techniques for determining the mapping
intensity based on a threshold value that relies on greater probability of responses than 50%
has been suggested as an alternative way to determine the SI [25]. Specifically, Kallioniemi
and Julkunen proposed that the use of the so-called Mills–Nithi UT could be used directly as
the SI for mapping, and demonstrated that it indeed reduces the inter-individual variation
in the quantified motor map size [25,108]. The core principle in using the UT instead of a
SI normalized to the rMT seems justified as with UT the probability of a response is ~90%,
hence reducing the dependence of mapping outcome from the individual input–output
characteristics. However, there are drawbacks in that methodology: (1) the confidence in
the estimated UT is likely lower than for the rMT that is determined using ATH [109,110],
and (2) it may take a few minutes more time to determine the UT [25].

Figure 6. Demonstration of the cumulative distribution function representing the probability of
inducing a response at different SIs. As the slope, represented as relative spread [110], can differ
between subjects, the use of the SI related to the rMT can induce differences to the absolute size of the
motor map [25]. In the plot, mean relative spread (solid black line) and the minimum (dotted black line)
and maximum (dashed black line) found in the study population were used to compare probabilities of
inducing a response at 110% rMT (blue dots) and 120% rMT (red dots). At a low relative spread, 110%
and 120% rMT produce an MEP at the stimulation target with a probability close to 100%, but with
the high relative spread, the probabilities of MEPs at the target at 110% and 120% rMT are 68% and
83%, respectively.

To demonstrate the variability of motor maps due to uncertainty in response occur-
rence probability, we simulated motor maps based on experimental motor mapping data by
assuming that 10% of the responses were falsely negative to estimate the general confidence
of motor mapping based on uncertainties related to response occurrence (Figure 7). The
simulation demonstrated that despite the uncertainty, the SI-dependent differences in the
motor map area were still apparent, and the shape and extent of the motor maps were
maintained from simulation to simulation. Unlike the area of the motor map, the location
of CoGs does not appear to depend on the SI [24]. It was demonstrated by Thickbroom
et al. that when moving the coil from one cortical location to another, the shape of the
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input–output curve does not change significantly, only the offset that is the crucial part
being represented as the rMT [121].

Figure 7. Visualization of the motor map resulting from mapping with three SIs (blue: 110% of the rMT, green: Mills–Nithi
UT method [108], red: 120% rMT). Data from each of the experiments were bootstrapped 1000 times, assuming that 10%
of the responses observed were false negative. The image is visualized in neurological projection. The stimulations were
placed on average 0.4 mm apart. The 95% confidence limits are indicated for quantified areas in the images.

The SI is commonly represented as a percentage of the maximum stimulator output
(%-MSO), by definition making it dependent on the maximal stimulator performance that is
highly dependent on the used instrumentation including the characteristics of stimulation
coils and the stimulating pulse [122–128]. This means that when comparing the used SIs
between individuals, one has to consider the characteristics of the instrumentation. In
addition, the SI, when represented as %-MSO, is not considering the individual distance
of the stimulated cortex from the stimulating coil that is placed on the scalp [129–133]. To
account for individual coil-to-cortex distance by estimating the cortically-induced EF by
stimulation, an EF estimate could be used [134–136]. However, the EF estimate may not
account for differences in pulse characteristics [137]; yet it could reduce the difference in
representing SIs as EFs between stimulator manufactures differ [126]. Nevertheless, when
applying EFs in different individuals, there exists a challenge to determine the anatomic
location where the EF should be estimated, as the exact location of response induction
has not been unambiguously determined since the activation by stimulation is not limited
to the crown of specific layers of the cortex, but, instead, the coil distance-dependent EF
affects a large part of the cortex [29,105,138].

Recently, Nazarova et al. mapped the representations of multiple muscles simultane-
ously to distinguish between muscle representations of the individual muscles [98]. As
previously suggested, they observed that the use of a single SI may be a possible limitation
as the different muscles could potentially have different rMTs [98]. Previously, it has been
observed that the different somatotopically adjacent muscle representations could have
different excitability profiles [95,107,118]. Albeit, at the group level the effect size may
be minor or acceptable, at the individual level the clinical significance for such different
profiles may be crucial [95,119,139–141]. This means that if a muscle has a lower rMT for
activation and a steeper rise for the input–output curve than the other mapped muscles,
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the motor map will be biased due to the responses of that muscle, and will mostly present
the representation area of that specific muscle over the other mapped muscles. Therefore,
when determining quantitative characteristics for a group of muscles, the mapped outcome
may be biased with certain muscles due to the differences in the individual muscle rMTs,
and perhaps also due to individual motor hotspots.

Furthermore, the coil-to-cortex distance varies with stimulated cortical regions, which
may require adjustment of the applied SI [130,131,135,136,142–144]. Because of the differ-
ences between target sites, the SI needs to be adjusted by taking into account the differences
in coil-to-cortex distances, the secondary field caused by charge accumulation at conductiv-
ity discontinuities, and the coil orientation, and adjustment based only on the SI or primary
EF is not sufficient [135].

3.3. Stimulation Grid

To enable quantitative mapping and to set the spatial density for stimulation targets
and, thus, spatial accuracy of the quantitative mapping, stimulation grids are frequently
used [27,145–147]. The grids are especially crucial for non-navigated estimation of motor
maps [145,146]. However, they are also used in nTMS approaches where the underlying
anatomy is visible [27,147]. The use of the grids enables straightforward calculation of the
motor map size, i.e., by calculation of the number of active squares (producing acceptable
responses when that square is stimulated) within the grid [118]. The definition of the
active grid square varies in terms of interpreting a response (e.g., response/no response,
maximum MEP amplitude, mean MEP amplitude, MEP count, etc.). In nTMS, the size of
the grid squares affects the accuracy of the motor map that can be related to anatomical
structures. The accuracy is limited also by the resolution of the underlying structural MRI
and the accuracy of the neuronavigation system [1]. If using a grid as aid for enabling
homogeneous spacing between the stimuli, the selection of the grid size should consider
the required spatial resolution of the motor map. Figure 8 demonstrates how the size of
a stimulation grid square could affect the appearance of a motor map. The larger grid
squares result in bulk-shaped motor maps with the grid potentially overestimating the true
map size, while reduction of the grid square size converges towards the true motor map
size. However, the smallest grid squares produce lower map size than the reference value
because the original data were gathered with inferior density and there might be no data
for all grid squares (Figure 9).

It may soon be obsolete to consider motor mapping in terms of grids and grid targets,
as modern nTMS motor mapping could potentially be performed in a quantitative fashion
without the use of grids as long as quality criteria are set [148]. This means that the
placement of stimuli is anatomically guided with denser placement of stimuli at specific
regions, e.g., in the vicinity of anatomically interesting landmarks or at the edges of a motor
map. This also means that the spatial and regional accuracy within the motor map may
vary, while the extent of the motor map could be more accurately defined. The effects could
be inverse for the accuracy of the CoGs, and for calculation of CoGs the coverage of each
individual stimulus target in the motor map needs to be accounted for and be weighted in
the calculation [27].

3.4. Number of Stimuli Required (per Target Location)

The accuracy of the motor mapping has been shown to relate to the number of stimuli
used [26]. The number of stimulated responses within each grid square varies, as does the
size of the grid squares [26,118,140,145,147,149–153]. Previous studies have investigated the
required number of stimuli in a stimulation grid, having observed that two or more stimuli
should be used to improve the confidence in the resulting motor map parameters [26,154].
Specifically, Cavaleri et al. reported that at least two responses induced by targeting each
grid square were required for reliable calculation of the CoG and motor map volume in
non-navigated TMS with a grid square size of 10 mm [154]. The used stimulus grid, or the
density of the stimulus target spacing plays an essential role when defining the parameters
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of the motor map. In essence, the CoG location is dependent on the grid square size, as it is
the case with the cortical area (Figure 9). The larger the grid square is, the less accurate is
the CoG location or the motor area (Figure 9).

Figure 8. Demonstration of the use of a grid in calculating the area of the motor map. The original
individual responses are presented as red-filled dots, with the dot size reflecting the MEP amplitude.
The black dots are 0-amplitude responses. Average MEP amplitudes were calculated within grid
squares in different size grids. The resulting average MEP amplitude size is reflected in the yellow

color of the grid squares. The area of the motor map was evaluated based on the sum of the grid
square areas with average MEP amplitudes of at least 50 µV, and by using spline interpolation (yellow

line). The corresponding motor map areas are displayed above the grids with the grid sizes. For
comparison, the motor map area is displayed for the original responses with spline interpolation,
indicated by the red line in each plot.

When using nTMS, the conventional grid squares (e.g., 10 × 10 mm or 15 × 15 mm
in size) are likely to include more stimuli. This is demonstrated in Figure 10, placing a
stimulus grid of typical size over the mapped region and demonstrating that several stimuli
are placed within the grid squares [146,149]. In fact, due to the spatial averaging caused
by the large number of MEPs recorded during the mapping, the inherent variability effect

37



Brain Sci. 2021, 11, 897

in MEPs may be reduced, and placing multiple stimuli per location is compensated by
closer spacing of the stimulus locations [95,155]. Chernyavskiy et al. showed that with an
increasing number of stimuli included in the motor map, the accuracy is improved in nTMS
mapping without application of a grid, as the coverage of a single response in a motor map
and, hence, the contribution a response for the total motor map is decreased [155].

Figure 9. (A) The effect of grid size on the resulting motor areas with different methods of calculation. As a comparison,
there is the area calculated with the spline interpolation (red), which is independent of the grid size, but is instead dependent
on the local spacing of the stimuli. The area calculated from active grid squares is presented in green and, for ease of
comparison, the spline interpolation area calculated from the active grid sites is shown in blue. The shaded areas indicate the
95% confidence interval within the study population, which was 24 mapping experiments at 110% of rMT. (B) The average
number of stimuli falling within each grid square is shown as a function of grid size, with the shaded area indicating the
95% confidence interval within the study population. (C) The effect of grid size on the CoG location is shown, with the
shaded area indicating the 95% confidence interval within the study population.

Often, when utilizing stimulation grids, a few stimuli may be repeated per grid to
reduce the effect of MEP amplitude variation. However, then the number of stimuli is in a
different scale than the number of required stimuli needed to obtain the average MEP am-
plitude confidently. To reach for a reliable and stable value of the MEP amplitude, previous
studies have found that at least 20 repeated trials should be averaged [156,157]. However,
these confidences are not fully comparable, since the overall data on MEP amplitudes
within the motor maps are more extensive than in studies assessing single-target MEP am-
plitudes. Thus, the effect of individual grid square MEP amplitudes variability affects less
the binarized map parameters such as the area, and, hence, the “spatial filtering” reduces
the apparent MEP variability. Obviously, parameters utilizing absolute MEP amplitudes
such as the map volume could be more affected.
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Figure 10. The visualized grid square size used was 10 mm × 10 mm, which is a quite commonly used size [146,149]. The
stimulations were placed on average 2.6 mm apart. The individual stimulus locations are shown with red dots, the size of
which is indicative of the associated MEP amplitude (the larger the amplitude, the larger the dot). The yellow colors in the
grid squares indicate the size of the mean MEP amplitude for the MEPs induced by stimulating points within the grid
square (the brighter the color, the higher the mean MEP amplitude).

3.5. Coil Orientation with Respect to Anatomy

The degrees of freedom (DOF) of the stimulation coil include the coil location, ori-
entation and tilt, while additionally, one system-dependent DOF is also the previously
discussed SI. The coil tilt affects the efficiency of dose delivery on the cortex [158,159].
With respect to the underlying cortical anatomy, the coil orientation affects the observed
response (i.e., suboptimal coil orientation may result in MEPs with low amplitude or a
non-response) [105,160–162]. Balslev et al. showed with non-navigated TMS that a 45◦

angle with respect to the interhemispheric midline is generally the optimal coil orien-
tation [163]. Further, the optimal coil orientation has been observed from experiments
and simulations to be perpendicular to the gyral wall [104,105,135,138,160,164]. While
there may not be group-level differences in the optimal coil orientation, the individually
quantified parameters, such as the motor area, may depend on it [106].

The microanatomy of the gyrus may also affect the efficacy of nTMS, i.e., how
aligned are the stimulations and the activated neuronal structures, and how organized or
anisotropic are the activated individual neurons in their population [138,165]. While these
factors cannot be directly visualized during application of nTMS, they may take relevant
effect on the mapping outcome.

3.6. Other Quantitative Parameters in Motor Maps

Other quantitative parameters commonly used to characterize motor maps based on
MEP amplitudes include the motor hotspot, CoG, motor area, and motor map volume.
The motor hotspot location typically is defined by the location of the maximum MEP
amplitude response (xmax; ymax) or the “optimal location” for stimulation [28,29,166–168].
The motor hotspot is not only used to characterize the location of the motor representation,
but is also used as the location where the rMT is determined and around which the motor
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mapping is extended [169]. Considering the definition of the motor hotspot, Reijonen
et al. characterized a hotspot as a region instead of a unique target and found that if the
definition is based on MEP amplitudes within individualized motor maps, the hotspot is on
average 13 mm2 in size, and if the hotspot is defined on the basis of the stimulation-induced
EF, the size is on average 26 mm2 [29]. These hotspot definitions consider the accuracy of
the definition of the hotspot, including within-session neuronavigation system accuracy.
Specifically, with nTMS, it has been shown that intra- and inter-observer variability for
motor hotspot determination are on average ≤1 cm, with values ranging within the
calculated precision of the used system [170].

The CoG is defined as the amplitude-weighted location in coordinates representing
the location in the motor representation area where the center of motor activation lies, and
is represented by the following equation:

xCoG = ∑Mixi/∑Mi; yCoG = ∑Miyi/∑Mi (1)

where CoG location is defined in two dimensions with the Cartesian coordinates xCoG and yCoG,
individual MEP amplitudes, and Mi corresponding to single stimulation targets (xi; yi) [171].
The CoG locations are dependent on the muscle representation mapped [95,118,172]. The inter-
session repeatability of the CoG has been demonstrated to be good to excellent [28,31,98,118].
In our simulations, we found that the SI has a minor effect on the CoG location, as does the
chance of false-negative responses (Figure 11).

Figure 11. Visualization of CoGs based on motor maps with three SIs (blue: 110% of the rMT, green:
Mills–Nithi UT method [108], red: 120% rMT). Data from each of the experiments were bootstrapped
1000 times, assuming that 10% of the responses observed were false negative. The dots indicate a
product of 1000 CoG locations each. The image is visualized in neurological projection.

If the spacing of the stimulus targets is not homogeneous within the motor map (i.e.,
when a stimulus grid is not used), then the response amplitudes Mi need to be weighted
by their stimulus targets coverage in the motor map Ai [27]:

xCoG = ∑MiAixi/∑MiAi; yCoG = ∑MiAiyi/∑MiAi (2)

The volume of a motor map is usually defined in a grid by summing the MEP ampli-
tudes associated with the grid squares that exceed a given response threshold [24,30,31]:

Volume = ∑Mi (3)
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where the index i refers to each grid element. Alternatively, the volume of the motor map
has been determined as the volume of an interpolated amplitude surface on the cortex [96].
The repeatability of the motor map volumes has been demonstrated to be between poor
and good [30,31].

The area has been defined in different ways. When using a simulation grid, previous
studies have multiplied the grid square area with the number of active stimulation sites within
the grid [118,147,173]. With nTMS, recent studies have utilized different means for calculat-
ing the area, such as spline interpolation or Voronoi tessellation [25,27,95,153,155,173–176].
These analysis techniques of the representation are not directly comparable, as they include
systematic differences [173]. Previous studies have shown that the motor map area may suf-
fer from poor to excellent session-to-session/within-session repeatability [27,30,31,98,118].
Here, we simulated the session-to-session repeatability of a motor map by assuming the po-
tential of false-negative motor responses to find that the quantitative size is well-preserved
within the sessions as are the shapes and locations, while minor session-to-session differ-
ences were observed in the motor map area (Figure 12). The set amplitude criterion also
affects the motor area, and commonly the amplitude criterion of 50 µV is used (Figure 13).

Figure 12. Visualization of motor map outlines of the FDI muscle representation in repeated measurements. Data from each
of the experiments were bootstrapped 1000 times, assuming that 10% of the responses observed were false negative. The
image is visualized in neurological projection. The blue maps were mapped a bit more densely (mean distance between
stimulus locations was 2.6 mm on both hemispheres, as a 3.0 mm grid was used as aid) than the red maps (mean distance
between stimulus locations was 2.7 mm and 3.0 mm on the left and right hemisphere, respectively, without a stimulation
grid). The 95% confidence limits are indicated for quantified areas in the images.

Sinitsyn et al. found, based on their experiments comparing multiple techniques and
multiple stimuli/grid squares in calculating the motor map areas, that area weighted by the
probability of an MEP within a grid square appeared overall best in terms of accuracy [26].
As the SI applied with respect to the rMT determines the probability of an MEP in each
grid square, the reliable determination of the probability would likely require multiple
repetitions per grid square, or for one stimulus per grid square the probability would be
0 or 1.
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Figure 13. Effect of amplitude criterion for accepted MEPs measured on the resulting motor map
size as determined using spline interpolation [27]. In the figure, 24 cortical mapping experiments for
locating and outlining the FDI muscle representation were used to calculate the mean (green line) and
95% confidence interval (green area) for the motor area at different amplitude threshold criteria for
accepted MEPs.

4. Perspectives and Future Directions

Over the past decade, nTMS has found its way into clinical routine, particularly for
motor mapping among patients with motor-eloquent brain neoplasms since the method
combines spatially resolved identification of brain function with high accuracy even in cases
with deranged anatomo-functional architecture. The good agreement between preoperative
nTMS motor mapping and intraoperative DES mapping as the reference method seems
one of the key factors contributing to the current role of nTMS motor mapping in neuro-
oncological surgery [35–42]. Furthermore, motor maps derived from nTMS can be used
for seeding to achieve function-based tractography, which enables the identification of the
spatial course of critical subcortical structures such as the CST [51–56]. However, the initial
application for preoperative planning and intraoperative resection guidance in patients
harboring functionally eloquent brain neoplasms has been greatly expanded over the years,
thus enabling researchers to also address basic research questions in the context of a brain
tumor as the use case, spanning from risk stratification for motor function to plasticity and
reshaping of functional anatomy [69–73,77–81].

The key to successful integration of nTMS motor mapping and derived tractography
into the clinical workflow is closely related to feasibility aspects and potential difficulties
when embedding these approaches in existing environments. In this context, seamless
integration into pre-existing infrastructure (e.g., hospital information system or PACS)
can be achieved by standardized data export and transfer from the nTMS system [82].
However, it has to be noted that performing the mapping procedure in the most accurate
fashion requires some training and time (~60 to 90 min per patient, excluding preparation
and depending on factors such as the extent of motor mapping and patient cooperation) [6].
Thus, trained personnel and dedicated time slots for mapping purposes may be required
in the clinical setting, which are not always granted under economic and time constraints.
However, alternatives to nTMS motor mapping for the preoperative workup in patients
harboring brain neoplasms (e.g., fMRI or MEG) also come with expenses and may only
be available in specialized centers. Given that an overall better agreement between nTMS
motor mapping and DES mapping has been observed in comparative studies with fMRI or
MEG, efforts during the preoperative setup with nTMS seem justified [35–42].

Further potential of nTMS motor mapping lies in the interdisciplinary use of derived
data. Particularly, radiotherapists may take advantage of such maps to modify treatment
plans with the aim of limiting dose exposure to motor-eloquent cortex, as shown in first
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studies on the matter [83–87]. Integration of functional data derived from nTMS motor
mapping could also be achieved for case discussions of interdisciplinary tumor boards
and forwarded to follow-up treatment, which may make use of such information for re-
habilitation strategies. In this context, a first example in patients suffering from acute
surgery-related paresis of uE muscles after glioma resection provides evidence for the
beneficial use of nTMS as a therapeutic tool in neuro-oncology, with the exact site of stimu-
lation being determined based on nTMS motor maps [177]. Specifically, the combination
of low-frequency nTMS with physical therapy for seven consecutive days after surgery
improved motor function outcome according to the Fugl–Meyer assessment performed
postoperatively and until the 3-months follow-up examinations [177].

Additionally, nTMS data could also be efficiently used in multi-modal scenarios. For
instance, the combination of motor mapping with mapping of other functions such as
language and derived tractography of motor- and language-related subcortical pathways
has already been achieved in a few studies, which may help to gain a broader picture
of functional anatomy in patients harboring large or critically situated neoplasms that
most likely do not solely affect the motor system [178,179]. Further, to understand better
the distinct effects of nTMS on the brain’s connectivity profile, combinations of nTMS
application with pre- and post-stimulation fMRI acquisitions and functional connectivity
analyses are possible and have shown promising results in healthy volunteers [100,101].
Most notably, it has been revealed that modulation by nTMS critically depends on the con-
nectivity profile of the target region, with imaging biomarkers derived from fMRI possibly
playing a role to improve sensitivity of nTMS for research and clinical applications [100].
Based on such data, it seems likely that in patients with brain neoplasms, the impact and
effects of nTMS also depend on a connectivity profile that may fluctuate over time or
due to yet unidentified parameters, possibly interfering with the mapping outcome. Yet,
multi-modal scenarios specifically in patients with motor-eloquent brain tumors may also
exert difficulties on data acquisition, processing, and interpretation of data, which need to
be addressed prior to routine application. For fMRI, presence of particularly high-grade tu-
mors with increased cerebral blood flow characteristics can negatively interfere with signal
interpretation [180,181]. Thus, combinations of fMRI with nTMS in such patients need to
be considered carefully to avoid errors in calculations of connectivity characteristics.

Regarding dMRI, images can suffer from geometric image distortions compared with
anatomical MRI, which may introduce spatial inaccuracies when dMRI data is linearly pro-
jected on conventional T1- or T2-weighted sequences and used for tractography. This may
be retrospectively corrected for by non-linear, semi-elastic image fusion, thus potentially
enabling tractography with improved accuracy and clinical feasibility [182]. Expanding on
this, intraoperative MRI-based elastic image fusion for anatomically accurate tractography
of the CST using nTMS motor maps has been achieved, correlating well with IONM and
disproving the severity of brain shift in selected cases [183,184]. Furthermore, most work
on nTMS-based fiber tracking of the CST has used standard deterministic algorithms im-
plemented in commercially available packages for clinical use (e.g., fiber assignment by
continuous tracking (FACT) algorithms) [51,52,54,55,70–72]. Using a FACT algorithm, fiber
bundles are reconstructed in a voxel-by-voxel fashion with respect to the direction of the
main eigenvector, which works purely data-based (no interpolation function) and needs
only comparatively low computation time [185,186]. However, on the other hand, FACT
algorithms create some predictable inherent errors, which limit the accuracy of the method
and could lead to error-prone or incomplete tractography results [186–189]. Probabilistic
approaches disperse trajectories more than deterministic methods and may delineate a
greater proportion of white matter tracts, particularly when combined with more advanced
dMRI sequences [189]. Additionally, the potential value of diffusion measures besides
mere delineation of the spatial course of the CST by nTMS-based tractography may be of
merit. One study has shown that the extent of impairment of diffusion metrics (such as FA
and ADC) correlates with motor function deficits according to segmental analyses within
the CST [72]. Hence, supplementing nTMS-based tractography of the CST with diffusion
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metrics may improve the predictive power for postoperative motor impairment, but other
parameters such as mean diffusivity (MD) have not yet been routinely considered. As such,
MD is a quantitative measure of the mean motion of water and reflects the rotationally
invariant magnitude of water diffusion, which could also be representative of structural
integrity of white matter [190]. Future work may explore the potential benefits of further,
even more elaborate quantitative markers of white matter structure, composition, and
integrity, which can be derived from advanced dMRI techniques such as high angular
resolution diffusion imaging, multi-shell imaging, diffusion kurtosis imaging, neurite
orientation dispersion, and density imaging [191–193].

The continuous optimization of the nTMS system technique has recently enabled a
novel paired-pulse nTMS (pp-nTMS) paradigm for biphasic pulse wave application to
induce short-interval intracortical facilitation [194–196]. Use of pp-nTMS may increase
efficacy of motor mapping in patients with brain tumors as accurate motor maps are
achieved even in cases where conventional single-pulse mapping fails (e.g., due to tumor-
affected motor structures or edema) [174,175]. Further, pp-nTMS would result in a lower
rMT, thus allowing motor mapping with lower SI but without clinically relevant constraints
for motor map extent or location [174,175]. Particularly in patients with brain tumors, the
rMT can be frequently high in the tumor-affected hemisphere, and accurate mapping with
a lower SI related to a lower determined rMT could permit successful use of nTMS even in
the most demanding cases. This may also be highly relevant for other applications of nTMS
in patients with brain tumors, such as language mapping [197–201]. In such applications, a
higher SI is often used and stimulation is more widespread and, thus, can entail discomfort
that negatively interferes with the mapping outcome. However, studies using pp-nTMS
for other purposes than motor mapping are currently lacking.

From a methodological perspective, the presently used motor mapping approach
is focused on determining the volume, area, coil locations, or corresponding cortical EF
maximum locations associated with motor responses. However, as the EF induced by
nTMS is not ideally focused, the spread of the EF also stimulates adjacent areas and, thus,
when stimulating an area in the cortex adjacent to the target muscle representation area,
the target muscle may activate even though the representation area was not targeted.
Hence, quantitative mapping at present cannot precisely capture the true representation
size of the motor representation area, and may over- or underestimate it. Previous studies
have shown that inclusion of the EF information in generating the motor maps may aid
in localizing the motor representation [202–204]. Specifically, minimum norm estimation
(MNE) has recently been employed for estimating the true representation area of muscles by
accounting for the EF spread and the input–output characteristics of the MEP values [204].
Figure 14 demonstrates the application of MNE in a single subject in comparison with
the outlined cortical maximum EF locations with associated positive responses. A quite
similar method to MNE was presented by Weise et al., also utilizing the input–output
characteristics of the MEPs [203]. The practical difference between these methods arises
from the number of coil locations applied and how the input–output characteristics are
estimated spatially.
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Figure 14. The MNE method (left) utilizes the spread of the EF at each stimulation point in addition to the MEP amplitude
to estimate the source of motor activation, as opposed to the more conventional motor mapping approach not considering
the spread of the EF associated with each stimulus (right) [204]. The active stimulation sites in the conventional motor map
were outlined using the spline interpolation method [27].

In essence, one challenge for more accurate clinical motor mapping with nTMS in
the future may be the accurate inclusion of the EF information to estimate the source of
the induced MEPs. Currently, there are no clinically validated tools classified as medical
devices available for source estimation utilizing EF spread, and the tools that are currently
available require special skills and are not feasible for clinical routines. However, the
development seems to be heading in the right direction. With tools such as the SimNIBS, EF
simulations have been made quite straightforward, albeit the pipelines feasible for clinical
mapping applications are still lacking [205,206]. Furthermore, the shape of the motor map
may be evaluated by the aspect ratio (i.e., the ratio between map extension along the EF
direction and perpendicular to it) [195]. This means that if the aspect ratio is 1, the shape of
the motor map is approximated as circular, if the ratio is >1, the map is elongated along
the EF direction, and with an aspect ratio <1, the motor map is elongated to the direction
perpendicular to the EF direction. With single-pulse nTMS, the aspect ratio tends to be
>1 [174,175,195].

Despite increasing acceptance of nTMS motor mapping in clinical routine, it cannot
be emphasized enough that the value of the method stands and falls with its accuracy.
In this regard, many parameters such as the location of the motor hotspot and CoG, and
area and volume of the motor map are associated with the applied SI, which needs to
be determined with highest diligence. Therefore, with the increase in applications of
nTMS, methods for ensuring feasible accuracy become more and more important. In the
context of quantitative mapping, awareness of the relevant parameters and control over
them is warranted to assure best practices and reliable mapping outcomes. Specifically,
quantitative mapping has the potential to derive parameters related to the motor maps
of the patients that could impact diagnostics, prognostics, and follow-up examinations
by enabling spatial and spatio-temporal metrics related to cortical motor function. Major
future development efforts should be put to understanding the correlations between motor
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mapping, interpretation of stimulation targets, and resulting responses in relation to their
origin in the cortex by consideration of the physical effects of induced EFs.

5. Conclusions

The technique of nTMS is increasingly used particularly for preoperative motor map-
ping in patients harboring brain tumors, which is due to its sufficient accuracy and reli-
ability in a clinical setup. The combination of nTMS motor mapping with tractography
as well as the option of serial mapping over time profoundly expands its role beyond a
mere surgical planning tool. Development of quantitative motor mapping can include
further applications while the accuracy of current mapping modalities can be improved by
standardized protocols and increased consideration of EF information.
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Abbreviations

ADC Apparent diffusion coefficient
ADM Abductor digiti minimi
AED Antiepileptic drug
aMT Active motor threshold
APB Abductor pollicis brevis
ATH Adaptive threshold hunting
BMRC British Medical Research Council
CoG Center of gravity
CST Corticospinal tract
CT Computed tomography
DES Direct electrical stimulation
DOF Degrees of freedom
dMRI Diffusion magnetic resonance imaging
EF Electric field
EOR Extent of resection
FA Fractional anisotropy
FACT Fiber assignment by continuous tracking
FAT Fractional anisotropy threshold
FCR Flexor carpi radialis
FDI First dorsal interosseous
FGR Fluorescein-guided resection
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FL Fiber length
fMRI Functional MRI
GBM Glioblastoma multiforme
GTR Gross total resection
HGG High-grade glioma
IONM Intraoperative neuromonitoring
IR Infrared
KPS Karnofsky performance status
lE Lower extremity
LGG Low-grade glioma
MD Mean diffusivity
MEG Magnetoencephalography
MEN Meningioma
MEP Motor-evoked potential
MET Metastasis
MNE Minimum norm estimation
MSO Maximum stimulator output
nTMS Navigated transcranial magnetic stimulation
PACS Picture archiving and communication system
PET Positron emission tomography
PFS Progression-free survival
pp-nTMS Paired-pulse navigated transcranial magnetic stimulation
PTV Planning target volume
rMT Resting motor threshold
ROI Region of interest
SI Stimulation intensity
TA Tibialis anterior
uE Upper extremity
UT Upper threshold
WHO World Health Organization
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Abstract: To date, the structural characteristics that distinguish language-involved from non-involved
cortical areas are largely unclear. Particularly in patients suffering from language-eloquent brain
tumors, reliable mapping of the cortico-subcortical language network is of high clinical importance
to prepare and guide safe tumor resection. To investigate differences in structural characteristics
between language-positive and language-negative areas, 20 patients (mean age: 63.2 ± 12.9 years,
16 males) diagnosed with language-eloquent left-hemispheric glioblastoma multiforme (GBM)
underwent preoperative language mapping by navigated transcranial magnetic stimulation (nTMS)
and nTMS-based diffusion tensor imaging fiber tracking (DTI FT). The number of language-positive
and language-negative points as well as the gray matter intensity (GMI), normalized volumes of
U-fibers, interhemispheric fibers, and fibers projecting to the cerebellum were assessed and compared
between language-positive and language-negative nTMS mappings and set in correlation with
aphasia grades. We found significantly lower GMI for language-positive nTMS points (5.7 ± 1.7
versus 7.1 ± 1.6, p = 0.0121). Furthermore, language-positive nTMS points were characterized by
an enhanced connectivity profile, i.e., these points showed a significantly higher ratio in volumes
for U-fibers (p ≤ 0.0056), interhemispheric fibers (p = 0.0494), and fibers projecting to the cerebellum
(p = 0.0094). The number of language-positive nTMS points (R ≥ 0.4854, p ≤ 0.0300) as well as the
ratio in volumes for U-fibers (R ≤ −0.4899, p ≤ 0.0283) were significantly associated with aphasia
grades, as assessed pre- or postoperatively and during follow-up examinations. In conclusion,
this study provides evidence for structural differences on cortical and subcortical levels between
language-positive and language-negative areas, as detected by nTMS language mapping. The results
may further increase confidence in the technique of nTMS language mapping and nTMS-based
tractography in the direct clinical setting. Future studies may confirm our results in larger cohorts
and may expand the findings to patients with other tumor entities than GBM.

Keywords: brain stimulation; fiber tractography; glioblastoma multiforme; gray matter; language
mapping; navigated transcranial magnetic stimulation
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1. Introduction

Resection of intracranial glioma aims at a maximum extent of resection, which should ideally be
achieved without causing surgery-related functional deficits that could severely reduce the patients’
quality of life [1–4]. To establish maximum resection whilst avoiding functional decline as far as possible,
several pre- and intraoperative techniques have been developed to assist in neurosurgical planning
and resection guidance [4–7]. For the intraoperative setting, cortical and subcortical direct electrical
stimulation (DES) serves as the current gold-standard method [8–10]. Regarding the preoperative
setting, navigated transcranial magnetic stimulation (nTMS) has found its way into neurosurgery over
the last decade [6,11,12].

The technique of nTMS has lately been used to conduct language mappings in patients suffering
from language-eloquent glioma or other entities of brain tumors [13–16]. Furthermore, it has been
combined with diffusion tensor imaging (DTI) derived from preoperative magnetic resonance imaging
(MRI) to provide spatially resolved maps that visualize language-related structures [17–25]. Integration
into clinical routine and the perioperative workflow is seamless, and the approach is currently regarded
as a valuable adjunct to intraoperative DES [14,15]. However, in direct comparison to intraoperative
DES, nTMS language mapping has shown a rather low specificity of 23.8% and a positive predictive
value of 35.6% [13]. The mere additional use of nTMS-based DTI fiber tracking (DTI FT) did not
improve the identification of DES-positive language areas during awake surgery [24]. Nevertheless,
the visualization of the subcortical language network becomes possible purely based on functional data
by using nTMS-based DTI FT, which has shown high potential for surgical planning, resection guidance,
and risk assessment in patients with language-eloquent lesions [17–25]. However, explorations of
the differences between language-positive and language-negative nTMS mappings are still largely
missing, which is one reason contributing to the lack of understanding of the comparatively low
specificity of nTMS language mapping in relation to intraoperative DES. Further insights may lead to
a better definition of the role of nTMS in the neurosurgical setting and to improved understanding of
nTMS characteristics.

The cortico-subcortical network behind human language function is complex [26–29]. On the
cortical level, differences in gray matter (GM) distribution could probably differentiate between
language-related and non-related areas or, at least, between highly and less involved areas. In this
regard, previous research has demonstrated that the degree to which language is lateralized to one of
the hemispheres is positively predicted by the degree to which GM is lateralized on a voxel-by-voxel
basis [30]. In subjects with dyslexia, a GM deficit involving a fronto-temporal network important for
phonological processing was revealed, whereas region-specific increases in GM volume are possible for
developmental language disorders as a result of compensatory mechanisms [31,32]. On the subcortical
level, differences in connectivity profiles between areas depending on language involvement seem
likely. Besides major language-related white matter tracts known to be involved in language processing,
various short or long interconnecting fibers, such as short association fibers (commonly referred to as
arcuate fibers or U-fibers), interhemispheric transcallosal fibers, and fibers projecting to the cerebellum
play a role [28,29,33,34].

Against this background, this study’s objective is to systematically explore characteristics of
language-positive structures according to nTMS language mapping and nTMS-based DTI FT in direct
comparison to language-negative counterparts. We hypothesize that (1) language-positive cortical
areas may show different focal GM intensity (GMI, as a potential expression of higher GM density as
a correlate of increased functional involvement), and that (2) language-positive cortical areas show
a different connectivity profile (higher volumes of U-fibers, transcallosal fibers, and fibers projecting to
the cerebellum) when compared to language-negative cortical areas.
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2. Materials and Methods

2.1. Ethics

The current study is in accordance with the Declaration of Helsinki and its later amendments
and has been approved by the local institutional review board (registration numbers: 2793/10, 5811/13,
223/14, and 336/17). Written informed consent was obtained from all patients enrolled in this study.

2.2. Patients and Study Inclusion

This study is a post-hoc analysis including patients of our prospectively enrolled cohort that
underwent language mapping by nTMS and nTMS-based DTI FT of language-related fiber tracts prior
to resection of a brain tumor. The following inclusion criteria were defined for the present study:

(1) Written informed consent,

(2) Age above 18 years,

(3) German as first language,

(4) Left-hemispheric perisylvian tumor location (MRI suggesting infiltration and/or compression
of anatomically suspected cortical language-eloquent areas and/or suspected close proximity to
subcortical language-related pathways),

(5) Availability of preoperative 3-Tesla MRI, including a DTI sequence with 32 diffusion directions,

(6) Clinical indication for preoperative nTMS language mapping and nTMS-based DTI FT,

(7) Surgery for tumor resection and final diagnosis of a glioblastoma multiforme (GBM) according to
histopathological examination (based on tumor tissue probes taken during resection), and

(8) Follow-up time of at least 3 months after surgery.

The exclusion criteria were defined as follows:

(1) Multilingual background (regular input in more than one language between birth and adolescence),

(2) Neurological or psychiatric diseases (except for the diagnosis of a GBM), and

(3) Aphasia to a degree not allowing for preoperative language mapping by nTMS.

2.3. Clinical Examination

A standardized assessment of sensory function, coordination, muscle strength, and cranial
nerve function was performed as part of the initial clinical examination. In particular, the language
status was evaluated by a neuropsychologist using the Aachen Aphasia Test and by categorizing
language deficits on a four-point scale [14,35–37]. In detail, four grades were established, which were
no deficit (grade 0), mild deficit (grade 1: normal language comprehension and/or conversational
language with slight amnesic aphasia, adequate communication ability), medium deficit (grade 2: minor
disruption of language comprehension and/or conversational language, adequate communication
ability), and severe deficit (grade 3: major disruption of language comprehension and/or conversational
language, clear impairment of communication ability) [14,35–37]. Furthermore, handedness was
assessed by the Edinburgh Handedness Inventory (EHI) [38]. The clinical examinations including
detailed assessments of language function were repeated postoperatively and during the routine
follow-up examinations.

2.4. Cranial Magnetic Resonance Imaging

Imaging was performed on a 3-Tesla MRI scanner using a 32-channel head coil (Achieva dStream
or Ingenia; Philips Healthcare, Best, The Netherlands). As part of a standardized, multi-sequence
imaging protocol for brain tumors, a three-dimensional fluid attenuated inversion recovery (FLAIR)
sequence (repetition time (TR)/echo time (TE): 4800/277 ms, 1 mm3 isovoxel covering the whole head),
three-dimensional T1-weighted gradient echo sequence (TR/TE: 9/4 ms, 1 mm3 isovoxel covering the
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whole head) without and with application of an intravenous contrast agent (Dotagraf, Jenapharm
GmbH & Co. KG, Jena, Germany), and a DTI sequence (TR/TE 5000/78 ms, voxel size of 2 × 2 × 2 mm3,
32 diffusion gradient directions) were acquired preoperatively and were used for nTMS language
mapping (contrast-enhanced T1-weighted sequences) and nTMS-based DTI FT (contrast-enhanced
T1-weighted, DTI, and FLAIR sequences).

Postoperative (within the first 48 h after surgery) and follow-up imaging were performed using the
same imaging protocol. In postoperative MRI, special attention was paid to the assessment of residual
tumor tissue or achieved gross total resection (GTR) as well as perioperative bleeding or ischemia.

2.5. Language Mapping by Navigated Transcranial Magnetic Stimulation

2.5.1. Mapping Procedure

Preoperative language mapping by nTMS of the tumor-affected left hemisphere (LH) was carried
out during the days before scheduled surgery for tumor resection using a Nexstim eXimia NBS system
(version 4.3; Nexstim Plc, Helsinki, Finland) [11,14,15,39,40]. Language mappings were conducted in
German as the native language of all enrolled patients.

After initial co-registration of the patient’s head and the contrast-enhanced T1-weighted image
dataset, pictures of common objects were presented to the patient in the context of two baseline trials
(presentation of objects without simultaneous stimulation) [13,40–44]. The objects shown were part
of a standardized object-naming task, and the purpose of baseline assessment was to systematically
discard objects that did not elicit a quick and fluent response and to familiarize the patients with the
task and setup. The remaining stack of objects that were named correctly and fluently was then shown
under stimulation of up to 46 target points that had been placed on the LH, with each point being
stimulated six times in total (stimulation intensity: 100% of the individual resting motor threshold,
stimulation frequency: 5 Hz/5 pulses) [13,40,42,43].

The 46 target points for stimulation were tagged with close respect to the cortical parcellation
system (CPS), thus covering almost the whole LH except for polar, occipital, and inferior temporal
regions, similar to previous studies on nTMS language mapping (Figure 1) [13,42,43]. Exclusion was
due to considerable muscle activation and/or discomfort that can be observed following stimulation
of these particular regions. Furthermore, in patients showing large tumor masses, the number of
46 target points for stimulation needed to be reduced according to individual cortical architecture
given destructions and derangements caused by such lesions. The picture-to-trigger interval during
stimulation was set as 0 ms by default [45,46]. The patients’ performance during object naming was
video-recorded for later evaluation to detect and categorize errors elicited by targeted nTMS [41,44].

2.5.2. Mapping Evaluation

Video data of the nTMS language mappings were systematically searched for naming errors
of different categories after the mapping procedure. No responses, performance errors, hesitations,
neologisms, phonological paraphasias, and semantic paraphasias were defined and considered during
evaluation [13,41–44]. The stimulation points that elicited any naming error except hesitations
(no responses, performance errors, neologisms, phonological paraphasias, and semantic paraphasias
together) were considered as language-positive nTMS points. Correspondingly, stimulation points
that did not elicit a naming error were defined as language-negative nTMS points.

Per patient, two export datasets were then generated, which included the language-positive
nTMS points of the LH and the language-negative nTMS points of the LH, respectively. Each export
file was in Digital Imaging and Communications in Medicine (DICOM) format and included the
nose and ears as anatomical landmarks together with the stimulation points. Furthermore, in each
patient, CPS regions were counted as language-positive CPS regions when they contained at least
one language-positive nTMS point, while CPS regions without language-positive nTMS points were
considered as language-negative CPS regions. CPS regions that were not stimulated (polar, occipital,
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and inferior temporal regions) were not considered. The total number of language-positive CPS regions
was recorded as Np, and the number of language-negative CPS regions as Nn.

 

Figure 1. Cortical parcellation system (CPS). The tumor-affected left hemisphere (LH) was mapped
by navigated transcranial magnetic stimulation (nTMS) with respect to 46 target points that were
placed in relation to the CPS (reduced numbers of target points were accepted in patients with large
tumor masses, which hampered placement of the total amount of 46 target points). The points were
stimulated six times in total each, with a stimulation intensity of 100% of the individual resting motor
threshold and a stimulation frequency of 5 Hz/5 pulses. Numbers in circles schematically represent the
stimulation targets on a standardized brain template, red dashes mark regions that were not subject
to nTMS.

2.6. Tractography Based on Navigated Transcranial Magnetic Stimulation

Deterministic fiber tractography was based on nTMS language mapping data without additional
anatomical seeding (Brainlab Elements, version 3.1.0; Brainlab AG, Munich, Germany). Both export
datasets were first transferred to an external server and then auto-fused with the MRI sequences of the
respective patient, using manual correction in case of registration misalignments and eddy current
correction for DTI data. The datasets containing language-positive or language-negative nTMS points
were separately defined as three-dimensional objects, followed by generation of regions of interest
(ROIs) out of these objects by adding a rim of 5 mm to each stimulation point [14,15,17–19].

An individual fractional anisotropy (FA) value, the fractional anisotropy threshold (FAT),
was defined separately in each patient for nTMS-based DTI FT using the ROI constituted of
language-positive or language-negative nTMS points, which was determined by setting angulation
to 90◦, the minimum fiber length (FL) to 30 mm, and increasing the FA stepwise until no fibers
were displayed, followed by decreasing the FA by 0.01, thus visualizing a minimum fiber course.
The corresponding FA value was defined as 100% FAT. A similar approach using a higher minimum
FL for FAT determination has been used previously for nTMS-based DTI FT [17,19,47].

After FAT definition, nTMS-based DTI FT was carried out separately with the ROIs of
language-positive and language-negative nTMS points using the respective FA values for 100%
FAT, 75% FAT, 50% FAT, and 25% FAT, and a minimum FL of 30 mm as well as 3 mm, respectively.
The values of 30 and 3 mm were considered for the minimum FL due to the characteristic length of
U-fibers that have been described to be typically in this range [48].
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2.7. Data Analyses

The data analyses were divided into two parts (Figure 2). The first part focused on the cortical
level to investigate differences in GMI between language-positive and language-negative nTMS points
(Figure 2). The second part focused on the subcortical level to assess differences in fiber tractography
between nTMS-based DTI FT using language-positive or language-negative nTMS points as ROIs by
means of investigating short fibers for short-distance connections (U-fibers), long fibers projecting to
the contralateral hemisphere (Cross-F), and fibers projecting to the cerebellum (Cereb-F; Figure 2).

 

=
=

Figure 2. Overview of procedures and analyses. This scheme summarizes the study’s steps of analyses,
which were performed based on data derived from language mapping by navigated transcranial
magnetic stimulation (nTMS) and nTMS-based diffusion tensor imaging fiber tracking (DTI FT).
Language-positive and language-negative nTMS points were used separately for the different analyses.
The study cohort included 20 patients with left-hemispheric glioblastoma multiforme (GBM).

2.7.1. Gray Matter Intensity

Using the T1-weighted sequences co-registered to language-positive or language-negative nTMS
points, the GMI was measured per stimulation point (iPlan Net server, version 3.0.1; Brainlab AG,
Munich, Germany). Three pixels were randomly selected within a stimulation point and used for
GMI measurements to represent the GMI per stimulation point by averaging the three values obtained
(Figure 3). The mean GMI of language-positive nTMS points was recorded as mGMIp, and the mean
GMI of language-negative nTMS points as mGMIn in each patient (Figure 3). Then, intensity extraction
was also conducted for the cerebrospinal fluid (CSF) using three randomly selected pixels in the lateral
ventricles, and the mean was recorded as mIcsf to obtain an internal control value (Figure 3). The signal
intensity ratio (IR) was calculated as follows [49]:

IRp =
mGMIp

mIcs f
(1)

IRn =
mGMIn

mIcs f
(2)
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Figure 3. Analysis of gray matter intensity (GMI). The GMI of language-positive or language-negative
spots, determined by language mapping using navigated transcranial magnetic stimulation (nTMS),
was measured in T1-weighted sequences. Three pixels were randomly selected within a stimulation spot
and used to calculate a mean GMI for language-positive nTMS spots (mGMIp) and language-negative
nTMS spots (mGMIn). The signal intensity ratio (IR) was then calculated by dividing the mGMIp or
mGMIn by the mean intensity of cerebrospinal fluid (mIcsf).

2.7.2. U-Fibers

Using nTMS-based DTI FT with the different FAT levels and a minimum FL of 30 and 3 mm, volumes
of U-fibers were measured for fiber tractography considering language-positive or language-negative
nTMS points as ROIs, respectively (Brainlab Elements, version 3.1.0; Brainlab AG, Munich, Germany;
Figure 4). From assessing the difference in volumes between fibers with a minimum FL of 30 mm and
fibers with a minimum FL of 3 mm, the volume of U-fibers was obtained (Figure 4). In this context,
U-fibers are considered short association fibers, which connect cortical regions between adjacent gyri
and typically have a length in the range of 3 to 30 mm [48].

A higher number of nTMS points considered during tractography should lead to more fibers,
which was corrected for by dividing the fiber volume by Np or Nn, resulting in the ratios RUfibers_p and
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RUfibers_n for fibers with a length of 3 to 30 mm. The ratios in RUfibers_p and RUfibers_n were calculated
as follows:

RU f ibers_p
=

Vp(3) −Vp(30)

Np
(3)

RU f ibers_n =
Vn(3) −Vn(30)

Nn
(4)

Vp(30) indicates the volume of fibers with a minimum FL of 30 mm, as derived from nTMS-based
DTI FT using the ROI of language-positive nTMS points, whereas Vp(3) represents the respective
volume for a minimum FL of 3 mm. Analogously, Vn(30) indicates the volume of fibers with a minimum
FL of 30 mm, as derived from nTMS-based DTI FT that considers the ROI of language-negative nTMS
points, whereas Vn(3) represents the respective volume for a minimum FL of 3 mm.

_ = ( ) − ( )
_ = ( ) − ( ) 

 

Figure 4. Analysis of subcortical fiber tracts. Tractography maps were generated based on language
mapping data derived from navigated transcranial magnetic stimulation (nTMS), using the language-positive
nTMS spots and language-negative nTMS spots as separate regions of interest (ROIs). Row (A) visualizes
the language-positive nTMS points (blue) and language-negative nTMS points (purple) in an exemplary
patient case with a left-hemispheric contrast-enhancing tumor with temporo-parietal location. Row (B)
illustrates the complete picture of tractography (green fibers) with special emphasis on U-fibers
(purple fibers). Row (C) depicts interhemispheric fiber courses (orange fibers) crossing the midline via
the corpus callosum. Row (D) visualizes fibers projecting to the cerebellum (orange fibers).

2.7.3. Interhemispheric Fibers and Fibers Projecting to the Cerebellum

The highest percentage of patients presenting Cross-F or Cereb-F according to visual image
inspection of tractography maps was achieved for 25% FAT, which was then taken as the adjustment
used for evaluation of Cross-F and Cereb-F volumes, together with a minimum FL of 30 mm derived
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from language-positive or language-negative nTMS points as ROIs, respectively (Brainlab Elements,
version 3.1.0; Brainlab AG, Munich, Germany; Figure 4).

The volumes of the Cross-F and Cereb-F for nTMS-based DTI FT with 25% FAT were recorded as
Vcross_p and Vcereb_p when derived from nTMS-based DTI FT using the ROI of language-positive nTMS
points, whereas Vcross_n and Vcereb_n represent the Cross-F and Cereb-F volumes for nTMS-based DTI
FT conducted with language-negative nTMS points as the ROI. The ratios Rcross_p and Rcereb_p and
Rcross_n and Rcereb_n were calculated as follows:

Rcross_p =
Vcross_p

Np
and Rcereb_p =

Vcereb_p

Np
(5)

Rcross_n =
Vcross_n

Nn
and Rcereb_n =

Vcereb_n

Nn
(6)

2.8. Statistical Analyses

GraphPad Prism (version 6.04; GraphPad Software Inc., La Jolla, CA, USA) was used for statistical
data analyses and generation of graphs. Descriptive statistics using relative and absolute frequencies
or mean, standard deviation (SD), and ranges were calculated for demographics and characteristics
of language mapping and tractography. The Shapiro–Wilk normality test was used to assess the
distribution of data, which indicated a non-Gaussian distribution for the majority of data.

To investigate differences between Np and Nn, IRp and IRn, RUfibers_p and RUfibers_n (separately for
nTMS-based DTI FT with 100% FAT, 75% FAT, 50% FAT, and 25% FAT), Rcross_p and Rcross_n, and Rcereb_p

and Rcereb_n, Wilcoxon matched-pairs signed rank tests were performed. Furthermore, correlation
analyses computing Spearman’s rho were performed between Np, IRp, RUfibers_p, Rcross_p, and Rcereb_p

as well as, analogously, between Nn, IRn, RUfibers_n, Rcross_n, and Rcereb_n and the status of preoperative,
postoperative, and follow-up aphasia, considering the four grades as derived from language function
assessments at different time points. The correlation analyses were adjusted for multiple testing using
the Benjamini–Hochberg procedure with a false discovery rate of 25%.

3. Results

3.1. Cohort Characteristics

Twenty patients (mean age: 63.2 ± 12.9 years, age range: 20.3–80.8 years, 4 females and 16 males,
16 right-handers according to EHI scores) were included, all diagnosed with a left-hemispheric GBM
according to histopathological evaluation (Table 1). Ten patients (50%) showed preoperative aphasia,
whereas eight patients (40%) showed aphasia during follow-up examinations three months after tumor
resection. GTR according to postoperative MRI was achieved in 10 patients (50%).

3.2. Comparison between Language-Positive and Language-Negative Mapping and Tractography

Language mapping of the tumor-affected LH and nTMS-based DTI FT was possible in all enrolled
patients. None of the patients showed adverse events in the course of stimulation.

There were statistically significant differences in almost all measures between mapping or
tractography using language-positive or language-negative nTMS points as ROIs, respectively (Table 2).
In detail, patients showed a higher mean number of language-negative nTMS points (p = 0.0026),
whereas the IR of these points was elevated on average in comparison to language-positive nTMS
points (p = 0.0121; Table 2). The ratios for U-fiber volumes as well as for long fibers projecting to the
contralateral hemisphere and fibers projecting to the cerebellum were higher for tractography using
language-positive nTMS points (p ≤ 0.0494; Table 2).
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Table 1. Cohort characteristics.

No. Sex Age
No. of

Language-Positive
CPS Sites

No. of
Language-Negative

CPS Sites

100% FAT for DTI FT with
Language-Positive nTMS Points

100% FAT for DTI FT with
Language-Negative nTMS Points

Awake
Surgery

Aphasia Grading

Preop Postop Follow-up

1 male 52.0 12 34 0.29 0.32 No 0 0 0
2 male 76.7 18 26 0.32 0.34 No 2 2 1
3 male 68.5 15 30 0.39 0.39 Yes 0 0 0
4 male 54.2 15 31 0.42 0.48 Yes 2 0 0
5 male 52.2 8 38 0.42 0.36 No 1 1 1
6 male 57.0 10 30 0.49 0.58 No 0 0 0
7 female 70.1 12 34 0.29 0.32 No 0 0 0
8 male 64.3 31 15 0.39 0.39 No 3 3 3
9 male 72.6 5 41 0.33 0.38 No 0 0 0

10 male 57.3 8 35 0.29 0.38 Yes 1 1 1
11 male 71.5 35 11 0.33 0.37 Yes 2 2 2
12 male 55.6 28 18 0.39 0.35 No 0 0 0
13 female 72.2 9 35 0.34 0.35 No 1 0 0
14 male 74.4 24 19 0.37 0.36 No 0 2 0
15 male 70.6 16 29 0.37 0.36 No 1 2 1
16 male 62.0 12 33 0.33 0.43 No 0 0 0
17 female 60.5 19 25 0.37 0.43 Yes 2 2 2
18 male 20.3 2 38 0.38 0.44 No 0 0 0
19 female 80.8 5 38 0.30 0.28 No 0 0 0
20 male 70.3 18 28 0.41 0.37 No 2 3 3

This table shows cohort details, including sex distribution and age (in years), information on the number of language-positive and language-negative sites according to the cortical
parcellation system (CPS), the fractional anisotropy threshold (FAT) for diffusion tensor imaging fiber tracking (DTI FT) based on navigated transcranial stimulation (nTMS), and aphasia
grades (at three different time points: preop = preoperative status, postop = postoperative status, follow-up = status during follow-up examinations three months after surgery). Language
mapping aimed to cover 46 target points in total that were placed in relation to the CPS on the left hemisphere (LH), but a reduced number of targets was stimulated in patients with
large tumor masses that precluded placement of all 46 target points. Thus, the numbers of language-positive and language-negative CPS sites do not necessarily add up to 46 in all
enrolled patients.
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Table 2. Comparison between language-positive and language-negative mapping and tractography.

Item

Language-Positive
nTMS Points

Language-Negative
nTMS Points p

Mean SD Mean SD

N 15.1 8.9 29.4 8.3 0.0026
IR 5.7 1.7 7.1 1.6 0.0121

RUfibers

100% FAT 0.3 0.2 0.1 0.1 0.0012
75% FAT 0.5 0.2 0.3 0.3 0.0020
50% FAT 0.6 0.3 0.4 0.2 0.0056
25% FAT 0.7 0.5 0.4 0.3 0.1231

Rcross 0.9 0.8 0.5 0.6 0.0494
Rcereb 0.6 0.6 0.3 0.5 0.0094

This table shows the mean and standard deviation (SD) for the number (N) of language-positive and
language-negative points as mapped by navigated transcranial magnetic stimulation (nTMS), intensity ratio
(IR), ratio of volumes for U-fibers (RUfibers, as derived from tractography using 100%, 75%, 50%, and 25% of the
individual fractional anisotropy threshold (FAT)), and ratio of volumes for interhemispheric fibers (Rcross, using
tractography with 25% FAT) as well as fibers projecting to the cerebellum (Rcereb, using tractography with 25% FAT).
Wilcoxon matched-pairs signed rank tests were conducted to assess differences in these characteristics between
language-positive and language-negative mappings (level of statistical significance: p < 0.05). Statistically significant
values are displayed in bold.

3.3. Associations with Aphasia Grading

For language-positive nTMS points, statistically significant positive correlations were revealed
between their absolute frequency and aphasia for the preoperative (R= 0.4919, p= 0.0276), postoperative
(R = 0.6183, p = 0.0037), and follow-up status (R = 0.4854, p = 0.0300; Table 3). The higher the number of
language-positive nTMS points of the tumor-affected LH, the higher the aphasia grade. Furthermore,
statistically significant negative correlations were observed between the ratio of U-fiber volumes
(considering tractography with 100% FAT) and aphasia for the postoperative (R = −0.6102, p = 0.0043)
as well as follow-up status (R = −0.4899, p = 0.0283; Table 3). Thus, the lower this ratio was, the higher
the aphasia grade.

Regarding language-negative nTMS points, statistically significant negative correlations were
revealed between their absolute frequency and aphasia for postoperative (R = −0.6097, p = 0.0043)
and follow-up examinations (R = −0.4741, p = 0.0347; Table 3). Hence, the higher the number of
language-negative nTMS points of the tumor-affected LH, the lower the aphasia grade.

Table 3. Associations with aphasia grading.

ROI Item Parameter
Aphasia Grading

Preoperative Postoperative Follow-Up

Language-Positive
nTMS Points

N
rho 0.4919 0.6183 0.4854

p 0.0276 0.0037 0.0300

IR
rho 0.0138 −0.0806 0.0888

p 0.9538 0.7354 0.7098

RUfibers

100% FAT
rho −0.3777 −0.6102 −0.4899

p 0.1007 0.0043 0.0283

75% FAT
rho −0.2645 −0.4323 −0.4080

p 0.2597 0.0570 0.0741

50% FAT
rho −0.0016 0.0590 −0.0854

p 0.9946 0.8048 0.7205

25% FAT
rho −0.1823 0.0341 −0.0632

p 0.4417 0.8866 0.7914

Rcross
rho −0.4590 −0.1629 −0.2288

p 0.0418 0.4925 0.3320

Rcereb
rho −0.1717 −0.1347 −0.1110

p 0.4691 0.5713 0.6414
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Table 3. Cont.

ROI Item Parameter
Aphasia Grading

Preoperative Postoperative Follow-Up

Language-Negative
nTMS Points

N
rho −0.4521 −0.6097 −0.4741

p 0.0454 0.0043 0.0347

IR
rho −0.1660 −0.1987 −0.2475

p 0.4842 0.4011 0.2927

RUfibers

100% FAT
rho 0.0733 −0.1297 −0.0956

p 0.7589 0.5858 0.6885

75% FAT
rho −0.2784 −0.2752 −0.3141

p 0.2347 0.2403 0.1774

50% FAT
rho −0.1457 0.1621 0.0768

p 0.5400 0.4947 0.7475

25% FAT
rho 0.1750 0.3267 0.2885

p 0.4606 0.1598 0.2174

Rcross
rho 0.0073 −0.0399 0.0598

p 0.9755 0.8674 0.8024

Rcereb
rho 0.0887 0.2959 0.1912

p 0.7099 0.2052 0.4194

This table shows the correlation results between the number of language-positive and language-negative points as
mapped by navigated transcranial magnetic stimulation (nTMS), intensity ratio (IR), ratio of volumes for U-fibers
(RUfibers, as derived from tractography using 100%, 75%, 50%, and 25% of the individual fractional anisotropy
threshold (FAT)), ratio of volumes for interhemispheric fibers (Rcross, using tractography with 25% FAT) as well
as fibers projecting to the cerebellum (Rcereb, using tractography with 25% FAT) and the aphasia grades for the
preoperative, postoperative, and follow-up status. Correlation coefficients are represented by Spearman’s rho,
and related p-values are given (level of statistical significance: p < 0.05). Statistically significant values that survived
adjustments for multiple testing (Benjamini–Hochberg procedure with a false discovery rate of 25%) are depicted
in bold.

4. Discussion

This study investigated the difference between language-positive and language-negative mappings
as derived from presurgical nTMS and nTMS-based DTI FT in patients harboring supratentorial
GBMs. There are three main results that can be taken from our analyses. First, regarding the
cortical level, a significantly lower GMI was revealed for language-positive nTMS points compared
to language-negative counterparts. Second, on the subcortical level, language-positive areas were
characterized by an increased connectivity profile, i.e., such areas showed a significantly higher ratio in
volumes for U-fibers, interhemispheric fibers, and fibers projecting to the cerebellum. Third, the number
of language-positive nTMS points as well as the ratio in volumes for U-fibers were significantly
associated with aphasia grading as derived from assessments at different time points.

4.1. Gray Matter Intensity

While there is evidence for alterations in GM distribution and volume related to language function,
the role of the GMI to characterize language-involved areas has not been investigated to the authors’
knowledge. Specifically, previous research has detected that language lateralization is predicted
by the degree of GM lateralization [30]. Further, subjects diagnosed with dyslexia showed GM
deficits, but the GM volume, however, can be subject to changes following training interventions in
dyslexic children [31,50]. On the contrary, region-specific increases in GM volume have also been
revealed for developmental language disorders, which might be interpreted as a result of compensatory
mechanisms [31,32]. In the present study, lower GMI in T1-weighted sequences was revealed for
language-positive nTMS points when compared to language-negative spots. This may probably reflect
a sign of higher GM density, potentially suggesting increased functional involvement. Yet, this remains
speculative until further studies using a similar setup can confirm our findings. For the present
study, whether potentially increased functional involvement is due to higher intrinsic contribution
of such areas to language function or related to compensatory mechanisms for language function at
risk in our sample remains beyond the scope of investigation. However, the findings for GMI may
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provide a direct link between a functionally language-related area as mapped by nTMS and structural
cortical characteristics.

4.2. White Matter Tractography

The ratios for fiber volumes of U-fibers, transcallosal fibers, and fibers coursing to the cerebellum
were higher for language-positive areas compared to language-negative counterparts. Thus, language-related
spots seem to be characterized by an enhanced connectivity profile, which exists focally for short fibers
connecting cortical regions between adjacent gyri (increased RUfibers) as well as more remotely for long
connecting fibers (increased Rcross and Rcereb). This may reflect either higher a-priori involvement in
the cortico-subcortical language network, compensatory mechanisms in light of language function
at risk in brain tumor patients, or a mixed picture of both. While the specificity of nTMS language
mapping in comparison to intraoperative DES has shown to be comparatively low with 23.8%,
the technique’s negative predictive value was 83.9%, implicating that language-negative nTMS points
are also mostly negative in intraoperative DES mapping [13]. The significantly lower connectivity
profile of language-negative nTMS spots as revealed by the present study may resemble the “truly”
absent or less involved character of these spots. Furthermore, a previous study on nTMS-based DTI
FT revealed that there is a higher likelihood of subcortical connections with language-positive nTMS
spots as compared to language-negative ones, with true-positive connections (connections for positive
spots) being visualized up to four-fold more frequently than false-positive connections (connections for
negative spots) [21]. The clear difference in this likelihood could reflect high reliability of nTMS-based
DTI FT for the purpose of tracking parts of the human language network [21]. Likewise, the enhanced
connectivity profile to adjacent gyri as well as the contralateral hemisphere and cerebellum may serve
as a surrogate of good reliability.

4.3. Associations with Aphasia

The number of language-positive nTMS points was significantly associated with aphasia grading.
The higher the aphasia grading is (i.e., the more severe language impairment is), the higher the number
of language-positive nTMS spots. A higher frequency of language-positive nTMS spots among more
impaired patients according to pre- and postoperative as well as follow-up examinations makes sense
as a decline in language function should be associated with higher stimulation-induced errors, although
this may bias the results of nTMS language mapping. A previous study is in good accordance with this
finding and showed that aphasia as measured by the Berlin Aphasia Score correlated significantly with
the incidence of errors during nTMS language mapping; yet, correlations were only evaluated for the
preoperative status of language function [51]. Moreover, higher aphasia grading for the postoperative
and follow-up status was associated with lower ratios in volume for U-fibers. Hence, this finding
may underline the important role of short association fibers for keeping of language function as
their impairment, e.g., in the direct perioperative course of tumor resection or related to even subtle
perioperative ischemia, could result in language worsening.

4.4. Limitations and Perspectives

When interpreting the results of this study, the following limitations have to be acknowledged.
First, the retrospective character and comparatively small sample size restrict the generalizability
of the findings. Upcoming studies may include more patients and follow a prospective study
design. Second, the finding of lower GMI for language-positive nTMS points when compared to
language-negative nTMS points and related interpretation as a potential hint for higher GM density
needs further validation. A potential explanation could also be linked to the increased connectivity
profile of language-positive nTMS points. Future studies using imaging with higher resolution may
provide evidence for our preliminary interpretations. Third, the technique of DTI has its inherent
methodological shortcomings, which could lead to aberrant fiber reconstruction and visualization,
particularly for crossing or kissing fibers and in the presence of edema, which is commonly observed
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in relation to brain tumors [52,53]. Other sequences and tracking algorithms are developed to become
applicable in the clinical setting, but good alternatives to conventional DTI and its tractography-based
analyses are still not available for clinical routine use [54,55]. Fourth, the tractography maps generated
by nTMS-based DTI FT for depiction of the language network need further validation, ideally by
intraoperative DES as the gold-standard method. In this context, previous studies have evaluated the
agreement between preoperative nTMS language mapping and intraoperative DES [13,16,24]; however,
on the subcortical level, such correlation analyses in representative samples are largely missing to
date. First evidence of associations between preoperative nTMS-based tractography and intraoperative
DES results or surgery-related aphasia has been obtained [20,37]. Upcoming studies may use more
sophisticated approaches for diffusion-weighted MRI and fiber tractography, ideally combining it
with functional data such as nTMS maps after further confirmatory studies. Furthermore, repeated
investigations of the language network by serial nTMS language mappings and tractography after
surgery may be of interest to track potential plastic effects as well as associations with aphasia grades
on a longitudinal scale.

5. Conclusions

Language-positive and language-negative areas as determined by nTMS language mapping
show differences in cortical and subcortical characteristics among patients diagnosed with GBMs.
Specifically, language-positive areas demonstrate lower GMI and an enhanced connectivity profile
with higher volume ratios for U-fibers, interhemispheric fibers, and fibers projecting to the cerebellum.
While future studies may confirm these results in larger cohorts in the context of a prospective
study design, these findings facilitate confidence in the technique of nTMS language mapping and
nTMS-based tractography to detect language-involved structures of the human cortico-subcortical
language network.
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Abbreviations

CPS Cortical parcellation system
CSF Cerebrospinal fluid
DES Direct electrical stimulation
DICOM Digital Imaging and Communications in Medicine
DTI Diffusion tensor imaging
DTI FT Diffusion tensor imaging fiber tracking
EHI Edinburgh Handedness Inventory
FA Fractional anisotropy
FAT Fractional anisotropy threshold
FL Fiber length
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FLAIR Fluid attenuated inversion recovery
GBM Glioblastoma multiforme
GM Gray matter
GMI Gray matter intensity
GTR Gross total resection
IR Intensity ratio
LH Left hemisphere
MRI Magnetic resonance imaging
nTMS Navigated transcranial magnetic stimulation
ROI Region of interest
SD Standard deviation
TE Echo time
TR Repetition time
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Abstract: Navigated transcranial magnetic stimulation (nTMS) is a modality for noninvasive
cortical mapping. Specifically, nTMS motor mapping is an objective measure of motor function,
offering quantitative diagnostic information regardless of subject cooperation or consciousness.
Thus far, it has mostly been restricted to the outpatient setting. This study evaluates the feasibility of
nTMS motor mapping in the intensive care unit (ICU) setting and solves the challenges encountered
in this special environment. We compared neuronavigation based on computed tomography (CT)
and magnetic resonance imaging (MRI). We performed motor mappings in neurocritical patients
under varying conditions (e.g., sedation or hemicraniectomy). Furthermore, we identified ways of
minimizing electromyography (EMG) noise in the interference-rich ICU environment. Motor mapping
was performed in 21 patients (six females, median age: 69 years). In 18 patients, motor evoked
potentials (MEPs) were obtained. In three patients, MEPs could not be evoked. No adverse
reactions occurred. We found CT to offer a comparable neuronavigation to MRI (CT maximum
e-field 52 ± 14 V/m vs. MRI maximum e-field 52 ± 11 V/m; p = 0.6574). We detailed EMG noise
reduction methods and found that propofol sedation of up to 80 mcg/kg/h did not inhibit MEPs. Yet,
nTMS equipment interfered with exposed pulse oximetry. nTMS motor mapping application and use
was illustrated in three clinical cases. In conclusion, we present an approach for the safe and reliable
use of nTMS motor mapping in the ICU setting and outline possible benefits. Our findings support
further studies regarding the clinical value of nTMS in critical care settings.

Keywords: nTMS; brain stimulation; intensive care; motor mapping; ICU; neurocritical care;
neuromonitoring; functional mapping; motor evoked potentials

1. Introduction

Navigated transcranial magnetic stimulation (nTMS) is an established technique for non-invasive
brain stimulation [1,2]. At present, the technique is commonly applied in pre-operative mappings
of patients undergoing neurosurgical procedures. In this study, we investigate whether nTMS may
also play a role in the diagnosis and management of acute neurological injury in the inpatient setting.
Because it is image-guided (and therefore highly accurate), it can provide detailed information about the
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level of intactness in specific neuromuscular pathways (useful in spinal cord injury). Unlike transcranial
electrical motor-evoked potentials, it is non-invasive and painless, and can therefore be applied at
bedside without anesthesia. Furthermore, it does not require patient participation, and may thus be
used in patients who are sedated, or who are awake but unable to participate in detailed neurological
examination. For these reasons, nTMS, if it can be successfully implemented in the neurocritical care
setting, would offer a valuable new method for quantifiable neurological examination in patients with
suspected or known neurological compromise.

TMS involves a strong magnetic field pulse that penetrates the skull and causes depolarization of
underlying neuronal tissue via the principle of electromagnetic induction. When using a figure-of-eight
coil it is highly focal and entirely noninvasive [2,3]. By combining the capacity for focal cortical
stimulation with image-based, frameless stereotactic neuronavigation, nTMS allows for highly accurate,
navigated interrogation of cortical function [1,4]. The broad applicability of this basic principle has
created applications for nTMS in both the basic science and clinical realms. The technique has been
utilized across neuroscience disciplines such as psychiatry, in physical medicine and rehabilitation,
and neurosurgery [5–7].

As mentioned earlier, a common application of nTMS is the mapping of the primary motor cortical
system (MCS). Here, stimulation of the cortical motor area leads to peripheral muscle activation
(motor evoked potentials [MEPs]), which is recorded via electromyography (EMG) [1]. This process
allows for attribution of a specific muscle response (i.e., abductor pollicis brevis or tibialis anterior
muscles) to its respective cortical location, thereby generating an individualized functional map of the
MCS [8,9]. Herein, the navigational aspect adds critical capabilities to the underlying TMS technology.
Compared to non-navigated TMS of the motor cortex, where the stimulation site is usually determined
in relation to anatomical landmarks [10], nTMS has been shown to be superior in evoking replicable
and high-amplitude MEPs [11]. Importantly, nTMS allows optimal orientation of the electric field in
relation to individual gyral and skull anatomy, a critical aspect in ensuring ideal MEP generation [12].
Furthermore, for any form of longitudinal monitoring, precise revisiting of previously identified sites
is vital and, therefore, necessitates accurate navigation. The accuracy of nTMS motor mapping is
superior to other noninvasive techniques such as functional magnetic resonance imaging (fMRI) and
magnetoencephalography (MEG), and is highly comparable in accuracy to intraoperative direct cortical
stimulation (DCS), the current gold-standard method for functional mapping [1,13].

In the clinical context, mapping of the MCS is often performed in preparation for brain tumor
surgery, allowing for better presurgical planning by identifying eloquent motor regions and their
relationship to the lesion [5,9,14,15]. While increasingly common in the outpatient setting, nTMS
motor mapping has thus far remained underutilized in the acute inpatient setting. The use of other
neurophysiological monitoring modalities in the ICU, most notably electroencephalography (EEG),
has opened up a range of diagnostic innovations in recent years [16–20]. Similarly, nTMS could be a
valuable tool for the inpatient setting. It can provide a highly accurate, low-cost, and relatively quick
assessment of the functionality of the MCS without dedicated subject participation. It would thus be
the ideal modality for evaluation of the corticospinal integrity and excitability in patients with altered
mental status or coma. Alternatively, because it is painless, nTMS may also be used to assess the MCS
in patients who are awake but unable or unwilling to participate in neurological examination.

However, to date, only few studies have addressed the application of nTMS motor diagnostics
in the ICU context. While TMS/EEG combination setups have been used in exploring disorders of
consciousness [20], nTMS motor mappings in the intensive care framework are at this time not reported
in the literature. The reason for the current lack of exploration is likely the plethora of challenges
faced in translating established protocols and workflows to the unique setting and patient population
found in the ICU (Table 1). This study seeks to explore the feasibility of nTMS motor mappings in the
intensive care framework, based on established protocol and safety guidelines [8,21]. By identifying
the primary challenges, working through solutions, and sharing our results, we hope to encourage and
enable further studies into the value of nTMS motor mapping in the neurocritical care setting.
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Table 1. Translation of navigated transcranial magnetic stimulation from outpatient setting to critical
care setting.

Factor Outpatient Setting Critical Care Setting Challenge

Imaging
High-resolution MRI as

standard imaging
CT as most common

imaging modality
Does CT offer comparable

navigation to MRI?

Safety
Very rare occurrences of
serious adverse effects

(i.e., seizures)
No published data

Does nTMS safety extend to
critical neurological

damage?

Setup
Patient usually without

monitoring,
uninterrupted workflow

Monitoring and
adjustment of vital

parameters required

Is nTMS compatible with
multimodal monitoring and

clinical workflow?

EMG
Little environmental

background noise
High amount of

background noise

Can EMG noise be
adequately reduced for
nTMS motor mapping?

Patient
Patient is usually awake,
cooperative, with little

impairment

Sedation,
hemicraniectomy, ICP

elevation

What is the influence of
clinical factors on MEP

evokability?

This table gives an overview over challenges in translating navigated transcranial magnetic stimulation (nTMS) motor
mappings from the outpatient to the critical care setting. Other abbreviations: magnetic resonance imaging (MRI),
computed tomography (CT), electromyography (EMG), motor evoked potential (MEP), intracranial pressure (ICP).

2. Materials and Methods

2.1. Study Setup and Patient Inclusion

This study was approved by the UCSF Institutional Review Board (16-20684, 1/9/2020). All research
was conducted according to the Declaration of Helsinki. Informed consent was acquired from conscious
patients or next of kin when known.

We conducted nTMS motor mappings on patients treated in the neurological ICU of Zuckerberg
San Francisco General Hospital. Patients are referred to this unit when neurological damage necessitated
continuous monitoring of vital parameters, close interval neurochecks, mechanical ventilation,
vasoactive infusions, and other typical ICU indications. Available and commonly applied monitoring
includes blood pressure (both invasive and noninvasive), pulse oximetry, electrocardiography (ECG),
intracranial pressure (ICP), EEG, and interval neurochecks [22].

Inclusion criteria were defined as treatment in the ICU, confirmed presence of brain or spinal
lesion and suspicion or presence of a motor deficit due to neurological damage. Exclusion criteria were
denial of consent by patient or next of kin, uncontrolled epilepsy, presence of fixed nTMS-interacting
devices close to or within the skull (e.g., cochlear implant, deep brain stimulation), acute isolation due
to infectious disease, acute instability of vital parameters, and end-of-life care. The procedures were
explained to the patient (if conscious) and/or next of kin (if known).

The nTMS system was deployed into the patient’s room on the ICU, and motor mapping was
performed. After the examination, clinical factors such as ICP and sedation were documented if
applicable. Afterwards, the data were analyzed by experienced nTMS users (SS, PT) and a report on
the procedure and results was written for internal use.

2.2. Image Acquisition and Processing

All CT imaging in this study was acquired with a Somatom 64-slice CT scanner (Siemens AG,
Erlangen, Germany), all MRI imaging with a Magnetom Skyra 3T MRI scanner (Siemens AG, Erlangen,
Germany). In order to compare the navigational accuracy of CT and MRI, we exported image stacks
of both CT and MRI from 4 patients that had received both types of scans. For CT, we exported 4
scans of 2 mm slice thickness (3 sagittal, 1 axial). For MRI, we exported 4 T1-weighted scans with slice
thickness ranging from 0.75 mm to 5 mm (3 sagittal, 1 axial).
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To make CT scans viable for use in the nTMS system, we performed a series of preprocessing steps
(removal of non-patient structures such as e.g., headrest, proper windowing, intensity rescaling) using
the Aliza Medical Imaging and DICOM Viewer (Aliza 1.98.12, Copyright 2014–2020 Aliza Medical
Imaging, Bonn, Germany), the details of which are available as Supplementary Material (Document
S1). The exported DICOM files were loaded into the nTMS system (Nexstim eXimia NBS system,
version 4.0; Nexstim Plc., Helsinki, Finland) and used to create head models (Figure 1A,B).

 

Figure 1. Head model based on computed tomography (CT). By using appropriate preprocessing,
CT can serve as a viable basis for head model reconstruction in the nTMS system (A,B). Important
anatomical structures such as the precentral gyrus are easy to identify (A,B, white arrows). For image
testing, 12 targets were placed around the central sulcus on each hemisphere with two additional
targets at the midline vertex (26 targets total per brain, C).

2.3. CT/MRI Comparison

In order to validate the use of CT imaging compared to the standard MRI imaging, we compared
the e-field calculated by the system in both modalities in four sets of imaging data. For each head
model, 26 stimulation targets were put on the cortical surface, distributed around the central sulcus
(Figure 1C). The virtual model was co-registered to a dummy head in 3 cases and to the actual patient
in 1 case. Each target was subsequently stimulated with an intensity of 30% of maximum stimulator
output and the calculated local maximum e-field was recorded. This specific stimulation intensity was
selected since 30% of maximum stimulator output is a common benchmark for motor thresholds in
neurosurgical motor mappings.

2.4. Motor Mapping Protocol

For patient motor mappings, we followed the existing guidelines [8]. We employed an e-field-
navigated TMS system (Nexstim eXimia NBS system, version 5.0; Nexstim Plc., Helsinki, Finland).
The system provides an integration of all necessary subcomponents (navigation, figure-of-eight
stimulation coil, EMG). For EMG recordings, surface electrodes were used (Neuroline 700; Ambu,
Ballerup, Denmark). The nTMS system was positioned next to the patient’s bed. The patient’s skin
at electrode placement spots was cleaned with alcohol swabs. EMG electrodes were applied to all
muscles of interest, chosen according to the lesion location and predicted or known motor deficits.

EMG noise optimization was performed by finding optimal electrode placement spots,
avoiding crossings of cables and eliminating all non-essential sources of electromagnetic noise [23].
Recorded muscles for the upper extremity were deltoid muscle, biceps brachii muscle, flexor carpi
radialis muscle, and either abductor pollicis brevis muscle or adductor digiti minimi muscle,
depending on accessibility. For lower extremities, recorded muscles were quadriceps femoris muscle,
tibialis anterior muscle, and gastrocnemius muscle. MEPs were considered valid according to
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amplitude (above 50 µV), latency (10–35 ms for upper extremity musculature, 30–60 ms for lower limb
musculature) [24], and plausible morphology.

Prepared imaging was loaded into the system and a head model was created. After successful
co-registration, the head model was peeled to an individual depth allowing for visual identification
of the precentral gyrus. During the entire mapping, the coil was positioned tangentially to local
skull surface, aided by the neuronavigation system [3]. E-field orientation was kept at 90 degrees to
local gyrus orientation [1]. A rough mapping was performed to give primary information on muscle
representations of the upper extremity and possible motor hotspots. After identification of a given
motor hotspot, said point was used for resting motor threshold (rMT) determination, defined as the
stimulation intensity that results in a valid MEP in 50% of cases [8]. rMT determination was performed
via a system-integrated procedure based on the maximum likelihood algorithm [25,26].

After determination of the rMT, the full extent of the MCS was mapped with 105% rMT. Then,
lower extremity musculature was mapped with an intensity starting at 130% rMT. The distance between
individual stimuli was roughly 5 mm. If no MEPs could be elicited, the stimulation intensity was
raised stepwise until either MEPs were present, the patient reported discomfort, or no further raise
was possible. For patients with prior hemicraniectomy (consisting of the temporary removal of a large
fronto-temporo-parietal skull flap to allow for decompression of brain tissue) intensity was capped
at 75% of maximum stimulator output due to safety considerations. In post-hoc analysis of motor
mappings, the amplitude of EMG noise after signal optimization was measured and noted down for
each mapped muscle for later descriptive statistical analysis.

The primary maxim during motor mapping was to avoid disrupting the nursing routine or
clinical necessities. Extraordinary effort was made to explain the testing procedure to the bedside
nurses and to ensure that testing would not disrupt their patient care responsibilities. Emphasis
was made on the importance of open communication between the nursing team and the nTMS team.
During testing, no active monitoring was removed from the patient and care was taken to minimize
patient mobilization. If any other procedures had to be performed on the patient (e.g., neurological
examination, suction, repositioning, and toileting), the examination was paused or aborted. After the
examination, all nTMS equipment was removed from the patient, the room was returned to its original
layout, and the system was cleaned and brought back to its designated storage place.

2.5. Statistics

Statistical analysis was performed in GraphPad Prism (version 8.0.0, GraphPad Software,
San Diego, CA, USA). Due to the lack of prior investigations in the literature, we were hesitant
to assume any given data distribution. Therefore, we tested for statistically significant differences
between CT- and MRI-based e-field maxima using the non-parametric Wilcoxon matched-pairs signed
rank test. The level of statistical significance was defined as p < 0.05.

3. Results

3.1. Patients

We performed motor mappings by nTMS in a group of 21 patients (6 females) with a range of
diagnoses and etiologies (Table 2). Median age was 69 years (age range: 17–89 years). Seven patients were
mapped under sedation via propofol (median dosage: 30 mcg/kg/min, dosage range: 15–80 mcg/kg/min).
Nine patients underwent motor mapping of a hemisphere ipsilateral to hemicraniectomy. Five patients
had ICP monitoring in place (two via drainage, three via cranial bolt). Average ICP in these cases was
15 ± 4 mmHg (median ICP: 17 mmHG, range ICP: 9–18 mmHg).
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Table 2. Patient overview.

Patient Age Sex Principal Diagnoses Etiology MEPs Elicited

01 69 m
Osteomyelitis of cervical

spine
Chronic Yes

02 45 m SAH, SDH Fall Yes

03 76 m SDH Fall Yes

04 82 m Central Cord Syndrome Fall Yes

05 74 f SDH Fall Yes

06 89 f Central Cord Syndrome Fall Yes

07 64 m Occlusion of ICA Spontaneous No

08 61 m SAH, SDH Fall Yes

09 17 f TBI Vehicle accident Yes

10 66 m Central Cord Syndrome Assault Yes

11 49 m SDH, IPH Unknown No

12 57 m SDH Fall Yes

13 77 m C2 fracture Fall Yes

14 75 f Cervical spine injury Vehicle accident Yes

15 79 m Spinal metastases HCC Yes

16 71 f Spinal cord injury C1-C7 Fall Yes

17 77 m SDH Fall Yes

18 39 m SDH Assault Yes

19 70 f Hemorrhagic Stroke Spontaneous No

20 40 m SDH Unknown Yes

21 67 m C1 fracture Assault Yes

This table shows an overview over all patients included in this study. Abbreviations: subarachnoidal hemorrhage
(SAH), subdural hemorrhage (SDH), internal carotid artery (ICA), traumatic brain injury (TBI), intraparenchymal
hemorrhage (IPH).

3.2. Imaging Testing Results

The average difference of CT to MRI e-fields was −0.4 V/m ± 7.5 V/m (median difference: 0 V/m),
and the maximum difference in e-fields between corresponding points was 18 V/m. In our statistical
analysis of recorded e-field values, we found no statistically significant difference (mean CT e-field:
52 ± 14 V/m vs. mean MRI e-field: 52 ± 11 V/m; p = 0.6574).

3.3. Mapping Results

MEPs were successfully evoked in 18 patients. Average rMT (in percent of maximum stimulator
output) was 63 ± 20% (median rMT: 68%, rMT range: 28–91%) for left hemisphere and 62 ± 22%
(median rMT: 63%, rMT range: 31–100%) for right hemisphere. Within the sedated group of patients,
MEPs were successfully evoked in 5 out of 7 patients, including the two cases with the highest
observed sedation levels of 80 mcg/kg/min and 70 mcg/kg/min propofol, respectively. Excluding image
preparation, time required per mapped hemisphere was approximately 90 min.

There were no adverse effects during or immediately after motor mapping. Conscious patients
did not report the stimulation to be painful or uncomfortable. We observed no changes in continuously
monitored autonomic parameters (O2 saturation, blood pressure, heart frequency, ICP) attributable to
stimulation. nTMS motor mapping did not prevent any other necessary procedure (e.g., neurochecks,
application of medication, and suction) from being carried out. If necessary, the mapping was paused
until the end of the procedure.
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Intracranial access devices (e.g., subdural drainage and cranial bolt) interfered with motor
mappings due to physical limitations imposed on coil placement. Cranial bolts specifically blocked
access to sections of the respective hemisphere by taking up space. Motor mapping in these patients
was, therefore, restricted to the hemisphere contralateral to the cranial bolt. ICP monitoring via
drainages complicated but did not prohibit mappings of the ipsilateral cortex.

Additionally, we were able to demonstrate that nTMS navigation equipment interferes with pulse
oximetry (Figure 2). This problem was solved by putting textiles over the probe, thereby blocking the
interfering signal.

 

Figure 2. Interference of navigation equipment with pulse oximetry. This figure demonstrates the
effect that the navigated transcranial magnetic stimulation (nTMS) navigational system imposes on
pulse oximetry. The underlying mechanism is likely the infrared-spectrum based navigational camera
creating interference with light used in pulse oximetry. The white arrow indicates the moment at which
the camera was positioned for nTMS navigation. The red arrow indicates the moment at which a layer
of textiles was put over the pulse oximetry probe.

3.4. EMG Noise Results

High amounts of noise were very common for patients in the ICU. With careful selection of
electrode placement, however, it was usually possible to optimize noise sufficiently to allow for motor
mapping (Figure 3). Average noise amplitude after optimization was 64 ± 58 µV (median noise
amplitude: 43.5 µV). Trial-and-error approaches were often required for successful optimization,
which entailed up to 10 different electrode placement trials per muscle. For each muscle group,
particular anatomic locations for electrode placement (muscle reference electrode and grounding
electrode) emerged. Despite identifying these sites as having a higher probability for noise mitigation,
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optimization via trial and error was nevertheless required in most cases (Figure 4). In many cases,
noise optimization was the most time-consuming part of the procedure.

 

Figure 3. Electromyography (EMG) noise optimization. This figure illustrates the effect of electrode
placement on noise level. All placement spots are common for neutral electrode placement, yet significant
differences can be observed. At bedside, optimal positioning often requires testing of different spots
until an adequate noise level is achieved. EMG scales are equal within the same row.

. 

Figure 4. Placement spots for neutral electrodes. This figure illustrates anatomic landmarks that often
emerged as viable for neutral electrode placement. 1: medial and lateral side of thumb, interphalangeal
joint; 2: tendon of biceps brachii muscle; 3: medial epicondyle of humerus; 4: acromion; 5: tendons of
hand flexors; 6: tendons of foot extensors; 7: medial malleolus of tibia; 8: lateral malleolus of fibula;
9: medial epicondyle of femur.
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3.5. Illustrative Patient Cases

3.5.1. Sixty-One-Year-Old Male with Subarachnoid/Subdural Hemorrhage

A 61-year-old male presenting with left-sided subdural and subarachnoid hemorrhage after a
fall was transferred to ICU. For clinical management, left-sided hemicraniectomy and sedation were
required, the latter of which kept the patient in a comatose state. Due to asymmetric reaction to painful
stimuli (left limbs moving against gravity, no movement on right side), motor mapping by nTMS was
performed on the left hemisphere to test MCS function (right hemisphere was blocked due to cranial
bolt). In contrast to the clinical examination, we were able to demonstrate intact MEPs in the adductor
digiti minimi muscle (rMT: 36% of maximum stimulator output). Furthermore, by increasing mapping
intensity to 125% of rMT, we observed additional MEPs in biceps brachii and flexor carpi radialis
muscles, indicating that corticospinal tract innervation of those muscle groups was intact. As a result of
this map, additional workup (CT angiography, EEG, MRI) of the patient’s asymmetric examination was
deferred. A follow-up motor mapping performed three days later showed a decrease in rMT to 28%
of maximum stimulator output, indicating normalization of MCS threshold. Additionally, MEPs for
tibialis anterior and gastrocnemius muscles were now detectable. Volitional movement started to
return in the clinical examination six days after the initial mapping with slight withdrawals from
painful stimuli. At discharge, 14 days after initial motor mapping, the patient displayed symptoms of
hemineglect, but was able to move all extremities spontaneously.

3.5.2. Sixty-Seven-Year-Old Male with C1 Ring Fracture

A 67-year-old male patient presenting with comminuted/displaced C1 ring fracture after assault
was treated on the ICU, presenting without any initial neurological symptoms. The patient underwent
stabilization surgery, after which he developed aspiration pneumonia with acute respiratory distress
syndrome (ARDS), necessitating prolonged sedation and ventilation under medically induced paralysis.
Seventeen days after admission, the patient’s ARDS improved and the paralysis was stopped. After the
paralytics had worn off (as determined by intact train-of-four), the patient would open their eyes and
track movement but remained unresponsive to central or peripheral stimulation. Motor mapping by
nTMS was performed for both hemispheres. Despite the lack of movement in the clinical examination
and a concurrent propofol infusion (10 mcg/kg/min), we were able to demonstrate MEPs in at least
one muscle for every limb, albeit with very high rMT (81% and 99% of maximum stimulator output
for left and right hemisphere, respectively). These findings effectively ruled out an occult spinal cord
injury, and as a result, further workup with MRI and EEG was deferred. The next day, in a follow-up
study with increased propofol dosage (40 mcg/kg/min), MEPs disappeared from both upper limbs and
the left lower limb. The right lower limb still demonstrated MEPs but required a higher stimulation
intensity of 100% versus 90% on the day before. These changes were thought to be a result of the
increased propofol dose. In the subsequent days, the patient level of consciousness improved but he
remained unable to follow commands or move volitionally, which was attributed to myoneuropathy of
critical illness. Shortly thereafter, the patient developed a bowel perforation, and died of septic shock.

3.5.3. Seventy-Seven-Year-Old Male with Subdural Hematoma

A 77-year-old male was referred to the ICU with left holohemispheric subdural hematoma and
midpontine hemorrhage after a fall. The patient remained non-verbal during his entire treatment.
At admission, the patient did not follow commands and displayed hemiparesis on his right side but
showed flexion to painful stimulation with his left side. The patient’s family declined immediate
surgical intervention, instead opting to wait for potential improvement over time. Four days after
admission, the patient started following commands from his wife, but continued to only move his left
side. Eight days after admission, the neurological state of the patient deteriorated, and he demonstrated
left-sided decerebrate posturing. CT imaging demonstrated an increase in the size of the subdural
hematoma and subfalcine as well as uncal herniation. After consulting with the patient’s family,
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hemicraniectomy and evacuation of the hematoma were performed over the left hemisphere. Two days
after the procedure, nTMS motor mapping was performed due to continued absence of movement on
the right side. Contrary to the clinical presentation, MEPs were present bilaterally for both upper and
lower extremities. Notably, the rMT on the left hemisphere was higher (42% of maximum stimulator
output) than the rMT on the right hemisphere (34% of maximum stimulator output), despite the left
sided hemicraniectomy. The results were therefore interpreted as pointing towards a damaged but
still functional MCS, with hemineglect as a potential explanation for the present symptoms. Physical
therapy, therefore, emphasized maintaining right-sided range of motion and targeted therapy to
address right hemi-neglect. During this time, patient began to regain motor function on his right side.
A follow-up mapping took place 8 days after the inital map. At this point, the patient had received
cranioplasty and demonstrated an rMT of 37% of maximum stimulator output for the right hemisphere
and 62% of maximum stimulator output on the left hemisphere. The patient’s rehabilitation continued,
his neglect improved, and he eventually demonstrated 4/5 muscle strength throughout his right side.
Upon his discharge 26 days after admission, he was intermittently following commands, moving all
his extremities purposefully, and was able to continue his physical and cognitive therapy in an acute
rehabiliation institution.

4. Discussion

We performed nTMS motor mappings in 21 patients being treated in the neurological ICU for a
variety of neurological injuries. All mappings were successfully and safely completed. In so doing,
we identified common problems that occur in the ICU setting and, where possible, we arrived at
solutions for these problems. This feasibility study will enable future studies to focus on establishing
the clinical value nTMS-based motor mappings in the ICU and, more broadly, in the inpatient setting.

4.1. Safety

As with any new clinical test, particularly when dealing with the critically ill, patient safety is of
utmost importance. nTMS in general is widely considered a safe modality, especially when single-pulse
protocols are used [5,21]. The most serious adverse effect associated with TMS is the occurrence of
epileptic seizures. These, however, are exceedingly rare, limited to isolated case reports often in
individuals with prior history of epilepsy [27,28]. While we did exclude from our study any patient
with uncontrolled epilepsy, none of our patients showed any adverse effects during or immediately
after single-pulse nTMS motor mapping. No acute worsening of clinical state was attributable to
motor mapping. This was also true for the nine patients who underwent mapping following prior
hemicraniectomy, in whom the magnetic field incident upon the cortex is likely stronger than for
patients with an intact skull. It should be noted again, however, that we capped the stimulation
intensity for hemicraniectomy hemispheres to 75% of maximum stimulator output for precautionary
reasons. Although these data are gathered from a limited number of cases, it is highly encouraging and
indicates that nTMS is likely safe enough to be performed in patients with severe acute neurological
damage and altered cerebral anatomy.

4.2. Neuronavigation Based on CT

A prerequisite for nTMS motor mapping is preexisting cranial imaging used for neuronavigation.
In the conventional workflow, MRI offers unparalleled anatomical imaging of brain tissue with a high
soft tissue contrast, and it is, therefore, the gold standard for navigational imaging [8]. MRI, however,
is oftentimes not a viable option for ICU patients due to practical considerations or contraindications
for scanning. Specifically, critically ill patients are often unable to tolerate lengthy MRI studies.
Furthermore, intracranial monitoring devices such as cranial bolts and indwelling electrodes can
be incompatible with the scanning environment [29]. Although it offers less detailed imaging of
intracranial anatomy than MRI, CT is by far the more prevalent modality for patients in the ICU due
to its rapid acquisition time and compatibility with clinical equipment [29,30]. Therefore, to enable
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widespread use of nTMS motor mapping in the ICU, we realized that CT must be adapted and validated
as the basis for neuronavigation. Using CT for this purpose has previously only been described in a
singular recent case which did not address possible navigation discrepancies between CT and MRI [31].
By preprocessing CT scans with a slice thickness of 2 mm, we were able to generate usable head
models suited for patient co-registration (Figure 1). Comparing the calculated maximum e-field at
corresponding points in CT head models to that in MRI head models, we found no significant difference
in calculated e-field values. While the maximum difference between two points was 18 V/m, we believe
that this discrepancy was likely an artifact due to the inherent difficulty of co-registering a given head
model to a physical dummy with different measurements. Our results indicate that both CT and MRI
can yield comparable neuronavigation in the employed nTMS system. Following our process enables
targeted, replicable stimulation of given brain loci in patients lacking MRI data. This application of
CT-based neuronavigation not only makes motor mapping in the ICU an option, but also extends
nTMS usage to any patient unable to undergo MRI (because of retained metal fragments, implanted
devices, etc.).

4.3. Compatibility with ICU Workflows

In our cases, translation of the outpatient workflow into the ICU setting did, for the most part,
not pose significant problems. Nursing routines or monitoring were not impeded. In this regard,
the flexibility of nTMS motor mappings is a relevant asset, as the examination takes place at the
bedside and can be paused at any moment. Pulse oximetry, while being influenced by navigational
equipment (Figure 2), can easily be maintained by physically covering the oximetry probe. The only
major limitation was imposed by immovable devices connected to the patient’s skull (i.e., cranial bolts
placed for anchoring invasive ICP monitoring), as they tended to physically obstruct free movement
of the coil. Overall, our experience demonstrated that nTMS motor mapping is compatible with the
monitoring setup and clinical routine in ICU cases.

4.4. Optimization of EMG

For reliable and accurate motor maps, clear EMG readings are necessary to detect even MEPs
with small amplitudes. Any active electrical device in proximity to the recording site (e.g., ventilators,
perfusors, and monitoring) is a potential source of noise [23]. It is, therefore, unsurprising that noise
levels in the ICU setting are far higher than in the normal outpatient setting. Usually, electronic noise
presents as a uniform waveform with frequency of about 60 Hz (corresponding to the 60 Hz alternating
current of standard US power outlets). Elimination of noise by deactivation of electrical devices is
for the most part impossible since their continued functioning is essential for patient care. While this
noise generally allows for MEP detection via disruption of the regular noise pattern (Figure 5),
maximum signal-to-noise ratio is required to ensure validity and comparability of individual mappings.
To minimize noise, general guiding principles of EMG should be followed, such as avoiding contacts
between individual cables, cleaning the skin prior to electrode placement, and ensuring full surface
contact of electrodes with skin.

The most important factor in our study, however, seemed to be the location of electrode placement,
particularly regarding reference and grounding electrodes (Figure 3). Established anatomical landmarks
that work in the outpatient setting may not work in the intensive care case. Anatomical positions often
proved to be successful neutral electrode targets in this study (Figure 4). In our cases, we were able
to achieve an average noise amplitude of 64 ± 58 µV. This distribution is slightly skewed by a few
cases with persistent high-amplitude noise levels, which is reflected in the median level of 43.5 µV.
Analyzing data at this level of noise is possible, since any valid MEP (threshold of 50 µV) will peak
through the background noise. In higher noise levels, however, analysis gradually loses sensitivity
and it becomes difficult to detect low-amplitude MEPs. Although this noise lowers the resolution of
motor mappings, useful information regarding binary questions of motor system integrity (such as
“is any activation present?”) can still be obtained. One heuristic for detecting valid MEPs amongst
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regular noise is to subtract noise amplitude from the potential MEP. If the amplitude is still >50 µV,
the MEP may be considered valid (Figure 5). Placement of multiple stimuli at a given location to verify
replicability is also advisable in cases of questionable MEPs.

 

Figure 5. Motor evoked potential (MEP) disrupts 60 Hz noise. This figure shows regular 60 Hz noise
disrupted by MEP occurrence. Measurements on the right correspond to amplitude between yellow
measurement bars. One heuristic for detecting valid MEPs amongst regular noise is to subtract the
noise amplitude from the potential MEP. If the amplitude is still >50 µV, the MEP may be considered
valid (pictured). Additionally, placement of multiple stimuli at a given location can aid when MEPs are
questionable. Note the two individual peaks within the MEP formed by the underlying noise reaching
its minimum.

4.5. Pharmacological and Physiological Confounders

Patients in the ICU are subject to a variety of factors that most likely affect MEP elicitability,
such as elevated ICP, hemicraniectomy, and propofol sedation. Propofol has previously been shown
to decrease MEP amplitude, yet without impacting MEP latency [32–34]. One study compared the
influence of different anesthetic agents on MEPs in animals and humans. The results indicated that even
in high concentrations, propofol was unable to fully inhibit MEPs elicited by higher-than-threshold
stimulation [34]. Additionally, it has been demonstrated that intravenous agents such as propofol
impact MEPs less than volatile anesthetics [35]. The highest sedation levels in our study were propofol
infusion of 80 mcg/kg/min and 70 mcg/kg/min. These doses did not prevent elicitation of MEPs in either
case. While other patients may require higher doses, the current findings fit to the aforementioned
literature, which indicates that MEP monitoring is still possible under propofol sedation. Based on
the literature and our experience, we would recommend that patients under sedation showing no
MEPs at 105% rMT should be tested with progressively higher stimulation intensities. While not
tested in our approach, the literature indicates that TMS with repetitive pulse patterns might also be
an option to elicit reliable MEPs under propofol sedation [34,36]. The dose-dependent input/output
relationship between stimulus intensity and MEP amplitude might be exploited for individualized
functional anesthesia monitoring. For nTMS applications in the ICU that are not specifically related to
the MCS, it should be kept in mind that higher-order neuronal function such as network complexity
are influenced by propofol as well [37]. Of note, opioids seem to only possess a small effect on MEPs,
and we found no dampening of MEP due to opioids in our series [35].

Furthermore, ICP is another factor that could plausibly influence MEPs. Persistently elevated ICP
is a known predictor of poor neurological outcome, as it lowers cerebral perfusion pressure resulting
in cerebral hypoxia [38,39]. These effects are primarily observed at sustained ICPs of 25 mmHg and
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higher [38]. All of our cases were performed with an ICP lower than 20 mmHg, as patients are treated
aggressively to maintain an ICP below this value. Therefore, while we can state that MEPs were still
elicitable in the highest observed ICP of 18 mmHg, we can make no claims as to the influence of
ICPs in higher ranges. Hemicraniectomy is a procedure often utilized to combat elevated ICP [40,41],
and nine of our patients had undergone this procedure. While our main concern in mapping patients
after hemicraniectomy was patient safety, it is worth reporting that MEPs could still be elicited in this
abnormal anatomical state.

4.6. Implications and Applications

We believe that our reported findings serve as valid evidence for the general feasibility of nTMS
motor mappings in the intensive care setting. In our series, we were able to map successfully 18
out of 21 patients, yielding reproducible MEPs, and resulting in no complications. These findings
demonstrate that, for the critically ill patient with neurological injury, nTMS can deliver quantitative
analysis of MCS functionality in a safe and reliable manner. nTMS motor mapping allows for objective
investigations into the integrity of the motor system along its entire path, from upper motor neurons
to lower motor neurons, and thereafter to the neuromuscular junction. Importantly, it does not rely
on patient consciousness or cooperation. Furthermore, rMT specifically has been described to reflect
neuronal excitability, which may be a metric of interest in a variety of acute neurological problems [42].
One example is traumatic brain injury, which has been linked to rises in rMT [43].

The potential applications and benefits of nTMS motor mapping on the ICU are numerous.
Examinations can be performed on conscious and unconscious patients alike and yield detailed information
about the function of individual corticospinal tracts. The procedure is painless, noninvasive and does
not require (yet is possible during) sedation. Additionally, any trained member of the clinical team can
perform a mapping without the need for additional personnel.

Compared to other, more established neurophysiological modalities such as EEG or somatosensory
evoked potentials, nTMS offers the unique capability of linking effects to a specific, repeatedly targetable
cortical site [16]. This enables detailed tracking of functional MCS changes over time, which is not
present with non-navigated TMS (due to targeting inaccuracy) or EEG methods. Earlier diagnosis of
specific motor deficits and prediction of motor recovery may be possible, since corticospinal integrity can
be objectively demonstrated for any EMG-suited target muscle. For example, MEP recovery has recently
been shown to predict neurological outcome in endovascular thrombectomy [44]. Muscular recruitment
curves could serve as the basis of a standardized measure of cortical excitability. In a similar vein,
individualized functional drug monitoring specifically for antiepileptic drugs or anesthesia seems
plausible [33,45–47]. Protocols for specific types of monitoring could potentially be used for recognition
and monitoring of transient complications, such as vasospasm in subarachnoid hemorrhage.

Of note, in all three clinical cases introduced above, nTMS motor mapping yielded information on
the acute state of the MCS that was not visible in the clinical examination by demonstrating functional
corticospinal motor connection despite lack of movement.

4.7. Limitations

While our findings confirm the general feasibility of nTMS motor mappings in the ICU setting and
demonstrate some use cases, there are several limitations that need to be addressed. First, this study
includes only 21 unique patients, which may be considered a small sample size. However, as a pilot
feasibility study, we are confident that this sample is adequate to provide general guiding principles
that may be built upon in future studies. Second, our imaging testing was limited both by number
of cases and by the margin of error in registering a head model to a dummy head of different size.
We believe, however, that with 104 total targets per modality, we would have been able to discover any
meaningful systematic difference in e-field calculation if it had existed. A separate aspect of interest
would be to investigate the comparability of CT and MRI not only based on calculated e-field, but also
on physical coil position, which would require some form of system-separate coordinate measurement.
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For a more extensive comparison, a large set of cases with CT and MRI datasets acquired within a small
timeframe would be necessary. Since CT is inherently connected to radiation exposure, a study such
as this could hardly be done with healthy volunteers. Even with patients, however, indications for
both imaging modalities in short intervals remain rare, which unfortunately limits the pool of usable
data. In conclusion, while the presented evidence may be lacking in robustness, it serves as a basis
for more extensive systematic testing and, more importantly, demonstrates that repeatable targeting
of specific cortical stimulation sites is possible with CT imaging. Third, this study took place in a
single ICU at a single institution. Other centers may encounter other challenges based on respective
local workflow or electrical noise environment. Fourth, in terms of clinical factors influencing MEPs,
we were unable to collect data on high-level ICPs as well as sedation other than propofol. It is difficult
to see a simple resolution to this limitation, since optimal treatment of the patient in terms of ICP
control and best practice sedation is naturally of the highest priority. Data collection is, however,
ongoing, and respective cases may appear to further our understanding of how clinical factors act
upon MEPs. Specifically, a standardized I/O curve for varying levels of propofol could be very useful
in interpreting mapping results achieved under varying levels of sedation. Fifth and lastly, while the
navigational aspect of nTMS enables reproducible targeting of specific cortical sites, the resulting MEPs
are also influenced by aspects aside from cortical stimulation site. This could complicate longitudinal
patient-specific monitoring of nTMS based parameters such as rMT. Examples for these factors include
underlying EEG activity, prior activity of the target muscle or limb posture [48–51]. While these
factors are known confounders of MEP replicability, other studies have shown that by sampling 20
or more trials, good inter-session reliability can be achieved regarding measures of motor cortex
excitability [48,49]. This should be kept in mind for any clinical application involving longitudinal
measurement of MCS excitability.

5. Conclusions

This study demonstrated the feasibility of nTMS motor mappings in the ICU setting. In so
doing, we have shown how a variety of confounding factors inherent to the ICU setting may be
mitigated. We have demonstrated that MEPs can be obtained in spite of propofol and opioid sedation,
that electrical interference due to ICU equipment can be reduced to the point where mapping is
possible, and that CT may be used successfully for nTMS navigation. Moreover, we have demonstrated
how nTMS can be successfully integrated into routine workflow and intensive patient care. Our data
further suggest that single-pulse motor mapping is safe in a range of different diagnoses commonly
encountered in the neurological ICU. We have also presented three case studies in which nTMS
mapping provided valuable insight into the neurological state of the patient, and two cases changed
the clinical management. These results demonstrate a need for future studies to evaluate systematically
the clinical benefits provided by the use of nTMS in patients with acute neurological injury.
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Abbreviations

CT Computed tomography
DCS Direct cortical stimulation
ECG Electrocardiography
EEG Electroencephalography
EMG Electromyography
fMRI functional magnetic resonance imaging
ICA Internal carotid artery
ICP Intracranial pressure
ICU Intensive care unit
IPH Intraparenchymal hemorrhage
MCS Motor cortical system
MEG Magnetoencephalography
MEP Motor evoked potential
MRI Magnetic resonance imaging
nTMS Navigated transcranial magnetic stimulation
rMT Resting motor threshold
SAH Subarachnoidal hemorrhage
SDH Subdural hemorrhage
TBI Traumatic brain injury
TMS Transcranial magnetic stimulation
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Abstract: Awake surgery and intraoperative neuromonitoring represent the gold standard for surgery

of lesion located in language-eloquent areas of the dominant hemisphere, enabling the maximal safe

resection while preserving language function. Nevertheless, this functional mapping is invasive;

it can be executed only during surgery and in selected patients. Moreover, the number of neuro-

oncological bilingual patients is constantly growing, and performing awake surgery in this group of

patients can be difficult. In this scenario, the application of accurate, repeatable and non-invasive

preoperative mapping procedures is needed, in order to define the anatomical distribution of both

languages. Repetitive navigated transcranial magnetic stimulation (rnTMS) associated with func-

tional subcortical fiber tracking (nTMS-based DTI-FT) represents a promising and comprehensive

mapping tool to display language pathway and function reorganization in neurosurgical patients.

Herein we report a case of a bilingual patient affected by brain tumor in the left temporal lobe,

who underwent rnTMS mapping for both languages (Romanian and Italian), disclosing the true

eloquence of the anterior part of the lesion in both tests. After surgery, language abilities were intact

at follow-up in both languages. This case represents a preliminary application of nTMS-based DTI-FT

in neurosurgery for brain tumor in eloquent areas in a bilingual patient.

Keywords: transcranial magnetic stimulation; brain tumor; bilingual; language; preoperative

mapping; case report

1. Introduction

Surgical resection of lesions involving the language pathway remains a major chal-
lenge for the neurosurgeon, harboring a risk of new functional deficits. Repetitive navigated
transcranial magnetic stimulation (rnTMS) has proven to provide a reliable non-invasive
preoperatory cortical mapping for language function, showing a good overall correlation
with intraoperative direct cortical stimulation (DCS) [1–5]. Nevertheless, its sensitivity,
specificity, negative and positive predicting values varies widely among studies. Therefore,
rnTMS speech mapping is the only method that can replace DCS when the latter cannot
be performed [6–9]. Subcortical tracts can be identified by diffusion tensor imaging-fiber
tracking (DTI-FT) based on rnTMS mapping, obtaining an accurate and functionally ori-
ented white matter preoperative study. In fact, it allows planning of the best surgical
strategy for resection, improving postoperative outcome, especially in patients who are
not eligible for awake surgery [8,10–15]. A detailed preoperative mapping of the language
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pathway is mandatory, especially in case of bilingual patients, a peculiar subgroup that
can present different patterns of cortical representation of the languages. In fact, the first
language (L1) and the second language (L2) are processed both by shared brain areas as
well as language-specific areas [16]. Moreover, even in L1 and L2 shared areas distinct
language-specific neural population for the different languages have been identified by
rnTMS [17]. Furthermore, Tussis et al. studied the cortical distribution of L1 and L2 in the
non-dominant hemisphere with rnTMS, disclosing the involvement of dorsal precentral
and middle precentral gyrus especially for L1, and triangular inferior frontal gyrus for
L2 [18]. Whereby, a comprehensive preoperative understanding of the language path-
way may be useful also in patients eligible for awake surgery, enabling a custom tailored
craniotomy size and a faster and safer cortical mapping [2]. Herein we present the case
of a 54-year-old Romanian woman affected by a primary brain tumor in the left angular
gyrus who underwent preoperative rnTMS mapping to explore both Romanian and Italian
languages. In the following, neurosurgical planning, surgical intervention and outcome
are described and discussed.

2. Case Presentation

2.1. Patient Information, Clinical and Radiological Findings

A right-handed, bilingual 54-year-old woman was admitted at the emergency depart-
ment for a generalized tonic clonic seizure sustained by a primitive brain tumor located
between the posterior part of the superior and middle temporal gyri and the anterior part
of the angular gyrus in the left hemisphere. The lesion did not enhance after contrast
medium administration and it was hypometabolic at 18F-fluorodeoxyglucose PET/MRI.
The functional MRI (fMRI) confirmed that the lesion was located in the dominant hemi-
sphere (Figure 1). Due to the anxiety of the patient, mostly related to the diagnosis of brain
tumor, the fMRI was performed testing only her mother tongue, i.e., Romanian. Interictal
EEG showed an irritative activity in left centro–parietal derivations.

 

−

Figure 1. (A) 3D FLAIR (fluid attenuated inversion recovery) image discloses a primitive brain tumor
located between the posterior part of the superior and middle temporal gyri and the anterior part
of the angular gyrus in the left hemisphere; (B) the lesion does not enhance after contrast medium
administration; (C) the 18F-fluorodeoxyglucose PET/MRI reveals the hypometabolism of the tumor
(*). (D) Axial T2w image fused with the BOLD (blood oxygenation level dependent) signal activation
map obtained during word generation task shows a focal cortical activation in the superior–anterior
part of the lesion (*).
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2.2. Neuropsychological Evaluation

Concerning the social and work surrounding the patient had been living in Italy for
17 years with her family, perfectly integrated in the social context, working as a house-
keeper. Previously, she had 13 years of education, graduating in a vocational school in her
home country.

The patient underwent a comprehensive battery of standardized neuropsychological
tests performed in Italian, in order to evaluate the impact of the tumor on cognitive
functions. A standardized evaluation of Romanian language was not executable because
native language versions of the tests were not available and because none of the team
spoke Romanian. The assessment was composed of tests covering different cognitive
domains. The Oxford Cognitive Screen [19,20], a brief screening instrument composed
of tasks on language, visual attention, spatial neglect, praxis abilities, visual and verbal
memory, calculation, number reading and executive functions. Specific tests were also
administered to better evaluate different cognitive functions. The Prose Memory Test
(immediate and delayed recall) and Interference Memory test [21] were used as a measure
of verbal memory. Forward and backward digit span and the Corsi block-tapping test
were administered to measure short-term memory and working memory both for the
verbal and visuospatial components [22]. Selective attention and switching abilities were
measured using the Trail-Making-Test, forms A and B [21]. Different components of
language abilities were assessed through specific tests: Phonemic Fluency test [21], the
Boston Naming Test for visual naming ability [23], verbal comprehension of words and
sentences and repetition of words and non-words [24]. Concerning language domain,
the baseline preoperative assessment showed an impaired performance in naming and
verbal fluency, whereas the other language abilities were normal (Table 1). Furthermore,
the patient refused the proposition of an awake surgery. Therefore, we decided to test the
patient for both languages by means of rnTMS integrated with DTI-FT. Due to her anxious
state only the dominant hemisphere was evaluated, focused on the surgical planning.

Table 1. Neuropsychological assessment.

Assessment Pre-Operative Post-Operative Follow-Up 1 Month Follow-Up 4 Months

Test CS Performance CS Performance CS Performance CS Performance

GLOBAL COGNITIVE FUNCTIONS

Oxford Cognitive Screen (OCS)
Denomination 3 Impaired 3 Impaired 3 Impaired 4 Normal

Semantics 3 Normal 3 Normal 3 Normal 3 Normal
Orientation 4 Normal 4 Normal 4 Normal 4 Normal
Visual field 4 Normal 4 Normal 4 Normal 4 Normal

Reading 15 Normal 13 Impaired 15 Normal 15 Normal
Number writing 3 Normal 2 Impaired 3 Normal 3 Normal

Calculation 3 Borderline 3 Borderline 4 Normal 3 Normal
Visual search 47 Normal 47 Normal 46 Normal 49 Normal

egocentric neglect −1 Normal 1 Normal 2 Normal 1 Normal
allocentric neglect 0 Normal 0 Normal 0 Normal 0 Normal

Imitation
Right hand 11 Normal 8 Impaired 12 Normal 12 Normal
Left hand 12 Normal 12 Normal 12 Normal 12 Normal
Memory
Verbal 3 Normal 3 Normal 2 Impaired 3 Normal

Episodic 4 Normal 4 Normal 4 Normal 4 Normal
Executive functions −1 Normal −2 Normal 0 Normal 0 Normal
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Table 1. Cont.

Assessment Pre-Operative Post-Operative Follow-Up 1 Month Follow-Up 4 Months

Test CS Performance CS Performance CS Performance CS Performance

LANGUAGE

Boston Naming Test (15 items) 5 Impaired 3 Impaired 6 Impaired 6 Impaired
E.N.P.A.

Verbal comprehension (words) 18.4 Normal 18.4 Normal 18.4 Normal 20 Normal
Verbal comprehension (sentences) 14 Normal 14 Normal 14 Normal 14 Normal

Repetition (words) 10 Normal 10 Normal 10 Normal 10 Normal
Repetition (nonwords) 5 Normal 5 Normal 5 Normal 5 Normal

Phonemic Fluency
(Mondini, 2011) [20]

7.7 Impaired 1.7 Impaired 1.7 Impaired 4.3 Impaired

ATTENTION

Trail Making Test
A 26” Normal 37” Normal 51” Normal 46” Normal
B 167” Impaired 167” Impaired 156” Impaired 133” Normal

MEMORY

Digit span
Forward 4.75 Normal 2.75 Impaired 4.75 Normal 4.75 Normal

Backward 3.71 Normal 0 Impaired 3.71 Normal 3.79 Normal
Corsi Test
Forward 6.74 Normal 5.74 Normal 4.74 Normal 3.81 Normal

Backward 5.67 Normal 5.67 Normal 5.67 Normal 3.79 Normal
Prose Memory

Immediate 9 Normal 5 Impaired 12 Normal 10 Normal
Delayed 12 Normal NE Impaired 15 Normal 17 Normal

Memory Interference
10 s 8 Normal 5 Normal 8 Normal 8 Normal
30 s 7 Normal 6 Normal 7 Normal 8 Normal

TCS: correct score (the raw score is adjusted for age and education basing on Italian-normative data from the literature, when appropriate).
E.N.P.A.: Esame neuropsicologico per l’afasia (i.e., neuropsychological examination for aphasia). NE: not executable. The impairment of
the performance is defined basing on cut-off, from normative data from the literature.

2.3. Patient’s Informed Consent

The patient signed specific informed consent for MRI acquisition, rnTMS tests, neu-
ropsychological evaluation and surgical intervention.

2.4. MRI Acquisition

The patient underwent brain MRI according to a specific protocol designed for the
nTMS and DTI-FT using a 3T scanner (Ingenia 3T, Philips Healthcare) to obtain 3D T1-
weighted images (TR/repetition time = 8, TE/echo time = 3.7); 3D FLAIR/fluid attenu-
ated inversion recovery (TR = 4800, TE = 299, TI/inversion time = 1650, flip angle = 40,
matrix = 240 × 240 mm2, voxel = 1 × 1 × 1 mm3, 196 slices, 4.05 min of acquisition time);
diffusion weighted sequences (DWI with 32 directions, TR = 8736, TE = 91; single shell,
b = 800 s/mm2) for DTI-FT.

2.5. nTMS Language Cortical Mapping and Off-Line Analysis

The 3D T1-weighted sequence was imported into the nTMS system (NBS system
4.3—Nexstim Oy, Elimäenkatu 9 B, Helsinki, Finland) for language mapping, performed
thorough a repetitive stimulation (rnTMS) according to the most update indications [25,26].
The patient’s resting motor threshold (RMT) was determined by applying nTMS to the
left motor cortex representing the hand, detecting the motor response of the m. abductor
pollicis brevis. The patient performed the language assessment (base-line test, rnTMS
mapping) first in Romanian (in the presence of an interpreter) and then in Italian. The
base-line test was performed twice without stimulation, in order to cross out from the
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list the unfamiliar words, possible confounding variables in error analysis. A total of
80 black-and-white drawings of high and low frequency objects were presented on a
17-inch monitor placed 1 m in front of the patient for the picture naming task. Display
and inter-picture time were set at 700 ms and 2500 ms, further adjusted to 2 s and 4 s
for both languages. The patient was asked to say aloud the initial phrase “this is a . . . ”
to distinguish between a speech arrest and anomia [27]. At the end of the base-line test,
70 and 67 figures were considered for Romanian and Italian mapping, respectively. The
rnTMS stimulation frequency was set at the beginning at 5 pulses at 5 Hz at 110% RMT and
then increased to 10 pulses at 10 Hz at 100% RMT because with the previous parameters of
stimulation we did not obtain any error. The stimulation coil was randomly moved between
the presentation of the images in about 1-cm steps over the perisylvian and peritumoral
cortex. The rnTMS pulse train automatically triggered with picture presentation (0 ms) [26].
The entire mapping session was recorded on video for off-line data analysis, performed
by an expert neuropsychologist (S.F.), helped by an interpreter for the review of the test
performed in Romanian. The errors were classified according to Corina et al.: semantic
paraphasias, circumlocutions, phonological paraphasias, neologisms, performance errors
and no response errors [28]. We considered a site as language-eloquent if at least two
of three stimulations caused an error response [25]. The stimulation sessions were well
tolerated with a minimal discomfort reported (Visual Analogue Scale 2/10).

The off-line analysis highlighted 39 performance errors in Romanian (320 spots tested)
of which a group of 5 was located in the superior–anterior and posterior–inferior border
of the lesion. In Italian, 2 semantic and 15 performance errors were detected (271 sites
tested), 3 of them located in the anterior part of the tumor. The language maps showed a
convergence of the errors in the anterior middle temporal gyrus, middle middle tempo-
ral gyrus, posterior middle temporal gyrus, ventral precentral gyrus and anterior supra-
marginal gyrus according to the cortical parcellation system as described in Corina et al. [29]
(Figure 2). The latest convergence corresponds to the anterior part of the tumor.

 

Figure 2. (A) Romanian rnTMS mapping (green spots: performance errors) and (B) Italian rnTMS
mapping (green spots: performance errors, blue spots: semantic errors). (C,D) show the anatomical
distribution of all errors according to the parcellization system area described by Corina et al., in
Romanian and Italian, respectively.
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2.6. nTMS Based DTI-FT of Language Pathway

The rnTMS cortical mapping was used to obtain the nTMS-based DTI-FT of the
principal subcortical pathways of language function: arcuate fascicle (AF), frontal aslant
tract (FAT), inferior fronto–occipital fascicle (IFOF), inferior longitudinal fascicle (ILF),
superior longitudinal fascicle (SLF), uncinate fascicle (UF) [13,30,31]. The workflow for
DTI-FT was performed on the StealthStation S7 navigation system by using StealthViz
software (Medtronic Navigation, Coal Creek Circle Louisville, CO, USA). A deterministic
approach based on the fiber assignment by continuous tracking (FACT) algorithm was used,
with these parameters: FA cut off value = 0.15; vector step length = 0.5 mm; minimum fiber
length = 30 mm; seeding density = 1.0; max directional change 90◦. All language positive
spots were imported into the planning station and used to create an overall object with an
additional 5-mm border for each cortical spot. Subsequently, the object was exploited like a
single ROI for tracking and the StealthViz software created a directionally encoded color
map and then a 3D volume of white matter fibers originating from the cortical positive
spots previously selected [11]. nTMS-based DTI-FT was able to identify the subcortical
network for both languages, consisting of 533 and 293 fibers for Romanian and Italian,
respectively. The 3D volumes were then manually elaborated to better visualize the single
language-related tracts included in the reconstruction (i.e AF, SLF and ILF) under constant
supervision of an expert neuroradiolgist [32–34] (Figure 3). White matter reconstruction
displayed an overlap of AF in both languages with the anterior part of the lesion.

 

Figure 3. nTMS-based DTI-FT reconstructions of the language subcortical network in Romanian (A) and Italian (B) identifies
the arcuate fascicle (AF, red), the superior longitudinal fascicle (SLF, yellow) and the inferior longitudinal fascicle (ILF,
green) for both languages. In (C) the overlap of subcortical tracts is depicted. Italian color code—AF: red; SLF: yellow, ILF:
green; Romanian color code—AF: light blue, SLF: blue, ILF violet.

2.7. Presurgical Planning

According to the rnTMS results, the tumor was divided into an eloquent and non-
eloquent part, the latter identified as our surgical target. Using the planning station, the
anterior part was highlighted in red and the target in violet. Then, the final reconstruction
of language network was imported into the neuronavigation system to assist surgery
(Figure 4).
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Figure 4. rnTMS-based planning using StealthViz software. (A) The anterior and eloquent part of
the lesion identified by nTMS is colored in red and the posterior non-eloquent part in violet, (B) 3D
FLAIR anatomical images for comparison. (C,D) A subtotal resection was planned and guided by
neuronavigation (in violet the non-eloquent part).

2.8. Surgical Intervention and Neuropsychological Follow Up

Surgical resection of the posterior non-eloquent part was achieved by neuronavigation
because the lesion was not clearly distinguished from normal brain parenchyma. Integrated
histological and molecular diagnosis disclosed a WHO-grade IV gliomas [35]. She received
perioperative antiepileptic drugs prophylaxis. Moreover, the patient received dexametha-
sone 4 mg four times daily for one week followed by gradual tapering. Postoperative
neuropsychological assessment, performed after one week, showed a global worsening
of the performance in language tasks (reading, number writing) and in other cognitive
functions (praxical function in right hand, short- and long-term verbal memory, verbal
working memory). However, the follow-up evaluations performed at 1 and 4 months after
surgery, revealed a restoration of functions through the time. The performance at four
months after the surgery was comparable with the baseline (Table 1). Relatives reported
intact native language performance as well. The patient underwent whole brain radiother-
apy (60 Gy/30 fractions) and medicated with Temozolomide (two cycles). The patient did
not present seizures at last follow-up (10 months).

3. Discussion

Despite awake surgery associated with DCS still represents the gold standard for
language mapping, an accurate preoperative assessment of language pathway is required
to establish the best surgical strategy, for the risk–benefit balance and for the patient’s
counselling [36–38]. This is mandatory especially in case of patients with lesions located in
eloquent areas who are not eligible for awake surgery [39]. Commonly, fMRI is the most
accessible and applied preoperative mapping technique, providing the identification of
eloquent cortical areas for different types of functions. Nevertheless, the indirect signal
of area activation provided near a brain lesion could be undermined by a metabolic un-
coupling induced by the lesion itself, determining a reduced fMRI signal in perilesional
eloquent cortex [40–42]. This phenomenon, associated to a normal or increased activity
in homologous brain regions, can simulate a reorganization of the function [43]. More-
over, previous studies have not clarified the reliability of fMRI for preoperative language
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mapping in tumors located in language-eloquent areas [42,44,45] thus, the use of fMRI in
adjunct to other mapping methods is suggested [3,6,46].

nTMS is a recent and promising preoperative mapping technique for cortical functions
localization and the development of nTMS-based DTI-FT allows a functionally oriented
white matter reconstruction. In fact, the white matter reconstruction based on the rnTMS
mapping showed a more accurate and reliable reconstruction of the subcortical language
pathway compared to the standard anatomical technique [10,13]. Nonetheless, few centers
have a broad experience with this technique and the language mapping has been less
investigated compared to the motor nTMS mapping [6]. This may reflect the fact that
language function is the result of a complex cortical and subcortical network which is
more difficult to localize and challenge to map [28,47–49]. Currently, rnTMS combined
with nTMS-based DTI-FT could be remarkably useful for patients who are not eligible
for awake surgery, providing information concerning the true eloquence of the lesion
with a high specificity of rnTMS in localizing language-negative areas. Furthermore, this
technique can identify the presence of intra-hemispheric tumor-induced plasticity [14] or
inter-hemispheric function reorganization and/or migration involving the non-dominant
hemisphere [50–52].

For bilingual and multilingual neurosurgical patients affected by lesion located in
language-eloquent areas, the preoperative mapping and languages preservation represent
an additional major goal. At present, bilingual (and multilingual) neurosurgical patients
have been investigated mostly with DCS and fMRI, as highlighted in a very recent review
by Polczynska and Bookheimer [16]. This review suggests several principles concerning
languages organization in bilingual patients, which may be useful in predicting the likeli-
hood of separate versus converging representation of languages (i.e., age of L2 acquisition,
proficiency level of L2 and linguistic distance between L1 and L2). Nonetheless, fMRI may
falsely identify certain brain regions as potentially eloquent as above mentioned. Moreover,
DCS evaluates a restricted coverage within language areas, mostly focused on sites in
the frontal or posterior languages eloquent pathway. Unexpectedly, rnTMS has not been
applied to study neurosurgical bilingual patients so far and late bilingual population has
not been investigated.

We described the case of a bilingual patient affected by brain tumor located in
language-eloquent region. The patient refused to undergo an awake craniotomy. There-
fore, in order to deal with the aim of a safe resection, we applied an alternative method
that could offer an accurate mapping of both languages. Preoperative languages map-
ping was obtained by rnTMS and nTMS-based DTI-FT language assessment according
to the protocol for rnTMS language mapping used at our institution and established in
the literature [11,25,53]. Language mapping for Romanian (L1) and Italian (L2) showed
a convergence in the posterior areas of language pathways [48]. This overlapping may
be explained by the high proficiency of L2 identified by extensive neuropsychological as-
sessment and by the common derivation from Romance language as previously described.
Furthermore, the language mapping disclosed the true eloquence of the anterior part of the
lesion for both L1 and L2, limiting the surgical target to the non-eloquent region. Despite
the worsening of language tasks and in some cognitive functions, the short-term follow-up
highlighted a restoring of functions, comparable with the baseline. Probably this transient
worsening was imputable to the surgical manipulation of subcortical fibers producing a
functional, rather than anatomical damage. When performing language assessment in a
bilingual patient, the setting should consider the presence of an interpreter both during
rnTMS and off-line analysis, if the L1 is not properly known by one of the clinical staff
members. Ideally, the native language version of the neuropsychological tests should be
available and administered by a properly educated interpreter, to achieve a greater accuracy.
This can be considered as an intrinsic limitation and possible bias when analyzing different
languages, but it can be overcome by the advantages of an accurate mapping of the cur-
rently speaking languages, which requires to be preserved. Moreover, rnTMS still presents
other pitfalls that need to be assessed. In fact, the likelihood of detecting language-positive
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spots is still low, drawing attention to the necessity of a revision of current stimulation
protocols [49]. Furthermore, the interpretation of the hesitation errors varies among au-
thors, constituting a matter of debate [49,54,55] and, in addition, the pre-existing moderate
aphasia or severe cognitive impairment could undermine the reliability of the examination,
entailing an accurate patients selection [56]. Nonetheless, the use of the initial sentence
during picture naming, helping to distinguish between speech arrest and anomia is not
routinely applied [25,27]. Another point is the influence of the antiepileptic drugs on the
cortical excitability, which may influence the stimulation threshold as reported for the
motor cortex but not investigated for extra-motor cortex [57]. Regarding the functional
tractography obtained from the language mapping, a meaningful and debatable protocol
should be assessed [10,11,13].

4. Conclusions

Our experience showed the reliability of rnTMS mapping in a bilingual patient who
required surgery for a language-eloquent lesion for both languages. The potentials of this
technique are different. First of all, the clinical application in safe neurosurgical practice is
clear, because it represents a good tool for pre-surgical mapping, when awake surgery is
not applicable for different reasons and rnTMS may allow filling of this gap. Furthermore,
in the specific case of brain tumor, the preoperative mapping with nTMS-based DTI allows
a better comprehension of language pathway reorganization and plasticity. A second
important application concerns the neural basis of language, and bilingualism in particular,
which remain still unclear in the literature. In this context, further studies with rnTMS
on bilingual patients and healthy subjects are advocated to a comprehensive study of
languages organization and plasticity.

Author Contributions: V.B.: methodology, data curation, formal analysis, writing—original draft,
writing—review and editing, S.C. and L.S.: methodology, data curation, formal analysis, software,
investigation, S.F.: data curation, formal analysis, investigation, writing—review and editing, B.G.:
resources, software, writing—review and editing, P.Z.: resources, software, M.A.: supervision,
validation, L.D., D.d.: supervision, F.F., A.L.: supervision, validation, writing—review and editing.
All authors have read and agreed to the published version of the manuscript.

Funding: The authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

Informed Consent Statement: The patient signed her specific informed consent for MRI acquisition,
nTMS tests, neuropsychological evaluation and surgical intervention. Moreover, she authorized the
publication of this case report after anonymization of data and images.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors thank Francesca Baro for the linguistic revision of the manuscript
and Gianluigi De Nardo, neurophysiology technician, for his assistance during the tests.

Conflicts of Interest: The authors declare no conflict of interest.

Ethical Approval: For this type of paper, a case report, no approval of the local ethical committee
was deemed necessary. The work is in accordance with the declaration of Helsinki and its later
amendments, for as far applicable.

Abbreviations

AF: arcuate fascicle; DCS: direct cortical stimulation; DTI-FT: diffusion tensor imaging-fiber tracking;
FAT: frontal aslant tract; IFOF: inferior fronto-occipital fascicle; ILF: inferior longitudinal fascicle;
fMRI: functional MRI; L1: first language; L2: second language; nTMS: navigated navigate transcra-
nial magnetic stimulation; RMT: resting motor threshold; rTMS: repetitive transcranial magnetic
stimulation; rnTMS: repetitive navigate transcranial magnetic stimulation; SLF: superior longitudinal
fascicle; UF: uncinate fascicle.

101



Brain Sci. 2021, 11, 557

References

1. Tarapore, P.E.; Findlay, A.M.; Honma, S.M.; Mizuiri, D.; Houde, J.F.; Berger, M.S.; Nagarajan, S.S. Language mapping with
navigated repetitive TMS: Proof of technique and validation. Neuroimage 2013, 82, 260–272. [CrossRef]

2. Picht, T.; Krieg, S.M.; Sollmann, N.; Rösler, J.; Niraula, B.; Neuvonen, T.; Savolainen, P.; Lioumis, P.; Mäkelä, J.P.; Deletis, V.; et al.
A comparison of language mapping by preoperative navigated transcranial magnetic stimulation and direct cortical stimulation
during awake surgery. Neurosurgery 2013, 72, 808–819. [CrossRef]

3. Ille, S.; Sollmann, N.; Hauck, T.; Maurer, S.; Tanigawa, N.; Obermueller, T.; Negwer, C.; Droese, D.; Boeckh-Behrens, T.; Meyer, B.;
et al. Impairment of preoperative language mapping by lesion location: A functional magnetic resonance imaging, navigated
transcranial magnetic stimulation, and direct cortical stimulation study. J. Neurosurg. 2015, 123, 314–324. [CrossRef] [PubMed]

4. Babajani-Feremi, A.; Narayana, S.; Rezaie, R.; Choudhri, A.F.; Fulton, S.P.; Boop, F.A.; Wheless, G.W.; Papanicolaou, A.C.
Language mapping using high gamma electrocorticography, fMRI, and TMS versus electrocortical stimulation. Clin. Neurophysiol.

2016, 127, 1822–1836. [CrossRef] [PubMed]
5. Lehtinen, H.; Mäkelä, J.P.; Mäkelä, T.; Lioumis, P.; Metsähonkala, L.; Hokkanen, L.; Wilenius, J.; Gaily, E. Language mapping

with navigated transcranial magnetic stimulation in pediatric and adult patients undergoing epilepsy surgery: Comparison with
extraoperative direct cortical stimulation. Epilepsia Open 2018, 3, 224–235. [CrossRef]

6. Jeltema, H.R.; Ohlerth, A.K.; de Wit, A.; Wagemakers, M.; Rofes, A.; Bastiaanse, R.; Drost, G. Comparing navigated transcranial
magnetic stimulation mapping and “gold standard” direct cortical stimulation mapping in neurosurgery: A systematic review.
Neurosurg Rev. 2020. Online ahead of print. [CrossRef]

7. Senova, S.; Lefaucheur, J.P.; Brugières, P.; Ayache, S.S.; Tazi, S.; Bapst, B.; Abhay, K.; Langeron, O.; Edakawa, K.; Palfi, S.; et al.
Case Report: Multimodal Functional and Structural Evaluation Combining Pre-operative nTMS Mapping and Neuroimaging
With Intraoperative CT-Scan and Brain Shift Correction for Brain Tumor Surgical Resection. Front. Hum. Neurosci. 2021,
15, 646268. [CrossRef] [PubMed]

8. Haddad, A.F.; Young, J.S.; Berger, M.S.; Tarapore, P.E. Preoperative Applications of Navigated Transcranial Magnetic Stimulation.
Front. Neurol. 2021, 11, 628903. [CrossRef] [PubMed]

9. Hazem, S.R.; Awan, M.; Lavrador, J.P.; Patel, S.; Wren, H.M.; Lucena, O.; Semedo, C.; Irzan, H.; Melbourne, A.; Ourselin, S.; et al.
Middle Frontal Gyrus and Area 55b: Perioperative Mapping and Language Outcomes. Front. Neurol. 2021, 12, 646075. [CrossRef]

10. Sollmann, N.; Zhang, H.; Schramm, S.; Ille, S.; Negwer, C.; Kreiser, K.; Meyer, B.; Krieg, S.M. Function-specific Tractography
of Language Pathways Based on nTMS Mapping in Patients with Supratentorial Lesions. Clin. Neuroradiol. 2020, 30, 123–135.
[CrossRef] [PubMed]

11. Sollmann, N.; Negwer, C.; Ille, S.; Maurer, S.; Hauck, T.; Kirschke, J.S.; Ringel, F.; Meyer, B.; Krieg, S.M. Feasibility of nTMS-based
DTI fiber tracking of language pathways in neurosurgical patients using a fractional anisotropy threshold. J. Neurosci. Methods

2016, 267, 45–54. [CrossRef]
12. Sollmann, N.; Ille, S.; Hauck, T.; Maurer, S.; Negwer, C.; Zimmer, C.; Ringel, F.; Meyer, B.; Krieg, S.M. The impact of preoperative

language mapping by repetitive navigated transcranial magnetic stimulation on the clinical course of brain tumor patients.
BMC Cancer 2015, 15, 261. [CrossRef] [PubMed]

13. Raffa, G.; Bährend, I.; Schneider, H.; Faust, K.; Germanò, A.; Vajkoczy, P.; Picht, T. A novel technique for region and lin-
guistic specific nTMS-based DTI fiber tracking of language pathways in brain tumor patients. Front. Neurosci. 2016, 11, 552.
[CrossRef] [PubMed]

14. Raffa, G.; Quattropani, M.C.; Scibilia, A.; Conti, A.; Angileri, F.F.; Esposito, F.; Sindorio, C.; Cardali, S.M.; Germanò, A.;
Tomasello, F. Surgery of language-eloquent tumors in patients not eligible for awake surgery: The impact of a protocol based on
navigated transcranial magnetic stimulation on presurgical planning and language outcome, with evidence of tumor-induced
intra-hemispheric plasticity. Clin. Neurol. Neurosurg. 2018, 168, 127–139. [CrossRef] [PubMed]

15. Sollmann, N.; Zhang, H.; Fratini, A.; Wildschuetz, N.; Ille, S.; Schröder, A.; Zimmer, C.; Meyer, B.; Krieg, S.M. Risk assessment
by presurgical tractography using navigated tms maps in patients with highly motor-or language-eloquent brain tumors.
BMC Cancer 2020, 12, 1124. [CrossRef] [PubMed]
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Abstract: Preoperative language mapping with navigated transcranial magnetic stimulation (nTMS)

is currently based on the disruption of performance during object naming. The resulting cortical

language maps, however, lack accuracy when compared to intraoperative mapping. The question

arises whether nTMS results can be improved, when another language task is considered, involving

verb retrieval in sentence context. Twenty healthy German speakers were tested with object naming

and a novel action naming task during nTMS language mapping. Error rates and categories in both

hemispheres were compared. Action naming showed a significantly higher error rate than object

naming in both hemispheres. Error category comparison revealed that this discrepancy stems from

more lexico-semantic errors during action naming, indicating lexico-semantic retrieval of the verb

being more affected than noun retrieval. In an area-wise comparison, higher error rates surfaced in

multiple right-hemisphere areas, but only trends in the left ventral postcentral gyrus and middle

superior temporal gyrus. Hesitation errors contributed significantly to the error count, but did not

dull the mapping results. Inclusion of action naming coupled with a detailed error analysis may be

favorable for nTMS mapping and ultimately improve accuracy in preoperative planning. Moreover,

the results stress the recruitment of both left- and right-hemispheric areas during naming.

Keywords: language mapping; navigated transcranial magnetic stimulation; picture naming; bihemi-

spheric; action naming; object naming

1. Introduction

There is growing recognition for navigated transcranial magnetic stimulation (nTMS)
language mapping in both neuroscientific research and in clinical application in neu-
rosurgery. In this non-invasive mapping technique, a magnetic field is directed at the
cortex, causing a temporary disruption of neural activity [1–3]. In combination with
neuro-navigation, it is possible to precisely pinpoint a targeted area and test it for cortical
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functions. Areas in which stimulation results in a transient inhibition of a cognitive function
are considered to support this function. If applied area-by-area, functional boundaries are
delineated and functional maps covering almost the entire cortex can be acquired [4–7].
These maps have been of great benefit for understanding language organization in the
brain. Clinically, preoperative nTMS maps are used for planning and executing brain
tumor surgery in language-eloquent areas: the added information enables the clinicians to
perform a more targeted craniotomy, maximize the extent of resection, preserve functional
areas, and minimize postoperative deficits [5,8,9].

Intraoperative mapping with direct electrical stimulation (DES) still remains the gold
standard for locating cortical function in relation to a tumor [10–13]. While maps generated
by nTMS overlap with those from intraoperative mapping concerning sensitivity, low
specificity between language-positive areas under nTMS compared to under DES has to
be faced [5,7,14–17]. Improvement of the methodology is still necessary. A consensus
has been met for most parameters such as stimulation intensity, frequency, duration, and
directionality of the stimulation, resulting in more standardized nTMS language mapping
protocols [18]. However, when considering functional tasks for language mapping, current
protocols still lack linguistic depth by solely administering a noun task: The only common
task used with nTMS is object naming. Naming a drawing of an object aligned with cortical
stimulation has been shown efficient in detecting language areas that correlate with those
under DES [5,7,14–17]. Nonetheless, it is disputable whether a task that solely triggers noun
retrieval and production is sufficient at representing language. Especially when compared
to the variety of language tests commonly seen in intraoperative situations [19–23] this
difference in depth of protocols might factor into the lack of accuracy in the preoperative
mapping.

The limiting testing parameters of nTMS, such as a time frame of only up to 2 s
for most protocols, ensure safe application, but compared to DES mapping with up to
4 s of stimulation, require even shorter tasks to be targeted during stimulation. These
parameters, hence, do not allow for extensive neuropsychological screening, including
exhaustive linguistic protocols; however, they are compatible with another picture naming
task, targeting verbs. A drawing of an action is presented, and the verb needs to be retrieved
and produced while stimulation is applied. Literature from several domains point towards
a theoretical benefit of including verb tasks, as this process seems to be recruiting an at
least partially different neuronal network. Behavioral data from aphasia research suggest
a dissociation between the two word classes: spared noun production but impaired verb
production and, less frequently, vice-versa, could be found after brain damage [24–27].
During intraoperative mapping under DES, partially segregated regions for object and
action naming have been reported, with action naming in some cases being the only task
revealing positive areas and, thus, guiding resection [23,28]. Therefore, including this task
in language mapping was shown beneficial.

The full potential of action naming is prompted in sentence context, including a short
lead-in phrase in the stimulus. In this way, not only verb retrieval and production is
required, but inflections for person, number, and tense are triggered, linguistic skills that
are not involved in object naming. Moreover, it allows investigation of error types, which
can relate to different production processes.

Several cognitive models were proposed to capture the production of words and whole
sentences, most of them deriving from the Levelt and Indefrey–Levelt models [29–31].
While details of the different processing levels and their serial or parallel execution are still
debated, most models and adaptations agree on the following broad levels of production
processes (see also Figure 1) (see [32,33] for a review).

1. Conceptual retrieval (retrieving non-linguistic information about concepts).
2. Lexico-semantic word retrieval (retrieving words with respective meaning in an

uttered phrase).
3. Grammatical encoding (assigning morpho-syntactic features to the words such as

marking number and tense in phrase).
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4. Phonological encoding (assigning the required sounds to the words).
5. Articulation (programming and executing the required motor muscle movements).

These processes have not been systematically studied under nTMS or intraoperative
DES. However, the disruption of each level is reflected in various error types. Figure 1
summarizes the processing levels and the most common error types documented under
nTMS [6,34–37].

 
 

 

 
 

Figure 1. Underlying processing levels of sentence production on the left, leading to error types on the right, with examples
for object naming and action naming.

No response errors and hesitations on the whole suggest an entire breakdown of
speech and language production processes. While being the strongest effect of nTMS, it
is not possible to pinpoint at which level of production the effect takes place, but it is
likely that the conceptual level has already been affected. The error types with an intact
lead-in phrase, but a missing target (anomia), delayed target (hesitation on target), and
a semantically related, but incorrect target (semantic paraphasia), denote a disruption to
lexico-semantic word retrieval or even concept retrieval; speech and automated produc-
tion of the lead-in phrase may stay intact. Disrupted grammatical encoding may result
in incorrect inflection (grammatical error). Disruption in phonological encoding and ar-
ticulation may result in a target word that is still recognizable, but may omit or switch
sounds (phonological paraphasia), or speech may be slurred or stuttered (performance
errors) [29,38,39].

Object and action naming processes share these stages, but due to the more abstract
nature of the concept and the more complex semantic structure of verbs as the head of the
sentence, action naming in sentence context requires more complex conceptual and lexico-
semantic processing (Figure 1: Steps 1 and 2). Moreover, due to grammatical processes,
such as inflecting a verb for person, number, and tense, and integrating it into the sentence,
grammatical encoding (Figure 1: Step 3) is cognitively more demanding for verbs than for
nouns [40–42].

Based on these psycholinguistic assumptions, action naming in sentence context may
ultimately be more difficult to execute and, hence, easier to disrupt by nTMS than object
naming and, therefore, a more sensitive tool for language mapping. Although two previous
experiments have looked into verb production under nTMS, both employed a simple action
naming paradigm with single word answers, neither triggering grammatical processes nor
differentiating between different errors [43,44].
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The present study aims to evaluate the potential of object naming and action naming
in sentence context by using both tasks with standardized stimuli and error type analysis in
20 healthy volunteers. To reveal differences in sensitivity of the tasks and in breakdown of
noun and verb production, error rates and types as well as their neuroanatomical locations
are compared in both hemispheres in all regions accessible by nTMS. Hesitations, while
comprising a significant fraction of the error count with about 10–30% of errors in the
literature and being the only elicitable error type in some cases [35–37], are still considered
the most questionable category due to their subjective character. Current set-ups do not
allow for objective classification of said errors, when evaluation is not tied to standardized
measurements of voice latency through third-party data processing [37,45,46]. Therefore,
in the paper at hand, these errors will be treated with caution and excluded for parts of the
analysis to further investigate their role in mapping language. The questions we aim to
answer are:

(1) Does the overall higher complexity of the verb task lead to a quantitative difference
in error rates between object naming and action naming under stimulation?

(2) Is there a qualitative difference between the tasks as seen in error categories?
(3) Which anatomical regions are most prone to error elicitation under each of the tasks

in the two hemispheres?
(4) How does excluding hesitation errors affect the error rates and maps?

2. Materials and Methods

2.1. Participants

Twenty healthy volunteers were tested. Inclusion criteria were German as a native
language, and age of at least 18 years. Participants were excluded in case of contraindica-
tions for magnetic resonance imaging (MRI) at 3 Tesla or nTMS mapping (e.g., due to deep
brain stimulation devices), presence of neurological, or psychiatric diseases, or pregnancy.
Left-handedness was not an exclusion criterion, but was calculated through the Edinburgh
Handedness Inventory (EHI) and noted [47]. Written informed consent was acquired from
all participants, before testing commenced.

2.2. Magnetic Resonance Imaging

Anatomical MRI without intravenous contrast agent administration was acquired
in a 3-Tesla MRI scanner (Achieva dStream; Philips Healthcare, Best, Amsterdam, The
Netherlands). A three-dimensional (3D) T1-weighted gradient echo sequence (repetition
time/echo time: 9/4 ms, 1 mm3 isoVoxel covering the whole head with a flip angle of
8◦) was acquired in all subjects. The images were used to construct 3D models of the
individual’s brain in the neuro-navigational system to guide placement of the coil during
nTMS mapping.

2.3. Picture Naming Tasks

Previously standardized tasks from the German version of the Verb And Noun Peri-
OPerative test (VAN-POP [48]) entailing object and action naming in sentence context,
were used for nTMS language mapping. The tasks consist of black-and-white drawings of
75 objects and 75 actions (Figure 2a,b). Lead-in phrases above the drawing prompt nouns
and verbs in sentence context.
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(a) 

(b) 

Figure 2. Example of object naming stimulus (a) and action naming stimulus (b). (a): Das ist . . .
eine Schaukel, ‘This is. . . a swing’, (noun + article in German inflected for number, gender and case);
(b): Der Mann. . . schläft, ‘The man... sleeps’, (verb in German inflected for person, number, tense).

All items showed naming agreement of at least 80% in previous phases of standardiza-
tion by participants of various age groups and backgrounds under presentation parameters
of nTMS [48]. Moreover, all items are balanced for linguistic factors known to influence
naming, such as word frequency (see [48] for a full list).

2.4. Language Mappings

2.4.1. Setup

Before mapping started, the individual T1-weighted sequences were uploaded to
the Nexstim eXimia NBS system version 4.3, (Nexstim Plc. Helsinki, Finland). Forty-six
stimulation targets (placed in reference to the cortical parcellation system (CPS) [49]) were
assigned to the 3D head models of each individual. They covered all cortical areas with
the exception of the occipital lobe, frontal and temporal poles, and the inferior temporal
regions due to inability to reach or high discomfort under stimulation. Figure 3 and Table 1
name all targeted areas. Using these predefined targets ensured the same cortical spot to
be targeted in each task.
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Figure 3. Template of the left hemisphere with 46 stimulation targets covering 21 cortical parcellation system (CPS) regions.
The regions in the right hemisphere were mirror-inverted. Occipital areas, frontal and temporal poles, and inferior temporal
regions were excluded due to inability of reach or high discomfort in combination with stimulation. See Table 1 for
anatomical names corresponding to the abbreviations.

Table 1. Anatomical names and corresponding abbreviations of the 21 cortical parcellation system
(CPS) regions as adapted from [49].

Abbreviation Anatomy

anG Angular gyrus
aSMG Anterior supramarginal gyrus
aSTG Anterior superior temporal gyrus
dPoG Dorsal postcentral gyrus
dPrG Dorsal precentral gyrus

mMFG Middle middle frontal gyrus
mMTG Middle middle temporal gyrus
mPoG Middle postcentral gyrus
mPrG Middle precentral gyrus
mSFG Middle superior frontal gyrus
mSTG Middle superior temporal gyrus
opIFG Opercular inferior frontal gyrus
pMFG Posterior middle frontal gyrus
pMTG Posterior middle temporal gyrus
pSFG Posterior superior frontal gyrus
pSMG Posterior supramarginal gyrus
pSTG Posterior superior temporal gyrus
SPL Superior parietal lobe

trIFG Triangular inferior frontal gyrus
vPoG Ventral postcentral gyrus
vPrG Ventral precentral gyrus

For nTMS, a focal figure-of-eight coil with upward handle position and automatic
overheating protection was employed. It produced biphasic pulses (length: 230 µs) with
a maximal electric field strength of 172 V/m ± 2% (at 25 mm depth beneath the coil in
a spherical conductor model representing the head). The setup provided visualization
of cortical areas to be targeted in relation to the coil’s focal point as well as the e-field’s
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orientation to the gyrus [50]. All pulse applications were tracked, controlled, and saved.
Inaccurate pulse applications not on target were not saved by the software.

As a first step, the resting motor threshold (rMT) of each individual was established:
surface electrodes for electromyography (EMG) were placed over the abductor pollicis
brevis and abductor digiti minimi muscles. Single-pulse stimulation was applied over
the anatomical hand knob to identify the most excitable spot with the electrical field
perpendicular to the central sulcus. Using the built-in threshold-hunting algorithm, the
lowest possible threshold to elicit at least five out of ten positive motor responses was
defined as the rMT. For a more detailed description, see [18] as the most common approach
used in the field as well as in the present set-up. Moreover, a rMT of 110% was employed
as intensity for nTMS language mapping [18]. The rMT was defined separately for each
hemisphere (for means see Table 2).

2.4.2. Baseline Naming

To determine the ideal set of picture stimuli per participant, baseline naming was
performed. Participants sat about 60 cm from of a screen on which the pictures were
presented with a picture presentation time (PPT) of 1000 ms and an inter-picture interval
(IPI) of 3000 ms. The tasks appeared in blocks per task; the item order per task was
randomized.

Two rounds of baseline naming were administered, in which participants had to name
the entire set of 150 pictures without stimulation. The instruction was to name pictures
using the entire sentence as quickly and precisely as possible. Those picture stimuli that
were not named fluently and consistently with the same label within the given time window
in two rounds of baseline testing were excluded from naming under stimulation. The
number of incorrectly named stimuli was documented. The procedure was audio- and
video-recorded for post-hoc analysis.

2.4.3. Mapping Procedure

The individualized set of stimuli resulting from the baseline naming was used per
participant. Object and action naming tasks were administered in separate blocks. The task
order and stimulation of hemispheres was balanced across participants, so that each task
and hemisphere was targeted first in half of the participants and the respective other task
and hemisphere in the other half of the participants. This was done to exclude fatigue as an
influence of error rate. The same was done for stimuli order within each task: the stimuli
order within each task was randomized. The individual and randomized list was used per
participant and restarted, once it had reached its end during administration of each block
to cover all areas.

The IPI and PPT were the same as during baseline testing. The onset of stimulation
was synchronized with the onset of picture presentation; hence, the picture-to-trigger
interval (PTI) was 0 ms. Stimulation consisted of 10 rTMS trains delivered at 5 Hz/5 pulses
at 110% of the intensity established during motor threshold hunting.

During language mapping, the coil was placed over each of the 46 predefined stim-
ulation target distributed over the majority of the cortical surface, while the participant
named the items. Each target point was stimulated three times per round. There were
two rounds per hemisphere and task, while alternating between left hemisphere (LH) and
right hemisphere (RH). This means, that the overall mapping resulted in six data points
per stimulation target.

The sequence of left- and right-hemispheric stimulation was randomized. The partici-
pants were instructed to report any pain and discomfort that may occur during stimulation
to stop the mapping in case the procedure was intolerable.

2.4.4. Mapping Analysis

Through post-hoc analysis of the recorded and segmented videos, baseline-naming
performances were compared to performance under stimulation in a side-by-side compari-
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son. The stimulation videos were screened for any of the following speech and language
errors compared to the baseline counterpart. The investigator carrying out the analysis was
blinded to where stimulation had taken place. Errors due to pain, discomfort, or visible
stimulation of peripheral facial nerves were excluded from the analysis.

Categories:
Conceptual (non-linguistic) errors:

1. No response: no intelligible answer or no speech output at all.
2. Hesitation (on whole sentence): noticeably delayed onset of correct answer compared

to baseline recording or overall much slower sentence production.

Lexico-semantic errors:

3. Semantic paraphasia: intact lead-in phrase; incorrect, but often related target word,
correctly pronounced.

4. Anomia: intact lead-in phrase, but target missing or uttered only after stimulation
ended.

5. Hesitation on target: lead-in phrase intact and on time, but target word delayed
compared to baseline.

Grammatical errors:

6. Grammatical error: for example, a missing or wrong inflection for verb or noun
and article.

Phonological-articulatory errors:

7. Phonological paraphasia: target word recognizable, but missing or substituting
speech sounds.

8. Performance errors: target word recognizable, but speech slurred or stuttered.

2.5. Statistical Analysis

All calculations were performed using R software (R Studio version 3.5.2; The R
Foundation for Statistical Computing, Vienna, Austria). A p-value of <0.05 was considered
statistically significant for all comparisons and correlations.

Baseline error rates were calculated by dividing the number of errors of the baseline
by the number of items to name. To address research question 1, 3, and 4, error rates for
object and action naming were calculated for the respective areas.

The error rate was defined as the number of errors divided by the total number of
stimulations in a particular area. Two different overall error rates were calculated, one
including all errors (categories 1–8), one without hesitation errors (excluding category 2 and
5). This was performed for errors per task, hemisphere, and CPS region in each hemisphere.
Shapiro–Wilk normality tests suggested non-normal distribution of error rates. Hence,
Mann–Whitney–Wilcoxon tests were conducted to assess differences in error rates between
object and action naming in each of the regions. Moreover, Mann–Whitney–Wilcoxon tests
were applied to compare error rates, when excluding or including hesitations, in the overall
error rates.

To examine error categories regarding research question 2, error rates were calculated
per category (non-linguistic speech errors, lexico-semantic errors, grammatical errors,
phonological-articulatory errors) and, following the Shapiro–Wilk test, were compared
between tasks per hemisphere using Mann–Whitney–Wilcoxon tests, and reported the
included effect sizes. Moreover, error ratios per category were established as the errors per
category divided by the overall number of errors (see Table 3 for example calculations).

Multivariate regression models were performed to evaluate the influence of baseline
errors, rMT, handedness, and age on all errors, and on errors without hesitation in both
hemispheres. Spearman’s correlations were employed to reveal a relation between errors
in the baseline and errors under stimulation for the individual tasks. Additionally, Mann–
Whitney–Wilcoxon tests were used to compare error rates in the first and second round of
mapping to evaluate the effect of fatigue as a potential confounding factor.

112



Brain Sci. 2021, 11, 1190

3. Results

3.1. Group Characteristics and Confounding Factors

Characteristics of the participants are summarized in Table 2. No participant had to be
excluded due to pain or intolerance to nTMS or MRI acquisition; moreover, the mapping
did not have to terminate early due to any such disturbance. All participants tolerated the
stimulation well and reported no interference of the stimulation with the overall execution
of the tasks.

Table 2. Demographics and error rates per round and hemisphere.

Number of Participants 20

Age (years in mean ± standard deviation
(SD); range)

24.75 ± 6.980; 20–53

Gender (%) Male/Female 40%/60%
Resting Motor Threshold (mean ± SD) LH 35.15 ± 6.029

RH 33.95 ± 6.074
Handedness by EHI (mean ± SD) Right-handed (85%) 79.70 ± 10.82

Left-handed (5%) −100 ± 0
Ambidextrous (10%) 32 ± 17.68

Error rate LH 0.066 ± 0.039
RH 0.073 ± 0.046

Error rate first round (mean ± SD) LH 0.064 ± 0.043
RH 0.076 ± 0.043

Error rate second round (mean ± SD) LH 0.070 ± 0.046
RH 0.070 ± 0.050

Baseline error rates for object naming amounted to 3.65 ± 2.11 and for action naming to
11.1 ± 4.424, meaning that during object naming under stimulation, 71.35 ± 2.11 remaining
stimuli were used, and 63.9 ± 4.424 during action naming.

Multivariate regression models revealed that neither baseline errors (LH: t = 0.505,
p = 0.621; RH: t = 0.522, p = 0.609), rMT (LH: t = 0.422, p = 0.679; RH: t = −0.040, p = 0.968),
handedness (LH: t = 0.815, p = 0.428; RH: t = −0.231, p = 0.820), nor age (LH: t = −0.601,
p = 0.557; RH: t = −0.950, p = 0.357) were significant predictors of the error rates in either of
the hemispheres. The Mann–Whitney–Wilcoxon tests did not reveal a significant difference
between the error rates of the first and second round of mapping (LH: p = 0.349, RH:
p = 0.422; Table 2), nor a difference between error rates in the left and right hemisphere
(p = 0.227).

3.2. Task Comparison of All Errors

Action naming demonstrated a significantly higher error rate than object naming
in both hemispheres (LH: action naming mean error rate = 0.078, object naming mean
error rate = 0.054 (p = 0.015, r = −0.555; RH: action naming mean error rate = 0.088,
object naming mean error rate = 0.06 (p = 0.040, r = −0.463))). Significantly more pictures
had to be excluded in the baseline naming of action naming (mean error rate = 0.124)
compared to object naming (mean error rate = 0.045) (p < 0.001, r = 0.877), but no correlation
between these error rates and the respective error rates under stimulation was found
(LH: rho = 0.185, p = 0.435 for object naming; rho = 0.130, p = 0.585 for action naming; RH:
rho = 0.052, p = 0.830 for object naming; rho = 0.339, p = 0.143 for action naming) for either
of the tasks.

3.3. Comparison of Error Categories

3.3.1. Left Hemisphere

The most frequently induced errors in object naming occurred in the phonological-
articulatory category (40%), with highest error occurrences in the mMTG, mSTG, pSMG,
and vPrG, followed by lexico-semantic errors (39%) mainly in the anG, pSMG, pMFG,
and mPrG. Fewer non-linguistic speech errors (19%) were found mainly in the aSMG and
mMTG and with the lowest frequency, grammatical errors (2%) were found in the mMTG,
mPrG, and SPL (Table 3).
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Table 3. Error category rates ± standard deviation and ratios in the left hemisphere per cortical parcellation system (CPS) region. For instance, out of all 31 errors that occurred in the anG
during object naming, four were of non-linguistic nature, resulting in a non-linguistic ratio of 12.9%, while the error category rate of 0.008 is based on those four errors out of the entire
480 trials in this region.

LH Object Naming Action Naming

CPS
Region

Non-
Linguistic

Lexico-
Semantic

Grammatical
Phonological-
Articulatory

Non-
Linguistic

Lexico-
Semantic

Grammatical
Phonological-
Articulatory

Rate Ratio Rate Ratio Rate Ratio Rate Ratio Rate Ratio Rate Ratio Rate Ratio Rate Ratio

AnG
0.008 ±
0.022

4/31
12.9%

0.038 ±
0.079

18/31
58%

0.000
0/31
0%

0.019
± 0.032

9/31
29%

0.010
± 0.027

5/33
15.1%

0.033
± 0.046

16/33
48.5%

0.000
0/33
0%

0.021
± 0.029

10/33
30.3%

ASMG
0.029 ±
0.062

7/14
50%

0.012
± 0.031

3/14
21.4%

0.000
0/14
0%

0.017
± 0.034

4/14
28.6%

0.010
± 0.027

1/6
6.3%

0.033
± 0.046

9/16
56.3%

0.000
0/16
0%

0.021 ±
0.029

6/16
37.5%

ASTG 0.000
0/4
0%

0.025
± 0.082

3/4
75%

0.000
0/4
0%

0.008
± 0.037

1/4
25%

0.025
± 0.061

3/8
37.5%

0.008
± 0.037

1/8
12.5%

0.000
0/8
0%

0.033
± 0.087

4/8
50%

DPoG 0.000
0/3
0%

0.033
± 0.103

3/3
100%

0.000
0/3
0%

0.000
0/3
0%

0.017
± 0.051

2/9
22.2%

0.042
± 0.074

5/9
55.6%

0.000
0/9
0%

0.008
± 0.037

1/9
11.1%

DPrG 0.000
0/5
0%

0.025
± 0.061

3/5
60%

0.000
0/5
0%

0.017
± 0.051

2/5
40%

0.000
0/10
0%

0.067
± 0.126

8/10
80%

0.000
0/10
0%

0.017
± 0.051

2/10
20%

MMFG
0.015 ±
0.029

11/43
25.6%

0.025
± 0.030

18/43
41.9%

0.000
0/43
0%

0.019
± 0.033

14/43
32.6%

0.011
± 0.017

8/61
13.1%

0.035
± 0.034

25/61
41%

0.003 ±
0.009

2/61
3.3%

0.031
± 0.034

22/61
36.1%

MMTG
0.029 ±
0.082

7/19
36.8%

0.012
± 0.031

2/19
10.5%

0.004
± 0.019

1/19
5.8%

0.038
± 0.069

9/19
47.4%

0.021
± 0.046

5/20
25%

0.038
± 0.083

9/20
45%

0.000
0/20
0%

0.025
± 0.055

6/20
30%

MPoG
0.008 ±
0.026

2/9
22.2%

0.021
± 0.076

5/9
55.6%

0.000
0/9
0%

0.008
± 0.026

2/9
22.2%

0.017
± 0.044

4/23
17.3%

0.050
± 0.091

12/23
52.2%

0.004 ±
0.019

1/23
4.3%

0.025
± 0.077

6/23
26%

MPrG
0.008 ±
0.037

2/17
11.8%

0.029
± 0.061

8/17
47%

0.004
± 0.019

1/17
5.8%

0.025
± 0.039

6/17
35.3%

0.004
± 0.019

1/19
5.3%

0.046
± 0.092

11/19
57.9%

0.000
0/19
0%

0.025
± 0.039

6/19
31.6%

MSFG
0.008 ±
0.027

3/14
21.4%

0.017
± 0.041

6/14
42.9%

0.000
0/14
0%

0.014
± 0.031

5/14
35.1%

0.017
± 0.045

6/24
25%

0.019
± 0.033

7/24
0.292

0.003 ±
0.012

1/24
4.2%

0.022
± 0.038

8/24
33.3%

MSTG
0.004 ±
0.019

1/15
6.7%

0.021
± 0.037

5/15
33.3%

0.000
0/15
0%

0.038
± 0.069

9/15
60%

0.029
± 0.073

7/26
26.9%

0.029
± 0.056

7/26
26.9%

0.000
0/26
0%

0.038
± 0.050

9/26
34.6%

OpIFG
0.017 ±
0.032

6/18
33.4%

0.008
± 0.020

3/18
16.7%

0.003
± 0.012

1/18
5.6%

0.022
± 0.033

8/18
44.4%

0.017
± 0.051

6/18
33.3%

0.017
± 0.032

6/18
33.3%

0.000
0/18
0%

0.008
± 0.020

3/18
16.7%

PMFG
0.004 ±
0.019

1/10
10%

0.033
± 0.078

8/10
80%

0.000
0/10
0%

0.004
± 0.019

1/10
10%

0.004
± 0.019

1/20
5%

0.038
± 0.083

9/20
45%

0.004 ±
0.019

1/20
5%

0.038
± 0.050

9/20
45%

PMTG
0.008 ±
0.020

3/23
13%

0.025
± 0.052

9/23
39.1%

0.003
± 0.012

1/23
4.3%

0.028
± 0.049

10/23
43.5%

0.011
± 0.023

4/23
17.3%

0.031
± 0.046

11/23
47.8%

0.000
0/23
0%

0.022
± 0.042

8/23
34.8%
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Table 3. Cont.

LH Object Naming Action Naming

CPS
Region

Non-
Linguistic

Lexico-
Semantic

Grammatical
Phonological-
Articulatory

Non-
Linguistic

Lexico-
Semantic

Grammatical
Phonological-
Articulatory

Rate Ratio Rate Ratio Rate Ratio Rate Ratio Rate Ratio Rate Ratio Rate Ratio Rate Ratio

PSFG 0.000
0/1
0%

0.000
0/1
0%

0.000
0/1
0%

0.008
± 0.037

1/1
100%

0.008
± 0.037

1/5
20%

0.017
± 0.051

2/5
40%

0.008 ±
0.037

1/5
20%

0.008
± 0.037

1/5
20%

PSMG
0.004 ±
0.019

1/18
5%

0.038
± 0.095

9/18
50%

0.000
0/18
0%

0.038
± 0.050

8/18
44.4%

0.029
± 0.068

7/22
31.8%

0.042
± 0.074

10/22
45.5%

0.000
0/22
0%

0.021
± 0.037

5/22
22.7%

PSTG
0.008 ±
0.037

1/6
16.7%

0.008
± 0.037

1/6
16.7%

0.000
0/6
0%

0.033
± 0.087

4/6
66.7%

0.008
± 0.037

1/11
9%

0.067
± 0.100

8/11
72.7%

0.000
0/11
0%

0.008
± 0.037

1/11
9.1%

SPL
0.008 ±
0.026

2/10
20%

0.012
± 0.041

3/10
23.1%

0.004
± 0.019

1/10
10%

0.017
± 0.034

4/10
40%

0.004
± 0.019

1/13
7.7%

0.029
± 0.049

7/13
53.8%

0.000
0/13
0%

0.017
± 0.034

4/13
30.8%

TrIFG
0.017 ±
0.034

4/13
28.6%

0.017
± 0.051

3/13
28.6%

0.000
0/13
0%

0.025
± 0.039

6/13
46.2%

0.004
± 0.019

1/11
9%

0.029
± 0.049

7/11
63.6%

0.000
0/11
0%

0.008
± 0.026

2/11
18.2%

VPoG
0.004 ±
0.019

1/10
10%

0.012
± 0.031

3/10
30%

0.000
0/10
0%

0.025
± 0.061

6/10
60%

0.017
± 0.044

4/25
16%

0.046
± 0.063

11/25
44%

0.000
0/25
0%

0.033
± 0.078

8/25
32%

VPrG
0.008 ±
0.026

2/17
19.2%

0.012
± 0.041

4/17
23.5%

0.000
0/17
0%

0.046
± 0.083

10/17
58.8%

0.021
± 0.046

5/32
15.6%

0.029
± 0.095

7/32
21.9%

0.004 ±
0.019

1/32
3.1%

0.071
± 0.095

17/32
53.1%
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In action naming, a similar pattern of error category frequencies appeared with lexico-
semantic errors being most frequent (46%) and found mainly in the dPrG and pSTG, fol-
lowed by phonological-articulatory errors (34%) being elicited for the vPrG, pMFG, mSTG,
and aSTG. Again, fewer non-linguistic speech errors (18%) were found and appeared
mostly in the aSTG, mSTG and pSMG, and grammatical errors with the lowest frequency
(2%), found in the pSFG, mPoG and vPrG. After applying Mann–Whitney–Wilcoxon tests,
action naming overall elicited significantly more errors at the lexico-semantic level than
object naming (p = 0.013, r = −0.560; Table 4). Due to the small numbers of errors per CPS
region, no meaningful comparison in error categories per region was achieved.

Table 4. Comparisons of error category rates ± standard deviation in left hemisphere (LH) and right hemisphere (RH).
Statistical significance is marked in bold and with an asterisk (*).

Category
Object

Naming LH
Action

Naming LH
p-Value

Object
Naming RH

Action
Naming RH

p-Value

Non-
linguistic

errors
0.006 ± 0.006 0.007 ± 0.011 0.925 0.005 ± 0.008 0.009 ± 0.013 0.083

No response 0.001 ± 0.004 0.001 ± 0.002 0.999 0.001 ± 0.003 0.003 ± 0.004
0.047 *,

r = −0.48
Hesitation

whole
0.010 ± 0.012 0.012 ± 0.021 0.900 0.009 ± 0.013 0.015 ± 0.023 0.191

Lexico-
semantic

errors
0.007 ± 0.009 0.011 ± 0.010

0.013 *,
r = −0.560

0.008 ± 0.012 0.013 ± 0.009
0.022 *,

r = −0.518

Hesitation
target

0.016 ± 0.025 0.025 ± 0.026
0.008 *,

r = −0.615
0.020 ± 0.032 0.030 ± 0.023

0.027 *,
r = −0.51

Anomia 0.002 ± 0.004 0.004 ± 0.006 0.360 0.002 ± 0.004 0.005 ± 0.008
0.031 *

r = −0.462
Semantic

paraphasia
0.003 ± 0.006 0.005 ± 0.007 0.214 0.003 ± 0.004 0.005 ± 0.009 0.436

Grammatical 0.001 ± 0.002 0.001 ± 0.002 0.482 0.001 ± 0.002 0.001 ± 0.002 0.233
Phonological-
Articulatory

errors
0.022 ± 0.023 0.025 ± 0.024 0.276 0.023 ± 0.031 0.025 ± 0.024 0.296

3.3.2. Right Hemisphere

In the RH, for object naming, the most frequent errors were in the lexico-semantic
category (41%) mostly in the vPrG, vPoG, and aSMG, followed by phonological-articulatory
errors (39%) in the aSTG, mMTG, and mSFG. Fewer errors were elicited in the non-linguistic
speech category (18%) in the pSTG, TrIFG, and mMFG and hardly any incidences in the
grammatical category (2%) in the mMTG, mPoG, and pMFG (Table 5).
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Table 5. Error category rates ± standard deviation and ratios in the right hemisphere per cortical parcellation system (CPS) region. For instance, out of all 26 errors that occurred in the anG
during object naming, six were of non-linguistic nature, resulting in a non-linguistic ratio of 23.1%, while the error category rate of 0.012 is based on those six errors out of the entire
480 trials in this region.

RH Object Naming Action Naming

CPS
Region

Non-
Linguistic

Lexico-
Semantic

Grammatical
Phonological-
Articulatory

Non-
Linguistic

Lexico-
Semantic

Grammatical
Phonological-
Articulatory

Rate Ratio Rate Ratio Rate Ratio Rate Ratio Rate Ratio Rate Ratio Rate Ratio Rate Ratio

AnG
0.012 ±
0.027

6/26
23.1%

0.021 ±
0.032

10/26
38.5%

0.002 ±
0.009

1/26
3.8%

0.019 ±
0.025

9/26
34.6%

0.015 ±
0.034

7/39
17.9%

0.048 ±
0.045

23/29
59%

0.000
0/39
0%

0.015 ±
0.024

7/39
17.9%

ASMG
0.004 ±
0.019

1/16
6.3%

0.042 ±
0.079

10/16
62.5%

0.000
0/16
0%

0.021 ±
0.060

5/16
31.3%

0.012 ±
0.041

3/17
17.6%

0.029 ±
0.049

7/17
41.2%

0.000
0/17
0%

0.029 ±
0.049

7/17
41.2%

ASTG
0.008 ±
0.037

1/8
12.5%

0.008 ±
0.037

1/8
12.5%

0.000
0/8
0%

0.050 ±
0.188

6/8
75%

0.092 ±
0.166

11/19
57.9%

0.033 ±
0.068

4/19
21.1%

0.000
0/19
0%

0.033 ±
0.087

4/19
21.1%

DPoG 0.000
0/5
0%

0.025 ±
0.082

3/5
60%

0.000
0/5
0%

0.017 ±
0.051

2/5
40%

0.017 ±
0.051

2/8
25%

0.025 ±
0.061

3/8
37.5%

0.000
0/8
0%

0.017 ±
0.051

2/8
25%

DPrG 0.000
0/4
0%

0.008 ±
0.037

1/4
25%

0.000
0/4
0%

0.025 ±
0.061

3/4
75%

0.008 ±
0.037

1/13
7.7%

0.067 ±
0.100

8/13
61.5%

0.000
0/13
0%

0.017 ±
0.051

2/13
15.4%

MMFG
0.021 ±
0.043

15/55
27.3%

0.028 ±
0.052

20/55
36.4%

0.000
0/55
0%

0.028 ±
0.042

20/55
36.4%

0.010 ±
0.021

7/53
13.2%

0.032 ±
0.034

23/52
43.3%

0.001 ±
0.006

1/53
1.8%

0.022 ±
0.032

16/53
30.2%

MMTG
0.008 ±
0.037

2/21
9.5%

0.029 ±
0.062

7/21
33.3%

0.008 ±
0.037

2/21
9.5%

0.042 ±
0.099

10/21
47.6%

0.033 ±
0.068

8/29
27.6%

0.054 ±
0.078

13/29
44.8%

0.000
0/29
0%

0.029 ±
0.068

7/29
24.1%

MPoG
0.004 ±
0.019

1/10
10%

0.021 ±
0.060

5/10
50%

0.004 ±
0.019

1/10
10%

0.012 ±
0.056

3/10
30%

0.025 ±
0.048

6/24
25%

0.050 ±
0.068

12/24
50%

0.000
0/24
0%

0.025 ±
0.048

6/24
25.0%

MPrG
0.004 ±
0.019

1/12
8.3%

0.029 ±
0.049

7/12
58.3%

0.000
0/12
0%

0.017 ±
0.058

4/12
33.3%

0.029 ±
0.062

7/28
25%

0.062 ±
0.097

15/28
53.6%

0.004 ±
0.019

1/28
3.6%

0.021 ±
0.046

5/28
17.9%

MSFG
0.008 ±
0.027

3/26
11.5%

0.028 ±
0.069

10/26
38.5%

0.000
0/26
0%

0.036 ±
0.045

13/26
50%

0.011 ±
0.023

4/19
21.1%

0.028 ±
0.038

10/19
52.6%

0.000
0/19
0%

0.014 ±
0.031

5/19
26.3%

MSTG
0.008 ±
0.026

2/12
16.7%

0.017 ±
0.051

4/12
33.3%

0.000
0/12
0%

0.025 ±
0.067

6/12
50%

0.012 ±
0.041

3/25
12%

0.054 ±
0.078

13/25
52%

0.000
0/25
0%

0.033 ±
0.057

8/25
32%

OpIFG
0.014 ±
0.035

5/17
29.4%

0.011 ±
0.023

4/17
23.5%

0.003 ±
0.012

1/17
5.9%

0.019 ±
0.033

7/17
41.2%

0.025 ±
0.087

9/41
22%

0.036 ±
0.037

13/41
31.7%

0.003 ±
0.012

0/41
2.4%

0.050 ±
0.065

18/41
43.9%

PMFG
0.008 ±
0.026

2/12
16.7%

0.021 ±
0.046

5/12
41.7%

0.004 ±
0.019

1/12
8.3%

0.017 ±
0.044

4/12
33.3%

0.004 ±
0.019

1/15
6.7%

0.029 ±
0.049

7/15
46.7%

0.000
0/15
0%

0.025 ±
0.039

6/15
40%

PMTG
0.003 ±
0.012

1/13
7.7%

0.019 ±
0.045

7/13
53.8%

0.000
0/13
0%

0.014 ±
0.031

5/13
38.5%

0.014 ±
0.031

5/20
25%

0.019 ±
0.033

7/20
35%

0.000
0/20
0%

0.019 ±
0.033

7/20
35%
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Table 5. Cont.

RH Object Naming Action Naming

CPS
Region

Non-
Linguistic

Lexico-
Semantic

Grammatical
Phonological-
Articulatory

Non-
Linguistic

Lexico-
Semantic

Grammatical
Phonological-
Articulatory

Rate Ratio Rate Ratio Rate Ratio Rate Ratio Rate Ratio Rate Ratio Rate Ratio Rate Ratio

PSFG
0.025 ±
0.061

3/4
75%

0.008 ±
0.037

1/4
25%

0.000
0/4
0%

0.000
0/4
0%

0.008 ±
0.037

1/6
16.7%

0.017 ±
0.051

2/6
33.3%

0.000
0/6
0%

0.017 ±
0.051

2/6
33.3%

PSMG
0.008 ±
0.037

2/16
12.5%

0.033 ±
0.099

8/16
50%

0.004 ±
0.019

1/16
6.3%

0.021 ±
0.046

5/16
31.3%

0.017 ±
0.044

4/19
21.1%

0.033 ±
0.057

8/19
42.1%

0.000
0/19
0%

0.025 ±
0.048

6/19
31.6%

PSTG
0.017 ±
0.051

2/7
28.6%

0.008 ±
0.037

1/7
14.3%

0.000
0/7
0%

0.033 ±
0.068

4/7
57.1%

0.017 ±
0.051

2/14
14.3%

0.042 ±
0.074

5/14
35.7%

0.008 ±
0.037

1/14
7.1%

0.042 ±
0.119

5/14
35.7%

SPL
0.004 ±
0.019

1/12
8.3%

0.021 ±
0.037

5/12
41.7%

0.000
0/12
0%

0.025 ±
0.048

6/12
50%

0.012 ±
0.041

3/13
23.1%

0.021 ±
0.053

5/13
38.5%

0.000
0/13
0%

0.021 ±
0.037

5/13
38.5%

TrIFG
0.025 ±
0.067

6/19
31.6%

0.029 ±
0.062

7/19
36.8%

0.000
0/19
0%

0.025 ±
0.048

6/19
31.6%

0.025 ±
0.077

6/28
21.4%

0.058 ±
0.090

14/28
50%

0.000
0/28
0%

0.029 ±
0.056

7/28
25%

VPoG
0.008 ±
0.026

2/18
11.1%

0.042 ±
0.092

10/18
55.6%

0.000
0/18
0%

0.025 ±
0.048

6/18
33.3%

0.025 ±
0.077

6/30
20%

0.075 ±
0.085

18/30
60%

0.000
0/30
0%

0.025 ±
0.048

6/30
20%

VPrG
0.008 ±
0.026

2/18
11.1%

0.046 ±
0.063

11/18
61.1%

0.000
0/18
0%

0.021 ±
0.037

5/18
27.8%

0.017 ±
0.034

4/24
16.7%

0.033 ±
0.057

10/24
41.7%

0.000
0/24
0%

0.038 ±
0.048

9/24
37.5%
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Action naming also displayed most errors in the lexico-semantic category, mainly
in the vPoG, dPrG, mPrG, and trIFG (47%), and as the second most frequent, errors
in the phonological-articulatory category (30%), mainly in the opIFG, pSTG, and vPrG.
Fewer errors were found in the non-linguistic speech category (22%), mostly in the aSTG,
mMTG, and mPrG, and errors in the grammatical category (1%) in the pSTG, mPrG, and
opIFG. Again, action naming elicited more errors in the lexico-semantic category in the RH
(p = 0.022, r = −0.518) (see Table 4).

3.4. Area-Wise Comparison of Tasks for All Errors

Action naming had a significantly higher error rate than object naming in both hemi-
spheres. Table 6 shows the error rates according to the hemisphere and CPS region. In
the LH, none of the CPS regions showed a significant difference between error rates for
object and action naming, but a trend for a higher error rate for action naming was found
in the mSTG (p = 0.065) and in the vPoG (p = 0.051). In the RH, action naming elicited
significantly more errors in the aSTG (p = 0.036, r = −0.455), dPrG (p = 0.026, r = −0.547),
mPoG (p = 0.020, r = −0.617), mPrG (p = 0.012, r = −0.557), mSTG (p = 0.034, r = −0.410)
and a trend in the opIFG (p = 0.050). Figure 4 depicts the cortical distribution of error rates
per CPS for object naming (a) and action naming (b) in heat maps for both hemispheres.

 

−
−

− −
−

Figure 4. Error rates in percentage according to Table 6 comprised of all errors per cortical parcellation system (CPS) regions
in the left hemisphere and right hemisphere during object naming (upper row) and action naming (lower row).
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Table 6. Error rates ± standard deviation per region during object naming (ON) and action naming (AN) in the left hemisphere (LH) and right hemisphere (RH) and their differences. For
instance, 31 errors in the anG out of 480 trials (20 participants per four stimulation targets per six stimulations) resulted in an error rate of 0.065 ± 0.087. Statistical significance is marked in
bold and with an asterisk (*).

Region
Error Rate Object

Naming in LH
Error Rate Action

Naming in LH
p-Value

Error Rate Object
Naming in RH

Error Rate Action
Naming in RH

p-Value

overall 0.054 ± 0.043 0.078 ± 0.045
0.015 *

r = −0.555
0.060 ± 0.057 0.088 ± 0.052

0.040 *,
r = −0.463

AnG 0.065 ± 0.087 0.069 ± 0.045 0.604 0.054 ± 0.045 0.081 ± 0.064 0.144
ASMG 0.058 ± 0.072 0.067 ± 0.075 0.813 0.067 ± 0.096 0.071 ± 0.078 0.745

ASTG 0.033 ± 0.103 0.067 ± 0.113 0.518 0.067 ± 0.190 0.158 ± 0.206
0.036 *,

r = −0.455
DPoG 0.025 ± 0.082 0.075 ± 0.127 0.152 0.042 ± 0.092 0.067 ± 0.100 0.437

DPrG 0.042 ± 0.092 0.083 ± 0.148 0.359 0.033 ± 0.068 0.108 ± 0.156
0.026 *,

r = −0.547
MMFG 0.060 ± 0.057 0.085 ± 0.057 0.079 0.076 ± 0.089 0.074 ± 0.054 0.825
MMTG 0.079 ± 0.119 0.083 ± 0.094 0.937 0.088 ± 0.17 0.121 ± 0.122 0.305

MPoG 0.038 ± 0.079 0.096 ± 0.109 0.091 0.042 ± 0.092 0.100 ± 0.075
0.020 *,

r = −0.617

MPrG 0.071 ± 0.087 0.079 ± 0.116 0.827 0.050 ± 0.074 0.117 ± 0.106
0.012 *,

r = −0.557
MSFG 0.039 ± 0.054 0.067 ± 0.064 0.131 0.072 ± 0.094 0.053 ± 0.058 0.594

MSTG 0.062 ± 0.097 0.108 ± 0.112 0.065 0.050 ± 0.087 0.104 ± 0.108
0.034 *,

r = −0.410
OpIFG 0.050 ± 0.047 0.050 ± 0.057 0.923 0.047 ± 0.06 0.114 ± 0.124 0.050
PMFG 0.042 ± 0.079 0.083 ± 0.101 0.105 0.050 ± 0.074 0.062 ± 0.081 0.683
PMTG 0.064 ± 0.101 0.064 ± 0.075 0.393 0.036 ± 0.055 0.056 ± 0.062 0.223
PSFG 0.008 ± 0.037 0.042 ± 0.074 0.129 0.033 ± 0.087 0.050 ± 0.095 0.660
PSMG 0.075 ± 0.104 0.092 ± 0.014 0.649 0.067 ± 0.126 0.079 ± 0.083 0.570
PSTG 0.050 ± 0.095 0.092 ± 0.114 0.110 0.058 ± 0.135 0.117 ± 0.203 0.348
SPL 0.042 ± 0.063 0.054 ± 0.056 0.351 0.050 ± 0.074 0.054 ± 0.091 0.958

TrIFG 0.054 ± 0.062 0.046 ± 0.057 0.666 0.079 ± 0.113 0.117 ± 0.154 0.435
VPoG 0.042 ± 0.063 0.104 ± 0.124 0.051 0.075 ± 0.127 0.125 ± 0.128 0.198
VPrG 0.071 ± 0.099 0.133 ± 0.165 0.104 0.075 ± 0.071 0.100 ± 0.131 0.605
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3.5. Hesitation Error Exclusion

The number of errors and resulting error rates in each task differed significantly, when
hesitation errors were excluded. Table 7 summarizes these comparisons for each task and
hemisphere.

Table 7. Comparisons of error rates ± standard deviation including all errors vs. excluding hesitations. Statistical
significance is marked in bold and with an asterisk (*).

Including Excluding p-Value

All tasks All 0.070 ± 0.042 0.036 ± 0.027
1.91 × 106 *,

r = 0.877

Object Naming 0.057 ± 0.050 0.030 ± 0.031
9.55 × 105 *,

r = 0.877

in LH 0.054 ± 0.043 0.029 ± 0.027
0.0002 *,
r = 0.865

In RH 0.060 ± 0.057 0.031 ± 0.036
0.0001 *,
r = 0.873

Action Naming 0.083 ± 0.044 0.041 ± 0.030
9.56 × 105 *,

r = 0.877

in LH 0.078 ± 0.045 0.040 ± 0.031
9.29 × 105 *,

r = 0.878

In RH 0.088 ± 0.052 0.043 ± 0.033
9.50 × 105 *,

r = 0.877

For a second analysis, hesitation errors (both hesitation on the whole phrase and
hesitation on the target) were excluded for a separate comparison. Error rates without
hesitations differed significantly between tasks: action naming demonstrated a higher error
rate than object naming in both hemispheres (LH: mean error rate action naming = 0.040,
mean error rate object naming = 0.029 (p = 0.042, r = −0.472); RH: mean error rate action
naming = 0.043, mean error rate object naming = 0.031 (p = 0.035, r = −0.472)). Again,
error rates on baseline naming did not correlate significantly with the error rates without
hesitation in either of the tasks or hemispheres (LH: rho = 0.080, p = 0.737 for object naming,
rho = 0.180, p = 0.447 for action naming; RH: rho = 0.148, p = 0.551 for object naming,
rho = 0.224, p = 0.342 for action naming).

Multivariate regression models revealed that neither baseline errors (LH: t = 1.231,
p = 0.237; RH: t = 0.880, p = 0.393), rMT (LH: t = −0.680, p = 0.507; RH: t = −0.281, p = 0.782),
handedness (LH: t = 1.065.23, p = 0.304; RH: t = 0.783, p = 0.446) nor age (LH: t = −0.811,
p = 0.430; RH: t = −0.986, p = 0.340) were significant predictors for the error rates in either
of the hemispheres.

3.6. Area-Wise Comparison of Error Rates without Hesitations

When analyzed separately per hemisphere, a significantly higher error rate was ob-
served for action naming over object naming in both hemispheres (LH: p = 0.042, r = −0.472;
RH: p = 0.035, r = −0.472). Table 8 depicts the error rates per hemisphere and for the two
tasks and their comparisons. In the LH, a significantly higher error rate was found for
action naming in the pMFG (p = 0.037, r = −0.561); in the RH, in the opIFG (p = 0.020,
r = −0.536) and a trend in mSTG (p = 0.067). Figure 5 depicts the cortical distribution of
error rates per CPS region for object naming (a) and action naming (b) in heat maps for
both hemispheres.
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Table 8. Error rates ± standard deviation excluding hesitations per region during object naming (ON) and action naming (AN) in the left hemisphere (LH) and right hemisphere (RH) and
their differences. For instance, 15 errors in the anG out of 480 trials (20 participants per four stimulation targets per six stimulations) resulted in an error rate of 0.031 ± 0.052. Statistical
significance is marked in bold and with an asterisk (*).

Region
Error Rate Object

Naming in LH
Error Rate Action

Naming in LH
p-Value

Error Rate Object
Naming in RH

Error Rate Action
Naming in RH

p-Value

overall 0.029 ± 0.027 0.040 ± 0.031
0.042 *,

r = −0.472
0.031 ± 0.036 0.043 ± 0.033

0.035 *,
r = −0.472

AnG 0.031 ± 0.052 0.038 ± 0.030 0.421 0.027 ± 0.031 0.029 ± 0.053 0.706
ASMG 0.017 ± 0.034 0.033 ± 0.050 0.129 0.033 ± 0.063 0.038 ± 0.050 0.824
ASTG 0.017 ± 0.051 0.033 ± 0.087 0.572 0.050 ± 0.188 0.067 ± 0.166 0.572
DPoG 0.000 ± 0.000 0.017 ± 0.075 0.999 0.017 ± 0.051 0.033 ± 0.068 0.484
DPrG 0.025 ± 0.082 0.033 ± 0.068 0.850 0.025 ± 0.061 0.058 ± 0.098 0.203

MMFG 0.029 ± 0.037 0.049 ± 0.043 0.182 0.035 ± 0.057 0.036 ± 0.046 0.656
MMTG 0.042 ± 0.074 0.042 ± 0.057 0.999 0.054 ± 0.133 0.062 ± 0.097 0.751
MPoG 0.021 ± 0.037 0.042 ± 0.083 0.430 0.025 ± 0.061 0.042 ± 0.063 0.340
MPrG 0.042 ± 0.051 0.054 ± 0.095 0.642 0.025 ± 0.061 0.046 ± 0.057 0.303
MSFG 0.019 ± 0.033 0.039 ± 0.045 0.168 0.044 ± 0.061 0.022 ± 0.033 0.272
MSTG 0.042 ± 0.074 0.054 ± 0.056 0.240 0.029 ± 0.068 0.071 ± 0.078 0.067

OpIFG 0.033 ± 0.046 0.025 ± 0.034 0.507 0.022 ± 0.033 0.069 ± 0.078
0.020 *

r = −0.536

PMFG 0.017 ± 0.058 0.054 ± 0.068
0.037 *,

r = −0.561
0.025 ± 0.048 0.029 ± 0.049 0.851

PMTG 0.031 ± 0.055 0.025 ± 0.042 0.999 0.017 ± 0.032 0.031 ± 0.042 0.073
PSFG 0.008 ± 0.037 0.017 ± 0.051 0.773 0.000 ± 0.000 0.025 ± 0.061 0.149
PSMG 0.038 ± 0.057 0.029 ± 0.049 0565 0.029 ± 0.049 0.033 ± 0.057 0.824
PSTG 0.033 ± 0.087 0.033 ± 0.087 0.999 0.033 ± 0.068 0.083 ± 0.167 0.281
SPL 0.021 ± 0.046 0.025 ± 0.048 0.766 0.029 ± 0.049 0.021 ± 0.037 0.530

TrIFG 0.033 ± 0.050 0.012 ± 0.041 0.236 0.042 ± 0.069 0.038 ± 0.069 0.821
VPoG 0.029 ± 0.062 0.050 ± 0.083 0.314 0.046 ± 0.074 0.054 ± 0.078 0.778
VPrG 0.058 ± 0.086 0.108 ± 0.156 0.189 0.025 ± 0.039 0.067 ± 0.133 0.131
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Figure 5. Error rates in percentage according to Table 8 comprised of errors excluding hesitations per cortical Parcellation
System (CPS) region in left and right hemisphere during object naming (upper row) and action naming (lower row).

4. Discussion

The objective of this study was to evaluate the potential of tasks in sentence context,
specifically a verb-targeting language task, for error elicitation in different cortical surfaces
under nTMS. By extensively mapping 20 healthy participants in both hemispheres using
the novel task action naming in sentence context, together with object naming in sentence
context, task sensitivities were compared. Quantitative differences in error elicitation of
the two tasks were investigated overall and per small cortical area. Moreover, we aimed to
understand the breakdown in language production caused by nTMS through a detailed
qualitative error analysis. Lastly, the effect of hesitation errors on mapping results was
examined through a separate analysis to define its significance further.

4.1. Overall Task Comparison

As for the primary comparison, action naming delivered a higher error rate than
object naming in both hemispheres. This leads to the conclusion that retrieving a verb in
sentence context is more easily disrupted under nTMS than retrieving a noun in sentence
context. No significant correlation between the number of baseline errors and errors under
stimulation was found. Moreover, all error-prone verb stimuli are removed during the
baseline process. As a result, errors under stimulation should be considered true positives.
The higher error rate of action naming, therefore, cannot be explained by this task being
more error-prone, per se, but points towards a higher vulnerability of the more complex
process of verb versus noun retrieval in sentence context under stimulation. This finding
seems contrary to previous studies, which have argued that verb tasks under nTMS did
not reach the same sensitivity as object naming and were, hence, not worth including for
nTMS language mapping [43,44].
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The discrepancy with the present findings may be attributed to the designs of the tasks
across studies. Firstly, the picture-naming paradigm differed. Former studies employed
well-established databases for the object naming variant [51], while using homemade draw-
ings or photos for the verb task. This hampers the direct comparison. Our design entails
stimuli for action naming of similar complexity and style as object naming. Moreover,
our stimuli had been previously tested for a high naming agreement. Secondly, whereas
the former studies targeted single word retrieval for both tasks (‘ball’ for object naming,
‘throwing’ for action naming), the current study made use of object naming and action
naming in sentence context. Next to target word retrieval, this required inflection and
embedding of the target in a short lead-in phrase. The higher cognitive effort needed
for our action naming task is likely to be differently affected by nTMS and may have
resulted in the higher error rate under stimulation in our sample. This finding is entirely
in line with data from DES mapping, arguing that verb tasks are more sensitive under
stimulation [23,28,52]. The following sections will provide a closer look at the root of this
sensitivity by looking at error types and specific cortical locations.

4.2. Error Category Comparison

In most protocols for nTMS language mapping, different error types are used for a
more detailed mapping depiction [6,18,44]. However, these classifications are hardly ever
used to further unravel the origin of the errors. In the present study, we employed the
common error types found in word production under stimulation, projected them on errors
in sentence context, and assigned them to the level of production disruption they indicate
(see Figure 1). This classification was used to better understand the difference in error rates
on the two tasks under investigation. Additionally, testing in sentence context allows for
screening of more subtle errors than testing a single word and allows categorization of the
errors into different stages of breakdown in the sentence production process.

When taking together all tasks and hemispheres, a similar pattern of error category
frequency appeared: errors at the phonological-articulatory and lexico-semantic level were
most prevalent, whereas fewer non-linguistic errors and even fewer grammatical errors
were induced (Tables 3–5). This pattern is consistent with previous reports [6,34–37]. While
intraoperative DES, possibly due to its higher frequency and direct application on the
exposed cortex, easily elicits full disruptions of speech [38], nTMS is known to hinder
mainly the phonological-articulatory processes and lexico-semantic retrieval [6,34–37]. The
effect of nTMS versus intraoperative DES is not yet well understood. It has been established,
however, that the timing of the nTMS pulses in relation to the stimulus to name can alter
the error pattern [53]. The common protocol of a delay of 0 ms was found to produce the
best mapping results when compared to the intraoperative gold standard [16,18]. This
protocol evokes about 40% of errors on the sound level, as confirmed by our study with
257/729 errors in the LH and 269/815 error in the RH on the sound level.

Regardless of the task, nTMS seems to disrupt the later levels of word and sentence
production with varying location in both hemispheres. Analysis of errors at this level,
thus, did not reveal differences between object and action naming. Due to the additional
inflectional effort needed to embed a target verb in a sentence compared to embedding
a target noun, one expects errors at the grammatical level to be more pronounced for
action naming than for object naming. However, no significant difference was detected.
Instead, the error rates on the two tasks differed at the lexico-semantic level (Table 4).
These errors occurred more frequently for the verbs than the nouns. Therefore, nTMS
seems to affect verb retrieval more than noun retrieval. A possible reason for this is
the verb’s more complex conceptual and lexico-semantic information. As head of the
sentence, lexical entries of verbs carry information about argument structure of the sentence.
Moreover, higher abstractness of actions compared to nouns and objects adds to the
semantic complexity and may result in a higher vulnerability for verbs. This known
distinction has been reported after brain damage [54,55] and seems to hold for nTMS
mapping as well.
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We cannot rule out that lexico-semantic errors indicate the difficulty to retrieve even
the concept of the target or to inflect the target. Inflection in sentence context may require
more cognitive effort, even though the error is not grammatical in nature, but rather leads to
hesitations of the inflected target or to anomia. While the present setup cannot disentangle
this further, elicitation of the targets in sentence context allows distinguishing between a
full speech breakdown and disturbance in target retrieval. Narrowing down the origin
of the errors revealed a higher vulnerability for action naming at this level under nTMS.
The inclusion of a small lead-in phrase is, hence, not only informative, but also crucial for
sophisticated error classification and creating a more effortful task, that is evidently easier
to disturb with nTMS.

4.3. Area-Wise Comparison in the Left Hemisphere

Smaller scaled comparisons per predefined CPS region were performed to reveal
whether one of the tasks elicited a higher error rate in a more localized cortical surface area.
In the LH, none of the comparisons between object and action naming reached significance
for any CPS region (Table 6). Whereas on the entire hemisphere, action naming seems to be
more easily disrupted; this could not be localized to a specific area.

Taken together with the fact that, during both tasks, at least a few errors appeared in
every CPS region, this is in line with the body of navigated stimulation mapping studies
that do not support a classical double dissociation of noun and verb production in the
LH [25,54,56] (for reviews see [57,58]). Literature on stroke-induced aphasia suggests a
left-sided temporal lobe hub for comprehension and production of object names and a
left-sided frontal lobe hub for tasks related to action/verb production [26,27,59] (for a recent
review see [60]). This claim was questioned by data from many methodologies [57,58],
including mapping studies under nTMS and intraoperative DES.

In nTMS mappings using single-word targets, no selective areas for either task were
reported [43,44], but a widespread region in the perisylvian area, covering all three lobes
for both object naming and action naming. The conclusion is similar in studies using
intraoperative DES with single-word targets [49,52]. A double dissociation could be
delineated in single cases; however, this distinction did not surface at the group level.
The same conclusion holds for intraoperative mappings with object and action naming in
sentence context. Single cases of an exclusive involvement of the opIFG in action naming
have been described [23] and a more prefrontal/premotor network for action words [28],
but no clear-cut group pattern of a double dissociation arose either.

The grand conclusion emerging from group analysis in intraoperative DES mapping
in patients and nTMS mapping in healthy participants, that our data add to as well, is
a mainly to entirely shared perisylvian network for verb and noun production. While
this conclusion cannot help to resolve the decade-old debate about a neural, clear-cut
segregation of nouns versus verbs in the brain, it stresses the usefulness of a two-task
design: a few double dissociations were obtained in single cases [28,49,52]; moreover, cases
have been described in which action naming was the only task to elicit errors [23]. These
observations let the authors to conclude that action naming is a necessary addition to the
standard object naming task when trying to avoid postoperative deficits. That this is not
confirmed at the group level is likely due to high inter-individual variability [28,38,61–63],
but becomes evident in the reported single cases as well as in the present data.

The group data in this experiment still gives insight into error patterns per task and
hemisphere. In the LH, object naming errors were spread over all CPS regions (Table 6),
but the highest error rates were found in the vPrG, mPrG, pSMG, and mMTG. The middle
and ventral parts of the PrG are known as components in articulatory planning [29], which
is reflected in our data in a high ratio of phonological-articulatory errors (Table 3) as well
as in other nTMS [36,53] and intraoperative DES studies [64]). The function of the pSMG
ranges from access to semantic representations as part of Gschwind’s region [36,65] to
phonological decision making [28,29,36,38], and showed no clear error association in our
data either. In the mMTG as a presumed semantic hub [29], a high ratio for phonological-
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articulatory errors was elicited in our data and, therefore, cannot confirm this common
function relation. With that said, it is important to point out that none of the areas were
correlated with a specific error type, frequently occurring in that area. The areas rather seem
to be frequent network hubs during language production. The above-named functional
associations are, therefore, to be taken with caution regarding their presumed underlying
processes.

Action naming highest error occurrences lay in the vPrG, vPoG, and mSTG, with
trends for significantly higher error rates compared to object naming in the vPoG and mSTG
(Table 6). Again, no CPS region appeared without errors. The ventral parts of the PrG and
PoG play a role in the embodiment hypothesis [66] and, therefore, would be compatible
with lexico-semantic errors during action naming. However, our data show several error
types prevalent in these regions (Table 3), not predominantly lexico-semantic errors. The
medial part of the STG, both found with high error rates in nTMS [43,44] and intraoperative
DES studies [49] for action naming, is so far the only constant area throughout several
studies that is essentially involved in action naming. Classically thought of as a semantic
hub close to Wernicke’s area, a mixed error ratio in our data cannot further specify its
exact role in production (Table 3). However, regardless of the distinct error category, the
persistent appearance of the mSTG throughout different methodologies stresses its role
in action naming and may make the verb task a better candidate for mapping in this
temporal area.

4.4. Area-Wise Comparison in the Right Hemisphere

Studies of mapping with a direct comparison of object naming and action naming are
rare. The literature is even scarcer for a comparison of tasks in the RH. Since language
functions are dominantly hosted by the LH, mapping of the contralateral hemisphere is
usually deemed unnecessary [57] However, attention to the RH has been renewed after
studies using multiple methodologies have suggested that the involvement of the RH in
language has long been underestimated [67,68]. Recruitment of RH areas was found in
functional MRI studies, ranging from domain-general processes, such as attention and
working memory [69,70] to linguistic processes, such as sound to lexical meaning mapping
in the IFG [71], bilateral conceptual knowledge in the anterior temporal lobe [72–74],
bilateral phonological decision making in the IFG and SMG [75,76], and explicit impairment
in comprehension after RH damage [67]. Studies using intraoperative DES have described
a mirrored pattern of LH homologues in the RH with stimulation of frontal areas resulting
in articulatory errors and speech arrest, and a temporal hub in the RH for conceptual and
semantic knowledge, seen in semantic errors and anomias [61,64,68,77–80].

Only a handful of nTMS studies have mapped both the LH and RH according to
segmentation of the brain by the CPS, all employing object naming. Overall, a comparably
high error rate was reported for the RH [6,35,81,82], albeit lower than the LH counterpart.
The detection of language areas in the RH by nTMS has therefore been described, but has
not been compared between tasks. The present study is, hence, the first to systematically
compare of object naming and action naming in the RH under nTMS.

In our sample, object naming errors were elicited in all CPS regions. The highest
error rates were located rostrally to the Sylvian fissure, but also over all three lobes with
the highest occurrences in the mMTG, vPoG, trIFG, mMFG, and vPrG (Table 6). Both the
mMTG and vPrG mirror the pattern of higher error rates of the LH and align with findings
from nTMS [6,81] and intraoperative DES [68,77,80]. However, error categories in our
sample—phonological-articulatory errors in the mMTG and lexico-semantic errors in the
vPrG (Table 5)—do not fit the described clear function allocation described by Duffau and
colleagues [61,64,68,77,80] where frontal stimulation would result in speech motor errors
and temporal stimulation in lexico-semantic errors. The vPoG as well as the trIFG and
mMFG displaying mixed errors can be considered the RH homologues of known LH lan-
guage regions, engaging in speech motor functions [81]. Bilateral activation for articulatory
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and speech motor functions is evident and falls in line with reports for a bilateral language
recruitment from nTMS, intraoperative DES, and neuroimaging [6,64,68,70,72–76,79–81].

Action naming was most frequently disturbed around the central sulcus and Sylvian
fissure, with the aSTG, vPoG, and mMTG as the most receptive areas (Table 6). As part of
the STG, the aSTG is to some degree mirroring the LH pattern. Being prone to non-linguistic
speech errors (Table 5), the aSTG may be crucial for early conceptual processes and thereby
in accordance with bilateral activation during conceptual knowledge recruitment found in
fMRI and DES [68,72–74,78,80]. The function of the vPoG in bilateral sensorimotor activa-
tion during performance of actions may explain its involvement during action naming. The
dominant error category in vPoG of lexico-semantic disruption underlines this further and
points towards embodiment in the RH. A high ratio of lexico-semantic errors in the mMTG
in our sample aligns with reports of semantic errors in this region under intraoperative
DES [61,68,77,80] and is a clear indicator of this area’s role in bilateral recruitment for
naming through lexico-semantic involvement.

Differences between object naming and action naming were significant in the aSTG,
dPrG, mPoG, mPrG, and mSTG for action naming being more easily disturbed in these
areas (Table 6). Compared to mere trends for significance in the LH, even more areas
were prone to errors in action than in object naming in the RH. The middle and dorsal
parts of the primary motor and sensory cortex may once more be crucial for action-related
word production, as part of the embodiment theory [66]. Accordingly, mostly lexico-
semantic errors were elicited here (Table 5). Both the aSTG and mSTG are so far not
known for their strong involvement in the RH during verb tasks, but the mSTG mirrors
the consistent reports of involvement during verb tasks in the LH [43,44,49]. Overall, the
RH’s STG as a semantic hub under intraoperative DES [61,64,68,77,78,80] and nTMS [81]
could be sensitive once more to action naming’s higher lexico-semantic complexity. Mostly
conceptual and lexico-semantic errors arising from this region in our data confirms this
interpretation.

In conclusion, the even more pronounced recruitment of the RH in action naming
could be rooted in a bilateral conceptual and lexico-semantic knowledge
processing [61,68,72–74,77,78,80], manifesting itself in many lexico-semantic errors in these
areas. The verb task’s higher demand on conceptual and meaning retrieval could make it
more sensitive for area detection in the RH. This finding may specifically be visible in the
current setup, employing action naming and sentence context.

4.5. Overall Involvement of the Right Hemisphere

An overall mirrored pattern in the RH as compared to the LH of easily disrupted
areas was discovered in our data, in other nTMS studies [6,81], and during intraoperative
DES as well as fMRI [61,64,68,72–77,79,80]. However, a clear distinction to LH areas is
usually made by the authors, claiming the RH regions may have to be considered language-
involved in contrast to language-eloquent areas in the LH [5,81,83]. This translates to
the distinction that resection of or damage to these language-involved areas would not
result in the same drastic language impairments as damage to eloquent counterparts. Their
involvement may be secondary.

The nature of nTMS to reveal involved areas and, hence, overcall positive areas is
a known phenomenon and can, to some extent, explain the very spread effects in the
RH in the present data. Moreover, it cannot be excluded that nTMS can activate long
distance interhemispheric connectivity, as has been shown with dual-coil stimulation [84].
Stimulation of involved right hemispheric areas to eloquent left hemispheric parts may
have contributed to the current findings.

Two other uncertainties deliver possible explanations for the current RH data. Firstly,
a training effect could be assumed. After administering two rounds of mapping with about
140 stimulations necessary to cover all CPS regions three times, the participant has to name
each of the approximate 75 items about 10 times. It has been shown that for (novel) verb
learning both the LH and to an even greater extent, the RH are recruited in the same area
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sensitive in our sample [85]. It can therefore not be excluded that repeated exposure to
the same stimulus can result in similar effect as a training effect and thereby is related to
the high involvement of the RH in those areas. Secondly, the timing of the nTMS onset
in relation to the stimulus to name should be considered. The early onset of 0 ms used
here as well as in common protocols is likely to disrupt the earliest stages of naming,
namely conceptual retrieval [29,53], while delayed onsets have shown to elicit errors at
the sound level [53]. While it is a necessary pre-linguistic step, disrupting this process
may deliver conceptually involved areas on top of language-eloquent areas. As conceptual
knowledge of a word is thought to be more holistically recruited from bihemispheric
regions [68,72–74], the high error rate may be explained by this parameter choice of an
early onset of stimulation.

None of these explanations for the RH can be ruled out at this point. A study using
different paradigms with varying stimulation onset and potentially even more stimuli to
avoid learning effects is needed to clear up the uncertainty between language-eloquent
and language-involved areas in the RH.

4.6. Hesitation Errors

The majority of stimulation protocols refrain from including hesitation errors as
positive error occurrences. As of now, no ready-made program is available to identify
a hesitation at a subject-tailored level, but currently requires reprocessing of the video
material and analysis through third-party programs [45]. This leaves it to the subjective
opinion of the experimenter to draw a line between a normal response and a hesitation,
when comparing baseline naming to naming under stimulation [37]. Due to the difficult
quantification of these errors, separate analyses were conducted, excluding the categories
in question: hesitation on the whole sentence as a weaker pronounced no response and
hesitation of the target as a weaker pronounced anomia were excluded from the total
error count in each task. Doing so decreased the number of errors significantly in both
tasks and hemispheres (Table 7). However, even in the remaining errors, action naming
demonstrated significantly more errors than object naming.

Two conclusions are to be drawn from this. Firstly, action naming’s higher sensitivity
is also apparent in a more conservative error count. This strengthens the claim to include
the task in mapping. Secondly, it is still important to screen for subtler errors, such as
hesitations, as they after all indicate a disruption in language processing [29], and constitute
an essential part of the error rates. These errors may be the only elicitable error category in
some individuals and, therefore, the only data on which to base a mapping.

4.7. Area-Wise Comparison Excluding Hesitations

As another approach, we performed an anatomical analysis in which hesitation errors
were excluded. Task comparison per CPS regions revealed higher error rates for action
naming in the pMFG in the LH and opIFG in the RH (Table 8). The pMFG as part of
the prefrontal action related network and the opIFG as a bilateral production area are no
surprising components. Since, however, no double dissociation was present and no specific
error type pattern is evident in our data, the relations again remain tentative.

When describing the areas with the highest error rates, the following picture arose in
both hemi-spheres: the areas with the highest error rate excluding hesitations are by large
distributed in a similar pattern as the areas of maps including all errors (Figures 4 and 5,
Tables 6 and 8: LH object naming in the vPrG, mMTG, and mPrG; LH action naming
in the vPrG, mSTG, and vPoG; RH object naming in the mMTG and vPoG; RH action
naming in the mSTG and opIFG). This study did not aim to quantify comparisons of all
errors included versus excluding hesitations per CPS region. However, as seen from a
descriptive analysis regarding this matter, similar CPS region patterns of high error rates
result from both analyses. Hence, including all errors did not deliver any new error rate
pattern in the CPS regions. It rather strengthens the error count per area, which would
have been revealed in a more conservative map, excluding hesitations. This leads to the
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exploratory conclusion that including hesitations does, on the one hand, influence the error
count significantly, on the other hand, it does not dull the mapping result by revealing an
unexpected area pattern based on these more subjective errors.

4.8. Clinical Implications

Using a balanced and pretested set of tasks [48], the setup of the present study showed
the value of action naming in sentence context as a more sensitive tool than object naming
in sentence context under nTMS. This is relevant for clinical application: Cases of entire
“zero maps”—no effect at all of stimulation while performing a language task like object
naming—are a well-known phenomenon in clinical practice, at least when it comes to
certain regions. In these instances, using a more sensitive task, such as action naming, may
lead to a positive mapping result.

More specifically, action naming may be the more suitable task to use for these cases,
where a tumor is infiltrating areas prone to action naming, such as the mSTG, as seen in
the data here and in previous studies [28,43,44,49]; and in frontal regions, as seen in the
analysis excluding hesitations (Table 8). Moreover, action naming may be a more accurate
tool for RH nTMS mappings, as it was shown to be more sensitive specifically in this
hemisphere.

On that premise, it is important to keep the cooperation of the two tasks in mind. We
do not suggest that the action naming variant should replace the standard object naming,
but it is considered an addition to the test battery. The aforementioned single cases of
distinct functional allocation for object naming justify its importance in mapping as much
as action naming [28,49,52]. Furthermore, marked aphasia in patients with brain tumors
may not allow for testing a more complex task with verbs. In that case, object naming
may be required for informative results. Conversely, some cases may demonstrate an
inability to perform object naming and might do well during action naming. The ideal
setup would, therefore, entail administration of both tasks under nTMS. If fatigue or other
time constraining factors play in, one may choose to administer solely action naming.

Regarding error evaluation, clinical practice could opt to screen for more subtle errors
such as hesitation on the target that become evident through integration of a lead-in phase.
For those patients not demonstrating a strong effect of nTMS, as seen in full speech arrests,
categories such as hesitations (on the target) may be the only error source to build on.

4.9. Limitations and Resulting Future Steps

The current setup only allowed comparing the tasks’ relative sensitivity. To fully
evaluate the sensitivity and reliability of the nTMS mappings, including tasks in sentence
context, data from the gold standard of intraoperative mapping with DES are required.
Only this direct comparison allows the conclusion that areas predicted to be positive
in action naming and/or object naming proved to be critically involved under the gold
standard. The highly invasive nature of DES precludes application in samples of healthy
volunteers. Therefore, future studies are needed enrolling a group of patients who undergo
both preoperative mapping with nTMS and intraoperative mapping with DES to fully
validate this study’s protocol.

As a second limitation, subjective measurements of a delayed response were used for
defining hesitations. Future studies could profit from built-in response time measurements
to establish participant-tailored cut-offs for objectively delayed responses. At present, this
requires extensive reprocessing through external software, not compatible with the TMS set-
up and hence not feasible in the workflow. However, to compensate for this shortcoming,
the present study excluded hesitation errors for a separate analysis. Third, relations
between error categories and function allocation per CPS region can only tentatively be
drawn from the descriptive analyses used in this study. While our conclusions did not
arise from a statistical comparison per CPS region, using error ratios per category gave
nonetheless clear indication of the prevalent errors. Future investigations tailored for
function allocation may tackle this in a bigger sample size.
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Moreover, unbalanced handedness resulted in a more heterogeneous participant
group than in other studies. However, no correlation between handedness and error rates
overall and per hemisphere was obtained. This is in accordance with a low prevalence
of RH dominance, in both right- and lefthanders [86–89]. Including left-handers should,
therefore, not have altered the findings.

Lastly, we did not look into network effects of mutual areas involved in each task.
While it would have shed more light on the interconnection of cortical areas and their
dependence of each other, it would not directly help improve the mapping results using
different tasks; hence, it exceeded the scope of the current study.

5. Conclusions

During language mapping of the healthy brain under nTMS, action naming in sentence
context proved to be more easily disrupted than object naming in sentence context. Through
inclusion of a lead-in phrase and error categorization, it was argued that this difference
predominantly arises from the disruption at the lexico-semantic level, where verb retrieval
seems to be more affected than noun retrieval. This was observed for both the left and the
right hemisphere and the pattern persisted in a more conservative error count, excluding
hesitation errors. The role of hesitation errors was more clearly defined as contributing
significantly to the error rates, while, at the same time, not dulling the mapping results
and, thus, worth including.
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Abstract: Repetition suppression (RS), i.e., the reduction of neuronal activity upon repetition of an
external stimulus, can be demonstrated in the motor system using transcranial magnetic stimulation
(TMS). We evaluated the RS in relation to the neuroplastic changes induced by paired associative
stimulation (PAS). An RS paradigm, consisting of 20 trains of four identical suprathreshold TMS
pulses 1 s apart, was assessed for motor-evoked potentials (MEPs) in 16 healthy subjects, before
and following (at 0, 10, and 20 min) a common PAS protocol. For analysis, we divided RS into two
components: (1) the ratio of the second MEP amplitude to the first one in RS trains, i.e., the “dynamic”
component, and (2) the mean of the second to fourth MEP amplitudes, i.e., the “stable” component.
Following PAS, five subjects showed change in the dynamic RS component. However, nearly all the
individuals (n = 14) exhibited change in the stable component (p < 0.05). The stable component was
similar between subjects showing increased MEPs and those showing decreased MEPs at this level
(p = 0.254). The results suggest the tendency of the brain towards a stable state, probably free from
the ongoing dynamics, following PAS.

Keywords: repetition suppression; neuroplasticity; transcranial magnetic stimulation; paired
associative stimulation

1. Introduction

Owing to its dynamicity, the brain responds to an intense, novel stimulus with enhanced,
transient neural activity. This rapid response, referred to as a startle, is considered to play a critical
function in promoting survival [1]. However, exposure to a higher number of identical sensory
stimuli yields attenuation of neural activity in the responding network, a phenomenon known as
repetition suppression (RS) [2]. RS has been well-characterized across several brain regions, employing
various stimulus categories and modalities [3–6]. In the motor system, RS has been demonstrated
as a decrement in the amplitude of motor-evoked potentials (MEPs) when transcranial magnetic
stimulation (TMS) is applied to an optimal motor cortex location [7,8]. Although it has been suggested
that the attenuation observed in RS may serve to provide an energy-efficient neuronal information
processing [9], the exact mechanisms underlying RS have remained elusive. RS was initially portrayed
merely as an expression of bottom-up mechanisms [2,3,10,11]. However, more recent theories have
emphasized the role of top–down mechanisms within a predictive coding scheme, relying on iterative
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comparison between prior expectations and sensory inputs [12]. Interestingly, RS of MEPs have been
demonstrated to be closely associated with neuroplasticity [13].

Neuroplasticity is considered one of the key mechanisms that grants living organisms the ability
to adapt and respond flexibly in the face of changing environmental demands [14]. Depending on
the speed of these changes, neuroplasticity can take different forms and occur at different timescales.
Neuroplasticity is considered the keystone of learning, memory, and recovery from (mild) brain
injuries [15–17]. Aberrant neuroplasticity has been put forth as the pathophysiological basis of several
neuropsychiatric disorders, such as schizophrenia, depression, and chronic pain [18–20]. Long-term
potentiation (LTP) consists of persistent synaptic activity, which is often considered as the cellular basis
in the mediation of these functions [21].

Currently, TMS provides the opportunity to study neuroplasticity at the system level, ranging from
synaptic plasticity to network-level plasticity [22]. The shifts towards either elevated excitation or
diminished inhibition have been proposed as potential underlying mechanisms of neuroplasticity,
with the short-term plasticity most likely mediated by the reduction of GABAergic inputs onto
excitatory synapses [23].

A well-established and widely used TMS paradigm to induce short-term, topographically specific
plasticity in the motor cortex is paired associative stimulation (PAS), in which electrical peripheral
nerve stimulation is paired with cortical stimulation [24,25]. If the peripheral input precedes the
cortical stimulation, PAS can lead to elevated cortical excitability that manifests itself via an increase
in the MEP amplitude (LTP-like plasticity) [26,27]. By contrast, if the order of the arrival of inputs
is reversed, depression of cortical excitability is likely to occur (long-term depression (LTD)-like
plasticity) [24]. Due to its dependency on timing, PAS has been suggested to induce spike-timing
dependent plasticity [28].

In the present paper, to investigate neuroplastic effects induced with PAS, RS is hypothesized
to represent the interplay of two states: (1) one reflecting the efficient processing of a novel input,
“dynamic RS”, indexed by the initial decrement from the first amplitude to the second one, and (2)
one reflecting the overall cortical excitability free from the ongoing dynamics, “stable RS”. Stable RS,
described here as the suppressed amplitude level of the second to the fourth MEPs within the RS
trials, might potentially display the capacity of the brain to maintain the processed input as an initial
“memory trace”. We investigated the dynamic and stable RS prior to and following a common PAS-LTP
protocol [24]. We hypothesized that the brain would demonstrate a trend towards a state with low
variation in MEP amplitude, which we consider the target level of neuronal network excitability as it is
independent from reactive dynamics within the network. As an implication, for long-term neuroplastic
effects, the modulation of this stable level could potentially be targeted by neuromodulation, and to
create optimal conditions for adaptive neural changes.

2. Materials and Methods

2.1. Subjects

Sixteen healthy, right-handed volunteers with no history of neuropsychiatric disorders participated
in this study (seven male, age range: 22–42 years, mean ± SD: 30 ± six years). All subjects provided a
written informed consent prior to the experiment. This study was approved by the research ethics
committee of the Kuopio University Hospital (256/2017).

2.2. Transcranial Magnetic Stimulation (TMS)

To enable neuronavigation for TMS, structural T1-weighted magnetic resonance images (MRIs)
were obtained with a 3T MRI scanner (Philips Achieva 3.0T TX, Philips, Eindhoven, The Netherlands)
with the following parameters: repetition time (TR) = 8.2 ms, echo time (TE) = 3.7 ms, flip angle = 8◦,
voxel size = 1 × 1 × 1 mm3. TMS was conducted using NBS System 4.3 (Nexstim Plc, Helsinki, Finland)
with an air-cooled figure-of-eight coil and biphasic pulses.
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The stimulation procedure was initiated by locating the optimal motor representation of the right
abductor pollicis brevis (APB) muscle, i.e., APB “hotspot”, with the corresponding optimized coil
orientation. The hotspot was defined as the cortical site repeatedly eliciting the greatest peak-to-peak
MEP responses compared to adjacent stimulation sites. Once the hotspot was determined, the resting
motor threshold (rMT) was identified at this cortical site using a system-integrated iterative threshold
assessment tool [29]. In the RS paradigm, trials of four TMS stimuli were applied over the APB hotspot,
with an inter-stimulus interval (ISI) of 1 s, at an intensity of 120% rMT. The RS paradigm, comprising
20 trials of four single biphasic TMS pulses, was employed with an inter-train interval (ITI) of 17 s [30],
before (RS-baseline) and immediately (0 min), 10 min, and 20 min after the PAS intervention (Figure 1).

We recorded MEPs via an integrated electromyography (EMG) system (Nexstim Plc) at a sampling
frequency of 3 kHz. A pair of disposable Ag–Cl electrodes was utilized, with the active electrode over
the belly of the APB muscle while the reference electrode was placed over the joint distal to the active
electrode (Figure 1). The MEP data were processed offline in MATLAB (version R2017b, MathWorks
Inc., Natick, MA, USA), and only the MEPs with no preceding muscle activation and peak-to-peak
amplitude greater than 50 µV were included as responses.

(c) 

1st 2nd 4th 3rd  Time (s) 

M
E

P
 a

m
p

li
tu

d
e 

 

(a) (b) 

M
E

P
 a

m
p

li
tu

d
e 

(µ
V

) 

Figure 1. Repetition suppression (RS) paradigm. (a) Typical RS. Motor evoked potentials (MEPs) were
recorded during four identical TMS pulses. (b) The RS paradigm was divided into two components
for the analysis: “dynamic RS”, i.e., the ratio of the second MEP to the first one, and “stable RS”,
i.e., the mean of the second, third, and fourth MEPs. (c) RS applied before (baseline) and after PAS
intervention (at 0 min, 10 min, and 20 min). In the PAS intervention, electrical stimulation of the median
nerve-innervated APB muscle was delivered prior to TMS at an ISI of 25 ms to generate plasticity.

2.3. Paired Associative Stimulation (PAS)

PAS consisting of 180 single stimuli was applied over the right median nerve at an intensity of
300% of the sensory threshold (ST) [31]. A bipolar stimulation electrode was placed over the median
nerve, and the ST was measured by adjusting the stimulation current until the subject indicated
sensation of the stimulus. The pairing with TMS at the APB hotspot was implemented with a self-built
triggering and delayer device. To generate a plasticity effect, median nerve stimulation at a frequency
of 0.2 Hz was delivered 25 ms prior to TMS [24], with the TMS pulses delivered at 120% of rMT.
The median nerve stimulation was conducted using a constant-current electrical stimulator (Digitimer
model DS7A, Digitimer, Welwyn Garden City, Herts, UK), using a rectangular pulse form (0.2 ms,
maximum voltage of 300 V).
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2.4. Statistical Analysis

The MEP amplitudes of each subject were first averaged based on their ordinal position in a trial,
i.e., the first, second, third, and fourth. To evaluate the dynamic component of RS, the average of the
second stimulus MEP amplitudes was divided by the average of the first stimulus MEP amplitudes.
Further, to assess the stable component of RS, the mean of the averaged responses was computed over
the second, third, and fourth stimuli per subject.

Considering the inherent heterogeneity of the neurophysiological characteristics, the analysis
for identifying significant PAS-effects was initially performed at the individual level using the
non-parametric Wilcoxon signed rank test. Individuals with a statistically significant increase in
MEP amplitudes at a stable level at 0 min were identified as those showing LTP-like plasticity as an
immediate response to PAS (as a higher MEP amplitude is considered as an index of elevated cortical
excitability), and clustered as the “LTP-like group”. In addition, individuals with decreased MEP
amplitudes at a stable level were considered as those exhibiting LTD-like plasticity as an immediate
effect to PAS and clustered as the “LTD-like group”.

To test the change of the dynamic RS and stable RS over a time course of 20 min, the Friedman
test was employed. Post hoc comparisons were performed using the Wilcoxon signed rank test.

A comparison of the two clusters prior to and following PAS was made using the Mann–Whitney
U test. Statistical analysis was conducted using SPSS (v. 25.0, SPSS Inc., IBM Company, Armonk,
NY, USA) and MATLAB (version R2017b, MathWorks Inc., Natick, MA, USA), and p < 0.05 indicated
statistical significance.

3. Results

Eleven subjects showed no significant change of dynamic RS following PAS (p > 0.1). Only one
subject exhibited significantly milder dynamic RS (a lower drop from the second MEP to the first one)
(p < 0.05), and four subjects showed significantly stronger dynamic RS (a higher drop from the second
to the first MEP) (p < 0.05) (Figure 2a).

Fourteen subjects exhibited a significant change at stable RS (Figure 2b). The stable RS levels
were significantly higher in six subjects immediately following PAS compared to those before PAS
(p < 0.05). This heightened post-intervention MEP amplitude was assumed to be linked to LTP-like
plasticity. However, eight subjects demonstrated significantly diminished MEP amplitudes at stable
RS (i.e., the LTD-like group) (p < 0.05), and two subjects showed no significant change (p > 0.1).
A non-parametric Friedman test revealed no change in the trend over the time of measurement
following PAS (0, 10, and 20 min). One subject demonstrated delayed LTP-like plasticity at 20 min
after exhibiting no effect at earlier time points.

Furthermore, a Mann–Whitney U test revealed that the dynamic and stable RS at the baseline
was significantly higher in the LTD-like group compared to the LTP-like group (p < 0.05). Following
PAS, no significant difference in these two components was observed between the two groups (p > 0.1)
(Figure A1).

The STs were 2.1 ± 0.5 mA, rMTs were 35 ± 8%-maximum stimulator output (MSO) and MEP
latencies were 22.8 ± 1.7 ms. No difference in rMT (p = 0.845), ST (p = 0.244), and MEP latency
(p = 0.825) was observed between the two groups.

The low between-group and high within-group homogeneities were observed at stable RS prior
and following the PAS, respectively (Figure 3).
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(a) 

 
(b) 

Figure 2. Changes in (a) dynamic component (mean ± standard error) and (b) stable component of RS
(mean ± standard error), across the subjects from two clusters, within the trials before (baseline) and
at 0, 10, and 20 min after the induction of short-term plasticity with PAS. Although dynamic RS was
mild in the LTD-like group at baseline, a trend towards a stronger suppression and low variability at
this level was observed in the LTD-like group following PAS. However, this trend in dynamic RS was
towards recovery in the LTP-like group, as this component became milder with time. Similar trends,
i.e., sustaining of the suppression and recovery from it, were also observed in stable RS after PAS in the
LTD-like group and the LTP-like group, respectively. An asterisk indicates significant differences for
pairwise comparisons between time points (p < 0.01 for *** and p < 0.05 for **).
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(a) 

 
(b) 

Figure 3. Scatter plot indicating (a) the dynamic RS component and (b) the stable RS component in all
subjects. The low between-group and high within-group homogeneity can be observed in stable RS
following applying the PAS intervention, whereas this is not evident for the dynamic RS.

4. Discussion

Our study investigated two distinct components of RS as a measure of neuroplasticity:
(1) immediate changes in motor response upon the first repetition (”dynamic RS”) and (2) the
suppressed level of RS (“stable RS”). Surprisingly, induction of plasticity with PAS with a 25 ms
ISI resulted in different trends whereof one was rather LTD-like. Irrespective of such a discrepancy,
the brain demonstrated an overall tendency towards a common level in stable RS following PAS
intervention (Figure A2).

Minimizing the surprise encountered in the face of a novel stimulus is the principle behind the
free energy principle [12]. According to this principle, to maintain its integrity, any adaptive biological
system, like the brain, seeks to minimize its free energy [32]. It has been proposed that minimizing
the free energy rests on either changing the top–down predictions, which are the conceptual internal
models, or the bottom–up predicted sensory inputs [32]. In this regard, the dynamic RS depicts an
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update of the predictions in response to a twice repeated stimulus, ensuring an efficient sensory
processing in a known environment. In other terms, the attenuation of the stimulus-evoked motor
response upon the first repetition of the stimulus reduces the prediction errors originating from the
incoming sensory information. In this respect, the suppressed level of the MEPs during the stable,
suppressed part of RS may reflect a level of cortical excitability that is relatively free from ongoing
dynamics in cortical excitability, which exhibits as a characteristically high intra-individual variance in
the MEPs and may affect the sensitivity of MEPs to reveal longitudinal changes in excitability due to
long-term neuromodulation and -plasticity.

RS has been demonstrated to last over short timescales in the visual and auditory systems,
indicating a memory trace of the recently viewed or heard stimulus [33]. This short-term storage
of information is reflected in our findings in the stable RS. A potential explanation for the observed
stable RS might go back to the existence of a short-term internal representation of the perceived
involuntary movement (“automatic memory”). Evidence consistent with this postulate is the lack of
RS while an ITI of less than 3 s was employed in a TMS study, with the RS being more pronounced
with longer ITIs [30]. Apart from the initial motor response, the subsequent responses elicited by TMS
are modulated by sensory feedback, i.e., their magnitudes are controlled by the sensory inputs onto
the motor neurons. The brain embodies a dynamic interconnected hierarchal processing organization
that enables the reciprocal influence of current and past information. A plethora of positive and
negative-feedback connections at both the cellular and network levels is central to sustaining the
encoded sensory information on a timescale of seconds [34,35]. Hence, to maintain the automatic
memory over a short timescale in RS, a negative feedback probably needs to be provided via recruiting
inhibitory pathways to sustain the underlying neural activity. These pathways include the intracortical
sensory areas and subcortical areas, among which the basal ganglia and thalamus play a key role.
It has been demonstrated via RS that this stable state cannot be achieved in patients with progressive
myoclonus type 1, who have impaired neuroplasticity in the thalamo-cortical connections [13,36].

Both dynamic and stable RS might reflect alterations in synaptic efficacy. The persistent changes
in synaptic efficacy serve as a window into the formation of synaptic plastic changes, a candidate
mechanism through which PAS works [26]. If the neuronal network is provided with only a positive
feedback loop, that is, the spiking activity of the presynaptic neuron is correlated with the spiking
activity of the postsynaptic neuron, its stability gets disrupted. In fact, this unidirectional process
reduces the threshold for the presynaptic neuron to stimulate the postsynaptic neuron, thus precluding
the stability and reversibility of the system. To counteract this instability and to tune the neuronal activity
within a functional dynamic boundary, the brain employs an array of homeostatic mechanisms [37].
Homeostatic plasticity provides the necessary negative feedback loop to prevent the neural circuits
from hyper- or hypo-activity.

A well-established proposed mechanism for homeostatic plasticity is the Bienenstock, Cooper,
and Munro (BCM) model [38]. This model assumes a bidirectional synaptic plasticity, where the
threshold for LTP/LTD induction varies as a function of the dynamic state of the brain. Considering this
model, the more excitable the corticospinal pathway is, the more capacity for inhibition may be required.
This can in part explain the reversal of the LTP-like plasticity effect to LTD-like plasticity in individuals
showing higher pre-intervention MEP amplitudes (baseline). The degree of the modifications of
neuronal plasticity depends on updating the synaptic efficacy. Thus, assessing the RS in the mentioned
terms, i.e., are dynamic RS and stable RS, can provide us with information on how the alteration in
synaptic efficacy following PAS can be reflected in RS.

A few limitations need to be acknowledged in this study. First, we applied the PAS paradigm
using a fixed ISI of 25 ms. Inter-individual variability in responses has been reported for PAS due
to non-optimized timing of the peripheral stimulus [39]. The potential decrease in this variability
might have been achieved by employing an individualized ISI [40]. However, we did not measure
individual sensory evoked potential to optimize PAS for LTP-like effects. This was by design to enable
more inter-individual latency variance in the induced PAS effect, and to make the sessions shorter
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for the subjects. Second, in spite of having a sample size within the range of other studies in this
field, the number of subjects was still small to account for generalization in large populations or in
patients. We consider this a successful proof-of-concept study, but for application in patient groups,
a larger-scale trial is required considering more inter-individual heterogeneities. Thirdly, we identified
the PAS effect from the suppressed responses of RS (stable RS) to avoid the dynamicity of causing
variance in the identification of the plastic effects, as we observed in the case of the first responses in
the RS trials. This is not common practice with PAS. However, since no previous studies have been
conducted with PAS in relation to RS, we had no point of reference.
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Appendix A

Figure A1, Comparison of LTD-like group and LTP-like group prior (baseline) and following PAS
(at 0, 10, and 20 min).

Figure A2, RS at 0, 10, and 20 min after PAS in LTD-like and LTP-like groups.

 

(a) 

Figure A1. Cont.
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(b) 

Figure A1. (a) Normalized MEP amplitude (mean ± standard error) at dynamic level of RS and (b) MEP
amplitude (mean ± standard error) at stable level of RS, across the subjects from the LTP/LTD-like
groups within the trials before (baseline) and at 0, 10, and 20 min after the induction of short-term
plasticity with PAS. Subjects in the LTD-like group exhibited significantly higher pre-intervention MEP
amplitudes (baseline) in dynamic RS (p = 0.005), and stable RS (p = 0.007). No significant difference
was observed between the two clusters following PAS in either component. *** indicates significant
differences for pairwise comparisons (p < 0.01).

 

Figure A2. RS at 0, 10, and 20 min after the induction of short-term plasticity with PAS (post-PAS).
Effects of LTP/LTD-like plasticity were measured with respect to “baseline” pre-intervention neural
activity. Irrespective of the dynamic state of RS, the brain shows a tendency towards a suppressed
amplitude level of the second to the fourth MEPs within trials upon repetition of the stimulus. This static
status was maintained within a narrow range in two groups after PAS.
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Abstract: Repetitive transcranial stimulation (rTMS) has been shown to produce an analgesic effect

and therefore has a potential for treating chronic refractory pain. However, previous studies used

various stimulation parameters (including cortical targets), and the best stimulation protocol is not

yet identified. The present study investigated the effects of multi-session 20 Hz (2000 pulses) and

5 Hz (1800 pulses) rTMS stimulation of left motor cortex (M1-group) and left dorsolateral prefrontal

cortex (DLPFC-group), respectively. The M1-group (n = 9) and DLPFC-group (n = 7) completed

13 sessions of neuronavigated stimulation, while a Sham-group (n = 8) completed seven sessions

of placebo stimulation. The outcome was measured using the German Pain Questionnaire (GPQ),

Depression, Anxiety and Stress Scale (DASS), and SF-12 questionnaire. Pain perception significantly

decreased in the DLPFC-group (38.17%) compared to the M1-group (56.11%) (p ≤ 0.001) on the later

sessions. Health-related quality of life also improved in the DLPFC-group (40.47) compared to the

Sham-group (35.06) (p = 0.016), and mental composite summary (p = 0.001) in the DLPFC-group

(49.12) compared to M1-group (39.46). Stimulation of the left DLPFC resulted in pain relief, while M1

stimulation was not effective. Nonetheless, further studies are needed to identify optimal cortical

target sites and stimulation parameters.

Keywords: chronic pain; low back pain; repetitive transcranial magnetic stimulation; neuromodula-

tion; dorsolateral prefrontal cortex; primary motor cortex

1. Introduction

Pain is recently redefined by the International Association for the Study of Pain (IASP)
as “an unpleasant sensory and emotional experience associated with, or resembling that
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associated with, actual or potential tissue damage” [1]. Pain is considered chronic if it
persists or recurs for more than 3 months regardless of whether it is the sole complaint
(chronic primary pain) or secondary to an underlying disease (chronic secondary pain) [2].
Worldwide, chronic pain is one of the leading causes of years lived with disability (YLDs)
and reduced quality of life (QoL). In Europe, high prevalence rates were reported for
back/neck (40%), hand/arm (22%), and foot/leg (21%) pain [3]. Over the past 30 years,
although the prevalence of most diseases showed a pattern of steady decline as measured
by age-standardised disability-adjusted life-years (DALYs) rates, chronic low back pain
(LBP) remained in the top ten (fourth) causes of DALYs for children and younger adults.
Low back pain in childhood predicts low back pain in adult life and is more common in
female than male individuals at all ages [4]. As modern medicine extends the population
age, it is most likely that the global prevalence of LBP will further increase in the following
decades. Therefore, research to develop safe and effective interventions is needed to
improve health and alleviate the socioeconomic burden of chronic pain patients.

LBP with unidentifiable pathoanatomical and pathophysiological causes is the most
common form of chronic pain condition and is termed non-specific low back pain (NSLBP) [5].
With no specific treatment, management of NSLBP focuses on limiting risk exposure
(e.g., lifting heavy objects), patient education, and interventions such as exercise and
physical therapy to reduce pain. Current literature also suggests that pharmacological
treatments with non-steroidal anti-inflammatory drugs (NSAIDs) and acetaminophen, as
well as antidepressants, muscle relaxants, and opioid analgesics are effective for chronic
LBP [6–8]. Nonetheless, non-pharmacological therapies may fail in some patients, and few
trials have investigated their effectiveness [4]. With medications, pain relief is achievable
but insufficient because any benefit is likely to be temporary, and symptoms will recur
when medication is stopped [9]. Treatment-emergent adverse events (e.g., skeletal muscle
relaxants-induced sedation) and long-term use related side effects (e.g., increased risk
of vascular events for NSAIDs) are also serious setbacks of pharmacotherapy [10,11].
Moreover, with regard to surgical management, there are still no well-defined clinical
practice guidelines related to surgical intervention for chronic LBP in the absence of serious
anatomical problems [12].

The most challenging issue in managing chronic pain, including NSLBP, is that the
underlying mechanisms are still poorly understood. In NSLBP, pain sensations do not
necessarily reflect the presence of a peripheral noxious stimulus because neurons in the pain
pathway can be activated by a low threshold, innocuous or non-noxious inputs [13]. The
neurobiological cause is thought to be maladaptive plasticity such as central sensitization,
which manifests as distort or amplify (hyperalgesia and allodynia), increase degree or
duration (after sensations and temporal summation), and spatial extent (expansion of the
receptive field), as well as a reduced conditioned pain modulation [13,14]. In chronic pain
patients, the prevalent expectation for brain activity is a sustained or enhanced activation of
areas already identified for acute pain [15]. For instance, increased functional connectivity
between sensorimotor and frontoparietal networks could reflect sustained attention to
bodily sensations and hypervigilance to somatic sensations [16,17]. Furthermore, compared
with healthy controls, patients also exhibit greater resting-state electroencephalography
(EEG) alpha oscillations (8.5–12.5 Hz) at the parietal region, which could be relevant
with attenuated sensory information gating and excessive integration of pain-related
information [17]. The early evoked magnetic field elicited by stimulation of the painful back
is also elevated in very chronic patients [18]. Chronicity-dependent cortical reorganization,
regardless of aetiology, is also reported in the primary somatosensory (SI) cortex of chronic
pain patients [18–20].

In contrast to SI, the evidence of altered structural, organizational, and functional
alternation in the primary motor cortex (M1) for neuropathic and non-neuropathic pain
conditions is conflicting [21]. However, several studies suggest the association of cortical
reorganization of muscle representation in M1 with deficits in postural control, such as
impaired anticipatory activation of trunk muscles [22,23]. In addition, similar to SI and

148



Brain Sci. 2021, 11, 961

other pain-relevant brain regions, enhanced neuronal activity/excitability as measured
with transcranial magnetic stimulation (TMS); evoked peripheral muscle potentials (motor
evoked potentials or MEPs) are reported in M1 [24]. Enhanced cortical excitability is
thought to be secondary to M1 disinhibition as indicated by reduced GABA-mediated
short-interval intracortical inhibition (SICI) and cortical silent period (CSP), as well as an
increase in the glutamatergic-mediated short-interval intracortical facilitation (SICF) [21,24].
A decrease in the level of thalamic and M1 N-acetylaspartate (NAA) is also considered
an index of neuronal depression and altered neuronal-glial interactions in chronic pain
patients [25,26]. Higher levels of glutamate/glutamine compounds in the amygdala are also
observed in fibromyalgia patients compared to healthy controls [27]. Overall, these studies
suggest the potential of the cerebral cortex as a promising target in treating chronic pain.

In the past decades, the development of non-invasive brain stimulation methods such
as TMS and several variants of transcranial electrical stimulation allows the identification
of the causal role of different cortical regions and neuromodulation of these structures
to treat pathological conditions such as chronic pain. Application of repetitive magnetic
pulses at a specific frequency (repetitive TMS or rTMS) or in a burst of 3–5 pulses delivered
at theta frequencies (theta burst stimulation or TBS) can modulate cortical excitability
during and beyond the period of stimulation [28,29]. Induction of neuroplasticity, such
as long-term potentiation (LTP) and long-term depression (LTD) at the synaptic level is
thought to be the neurophysiological mechanism behind the after-effects of rTMS and TBS
paradigms [30]. Several studies applied these paradigms to disrupt or reverse maladaptive
and enhanced adaptive neuroplasticity associated with chronic pain. Systematic reviews of
rTMS studies for chronic pain with known etiological factors (e.g., fibromyalgia) suggest a
beneficial effect of a single or repetitive dose of high-frequency stimulation of M1 [31–33].
A meta-analytical study suggests that five-sessions of high-frequency (5, 10, and 20 Hz)
rTMS on M1 has a maximal analgesic effect lasting up to 1 month in chronic neuropathic
pain patients [34]. However, another meta-analysis reported that low-frequency rTMS is
ineffective in treating chronic pain, while single doses of high-frequency rTMS of M1 are
considered to have no clinical significance for chronic pain due to its negligible effect [35].
On the other hand, the evidence is still insufficient for chronic pain of unknown origin,
such as NSLBP. So far, only one study has shown that one week of 20 Hz rTMS applied
to the left M1/S1 hand area can decrease pain perception. Significant reduction in visual
analogue scale (VAS) and Short Form McGill pain questionnaire (SF-MPQ) scores were
observed in the rTMS-treated group but not in the sham group, as well as lower mean pain
score compared to patients treated with physical therapy [36].

This study was undertaken to explore the efficacy of rTMS for NSLBP and improve the
available protocol in managing chronic pain. We aimed to replicate the beneficial effect of
multi-session left M1 rTMS in the study of Ambriz-Tututi and colleagues (2016). In addition
to M1, we also applied neuronavigated rTMS (nrTMS) on the left dorsolateral prefrontal
cortex (DLPFC) because stimulation of this brain area is reported to change pain perception
in healthy subjects and has analgesic effects in acute postoperative pain, fibromyalgia, and
traumatic spinal cord injury patients [37–39]. Therefore, we hypothesized that left M1 and
DLPFC stimulation would reduce pain perception in NSLBP patients. To our knowledge,
this is so far the first report exploring the effect of left DLPFC and M1 nrTMS in NSLBP
patients in a single study.

2. Materials and Methods

2.1. Patients

Thirty-four chronic pain patients participated in the study (19 females and 15 males,
mean age ± SD: 54 ± 11 years). They were either previous neurosurgical patients or regular
pain clinic patients at the University Hospital Graz-Austria. All have no prior knowledge
about TMS and had no planned pain-related interventions during the study. The sample
size was a priori calculated using G *Power 3.1.9 and is based on a planned repeated
measure ANOVA (with within-between interaction) on the numerical pain scale data. We
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expected an effect size of d = 0.20, power = 0.95, and a = 0.05. Inclusion criteria were age
between 18 and 80 years, clinical diagnosis of chronic LBP and or neck pain, average resting
pain-level greater than 3 in the Numeric Rating Scale (0–10), no changes in pain medication
4 weeks before baseline measurements, and no single or multiple surgical procedures in
the head and lower back in the last two years. Patients with the following characteristics
were excluded from the study: metallic and electronic implants in the head, neck and chest;
intake of opioid analgesics (>100 mg orally per day), tetracyclic antidepressants, antiviral,
and antipsychotic drugs; history of frequent headache or tinnitus and alcohol or drug
abuse; confirmed or suspected pregnancy and breastfeeding. All participants provided
written informed consent before the experimental procedures. The Ethics Committee of the
Medical University of Graz approved the study (registration number: 30-459-ex 17/18), and
all procedures conform to the Declaration of Helsinki regarding human experimentation.

2.2. Study Design and Procedure

The study was conducted in a single-blinded, randomized, partial placebo-controlled de-
sign. It was retrospectively registered at clinicaltrails.gov (registration number: NCT04934150).
The experiments took place in the outpatient clinic of the Department of Neurosurgery
(Medical University Graz) between February 2019 and March 2020. The patients were
allocated into an “M1-group” (5 males, 6 females; mean age ± SD: 53.8 ± 12.7 years),
“DLPFC-group” (6 males, 6 females; mean age ± SD: 56.8 + 9.6 years), and “sham-group”
(4 males, 7 females; mean age ± SD: 52.5 ± 12.5 years) using permuted block randomiza-
tion on the online software random.org. Patients were blinded to their assigned group.
Each patient in the M1-group and DLPFC-group underwent 13 nrTMS experimental ses-
sions. The first 5 sessions were conducted every day for 5 consecutive days without a
break (1 session per day). One week later, the remaining 7 sessions were conducted in
a span of 9 months (week 3, 4, 6, 8, 12, 20, 28, and 36). The sham-group followed the
same schedule; however, the experiment was stopped after the seventh session (4th week)
because of ethical considerations. Each session started with head/brain and TMS coil
co-registration. Subsequently, stimulation intensity was determined, and target areas
underwent stimulation. Pain assessments before and after stimulation using numerical
pain rating scales (NPRS) were conducted on the first (baseline), 7th (4th week), and 13th
(36th week) experimental sessions (Figure 1). NPRS scores were documented through an
interview before and after stimulation. An experimental session including the preparations
lasted for approximately 30 min.

2.3. Neuronavigated Repetitive Transcranial Magnetic Stimulation (nrTMS)

TMS was administered using a figure-of-eight coil (MCF-B65) connected to a MagPro
X100 stimulator (MagVenture A/S, Farum, Denmark). Patients were seated on a reclining
chair with head and neck support and were asked to relax. For precise coil placement
and stimulation, neuronavigation (line-navigated) was performed using Localite TMS
Navigator software (LOCALITE Biomedical Visualization Systems GmbH, Sankt Augustin,
Germany) that tracts the coil movement with an infrared stereo-optical tracking camera
(Polaris Spectra, Northern Digital Inc., Waterloo, Ontario, Canada). The tracking system
monitors the location of passive marker spheres attached to the TMS coil and head in
real-time. Each patient’s T1-weighted MRI scan (MPRAGE, TR = 1650, TE = 1.82 ms, matrix
= 256 × 256, FOV = 256 mm, 192 sagittal slices, in-plane resolution: 1 mm × 1 mm, slice
thickness: 1 mm, 0.5 mm gap) was used for head and coil registration, target planning,
and neuronavigation during stimulation (Siemens Medical Systems, Erlangen, Germany).
TMS parameters were consistent with Ambriz-Tututi et al. (2016): 2000 biphasic pulses at
an intensity of 95% resting motor threshold (RMT) applied (10 trains with 28 s inter-train
interval (ITI)) for 10 s at 20 Hz. RMT was determined by electromyographic recording over
the abductor pollicis brevis muscle and defined as the minimum stimulator output that
elicits a 50 uV motor-evoked potential (MEPs) in 5 out of 10 single-pulse TMS stimulation
of M1 at rest. Anatomically defined targets over the left M1 were marked by a 5 × 2
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grid overlay with 10 mm between-target spacing (Figure 2A), while for the left DLPFC,
targets were marked by a 3 × 4 grid overlay (Figure 2B). For the DLPFC-group, 12 trains of
1800 TMS pulses (150 pulses per train, ITI 10 s) were delivered at 5 Hz and 90% RMT [39].
During the stimulations, the coil was held tangentially to the scalp at an angle of 45◦ to
the midsagittal plane generating a current with posterior-anterior direction. TMS was
administered over the left M1 in the sham group but with the coil tilted approximately
45 degrees away from the scalp. Therefore, patients could still hear and feel the typical
TMS sound and vibration, respectively, without active stimulation. Sham stimulation was
limited to seven sessions and used the same frequency, quantity of stimuli, and ITI as the
M1-group.

 

Figure 1. Flowchart depicting the course of the study (CONSORT 2010).

 

Figure 2. Target arrays for left M1 (A) and DLPFC (B) rTMS stimulation. The target grid for M1 was a 2 × 5 points array
with a 10 mm interpoint distance. For the DLPFC, the target grid was a 3 × 4 points array with a 10 mm interpoint distance.
For each participant, the target array was positioned based on anatomical landmarks.
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2.4. Outcome Assessments

The primary outcome variable was derived from the German Pain Questionnaire
(GPQ). At baseline and for each experimental session, patients were asked to verbally
rate their perceived greatest pain intensity before stimulation and bearable pain inten-
sity after stimulation using the GPQ-NPRS ranging from 0 (“no pain”) to 10 (“worst
pain imaginable”) [40]. As secondary outcome measures, depression, anxiety, and stress
scores were obtained using the self-report “Depression, Anxiety, and Stress Scale” (DASS)
questionnaire also at baseline, after the 4th and after the 36th week of stimulation [41].
DASS contains 21 items (7 per category: depression, anxiety and stress), and patients
were asked to score every item on a scale from 0 to 3 (0 = never, 1 = sometimes, 2 = often,
3 = almost always). The item scores were added, and each category can have a total
DASS score of 21. There are separate severity ratings for depression (0 to 4 = normal,
5 to 6 = mild, 7 to 10 = moderate, 11 to 13 = severe, >14 = extremely severe), anxiety
(0 to 3 = normal, 4 to 5 = mild, 6 to 7 = moderate, 8 to 9 = severe, >10 = extremely severe),
and stress (0 to 7 = normal, 8 to 9 = mild, 10 to 12 = moderate, 13 to 16 = severe, >17 = ex-
tremely severe) [42]. To assess the impact of the stimulation on health-related quality of life
(HRQoL) measures, the patients answered the 12-item short-form questionnaire (SF-12 ver-
sion 1) [43]. The SF-12 questionnaire uses eight domains on a 100-point scale which include
physical function (PF), role limitations caused by physical problems (RP), pain (BP), general
health (GH), vitality/energy (VT), social function (SF), mental health/emotional well-being
(MH), and role limitations caused by emotional problems/mental health (RE) [44]. The
items refer to perceived health status during the last four weeks; a higher score indicates
a better perceived health state. The PF, RP, BP, and GH dimensions were summarized
into a physical composite summary (PCS), and the VT, SF, MH, and RE dimensions were
summarized into a mental composite summary (MCS) [44]. Unlike the NPRS, DASS and
SF-12 scores were only recorded at baseline, after the 4th and 36th week of stimulation.

2.5. Statistical Analysis

Statistical analyses were performed using SPSS version 26 software (IBM Corp., Ar-
monk, NY, USA), and figures were generated using Graphpad Prism (GraphPad Prism
version 9.0.0 for Windows, GraphPad Software, San Diego, CA, USA). All data were anal-
ysed using linear mixed-effects modelling (LMM) with random intercept. We decided
to use LMMs for various statistical reasons. First, LMMs are well suited for unbalanced
datasets such as ours (sham-group only has a baseline until 4th week measurements, while
the M1-group and DLPFC-group have a baseline until 36th week measurements) [45,46].
Second, unlike the regular ANOVA, LMMs does not perform listwise deletion since it
has an automatically in-built implicit imputation that assumes the “Missing completely at
random (MCAR)” function. For this reason, incomplete data from patients who drop out
can still be incorporated into the models. Third, LMMs is a suitable and robust statistical
approach because multilevel models tolerate the heterogeneity of variances (due to unequal
sizes) between groups. Finally, compared to the traditional ANOVA for a study with re-
peated measures that only compare the variances between the group means and therefore
does not consider the interindividual differences, LMM considers the inter-individual
differences by incorporating the participants as a “random factor” in the model. This
feature is useful for pain studies because it accounts for the large inter-individual patient’s
subjective rating variability.

For the analysis, the GPQ-NPRS, DASS, and SF-12 scores served as the dependent
variables. We first analysed GPQ-NPRS data from time points similar to when the DASS
and SF-12 scores were obtained (baseline, after 4th and 36th week of stimulation). Before
the analysis, the ordinal GPQ-NPRS scores were converted into percentages of the 11-point
scale (e.g., “10” = 100% and “0” = 9.09%). The model contained the between-subject factor
“group” (sham, M1, and DLPFC) and the within-subject factor “session” (baseline, after
4th and after 36th week of stimulation) and “time” (“before stimulation” = percentage of
greatest perceived pain and “after stimulation” = percentage of bearable pain) as fixed
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factors. This analysis does not give us a complete picture of how multi-session stimulation
affected pain intensity; therefore, we plotted baseline and post-stimulation GPQ-NPRS
scores from each experimental session and calculated the area under the curve (AUC)
using a trapezoidal method in Microsoft Excel (2019). The AUC indicates the summation
of pain relief over time. Smaller AUC values indicate a greater decrease in pain intensity.
Each patient’s AUC was determined, and the group average was obtained. Using an
independent paired t-test, we first compared the three groups (sham, M1, and DLPFC)
average AUC for the first five days of stimulation. Next, we compared the average AUC
from the 4th to the 36th week of stimulation of the M1 and DLPFC-group.

The DASS and SF-12 scores were treated as continuous variables and therefore not
converted. For the DASS and SF-12 scores, the model does not contain the within-subject
factor “time” since patients only answered these questionnaires after stimulation. Each
patient was specified as a random factor (random intercept model) in all models. Normality
(data distribution) and homogeneity of variance test were conducted using Shapiro–Wilk
and Levene’s test, respectively. In cases of normality violation, all modelled data underwent
logarithmic transformation (log10). We also performed a Pearson Chi-Square test to assess
the model’s goodness of fit to the data. We calculated Cohen’s d as a measure of effect size
(<0.2—trivial, >0.2—small, >0.5—medium and >0.8—large). Significant findings from the
models were explored with post hoc comparisons (paired t-test, two-tailed, Bonferroni
adjusted for multiple comparisons). Lastly, we tested collinearity in the final models by
determining the tolerance and variance inflation factors. A p-value of <0.05 was considered
significant for all statistical analyses. All values are expressed as the mean ± standard error
of the mean (SEM).

3. Results

In total, 34 patients were enrolled in the study (sham- and M1-group: 11, DLPFC-
group: 12). Mean age, gender distribution, and chronic pain duration were comparable
between the groups (Table 1). Unexpectedly, there were more patients with clinically diag-
nosed depression in the sham-group than in the treatment groups. All patients tolerated
the experimental procedure well. There were no reports of dizziness, headaches, or nausea.
However, for reasons unrelated to the stimulation, three patients in the sham-group (all
after the first session), two patients in the M1-group (one after the 7th session and one after
the 11th session), and five patients in the DLPFC-group (one after the 1st session, one after
the 2nd session, one after the 6th session, and two after the 11th session) dropped out from
the study. Reasons included demographic challenges such as a longer commute to the
treatment facility and the anticipated difficulty following the specific intervals between
experimental sessions. Therefore, all modelled data comprised 90.34% of the expected
dataset. Shapiro–Wilk test indicates that the NPRS score (p ≤ 0.001), DASS scores (depres-
sion: p ≤ 0.001, anxiety: p ≤ 0.001, stress: p = 0.032) and SF-12 scores (PCS: p = 0.040, MCS:
p = 0.025) are not normally distributed, hence all were log-transformed. In all models,
Levene’s test showed that variances were equal for each group (all p > 0.05). Tolerance
range and variance inflation factors were equal to 1.000 in the final models indicating that
multicollinearity did not affect the findings.

Table 1. Demographic information of patients who completed the experimental protocols.

Sham M1 DLPFC

Number of patients 8 9 7
Mean age (in years) 52.9 51.2 62.6

Gender F: 2, M: 6 F: 5, M: 4 F: 4, M: 3
Duration of chronic pain (in years) 6.4 5.2 5.3
Patients diagnosed w/depression 6 1 0
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3.1. GPQ-NPRS

For the GPQ-NPRS, we interpreted a full model because the Pearson Chi-Square test
indicated the goodness of fit of this model to the data [X2 (147) = 4.034, p = 0.058]. The
results showed that overall pain intensity decreases after rTMS stimulation as indicated by
the significant main effect of factor time (F (1, 122.52) = 194.14, p ≤ 0.001, d = 0.961) and
interaction of time and session (F (2, 122.52) = 3.73, p = 0.027, d = 0.440) (Figure 3A–C). The
overall reduction in pain intensity was significant toward the end of the study as indicated
by the factor session’s significant main effect (F (2, 134.25) = 4.77, p = 0.010, d = 0.527).
Overall pain intensity on the 4th week (50.19%, p = 0.086) of stimulation was comparable
to baseline (57.72%), while pain intensity on the 36th week of stimulation was significantly
lower (47.19%, p = 0.033) than baseline. The main effect of the factor group was only
nearly significant (Table 2); however, its interaction with the factor session was significant
(F (3, 133.89) = 3.99, p = 0.009, d = 0.457). Bonferroni corrected post hoc t-test showed that
at baseline and 4th week after stimulation, there were no significant differences in overall
pain intensity between the groups (Figure 4A). However, on the 36th week, pain intensity
in the DLPFC-group (38.17%) was significantly lower (p ≤ 0.001) than in the M1-group
(56.11%) (Figure 4B). Additional exploratory post hoc t-test showed that the significant
differences between the DLPFC- and M1-group’s pain intensity on the 36th week was
driven by the significantly lower (p ≤ 0.001) pain intensity in the former (47.83%) than the
latter (75.81%) before stimulation (Figure 4B). After stimulation, although pain intensity
was still lower in the DLPFC-group (28.51%) than the M1-group (36.41%), the differences
did not reach significance (p = 0.085).

Table 2. Results of the linear mixed models (LMM) performed for the GPQ-NPRS, DASS, and
SF-12 scores.

Numerator df Denominator df F-Value p-Value Cohen’s d

GPQ-NPRS scores
Group 2 32.53 3.08 0.059 0.343
Session 2 134.25 4.77 0.010 * 0.527

Time 1 122.52 194.14 <0.001 * 0.961
Group × session 3 133.89 3.99 0.009 * 0.457

Group × time 2 122.52 0.50 0.612 0.251
Session × time 2 122.52 3.73 0.027 * 0.440

Group × session × time 3 122.52 0.55 0.645 0.243

DASS (depression) score

Group 2 30.17 1.43 0.254 0.292
Session 2 35.08 1.76 0.188 0.338

Group × session 3 35.16 1.35 0.274 0.237

DASS (anxiety) score

Group 2 37.03 2.18 0.127 0.295
Session 2 43.19 6.90 0.003 * 0.433

Group × session 3 42.910 0.51 0.678 0.272

DASS (stress) score

Group 2 34.81 0.48 0.625 0.108
Session 2 40.91 12.13 <0.001 * 0.315

Group × session 3 41.04 0.94 0.431 0.141

SF-12

Group 2 154 3.75 0.026 * 0.213
Session 2 154 6.36 0.002 * 0.456

Composite summary 1 154 61.65 <0.001 * 0.642
Group × session 3 154 1.25 0.293 0.222

Group × composite
summary 2 154 2.46 0.089 0.241

Session × composite
summary 2 154 0.41 0.668 0.359

Group × session ×
composite summary 3 154 0.221 0.882 0.227

* = indicate significant results (p < 0.05), df = Degrees of freedom.
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Figure 3. rTMS effects on pain intensity in the M1 (A), DLPFC (B), and sham group (C). The y-axis indicated the mean pain
intensity expressed as a percentage (%). The x-axis indicates the time points (in weeks) of conducted measurements. Error
bars depict the standard error of mean (SEM).
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Figure 4. rTMS effects on pain intensity between the groups on the 4th week (A) and
36th week (B). The y-axis indicates the mean pain intensity expressed as a percentage
(%). The x-axis depicts the time points (in weeks) of conducted measurements. The
* symbols indicate significant group differences (Bonferroni corrected, two-tailed, paired
t-test, p ≤ 0.05). Error bars depict the standard error of mean (SEM).

For the AUC, there were no significant group differences (all p ≥ 0.05) from baseline
until the end of the daily (5th day) experimental session (Figure 5B). In contrast, the AUC
from the 6th to the 13th experimental session was significantly smaller in the DLPFC-group
compared to the M1-group (p = 0.007) (Figure 5B).
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Figure 5. rTMS effects on pain intensity. (A) Mean GPQ-NPRS across sessions and stimulation conditions. (B) The area
under the curve (AUC) across stimulation conditions from baseline up to the 5th day of stimulation (left) and from the 6th
week until the 36th of stimulation (right). B = baseline; d = day; w = week; GPQ-NPRS = German Pain Questionnaire-
Numerical Pain Rating scale; M1 = primary motor cortex; DLPFC = dorsolateral prefrontal cortex; Error bars denote
standard error of mean (SEM). The * symbol indicates significant group differences (p ≤ 0.05).

3.2. DASS

Pearson Chi-Square test results indicated goodness of fit of the models for the de-
pression score [X2 (61) = 7.043, p = 0.115], anxiety score [X2 (62) = 6.851, p = 0.111], and
stress score [X2 (65) = 6.809, p = 0.105]. For the depression score, the model revealed no
significant results (Table 2). In contrast, the main effect of the factor session on the anxiety
score was significant (F (2, 43.19) = 6.90, p = 0.003, d = 0.433). Bonferroni corrected post hoc
t-test showed a significant decrease (p = 0.001) in anxiety score on the 4th week (4.09) of
stimulation compared to baseline (6.47). This indicates a change of overall anxiety level
from moderate to mild (Figure 6B). The main effect of the factor session on the stress score
was also significant (F (2, 40.91) = 12.19, p ≤ 0.001, d = 0.315). Bonferroni corrected post
hoc t-test showed a significant decrease in stress score on the 4th week (6.84, p = 0.001) and
36th week (7.51, p = 0.018) compared to baseline (10.17). These results indicate a change
in overall stress level from moderate at baseline to normal on the 4th and 36th week of
stimulation (Figure 6C).

3.3. SF-12

For the SF-12 questionnaire, we initially modelled PCS and MCS, separately. How-
ever, Pearson Chi-Square test indicated that the goodness of fit of this model to the PCS
[X2 (69) = 0.820, p = 0.012] and MCS [X2 (69) = 0.955, p = 0.014] data were violated. Thus,
we modelled the two data sets together. In this full model, the between-subject fac-
tor “group” (sham, M1, and DLPFC) and the within-subject factor “session” (baseline,
after 4th and after 36th week), and “composite summary” (physical and mental) are
the fixed factors. The goodness-of-fit of the full model is better than individual models
[X2 (140) = 16435.639, p ≥ 0.999]. The results of the full model showed a significant main
effect of group (F (2, 154) = 3.75, p = 0.026, d = 0.213). Bonferroni corrected post hoc t-test
indicated a significantly higher (p = 0.016) overall score in the DLPFC-group (40.47) than
the sham group (35.06). The main effect of session was also significant (F (2, 154) = 3.36,
p = 0.002, d = 0.456) as indicated by the significantly higher overall score in the 4th (39.34,
p = 0.012) and 36th week (40.69, p = 0.031) compared to baseline (35.87). Similarly, the main
effect of composite summary was significant (F (1, 154) = 61.65, p ≤ 0.001, d = 0.642) as
indicated by the significantly higher (p ≤ 0.001) MCS (44.89) than PCS (31.86) (Figure 7A,B).
Additional exploratory post hoc t-test showed that the significantly higher (p = 0.001) MCS
(Figure 7B) in the DLPFC-group (49.12) than the M1-group (39.46) is the one driving the
marginally significant interaction effect of group x composite summary (F (2, 154) = 2.46,
p = 0.089, d = 0.241).
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Figure 6. rTMS effects on DASS score for depression (A), anxiety (B), and stress (C). The y-axis
indicates the mean score, and the x-axis depicts the time points (in weeks) of conducted measurements.
Each dot shows the individual patients’ score. B = baseline; w = week; M1 = primary motor cortex;
DLPFC = dorsolateral prefrontal cortex; Error bars depict the standard error of mean (SEM).
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Figure 7. rTMS effects on SF-12 physical composite summary (A) and mental composite summary (B).
The y-axis indicates the mean score, and the x-axis indicates the time points (in weeks) of conducted
measurements. Each dot indicates the individual patients’ summary. PCS = physical composite
summary; MCS = mental composite summary; B = baseline; w = week; M1 = primary motor cortex;
DLPFC = dorsolateral prefrontal cortex; Error bars denote mean ± SEM.

4. Discussion

This study investigated the potential of multi-session high-frequency rTMS over M1
and DLPFC to treat chronic pain patients. To our knowledge, this is the first investigation
of analgesic effects of rTMS applied to these brain regions using an MRI-guided neuronavi-
gation method in a single study. In the active treatment groups (M1 and DLPFC-group),
we monitored changes in the sensory-discriminative aspect of pain utilising the GPQ and
affective/emotional aspect using the DASS and SF-12 questionnaires for 36 weeks. As-
sessment in the Sham-group ended after 4 weeks. Compared to left M1 stimulation, the
results showed that 36 weeks of left DLPFC stimulation could reduce pain perception and
improve health-related quality of life.

In the earlier periods of stimulation, pain perception is reduced as indicated by the
reduction in pain intensity scale at baseline and on the 4th week post-stimulation, as well
as by the decrease in the AUC covering the first five days of stimulation. However, the
reduction in pain perception was comparable between the three groups, which can be due
to a robust placebo effect in the sham group or minimal effect of active stimulation in the M1
and DLPFC-group. Robust placebo effect cannot be rule out since a non-significant trend
in pain reduction is evident in the sham group in the early period of the study. Placebo
effect is common in pain therapies and is thought to arise from expectancy-induced analge-
sia [47,48]. For instance, the initial decline in GPQ scores in all groups from baseline to day
1 can be attributed to expectancy-induced analgesia because single-dose high-frequency
rTMS stimulation only has minimal effects for chronic pain [35]. In brain stimulation
studies, the placebo effect may also arise from the modulation of pain perception due to
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attentional bias caused by the clicking sound of the TMS coil, which may distract or pull
the patients’ attention away from the pain. Salient stimuli can disengage the patients from
pain signals resulting in altered pain ratings and variations in pain responses [49]. This
scenario is possible in our sham group since the tilted coil (active sham) produces a clicking
sound even at reduced stimulation intensity.

The possibility of M1 and DLPFC stimulation having minimal effects on pain per-
ception during the early sessions, on the other hand, find support from a meta-analysis
of pain studies showing that high-frequency multiple-dose rTMS (e.g., five consecutive
days of stimulation) only had minor short-term effects on chronic pain [35]. The authors
concluded that the effects do not clearly exceed the predetermined threshold of minimal
clinical significance. In contrast, four other review papers reported pain improvement after
rTMS treatment, especially in M1 [31–34]. However, the overall findings of these reviews
must be taken with caution because of highly variable rTMS parameters and types of
targeted pain across trials. Nevertheless, studies that used stimulation parameters similar
to our study for M1 stimulation (20 Hz rTMS at 80–90% RMT applied consecutively for five
days) reported pain relief in patients with phantom pain [50], irritable bowel syndrome but
limited to those who are hypersensitive [51], diabetic neuropathy [52], central pain after
stroke [53], orofacial pain [54], and bladder pain syndrome [55]. For LBP, although there
were studies included in the reviews that showed pain relief with 1 Hz and 10 Hz rTMS
over M1, the evidence for the efficacy of 20 Hz rTMS for treating chronic LBP is only re-
ported by Ambriz-Tututi and colleagues (2016) and therefore still insufficient. Nonetheless,
the non-significant trend in pain reduction we observed in the M1-group (relative to sham)
could be reminiscent of the effect shown in their study and requires further exploration.

Concerning the effect of stimulation in later sessions, we observed that pain perception
reduction is lower in magnitude in the M1-group than the DLPFC-group. For the M1-
group, the weaker effect was persistent since pre- and post-stimulation pain perception
at baseline, 4th and 36th week has a waxing and waning pattern (Figure 3A), indicating
that pain relief was temporary or only within-session. The absence of an observable
reduction in the AUC at later sessions in this group was also suggestive of the transient
analgesic effect of M1 stimulation. The impact of repeated M1 stimulation (13 sessions) on
pain, particularly in later sessions, is difficult to reconcile with the findings of previous
reviews since no study aside from Ambriz-Tututi et al. (2016) have the same experimental
design. Nonetheless, the results in the M1-group resemble the short-term reduction in pain
intensity reported by studies that used single-dose high-frequency stimulation [31,35]. This
could suggest that a cumulative effect of repeated M1 stimulation was not achieved in our
study, which is not in accordance with the significant build-up of analgesic effect shown by
Ambriz-Tututi et al. (2016). Our methodological approach and stimulation parameters were
comparable to their study; therefore, nonconforming results may have been influenced
by sample size differences. Participants in their M1-group (n = 28) constituted a relatively
larger sample size than in our group (n = 11). Alternatively, the effectiveness of rTMS for
pain relief can be influenced by pain chronicity [56]. Patients with various pain duration
histories may respond differently to the stimulation due to the differences in the degree of
motor-cortex reorganization or excitability changes (increased excitability and decreased
intracortical inhibition). In principle, patients with an extensive reorganization of trunk-
muscle representation in M1 may not be amenable to plastic changes induced by rTMS.
This scenario is remote since the mean pain duration of patients in our M1-group (5.2 years)
is lower than in their group (7.1 years). An alternative theoretical explanation would be
that pain-induced functional remodelling of M1 is already finished in patients with longer
chronicity giving rTMS a more stable neuronal network to induce plasticity. In contrast,
in patients with shorter pain chronicity, M1 is still undergoing functional remodelling,
making it an unstable neuronal network to induce plasticity. Moreover, the duration of the
lack of somatosensory input, disuse of the limb, and loss of muscle targets may lead to
differential changes in M1 excitability between patients [56].
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For the DLPFC-group, pain perception reduction was robust compared to that of the
M1-group at later sessions. This was indicated by the significantly lower pain intensity
scale compared to baseline and compared to those of the M1 group at the same time
point. In the DLPFC-group, although post-stimulation pain perception at baseline, 4th
and 36th weeks were comparable, there was an evident decline in the pre-stimulation
pain perception suggesting that pain no longer reverts to baseline level after each session
(Figure 3B). There was also a steady reduction in AUC, further indicating pain relief
over time. In summary, these results suggest that multi-session stimulation of the left
DLPFC has a cumulative analgesic effect. The DLPFC plays a role in “keeping pain out of
mind” by modulation of the cortico-subcortical and cortico-cortical pathways, employing
both somatosensory (non-emotional) areas and areas that process emotionally salient
stimuli [49,57]. For example, stimulation of the DLPFC may transynaptically modulate
the medial prefrontal cortex (mPFC), the brain region best reflecting high magnitude of
back pain and the anterior cingulate (ACC), which is dubbed as the main brain region
signalling pain, or emotional pain [58]. Moreover, high left DLPFC activity has been shown
to reduce the inter-regional correlation of midbrain and medial thalamic activity through
a “top-down” mode of inhibition. Therefore, high-frequency rTMS stimulation of the left
DLPFC may dampen the effective connectivity of the midbrain-medial thalamic pathway
that convey greater affective reactions [57]. High-frequency rTMS of the left DLPFC is
also reported to induce dopamine release in several pain-relevant brain areas, including
the ipsilateral ACC, medial orbitofrontal cortex, and caudate nucleus [59,60]. Dopamine
can have two possible sites of action: peripheral and central. Basal ganglia dopaminergic
activity is involved in pain processing and variations in the emotional aspects of pain
stimuli, the nigrostriatal dopamine D2 receptor activation to the sensory aspect of pain,
while mesolimbic dopamine D2/D3 receptor activity is related to negative affect and
fear [49,61,62]. Peripherally, dopaminergic activity may alter pain response due to its
potential effect on blood flow and nociception [61,63,64].

Concerning the modulation of pain’s affective/emotional aspect by rTMS, the DASS
survey only showed overall improvement in anxiety (moderate to mild) and stress (mod-
erate to normal). A significant change in anxiety level is observed between baseline and
the 4th week without group-specificity. For stress, the significant decrease on the 36th
week compared to baseline is only driven by the M1 and DLPFC-group since there were
no measurements for the sham-group at this period. Although the differences between the
groups did not differ statistically, it was evident that the mean stress level on the 36th week
was lower in the DLPFC group (6.50) than the M1-group (8.50), indicating normal and
mild stress levels, respectively. Improvement in stress level was only present in the DLPFC
group, from moderate at baseline to normal on the 36th week. In contrast, in the M1-group,
stress levels did not change from baseline to 36th week (both mild). Modulation of brain
structures linked to the affective/emotional aspect of pain, such as the cingulate cortex
through cortico-subcortical pathways, can directly account for stress level improvement in
the DLPFC-group. Imaging studies provided evidence that left DLPFC rTMS also affects
blood flow and metabolism in the ACC [65]. The ACC is suggested to be involved in
anticipation of pain and higher activity in its anterior and middle segments (including
those in the insula) at rest is considered a sign of distorted resting-state network in chronic
pain patients [58,66]. Pain anticipation in chronic pain patients is stressful because it is
cognitively demanding and may lead to sustained emotional suffering [58]. Reduction
in stress level and pain perception in the DLPFC-group may explain why patients in this
group (relative to sham) reported a significantly better overall health state in the SF-12
questionnaires. In the 36th week, the DLPFC-group has a superior mental composite
summary than the M1-group, which is somehow expected because the emotional and
social functioning aspect of pain (vitality/energy, social function, mental health/emotional
well-being, and role limitations) is more accessible through DLPFC than M1 stimulation.
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5. Conclusions

The results of the present study indicate that multi-session rTMS of the left DLPFC
leads to significant improvement in pain perception and stress level reduction. These
effects are better than those obtained from left M1 stimulation, where no effective pain
relief was elicited. This indicates an advantage of the DLPFC as a target area for pain
rehabilitation by multi-session rTMS. However, the following limitations of our study must
be taken into account. First, there were no measurements from the sham group at later
sessions. We considered this a significant drawback of the study because comparisons in
those time points are only limited between the M1- and DLPFC-group. In our opinion,
data comparisons are not entirely non-trivial because the sham and M1 stimulation (both
stimulated left M1) have comparable effects at early time points, while the comparison of
data from two separate brain areas (M1 vs. DLPFC) finally revealed significant differences.
Second, our sample size was relatively small; hence, further studies with a larger population
are warranted. Finally, the patients’ maintenance medications (e.g., selective serotonin
and norepinephrine reuptake inhibitor antidepressants (SSNRI) and analgesics) were not
discontinued during the study. There are reports that analgesics (e.g., Tramadol) affects
cortical excitability [67]. At the same time, serotogenic and adrenergic drugs were shown
to modulate plasticity induced by other brain stimulation techniques such as transcranial
direct current stimulation (tDCS) and paired associative stimulation (PAS) [68,69]. The
impact of these medications on the after-effect of rTMS is unexplored. Still, we cannot
entirely rule out their influence on our findings since brain stimulation paradigms share
physiological underpinnings. Future studies must replicate the present results in patients
who are off-medication at least 24 h before plasticity induction. In conclusion, the present
study emphasizes the potential of other pain-related brain regions as treatment targets
in chronic pain patients. The study also highlights the importance of brain stimulation
methods to investigate the relationship between pain-related brain regions.
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Abstract: Intermittent theta-burst stimulation (iTBS) is a high-efficiency transcranial magnetic stim-

ulation (TMS) paradigm that has been applied to post-stroke aphasia (PSA). However, its efficacy

mechanisms have not been clarified. This study aimed to explore the immediate effects of iTBS of

the primary motor cortex (M1) of the affected hemisphere, on the functional activities and connec-

tivity of the brains of PSA patients. A total of 16 patients with aphasia after stroke received iTBS

with 800 pulses for 300 s. All patients underwent motor, language, and cognitive assessments and

resting-state functional MRI scans immediately before and after the iTBS intervention. Regional,

seed-based connectivity, and graph-based measures were used to test the immediate functional

effects of the iTBS intervention, including the fractional amplitude of low-frequency fluctuation

(fALFF), degree centrality (DC), and functional connectivity (FC) of the left M1 area throughout the

whole brain. The results showed that after one session of iTBS intervention, the fALFF, DC, and FC

values changed significantly in the patients’ brains. Specifically, the DC values were significantly

higher in the right middle frontal gyrus and parts of the left parietal lobe (p < 0.05), while fALFF

values were significantly lower in the right medial frontal lobe and parts of the left intracalcarine

cortex (p < 0.05), and the strength of the functional connectivity between the left M1 area and the left

superior frontal gyrus was reduced (p < 0.05). Our findings provided preliminary evidences that the

iTBS on the ipsilesional M1 could induce neural activity and functional connectivity changes in the

motor, language, and other brain regions in patients with PSA, which may promote neuroplasticity

and functional recovery.

Keywords: stroke; aphasia; iTBS; fMRI; neuroplasticity; rehabilitation

1. Introduction

Patients with post-stroke aphasia (PSA) often have impaired upper extremity (UE)
motor and cognitive function [1–3]. Non-invasive brain stimulation (NIBS), specifically
transcranial magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS),
are emerging as promising NIBS modalities in treating the language and motor dysfunction
of stroke patients [4–8]. Intriguingly, not only have the NIBS targeting the “motor” or
“language” areas been proven beneficial for improving the patients’ motor or language
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performances, respectively [2], but recent studies have also reported that NIBS targeting
the motor area (i.e., M1) could also improve the language function of the PSA patients [9].
As the M1 area is far easier to be located than classical language areas such as Broca’s
area, this finding highlighted a potentially practical way to “kill two birds with one
stone”, in treating the language and motor impairments of patients with stroke. However,
although the structural and functional connectivity have been identified between the
brain’s language and motor areas in healthy volunteers and the patients with various
neurological disorders [10–13], it is still not clear if and how the NIBS targeting the M1
would affect the language function via these connections. Therefore, we conducted this
preliminary functional MRI study to investigate the immediate brain functional effects
of the left M1 stimulation with intermittent theta-burst stimulation (iTBS), which is a
popular TMS method, in treating PSA using resting-state functional magnetic resonance
(fMRI) images.

Intermittent theta-burst stimulation (iTBS) is a popular new TMS intervention paradigm,
with a high within burst frequency usually at 50 Hz and a between burst frequency usually
at 5 Hz. With seconds of intervals between trains of intervention, it has been proposed to be
able to induce excitatory effects in the area of stimulation [14–17]. A standard iTBS session
usually takes about three minutes to apply, and this time duration is easier for the patients
to cooperate. This quick application is a major advantage of iTBS that makes it increasingly
applied and reported in treating patients with various neurological disorders including
stroke [17–19]. iTBS have been reported to be able to alter cortical excitability at the site of
stimulation, as well as in its surrounding and even connected remote regions, [20]. Such
effects have been also reported in other TMS paradigms. For example, Wang et al. [21]
revealed the enhanced cortico-hippocampal functional connectivity (FC) by multi-session
excitatory TMS over the lateral parietal cortex. Hawco et al. [22] reported spread TMS-
induced cortical changes that were related to the FC between the stimulated site and
salience network.

Interestingly, evidence from behavioral brain imaging and brain stimulation studies
suggests that primary motor cortex (M1) stimulation by tDCS may represent a promising
and clinically feasible approach to enhance language therapy outcomes in post-stroke
aphasia [9]. A few studies have also found that repetitive TMS stimulating area M1 can
improve speech functions such as verbal fluency and naming to varying degrees, as well
as enhance cognitive function to some extent [23–25]. However, there is little research on
whether iTBS stimulation of M1 in the affected cortex induces changes in the brains after
stroke. Therefore, whether and how the iTBS targeting M1 would induce brain functional
changes in PSA patients remains to be investigated.

Brain functional changes following iTBS can be detected using a series of non-invasive
imaging and electrophysiological techniques [22,24,26]. In this study, we used resting-state
fMRI, which is one of the most popular brain functional imaging methods, to measure
the spontaneous neural activities of the brain, with a coverage of the whole cerebral
cortex and subcortical structures at a millimeter-level resolution. Previous studies have
proved that resting-state fMRI could reveal the spontaneous neural activities and functional
connectivity patterns of the brain, which partially reflected the structural connectivity, and
correlated with the brain activation pattern and behavioral performances under various task
conditions [27,28]. In addition, the “resting-state” does not require the subject to perform
specific tasks, which could be easier for patients to cooperate and facilitate comparisons
across studies [29,30]. As iTBS and other TMS paradigms have been reported to be able to
induce both regional neural activity and functional connectivity changes [31], we included
both regional- and connectivity-based metrics to measure the functional changes induced
by the M1 iTBS. Specifically, we used the fractional amplitude of low-frequency fluctuation
(fALFF) [32] to reflect the regional spontaneous neural activity, while seed-based functional
connectivity analyses were used to measure the functional dependence between the M1
and other regions in the brain; and we also adopted the degree centrality (DC), a graph
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theory-based metrics [33], to measure the relative importance of each region in the brain
functional network [34].

Therefore, in our study, we used iTBS to stimulate the left M1 hand area, which is
in the affected brain hemisphere of our patients with PSA, and observed its immediate
effects on brain activity, using the resting-state fMRI data. This preliminary study aimed
to explore the potential therapeutic mechanisms of motor area iTBS for treating patients
with PSA.

2. Materials and Methods

2.1. Participants

Patients with post-stroke aphasia were recruited from Huashan Hospital, Fudan
University. The inclusion criteria were as follows: (i) aged 18 or older; (ii) native Chinese
speakers; (iii) clinical diagnosis as ischemic or hemorrhagic stroke at hospital discharge
from the neurological department, confirmed with computed tomography (CT) or magnetic
resonance images (MRI); (iv) able to complete the study; (v) aphasia quotient below
93.8 assessed by the Chinese version of western aphasia battery (WAB). The exclusion
criteria were as follows: (i) previous stroke; (ii) severe psychiatric condition; (iii) epilepsy,
(iv) other neurological disorders, such as Parkinson’s disease and Alzheimer’s diseases;
(v) brain tumor(s) or brain injury; (vi) unstable vital sign(s) or severe heart or renal failure;
(vii) metal implants, devices, or other conditions that would forbid the application of iTBS
or MRI scanning. During the study, all patients received the same form and intensity
of rehabilitation treatment, including speech and language therapies, upper extremity
training, gait, and mobility-related functions and activities. All patients or their legal
representative(s) provided their written informed consent.

Following recruitment, each participant accepted a TMS evaluation to determine
the iTBS parameters before the first session of treatment. The three-step MRI scans were
conducted as follows: in the first step, the structural MRI was scanned, while in the second
step, fMRI (time point 1, TP1) was scanned, and during the third step, scanning continued
with fMRI (time point 2, TP2). iTBS intervention was performed between the second
and third steps. No other intervention or training was provided to the participant on
the same day of the above MRI scans and iTBS treatment until the study procedure was
completed. The participants accepted conventional medical and rehabilitative modes of
treatment during hospitalization. This study was approved by the ethics board of HuaShan
hospital Fudan University (2019-336), and all procedures conform to the Declaration of
Helsinki regarding human experimentation. Our trail registration number is ChiCTR-TRC-
2100041936.

2.2. Behavioral Assessments

The Chinese version of WAB, which is a widely used clinical evaluation tool of PSA,
was used to assess assessing the presence, type, and severity of aphasia for each participant.
The scores on the four subscales of the Western Aphasia Battery were combined to form
the aphasia quotient (AQ), which quantified the severity of each patient’s aphasia [35]. In
addition, the fluency and content scores from the spontaneous speech, auditory comprehen-
sion, repetition, and naming subscales of WAB were also used to assess each participant’s
language abilities.

As the motor and cognitive abilities were often impaired in the PSA patients, and
importantly, because we planned to investigate how motor-area target stimulation affects
the patients’ language performance, we also assessed the participants’ motor and cognitive
impairments. For motor function, the Fugl–Meyer motor assessment–upper extremity
(FMA-UE) was used to assess the patients’ upper limb motor function, including volun-
tary movement, velocity, coordination, and reflex activities. A total score was calculated
combining scores of 33 items, resulting in a total maximum score of 66; higher scores
indicated better motor function. For cognitive abilities, the non-language-based cognitive
assessment (NLCA) was used; the scale is specifically designed and validated to assess the
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cognitive function of aphasic patients, which uses pictures and objects instead of language
instructions and requires no speaking or writing outputs [36]. The NLCA evaluated each
participants’ cognitive abilities from five domains: memory, visual–spatial abilities, atten-
tion, logical reasoning, and executive function, with a total maximum score of 80; higher
scores indicate better performances. In addition, the Barthel index (BI) was used to assess
each patient’s levels of activities of daily living (ADL), with a range from 0 (dependent) to
100 (independent) [36,37].

2.3. iTBS Procedure

iTBS was delivered using a MagPro X100 magnetic stimulator (Medtronic Co, Copen-
hagen, Denmark) with a figure-eight coil (MC-B70). Before the first session of iTBS, the
individual resting motor threshold (RMT) was examined for each subject following the
procedure as follows: first, the motor evoked potential (MEP) was measured from the
hemiplegia abductor pollicis brevis muscle with surface electrodes (patients with unmea-
sured MEP on the hemiplegic side are measured with the contralateral side) [38], and then,
the “hotspot” was determined using single-pulse TMS over the primary motor area (M1)
where the largest MEP was evoked; then, the single-pulse TMS was given at the “hotspot”
from low intensity, and with a stepwise increasing intensity until the amplitudes of 5 out
of 10 trials exceeding 50 mV; this intensity was defined as the individual RMT. The hotspot
location was marked on a positioning cap for each participant, which the participant wore
while receiving iTBS over the M1 area [31,39]. After determining the RMT and stimulation
point for each subject, the first session of left M1 iTBS was performed with the following
parameters: intensity of 80% RMT, three pulses at 50 Hz in each burst at 5 Hz, and 2 s
stimulation with 8 s interval; a total of 800 pulses were delivered for one session. The
precise location of the iTBS-targeted stimulation site can be found in Figure 1. The TMS
machine was placed outside the MRI room, and each participant accepted consecutive MRI
scanning before, immediately after the iTBS session. We focused on the immediate brain
functional effects of the iTBS in this study, so only the images from the first two time points
(i.e., before and immediately after the iTBS session) were included in the analyses.

used to assess each patient’s levels of 

the “hotspot” was determined using 

pulse TMS was given at the “hotspot” from low intensity, and with a step-

 

− −Figure 1. The core location of iTBS intervention (−36, −21, 58).

2.4. MRI Acquisition

Patients were scanned at the Jingan Branch of Huashan Hospital, Fudan University,
with a 3.0T GE MR750 scanner. The T1-weighted images were acquired using 3D FSPGR
with the following parameters: matrix size = 260 × 224, FOV = 200 × 200 mm2, layer
thickness = 1 mm, voxel size = 1 × 1 × 1 mm3, repetition time TR = 7800 ms, echo time
TE = 5 ms, tilt angle = 12◦, and number of layers = 248 layers.

The resting-state functional images were acquired in the horizontal plane by EPI echo-
planar imaging TR = 2000 ms, echo time, TE = 30 ms, and tilt angle = 248 layers. Imaging
sequence was acquired in the horizontal plane with the following parameters: repetition
time TR = 2000 ms, echo time, TE = 30 ms, inclination = 90◦, matrix size = 96 × 96, and
voxel size = 3 × 3 × 3 mm3. The entire resting-state functional scanning procedure lasted
480 s, and a total of 240 functional images were obtained for each subject (one image every
2 s). Before scanning, each participant was instructed to keep still with eyes closed in the
machine and to be relaxed with no systematic thinking.
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2.5. Lesion Analysis

The lesions were manually segmented using ITK-SNAP tools [40] on individual
structural images by inspection of the T1-weighted, T2-weighted, and FLAIR images,
registered to Montreal Neurological Institution (MNI) brain using spm12 (https://www.
fil.ion.ucl.ac.uk/spm/, accessed on 13 January 2021). A voxel-wise map of lesions was
created by summing up all the individual lesions.

2.6. Preprocessing of Resting-State Functional MRI Data

The resting-state functional MR images were pre-processed following the conventional
steps: (1) discarding the first 10 volumes of each image; (2) slice timing for systematic
time shift; (3) head motion correction using Friston 24 parameters; (4) image reorientation
for better normalization; (5) normalizing to MNI space using unified segmentation on T1-
weighted images and being resliced into 3 mm × 3 mm × 3 mm resolution; (6) removing the
linear signal trend; (7) regression of the nuisance variables including Friston 24 parameters,
the white matter, and cerebrospinal fluid signal. Additionally, additional band-pass filtering
of 0.01–0.10 Hz signal was performed for functional connectivity analyses. As spatial
normalization might be influenced by the lesions, we used an enantiomorphic approach [41]
to replace the lesioned brain tissue with the contralateral mirrored scans. The functional
image pre-processing was all applied using the data processing assistant for resting-state
fMRI, packed in the data processing and analysis for (resting-state) brain imaging (DPABI)
procedures [41,42].

2.7. Resting-State Brain Functional MRI Data Analyses

We calculated the regional, seed-based connectivity, and graph-based measures to
test the immediate functional effects of the left M1 iTBS in the aphasic brains more com-
prehensively. The analyses and comparisons were all restricted in a gray matter mask in
accordance with the automated anatomical labeling (AAL) atlas, covering the cerebral
cortex and nucleus and not including the brain stem or the cerebellum; we will refer to this
mask as the “whole-brain mask” in the paragraphs below for the sake of brevity.

2.7.1. Regional Functional Activity Analyses

The fractional amplitude of low-frequency fluctuation (fALFF) was calculated to mea-
sure the regional spontaneous brain activity on voxel level, which reflects the strength of
spontaneous neural activities in comparison with other non-neural biological signals or arti-
facts [43]. The fALFF value was computed as the ratio of the summed amplitudes of signals
at the low-frequency range (0.01–0.08 Hz) to the amplitudes of the entire frequency range
at each voxel, resulting in a spatial map of fALFF for each subject. Then, the individual
spatial fALFF maps were z-normalized in the whole-brain mask at the voxel level.

2.7.2. Seed-Based Functional Connectivity Analyses

Seed-based connectivity (FC) analyses were performed to investigate the functional
connectivity changes in the left M1 area, which was the site of the iTBS, with all the other
voxels in the whole brain. We defined the left M1 seed as the peak activation point reported
previously in a hand motion task [44] (MNI-coordinate: −36, −21, 58, Figure 1). The
time courses of all voxels within a sphere of 4 mm radius around the center coordinate
were averaged, and the connectivity maps were calculated by calculating the Fisher z-
transformed correlation coefficient between this mean time course to the time course of
each voxel in the whole-brain mask for each subject.

2.7.3. Degree Centrality (DC) Analyses

Degree centrality is a widely used graph-based nodal metric, which measures the
importance of a node in a given brain network by calculating the number of other regions
it connects within the network [45]. As previous studies have revealed that the functional
connectivity undergoes distinguished changes within the same or between the two-brain
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hemisphere(s) following stroke, we calculated three voxel-wise DC metrics to measure the
importance of each voxel in the resting-state brain functional network, including a whole-
brain DC, DC within the same hemisphere, and DC with the contralateral hemisphere.
First, the zero-lag Pearson’s linear correlation coefficients were calculated between the time
courses of each pair of voxels in the whole-brain mask. Next, the individual correlation
coefficients (i.e., connections) were entered into an N × N adjacency matrix, where N is
the number of voxels. The voxel network matrix was thresholded by r > 0.25, suppressing
random correlations, and was subsequently z-transformed. The three DC metrics were
then calculated for each voxel by summing up all the connections it had with (i) all the
other voxels in the whole brain (the whole-brain DC), (ii) all the other voxels within the
same hemisphere (within-hemispheric DC), and (iii) all the voxels in the contralateral
hemisphere (interhemispheric DC).

2.8. Statistical Analysis

Statistical analyses of fMRI data were conducted using the statistical tools of DPABI
based on SPM12 and running on MATLAB. Paired t-tests were used to test the changes
in fALFF, DC, and FC metrics between pre- and post-iTBS treatment on the voxel level.
AlphaSim corrections were adopted to adjust for the multiple comparisons [20,46,47], and
the probability of false-positive detection was set to p < 0.05.

3. Results

3.1. Demographic and Clinical Information for Stroke Patients with PSA

A total of 20 individuals were recruited. Four patients did not complete the MRI
scanning and were thus excluded from the assessments. Eventually, 16 patients (4 females
and 12 males; age (mean ± SD): 55.6 ± 11.8 years, formal education (mean ± SD):
16.0 ± 2.3 years) were included in the presented study. Table 1 shows the demographic
information, behavioral assessment scores, and RMTs of the 16 patients. The individual
lesion sites can be found in Table 1, and the lesion overlap map for all patients is presented
in Figure 2.

Table 1. Demographic and clinical information of the participants.

Demographic Information Functional Assessment

Patient
Code

Age
(Years)

Sex
Education
(Years)

TSI
(Months)

Type of
Stroke

Lesion Location
in LH

Handedness WAB-AQ FMA-UE BI NLCA RMT

P1 70 F 12 3 Ischemic IFG, STG, BG R 3 25 50 5 60
P2 40 M 16 2 Ischemic IFG, PreCG R 90.2 22 90 75 46
P3 58 F 12 2 Ischemic IFG, BG R 60 45 75 65 52
P4 68 M 12 8 Ischemic BG, MTG, AG R 61.3 37 35 61 43
P5 65 M 12 7 Ischemic IFG, BG R 62.4 9 40 45 40
P6 41 F 16 2 hemorrhage AG, BG R 89 25 90 75 34
P7 58 M 9 7 Ischemic AG, PreCG R 95.8 21 60 76 48
P8 69 M 12 6 Ischemic IFG, BG L 76.1 34 35 57 43
P9 43 M 15 8 Ischemic IFG, PreCG R 95 27 50 79 50

P10 60 M 9 9 Ischemic STG, BG, IFG R 7 7 10 15 60
P11 68 M 12 6 Ischemic IFG, PreCG R 85.6 24 60 70 34
P12 42 F 15 4 hemorrhage STG, BG L 18.1 24 55 53 76
P13 62 M 9 5 Ischemic AG, BG R 71.2 50 90 73 41
P14 41 M 12 3 hemorrhage IFG, BG R 68.5 40 60 65 46
P15 62 M 12 5 hemorrhage STG, BG R 45 33 50 60 65
P16 42 M 15 5 Ischemic IFG, BG R 69 37 65 72 60

Abbreviation: TSI, time since injury; WAB-AQ, Western Aphasia Battery aphasia quotient; FMA-UE, Fugl–Meyer assessment of upper
extremity; BI, barthel index; NLCA, non-language-based cognitive assessment; RMT, resting motor threshold; LH, left hemisphere; IFG,
inferior frontal gyrus; BG, basal ganglia; preCG, pre-central gyrus; MTG, middle temporal gyrus; AG, angular gyrus; STG, superior
temporal gyrus.
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’
Figure 2. Lesion overlap map across 16 patients with PSA illustrating the distribution of lesions. The
color scale in the spectrograms represents the injured brain locations’ magnitude of a frequency.

3.2. The Immediate Effects of Left M1 iTBS on fALLF

After the left M1 area iTBS was performed, two clusters exhibited decreased fALLF
values, as identified by the paired sample t-test in the brain regions including the right
paracingulate gyrus (BA10) and the left intracalcarine cortex (BA17), respectively (p < 0.05,
with AlphaSim correction; Table 2, Figure 3A).

  

< 0.05, AlphaSim correction, cluster size ≥ 56 voxels)
− correction, cluster size ≥ 129 voxels). The blue concen-

Figure 3. Changes in fALFF as well as FC before and after iTBS intervention: (A) differences in
fALFF between TP1 and TP2 (paired t-test, p < 0.05, AlphaSim correction, cluster size ≥ 56 voxels);
(B) differences in FC with left precentral gyrus (−36, 57,18) between TP1 and TP2 (paired t-test,
p < 0.05, AlphaSim correction, cluster size ≥ 129 voxels). The blue concentration represents the
degree of decreased regional fALFF or FC values. AAL: automated anatomical labeling atlas, BA:
Brodmann area, R: right, L: left.
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Table 2. Significant differences in regional fALFF between TP1 and TP2.

Brain Region (AAL) Brain Region (BA) Cluster Size (Voxels) Peak MNI Coordinates (mm) T Value

Paracingulate gyrus (R) BA10_R 56 9 51 0 −5.32
Intracalcarine cortex (L) BA17_L 81 −12 −72 9 −4.65

3.3. The Immediate Effects of Left M1 iTBS on Its Functional Connectivity

Immediately following the left M1 iTBS, the functional connectivity between the hand
area of the left M1 and the left precentral gyrus, as well as the left frontal pole, was found to
be significantly decreased, as tested by paired two-sample t-test (p < 0.05, with AlphaSim
correction; Table 3, Figure 3B).

Table 3. Significant differences in the ROI-to-ROI functional connectivity between TP1 and TP2.

Seed Based Functional Connectivity BA Cluster SIZE (Voxels) Peak MNI Coordinates (mm) T Value

Frontal pole (L) BA10_L 129 −18 57 18 −4.11

3.4. The Immediate Effects of Left M1 iTBS on DC

The three DC metrics showed different changes after the left M1 area iTBS in our
PSA patients. For the whole-brain DC, one cluster in the right middle frontal gyrus and
one cluster in the left middle frontal gyrus showed significant elevation from pre- to post-
intervention (p < 0.05, AlphaSim corrected). Interhemispheric DC values were also revealed
to be increased in the left central opercular cortex (p < 0.05, with AlphaSim correction),
while no significant change was found for within-hemispheric DC (Table 4, Figure 4).

Table 4. Significant differences in regional DC between TP1 and TP2.

Brain Region BA Cluster Size (Voxels) Peak MNI Coordinates (mm) T Value

Whole grey matter
Frontal pole (R) BA45_R 142 39 36 18 4.83

Superior parietal lobule (L) BA40_L 158 −39 −45 51 8.07
Interhemisphere

Central opercular cortex (L) BA48_L 169 −51 −3 3 4.19
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Figure 4. Changes in DC before and after iTBS intervention: (A) differences in interhemispheric
DC between TP1 and TP2 (paired t-test, p < 0.05, AlphaSim correction, cluster size ≥ 169 voxels);
(B,C) differences in DC of whole grey matter between TP1 and TP2 (paired t-test, p < 0.05, AlphaSim
correction, cluster size ≥ 142 voxels). The blue areas represent the regions that have decreased DC
values, while the yellow areas represent the regions that have increased DC values.

4. Discussion

To the best of our knowledge, iTBS can modulate cortical excitability and may serve
as a potential tool for neuroplasticity of impaired motor, language, and cognition brain
areas [48–51]. This study focused on immediate effects and changes of brain activity
in patients with PSA, modulated by iTBS. After a combination of iTBS and fMRI, our
results reveal that iTBS acting on the M1 area of the affected hemisphere can cause altered
cortical excitability and functional connectivity of different regions, which may further
lead to orientative neural plasticity in language- and cognition-related functional areas of
the brain.

iTBS can increase ipsilesional cortical excitability and has been increasingly used in
patients with stroke. Combining fALFF, FC, and DC of rs-fMRI datasets before and after
a brain stimulation protocol allowed us to map the changes throughout the whole brain
induced by iTBS, instead of only looking at the single change of excitability. We found that
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after 200 s iTBS intervention, fALFF, DC, and FC all changed to different degrees, which is
an indication of the immediate effects of iTBS and is promising for neural plasticity after
PSA. Such changes that occur in the neural network of the patient’s brain for a long time will
produce qualitative changes and cause behavioral progress. Regarding fALFF, we found
decreased fALFF values in two clusters in the right frontal and left parietal lobes (Figure 3).
The fALFF value stands for spontaneous neuronal activity in brain regions by directly
observing the magnitude of baseline changes in the blood oxygenation level-dependent
(BOLD) signal of functional brain activity [52]. After the iTBS intervention, the fALFF value
in the right frontal part was reduced, suggesting that iTBS attenuated neuronal activity in
the contralateral brain. According to the interhemispheric inhibition theory [53,54], the
affected hemisphere is inhibited for a certain period after brain injury, while the healthy
hemisphere is excited, a condition that is not conducive to functional recovery after stroke.
iTBS acting on the left impaired M1 area can inhibit brain activity in the right medial frontal
lobe, and some studies [55,56] have shown that right frontal lobe excitability is closely
related to the recovery of language status after stroke. For example, A TMS study indicated
that non-fluent aphasia after stroke is due to an imbalance in the functional network of
the language brain in the bilateral hemispheres [57,58]. Further, 1 Hz of rTMS acting
on the right Broca suppressed the excitatory state of this region and promoted language
function recovery, especially naming and spontaneous speech ability in patients [59]. The
altered right frontal lobe is close to the mirror area of the dominant hemisphere language
area (Broca); therefore, this change might promote the recovery of language function
and cognitive function in patients with PSA. It was confirmed that the fALFF value was
positively correlated with cognitive evaluation scores [60], while the parietal fALFF value
in the ipsilateral hemisphere decreased, suggesting that the immediate effect of iTBS might
not improve the excitability of brain neurons in cognition-related parietal regions.

DC refers to the number of connections between a voxel and other voxels in the whole
brain, and the centrality of a voxel in the whole brain is evaluated by the change in the
number of connections. DC value can make full use of the whole brain signal and can
avoid subjective selection of seed points, which is a more reliable fMRI analysis method.
To find the immediate effect of iTBS in the whole brain and hemispheres accurately, we
observed from three perspectives: whole brain, interhemispheric, and within hemispheric.
In whole-brain gray matter analysis, the DC value in the right cortical area BA45 and the left
BA40 area significantly increased after iTBS (Figure 4). Rao et al. [61] confirmed that after
7 days of rTMS in the affected Broca area rTMS intervention, the patients’ DC values in both
Broca areas increased significantly and gradually approached the normal level compared
with the preintervention. Meanwhile, the patients’ spontaneous speech and auditory
comprehension functions were significantly improved compared with baseline. Our results
indicated that iTBS, as a special mode of TMS, may have similar effects. In addition,
consistent with our initial hypothesis, stimulation of the affected M1 area achieved such
effects, which manifests that there may be some functional connection between the M1 area
and the contralateral Broca’s area. This phenomenon has been found in some studies [62].
Similarly, the role of the left BA40 area as part of Wernicke’s area, which is traditionally
considered to be the comprehension of language, is an innovative finding of our study.
From the within-hemispheric perspective, we failed to observe changes in DC value in
some brain regions. However, from the interhemispheric point of view, the significant
growth of DC was found in the left BA48 area, which is similar to the results observed
from whole-brain gray matter. The seed-to-seed FC intensity between the stimulation
target and left BA10 was reduced (Figure 3). It is believed that the BA10 area has a close
relationship with cognitive function [62–64], which may suggest that we should focus
on cognitive functional changes after iTBS-stimulated area M1. Furthermore, the study
by Hara et al. [26] found that the lateralization index of BA10 was closely related to the
outcome of speech dysfunction treatment after speech training and TMS intervention.

There are some limitations to our study. Firstly, our study was designed as a single-
arm study and without a proper control group; thus, results can only be compared between
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preintervention and postintervention within a group, which made it difficult to diminish
the effects caused by confounding factors beyond the intervention of concern and may
have caused uncritical results. Second, due to certain technical limitations, we did not
perform further analysis of brain network connectivity, which will be completed in our
next study. Third, the study adopted a traditional localization paradigm for the localization
of the M1 region and did not use a precision navigation localization method. However, we
performed an accurate individualized localization cap for each patient with a homogeneous
localization pattern. We selected the MEP maximum amplitude location and obtained the
same location after positioning by two specialized physicians before using it as the final
stimulation site. In a future study, we will apply TMS navigation technology to further
improve the accuracy of this study.

5. Conclusions

To the best of our knowledge, few studies have characterized the brain regional
dynamics induced by iTBS manipulation on the left M1 area in patients with PSA. The
fALFF and DC measurements consistently demonstrated a significant immediate iTBS
effect around language- and cognition-related regions, while FC showed iTBS effect was
prominent between the affected M1 and frontal pole region. From this perspective, iTBS on
the left M1 region may be a promising rehabilitation tool to enhance language and cognition
rehabilitation for patients with PSA. In the future, more clinical randomized controlled
trials of iTBS are needed to verify the long-term therapeutic effect and to evaluate the
progress of clinical behavior and the brain mechanism.

Author Contributions: Study design, S.X. and Q.Y.; patient recruitment and evaluation, S.X., R.Z.
and Z.S.; evaluation and localization before iTBS treatment, P.D., Z.Y. and C.L.; iTBS intervention,
S.X. and Q.Y.; data analyses, Q.Y., S.X., Y.Z. and M.C.; writing—original draft preparation, S.X. and
Q.Y.; resources, J.J.; test management and quality control, J.J. All authors have read and agreed to the
published version of the manuscript.

Funding: The study was funded by the National Key Research and Development Program of the Min-
istry of Science and Technology of the People’s Republic of China (Grant Numbers 2018YFC2002300
and 2018YFC2002301); the National Natural Science Foundation of China (Grant Number 91948302);
the Innovative Research Group Project of National Natural Science Foundation of China (Grant
Number 82021002), and the Shanghai Sailing Program (No. 19YF1405200). The APC was funded by
all the above funding.

Institutional Review Board Statement: The study protocol was approved by the medical ethics
board of HuaShan hospital Fudan University (2019-336), and all procedures conform to the Declara-
tion of Helsinki regarding human experimentation. Our trail registration number is ChiCTR-TRC-
2100041936.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data are available on reasonable request.

Acknowledgments: Thanks to Liang, Guan, Gao, and Wei of the Department of Medical Imaging
for their equipment support, as well as to all patients and their families for their cooperation in
completing the study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Harnish, S.; Meinzer, M.; Trinastic, J.; Fitzgerald, D.; Page, S. Language changes coincide with motor and fMRI changes following
upper extremity motor therapy for hemiparesis: A brief report. Brain Imaging Behav. 2014, 8, 370–377. [CrossRef] [PubMed]

2. Meister, I.G.; Sparing, R.; Foltys, H.; Gebert, D.; Huber, W.; Töpper, R.; Boroojerdi, B. Functional connectivity between cortical
hand motor and language areas during recovery from aphasia. J. Neurol. Sci. 2006, 247, 165–168. [CrossRef] [PubMed]

3. Lazar, R.M.; Boehme, A.K. Aphasia As a Predictor of Stroke Outcome. Curr. Neurol. Neurosci. 2017, 17, 83. [CrossRef]
4. Cherney, L.R.; Babbitt, E.M.; Wang, X.; Pitts, L.L. Extended fMRI-Guided Anodal and Cathodal Transcranial Direct Current

Stimulation Targeting Perilesional Areas in Post-Stroke Aphasia: A Pilot Randomized Clinical Trial. Brain Sci. 2021, 11, 306.
[CrossRef] [PubMed]

175



Brain Sci. 2021, 11, 1451

5. Saxena, S.; Hillis, A.E. An update on medications and noninvasive brain stimulation to augment language rehabilitation in
post-stroke aphasia. Expert Rev. Neurother. 2017, 17, 1091–1107. [CrossRef]

6. Breining, B.L.; Sebastian, R. Neuromodulation in post-stroke aphasia treatment. Curr. Phys. Med. Rehabil. Rep. 2020, 8, 44–56.
[CrossRef]

7. Schwarzer, V.; Bährend, I.; Rosenstock, T.; Dreyer, F.R.; Vajkoczy, P.; Picht, T. Aphasia and cognitive impairment decrease the
reliability of rnTMS language mapping. Acta Neurochir. 2018, 160, 343–356. [CrossRef] [PubMed]

8. Luber, B.; Lisanby, S.H. Enhancement of human cognitive performance using transcranial magnetic stimulation (TMS). Neuroimage

2014, 85, 961–970. [CrossRef]
9. Meinzer, M.; Darkow, R.; Lindenberg, R.; Flöel, A. Electrical stimulation of the motor cortex enhances treatment outcome in

post-stroke aphasia. Brain A J. Neurol. 2016, 139, 1152–1163. [CrossRef]
10. Jenabi, M.; Peck, K.K.; Young, R.J.; Brennan, N.; Holodny, A.I. Probabilistic fiber tracking of the language and motor white matter

pathways of the supplementary motor area (SMA) in patients with brain tumors. J. Neuroradiol. 2014, 41, 342–349. [CrossRef]
11. Lou, W.; Peck, K.K.; Brennan, N.; Mallela, A.; Holodny, A. Left-lateralization of resting state functional connectivity between the

presupplementary motor area and primary language areas. Neuroreport 2017, 28, 545–550. [CrossRef] [PubMed]
12. Bathla, G.; Gene, M.N.; Peck, K.K.; Jenabi, M.; Tabar, V.; Holodny, A.I. Resting State Functional Connectivity of the Supplementary

Motor Area to Motor and Language Networks in Patients with Brain Tumors. J. Neuroimaging Off. J. Am. Soc. Neuroimaging 2019,
29, 521–526. [CrossRef]

13. Berninger, V.W.; Richards, T.L.; Nielsen, K.H.; Dunn, M.W.; Raskind, M.H.; Abbott, R.D. Behavioral and brain evidence for
language by ear, mouth, eye, and hand and motor skills in literacy learning. Int. J. Sch. Educ. Psychol. 2019, 7, 182–200. [CrossRef]

14. Lefaucheur, J.; André-Obadia, N.; Antal, A.; Ayache, S.S.; Baeken, C.; Benninger, D.H.; Cantello, R.M.; Cincotta, M.; de Carvalho,
M.; De Ridder, D.; et al. Evidence-based guidelines on the therapeutic use of repetitive transcranial magnetic stimulation (rTMS).
Clin. Neurophysiol. Off. J. Int. Fed. Clin. Neurophysiol. 2014, 125, 2150–2206. [CrossRef]

15. Lefaucheur, J.; Aleman, A.; Baeken, C.; Benninger, D.H.; Brunelin, J.; Di Lazzaro, V.; Filipović, S.R.; Grefkes, C.; Hasan, A.;
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Abstract: Alpha is the predominant rhythm of the human electroencephalogram, but its function,

multiple generators and functional coupling patterns are still relatively unknown. In this regard,

alpha connectivity patterns can change between different cortical generators depending on the status

of the brain. Therefore, in the light of the communication through coherence framework, an alpha

functional network depends on the functional coupling patterns in a determined state. This notion

has a relevance for brain-state dependent EEG-TMS because, beyond the local state, a network

connectivity overview at rest could provide further and more comprehensive information for the

definition of ‘instantaneous state’ at the stimulation moment, rather than just the local state around

the stimulation site. For this reason, we studied functional coupling at rest in 203 healthy subjects

with MEG data. Sensor signals were source localized and connectivity was studied at the Individual

Alpha Frequency (IAF) between three different cortical areas (occipital, parietal and prefrontal). Two

different and complementary phase-coherence metrices were used. Our results show a consistent

connectivity between parietal and prefrontal regions whereas occipito-prefrontal connectivity is

less marked and occipito-parietal connectivity is extremely low, despite physical closeness. We

consider our results a relevant add-on for informed, individualized real-time brain state dependent

stimulation, with possible contributions to novel, personalized non-invasive therapeutic approaches.

Keywords: alpha oscillations; functional connectivity; source reconstruction; MEG; EEG state-

dependent TMS

1. Introduction

The origin of alpha waves and the function they subserve constitute long-lasting
scientific issues in neuroscience. Already by 1929, Berger had managed to isolate alpha
waves by means of a pioneering EEG set-up using scalp electrodes and described this
rhythm as the most prominent in the human electroencephalogram [1]. Recent advances
due to brain source reconstruction and invasive electrophysiological recordings have
provided evidence that alpha waves originate from several cortical and subcortical sites,
with direct evidence suggesting both thalamus and diverse cortical areas as possible origins
of such rhythm [2–4].

The functional role of alpha oscillations also is still far from being completely under-
stood. The “pulsed inhibition hypothesis”, for instance, proposes that alpha oscillations
actively inhibit neuronal firing in a phasic manner, opening and closing interleaved periods
of “high” and “low” excitability of the cortex by cyclically producing bouts of inhibi-
tion [5,6]. This hypothesis is in line with the idea behind brain-state dependent stimulation,
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that the outcome of an electro/magnetic perturbation depends on the instantaneous phase
state of a specific brain rhythm in a given area. In fact, studies investigating alpha in the
occipital cortex demonstrate that the alpha phase at the instant of a visual stimulus predicts
high or low probability of detection [7].

However, it is still not clear which is the exact role of alpha oscillations in opening states
of cortical excitability. For example, the aforementioned “pulsed inhibition hypothesis”
does not seem to apply to findings of brain-state dependent stimulation in the parietal
cortex, where the same directionality of inhibition vs. excitation as in the visual cortex does
not emerge [8–10]. In this regard, studies investigating µ-alpha in the parietal cortex show
that a principle of pulsed facilitation rather than inhibition would better explain the role of
alpha in the hand-knob of the sensorimotor cortex. In fact, it has been shown by means of
real-time EEG phase-dependent transcranial magnetic stimulation (TMS) that stimulation
at µ-alpha troughs results in facilitated motor evoked responses (MEPs, [8]), while at peaks
of the same oscillation, inhibition does not seem to occur in a significant proportion of
instances [9].

Even if there is no consensus as to whether alpha shapes neuronal recruitment by
determining windows of lower and higher excitability, or rather only by opening windows
of greater excitability, alpha oscillations appear to have a role in shaping neural recruitment.

Most of the protocols conceived to modulate cortical excitability by means of TMS use
a predefined stimulus sequence irrespective of the instantaneous brain-state, as opposed to
a real-time brain-state dependent stimulation, which delivers the stimulus in determined
phases of the alpha cycle [8]. If the phase of alpha reflects a phasic increase and decrease
of cortical excitability (as reported in the occipital cortex by [11], we should find different
outcomes depending on the local alpha phase at the instant of stimulation. First attempts
in this direction have tried to post-hoc determine the phase of alpha waves at the moment
of the stimulus. This has been mainly tested in the occipital cortex, where the conscious
visual percept has been linked post-hoc to the alpha phase at the instant of stimulus
presentation [7,12]). However, the effects were generally assessed by statistically estimating
the probability that the stimulus could be delivered at a given phase. Differently, phase-
state dependent stimulation leverages instantaneous EEG phase-states to trigger the TMS
pulse exactly at the phase of interest, without post-hoc tracing of it back to the moment
of analysis. Therefore, studies using this novel approach have led to more consistent and
reproducible results. For example, EEG-TMS has been used to investigate motor excitability
depending on mu-alpha in the parietal cortex. This line of research is relatively recent, but
several consistent pieces of evidence show that participants with a detectable mu-alpha
rhythm show larger motor evoked potentials (MEPs) when TMS stimulation at the motor
spot is delivered at mu troughs or at the early rising phase, compared to the conditions
where positive peaks or random phases are targeted [8,13,14]. These results are in line
with the hypothesis of the alpha rhythm as a mechanism modulating cortical excitability.
Attempts to link specific alpha phases to enhanced cortical excitability have also been made
in studies targeting the dorsolateral frontal cortex (DLPFC), where alpha-synchronized
rTMS at troughs appears to provide for a local alpha power decrease in patients with drug
resistant depression disorder. The same result is not obtained by intermittent theta burst or
random phase stimulation [15].

To sum up, the role of alpha phase has been investigated in at least three different
cortical areas and a relationship between alpha phase and cortical excitability has been
found in frontal, parietal and occipital regions [8,11,16]. However, there is still no clear
and organic consensus on a generalized functional role of the alpha phase. For example,
the alpha phase in the occipital cortex seems to elicit opposite effects with respect to the
other cortical areas: trough targeting has been proposed to decrease the possibility of
perceiving the stimulus [7]. Moreover, it has been shown that the conscious perception of a
visual stimulus not only depends on alpha phase in the occipital cortex but also on that in
fronto-central regions at the moment of stimulation [7,12] this would be in line with the
idea of the frontal control network allowing access to a conscious perception.
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This evidence, together with the assumption that coherence between brain regions
underlies integration of information [17], suggests that knowing the functional coupling
between stimulated (or post-hoc investigated) regions and other areas potentially connected
with the stimulation site is crucial in designing experiments aiming at a trial-based selective
perturbation of a given “brain state”. In this light, considering the functional coupling
patterns of the stimulated site is important in explaining EEG-TMS results and is even more
crucial when EEG-TMS protocols are intended, not only in terms of a single stimulation
site, but also as a technique for pathway-specific modulation targeting multiple functional
hubs: the next horizon of brain-state dependent stimulation. In this regard, this technique
has been shown to have the potential to modulate specific pathways [18], for example,
by coupling the stimulation to an activity state of that pathway (e.g., [13]). Therefore,
reliable metrics are required that can extract extended network states through long-range
connectivity. Such solid brain state landmarks would be certainly useful (before and after
a neuro-modulatory intervention) to assess whether the brain-stimulation has exerted
the desired network state modulation. Most importantly, however, they would be even
more crucial when time-resolved connectivity state estimates, describing the connectivity
pattern of the network, are used as real-time trigger condition. Nevertheless, gold-standard
metrics for connectivity generally consist of pseudo-statistics regarding different phase
consistency over several tens of trials and a consensus for a conceptual definition of single-
trial instantaneous connectivity is still missing. For this reason, we here try to open the way
to addressing the need for brain-state dependent protocols to take into account not only
the local state which usually triggers the stimulus, but also a general sensitivity state of the
system being modulated in its excitability.

Therefore, this study aims to identify suitable functional pathways between well-
known cortical alpha generators, whose connectivity state can be assessed with MEG/EEG
at rest. Here, we present a pipeline that effectively determines potential connections
from resting MEG/EEG data using Weighted Pairwise Phase Consistency (WPPC; [19])
and Weighted Phase Lag Index (WPLI; [20]). It is worth noticing that the choice of a
connectivity metric has to take into account its advantages and disadvantages in the
context of application [21,22]. Here we used WPPC and WPLI, exploiting their partial
complementarity, for the data under investigation. Both metrics depend on the consistency
between the phases of the signal of interest, and are not biased by sample size. WPPC
is based on the pairwise phase difference, thus it is still affected by zero-lag correlations
introduced by the spatial spread of the inverse solution. As a matter of fact, WPPC also
provides positive and statistically significant values when the phase difference is exactly
zero. This is a result that does not reflect real synchronization, because the finite (but not
null) propagation time of the nervous signal on the pathway connecting the two areas
is not taken into account. In contrast, WPLI does not have this problem because it is
computed from the sign of the imaginary part of the coherence, which vanishes for zero-lag
correlations. However, the WPLI signal to noise ratio is optimal for a phase delay of π/2,
which corresponds at a typical frequency of 10 Hz to an absolute time delay of 25 ms. Since
we are investigating the temporally resolved cortico-cortical connectivity, this is a large
delay if compared to the typical brain conduction delays within the same hemisphere. Thus
WPLI, despite being a less sensitive measure of phase consistency between the brain regions
under investigation, is useful to confirm that the connectivity already detected by the more
sensitive WPPC is real and not due to the spatial spread of the inverse solution. In this
sense, the two metrices are partially complementary. With this methodological set-up, we
investigated 203 healthy subjects with several minutes of resting MEG data and found alpha
connectivity stronger for parietal-prefrontal areas rather than for occipito-parietal areas.
The results of this study will be relevant to design real-time brain state-dependent EEG-TMS
experiments: connectivity priors [23] will be highly relevant as off-line acquired a priori
information for the development of real-time connectivity state estimation algorithms.
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2. Methods

2.1. Dataset and Acquisition

We analyzed magnetoencephalographic (MEG) resting state recordings of 203 healthy
participants (age range 18–57 years; see Figure 1a for age distribution) from the Cambridge
Centre for Aging and Neuroscience (CamCAN) public dataset. Prior to inclusion in the
dataset for neuroimaging measurements, all participants were tested for cognitive decline
(MMSE > 24; [24]), for matching vision, hearing and English language inclusion criteria
and for absence of serious neurological and psychiatric conditions (see [25] for details
about the dataset and acquisition parameters). For each participant, resting state activity
(eyes closed; 8 min and 40 s) and empty-room noise background (3 min) were recorded
using a 306-channel VectorView MEG system (102 magnetometers; 204 first order planar
gradiometers; sampling rate = 1000 Hz; high pass filter 0.03 Hz; low pass filter 330 Hz).
Anatomical landmarks (nasion, left and right pre-auricular points) were registered, as well
as at least 75 additional (isotrak) points, to model the head surface. For human resting state
data, continuous monitoring of the head position (cHPI), electro-ocular (EOHG, EOVG) and
electro-cardiac (ECG) recordings were available. Additionally, T1 weighted anatomical data
were collected using a 3T Siemens TIM Trio scanner (MPRAGE, TR = 2250 ms, TE = 2.99 s;
FOV = 256 × 256 × 192; voxel size 1 × 1 × 1 mm). All the subsequent analysis was
performed only on planar gradiometers using Fieldtrip ([26]), SPM ([27]), CAT12 (http:
//www.neuro.uni-jena.de/cat/ (accessed on 1 October 2021)) and custom MATLAB code.

Figure 1. (a) Distribution of sample age. (b) Distribution of detected IAF on the whole sample.
(c) Distribution of all condition numbers from SVD, aiming to define optimal dipole direction for
spectral data.

2.2. MEG Data Preprocessing

Collected MEG datasets (resting state and empty-room) were inspected and bad chan-
nels showing high noise levels and/or SQUID jumps were marked and removed from the
data. External magnetic source nuisance was removed by means of temporal Signal Space
Separation (tSSS, [28,29]) with a correlation threshold of 0.98 and a sliding time window of
10 s. Line noise contribution was removed by applying a 5th-order Butterworth two-pass fil-
ter centered at the line frequency and its first 3 harmonics, and spanning an interval of 2 Hz.
Head position of the resting state data was corrected every 200 ms using cHPI data and re-
referenced to a common head position. Human MEG data were cleaned from physiological
artifacts using an automated procedure. Muscular activity was detected by filtering data
between 100 and 140 Hz, transforming each channel data into a z-score relative to the whole
channel time series and rejecting segments where the z-score averaged across channels was
greater than 5 for at least 200 ms. Then we ran an extended Infomax Independent Compo-
nent Analysis (ICA; [30,31]) on data filtered between 0.5 and 125 Hz (Butterworth 4th order,
two-pass) and resampled to 250 Hz. Data resampling and digital filtering commute with
the ICA unmixing matrix estimation, provided the artifactual activity of interest lies in the
spared frequency band [31]. For this reason, and for computational efficiency, we computed
ICA on resampled data and applied unmixing matrices to unfiltered data at the original
sampling rate of 1000 Hz. Correlation coefficients of each extracted component with electro-
physiological channels (EHOG, EVOG and ECG) were computed and rejected using a
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recursive z-score based procedure that robustly discarded all components with correlation
more than 2 standard deviations from the coefficient distribution mean of all components.
Data cleaned from artifacts were then filtered and segmented. Empty-room data, later
used for noise covariance matrix estimation, were filtered broadly between 0.5 and 140 Hz
(4th-order Butterworth two-pass filter) and segmented in 1 s epochs. Human resting state
recordings were instead filtered around the alpha frequency band (4th-order Butterworth
two-pass filter between 5 and 16 Hz) and split into 2 s segments. Finally, all empty-room
and resting state segments exceeding a threshold of 10 standard deviations with respect to
the channel average, were further discarded in order to deal with potential residual SQUID
jumps and/or filter border effects.

2.3. Anatomical Data Processing

Structural T1w MRI scans were processed with the aim of extracting cortical surfaces
for forward and inverse model calculation and for common space mapping. We pro-
cessed T1w images using the CAT 12 toolbox pipeline (http://www.neuro.uni-jena.de/cat/
(accessed on 1 October 2021)). After bias normalization, denoising and skull stripping,
volumetric data were automatically co-registered to a template space (IXII 555 MNI space;
www.brain-development.org, (accessed on 1 October 2021)) Different tissue was then
segmented in native space in order to extract surface models of the head, the brain enclos-
ing surface and the cortical mantle. We modeled the cortical mantle with a tessellation
(20,484 vertices) of the mid thickness surface, i.e., the surface in between the pial and the
white/gray matter interface. The surface enclosing the brain and a surface model of the
head were also modeled as 20,000 vertices meshes. In addition to the extracted surfaces in
native subject space, co-registered spheres for projection on the FreeSurfer Average (5th
order icosahedron “fsaverage5”; [32]) superficial template space were computed, as well as
the corresponding interpolation matrices between template and native coordinate spaces.
Interpolation coefficients for each point were defined as inversely weighted average of first
neighborhood. The mapping of the native space cortical surface onto the FreeSurfer average
allowed us to identify, in template space, vertices belonging to 360 regions of interests of the
‘state of the art’ multimodal parcellation from the Human Connectome Project [33]. This
atlas was generated by combining structural, diffusion and resting state fMRI data from
210 healthy young adults. Being interested in phase consistency between frontal, parietal
and occipital areas, we defined three corresponding brain sectors, for each hemisphere,
by pooling together correspondent ROIs from the atlas. We selected the ROIs in order to
achieve a sufficiently large coverage of the three sectors of interest, while avoiding excessive
proximity that might lead to spurious connectivity due to potential spread of the inverse
solution. Finally, this led to 16, 7 and 18 regions of interest for the occipital, parietal and
frontal sectors, respectively. For the sake of computational efficiency, we refined the sectors
by trimming the borders in order to have the same number of dipoles per sector (D = 930).
A list of corresponding regions of interest, with MNI coordinates, can be found in Table 1.
All the subsequent analyses were performed only on these ROIs.

Table 1. List of Region of Interest (ROI) defining the three sectors. A brief description (from van
Essen) and the coordinate of the centroid in mm with respect to the template MNI space is reported.

ROI Sector
MNI Coordinates of Centroid (mm)

x y z

V1 Occipital −13.1 −82.0 1.5
V2 Occipital −12.4 −81.5 3.6

ProS Occipital −18.5 −52.2 0.1
V3 Occipital −18.3 −86.2 5.4
V4 Occipital −29.7 −82.5 −3.9
V6 Occipital −13.9 −78.0 27.2
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Table 1. Cont.

ROI Sector
MNI Coordinates of Centroid (mm)

x y z

V6A Occipital −18.6 −84.3 38.1
V7 Occipital −23.8 −81.9 26.6

IPS1 Occipital −22.6 −71.7 33.0
V3A Occipital −17.2 −88.4 23.0
V3B Occipital −28.2 −78.9 16.3

V3CD Occipital −35.3 −85.7 12.3
IP0 Occipital −30.4 −73.5 25.5

PGp Occipital −39.8 −80.1 22.1
LO1 Occipital −37.8 −82.9 4.2
LO2 Occipital −42.7 −83.3 −4.9

1 Parietal −47.1 −24.5 52.3
2 Parietal −35.4 −34.4 49.7
3a Parietal −34.3 −21.8 41.8
3b Parietal −36.8 −24.1 51.6
4 Parietal −26.7 −19.7 53.8

6mp Parietal −14.1 −13.2 65.7
6d Parietal −34.9 −12.7 61.9

8BL Frontal −11.6 35.1 50.8
9p Frontal −18.9 44.0 36.4
9m Frontal −7.7 51.0 21.8
9a Frontal −19.7 53.2 23.8

8Ad Frontal −23.3 24.7 41.2
9–46d Frontal −28.7 42.1 21.4
8BM Frontal −6.3 29.5 43.1
8Av Frontal −37.1 18.0 47.4
46 Frontal −36.6 35.6 28.3
8C Frontal −40.3 16.1 35.0

p9–46v Frontal −43.3 29.2 26.3
a32pr Frontal −10.2 28.1 28.6
d32 Frontal −10.0 38.5 21.1

a9–46v Frontal −37.1 47.7 8.8
10d Frontal −12.1 62.9 8.4

p10p Frontal −23.6 55.0 5.2
p47r Frontal −41.2 40.3 1.5
IFSa Frontal −42.0 31.2 13.2

2.4. MEG Source Reconstruction Based on Individual Anatomies

We used Minimum Norm Estimation [34] to solve the inverse problem and compute
the projection matrix from sensors to source space. Native space surfaces were co-registered
to MEG coordinates in a first step, using correspondence between anatomical landmarks as
recorded during the MEG session and in the MRI anatomical image. Second, co-registration
was refined by aligning additional head surface points registered during MEG acquisition
to the tessellation representing the head surface. In this procedure, MEG isotrak points
anterior to the nasion were discarded since the anatomical MRI images were defaced
prior to being publicly available. We then computed a forward model solution for planar
gradiometers using the singleshell method and the brain enclosing surface as computed
before, and depth normalizing lead fields with a factor of 0.5. The source model for MNE
was defined as a free orientation set of dipoles uniformly distributed on the cortical surface
(mean spacing 3.1 mm) and the inverse solution was computed, with a 1% noise covariance
regularization. This procedure leads to a set of three time series of estimated cortical
activations for each resting state epoch and for each vertex of the source model mesh, in
the three cartesian coordinate system. MEG is blind to the radial component of magnetic
field generated by a current dipole in the source model [34,35]. Thus, even for realistic
forward solutions, the estimated current in the most radial direction, with respect to the
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head surface, is almost zero. Therefore, we performed a Singular Value Decomposition
(SVD) of the three source time series at each vertex and for each epoch, retaining only
the components associated with the first two singular values, while the third was always
almost zero. In this way we reduced the current estimate to its projection on the plane
orthogonal to the radial direction, resulting in two source activity time series for each vertex
and for each dipole represented hereafter by the two-dimensional vectors x(t).

2.5. Spectral Analysis

For each epoch and vertex of the cortical mesh, we computed Fourier coefficients X(f)
from the time dependent activity vectors x(t) in a frequency interval f = [8:14] Hz using
a Hanning window taper. Having thus two Fourier coefficients at each frequency, dipole
and epoch, we decided to reduce spectral data defining an optimal dipole orientation as
follows: we computed the cross spectral density matrix between the two Fourier components,
performed an SVD and keeping only the direction relative to the first singular value. This
resulted in an optimal dipole orientation û that depends on the dipole position, the epoch and
the frequency of interest, thus optimizing the detection of the brain signal at the frequency
of interest. We reduced accordingly the Fourier coefficient vector to a scalar one defined
as X( f ) = X( f ) · û. As a measure of the quality of the procedure, we pooled together all
condition numbers resulting from SVDs on all subjects: the average condition number was
1.5 × 103. This means that, on average, the dipole orientations were, in time, almost fixed
(see also [36]) and thus our optimization procedure captures most of the spectral content
of the data. The distribution of the logarithm of all condition numbers can be inspected in
Figure 1c, showing the reliability of the assumption. Fourier coefficients in the optimized
direction X(f) were then used to compute power spectral density at each vertex and for each
epoch. Pooling together all spectral densities and detecting the peak in the frequency band
of interest, we defined, for each subject, an Individual Alpha Frequency (IAF); a distribution
of all the 203 IAFs is reported in Figure 1b. All the subsequent connectivity analysis was then
performed at the individual alpha frequency. For this reason, the frequency dependence of
Fourier coefficients X(f) will be dropped hereafter in the notation.

2.6. Connectivity Analysis and Group Statistical Validation

We are interested in connectivity and phase relationships between region of interest
belonging to the frontal, parietal and occipital areas within each hemisphere. For this
reason, we computed two different spectral based connectivity metrics between all the
combinations of areas belonging to the three different sectors. In particular, given the
symmetricity of the connectivity metrics we use, we crossed occipital areas with parietal and
frontal, and parietal region of interests with frontal ones. For each resulting combination, we
computed the Weighted Pairwise Phase Consistency (WPPC; [20]) and the Weighted Phase
Lag Index (WPLI; [19]). The WPPC is based on the distribution of the phase differences
between all the pairs of observations (resting state 2 s epochs in our case). WPPC is a robust
non-biased measure of phase consistency of brain signals, but it is still affected by zero-lag
artificial correlations induced by the imperfection of the inverse model solution [21,22].
Complementary to WPPC, we estimated WPLI as a connectivity measure not affected by
the artificial zero-lag correlations. Being based on the imaginary part of the coherence,
WPLI is immune to zero-lag connectivity but it has another disadvantage: it achieves
maximal Signal to Noise Ratio (SNR) when the two brain signals are in a π/2 relationship.
For the frequency band of interest (around 10 Hz) this means a time delay of ~25 ms, a
long time when compared to typical brain signal propagation time. However, both metrics
strongly depend on a consistent phase relationship between signal of interest, and then they
can complementarily provide information about the phase consistency of alpha rhythmicity
between the sectors we are investigating.

Given the combination of two brain sectors (A and B) from the ones defined above
(O = occipital; P = parietal; F = frontal) we computed whole sector connectivity matrices,
using both WPLI and WPPC, as follows. Named for brevity as X = XA(da) and Y = YB(dB),
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the Fourier coefficients at each vertex da and db of the sectors A and B, respectively, we
computed a regional dipole-wise connectivity matrix CM

AB(da, db) ∈ M(D × D), where M
represents the metrics (M = WPPC or WPLI). Henceforth, for the sake of clarity, subscripts
and superscripts will be omitted when not necessary. In addition, we computed, for each
metrics, correspondent null connectivity matrices C̃A(da, dr) and C̃B(db, dr) from sector of
interest to a set of D dipoles {dr} randomly chosen within each subject space among the
set of dipoles not belonging to any sector of interest. These null connectivity matrices were
then used for group statistical validation, under the null hypothesis that connectivity to
random dipoles, differently chosen for each subject, will be distributed according only to
the metrics’ bias and sensitivity. To this aim we performed a bootstrap procedure at the
group level by comparing actual and random connectivity matrices: for each combination
(A, B) and for each subject, the actual connectivity matrix CAB and the random ones C̃A

and C̃B were permuted 10,000 times in order to estimate the empirical distribution of

the Fisher regularized difference of connectivity dC ≡ tan−1(CAB)− tan−1
(

C̃A/B

)
. The

comparison between the real dC with its null empirical distribution provided, for each
dipole, a bootstrap p-value. (only positive tailed comparisons were considered). Resulting
D2 p-values were then FDR corrected (q = 0.05) and only significant elements of C_AB were
considered in the subsequent analysis. Furthermore, we reduced the information in each
connectivity matrix by summarizing connectivity between the two sets of ROIs {ra} and
{rb} from the atlas [33] belonging to sectors A and B, respectively. To this aim we defined,
for all connectivity metrics, the following two quantities:

∆(ra, rb) ≡
#[CAB(da ∈ ra, db ∈ rB)]

D

Γ(ra, rb) ≡ P95{ f sg[CAB(da ∈ ra, db ∈ rB)]}

where # [·] and fˆsg [·] represents the count and the distribution of significant connectivity
values, respectively, while P_95 [·] represents the 95% percentile. The quantities Γ and ∆

were computed between regions for each combination {r_a,r_b} and from a single region
of interest to all the target sector {r_a,B}. Finally, bi-hemispheric results were collapsed
by averaging the contribution of both hemispheres. We defined the quantities ∆ and Γ to
summarize the connectivity between ROIs and/or sectors, given that inspecting he whole
dipole by dipole connectivity matrices would have been confusing and not clear to the
reader. The two quantities are conceptually derived from standard graph theory analysis.
The connectivity degree ∆(r_a,r_b) simply counts, from the connectivity matrix, the number
of statistically significant connections between dipoles of the two ROIs, disregarding the
strength of the connectivity and normalizing the count to the total number of dipoles in the
sector. This is conceptually analogous to the node degree in the context of network analysis.
The mean significant connectivity Γ(r_a,r_b) provides a refinement of the connectivity
degree, including the information about the connectivity (or phase consistency) strength.
This is achieved by selecting from the connectivity matrix only the statistically significant
connections between the dipoles of the two ROIs, extracting the 95% percentile of the
resulting distribution instead of just counting them. It is worth noticing that choosing the 95%
percentile is a conservative choice, given that usually connectivity values bounded between
0 and 1, even when Fisher regularized, can give rise to non-symmetrical distributions.

3. Results

Degree and mean connectivity between each ROI combination (∆(ra, rb) and Γ(ra, rb))
and from each ROI to the other sectors as a whole (∆(ra, B) and Γ(ra, B)) for WPPC and
WPLI are shown in Figures 2 and 3 as color coded source maps and connecto-grams. All
extracted values are listed in Tables 2 and 3. In general, we can notice that the connectivity
estimated from both metrics, each one differently depending on a consistent phase rela-
tionship, is predominant in the parietal–frontal connection. While the connection between
occipital and frontal sectors appears to be still relevant, the weakest phase consistency

186



Brain Sci. 2022, 12, 348

has been found between the occipital and the parietal areas. The predominance of phase
consistency in parieto–frontal connections is also confirmed by the value of Γ(P, F) = 0.06,
to be compared with Γ(O, P) = 0.03 and Γ(O, F) = 0.03 obtained by WPPC considering
the whole area as a single ROI in the analysis. When considering the same values but
extracted from WPLI, the pattern is less evident (Γ(O, P) = 0.012; Γ(O, F) = 0.015 and
Γ(P, F) = 0.013), since the mean connectivity between sectors as detected by the imaginary
part of the coherence is almost the same. However, this has to be interpreted in the light
of the different sensitivity of the two metrics with respect to the absolute value of phase
shift at IAF between the source activity in the two areas, which is ultimately related to the
propagation time of the nervous signal on the pathway connecting the ROIs under consid-
eration. As a matter of fact, comparing values of connectivity parameters as extracted from
WPPC and WPLI, we can see that the former are in general larger than the first ones. The
pattern of a predominant fronto-parietal connectivity with a less consistent pareto-occipital
connectivity is also less marked in the WPLI case. We interpret this, methodologically, by
considering the different sensitivity of WPPC and WPLI with respect to phase delay abso-
lute values. Being based on the imaginary part of the coherence, WPLI is more sensitive to
phase consistent signals whose time delay corresponds to values close to φ = π/2, which
translate in the alpha band into a propagation time delay of signals of ~25 ms. This time
is relatively large if compared to typical brain conduction delays, therefore we expect the
phase delay value giving rise to significant connectivity measures to be more toward a
phase difference of φ = 0, thus expecting WPPC to be more sensitive. However, because of
the finite conduction delays in the white matter, and in general in the brain, we expect more
distant areas having larger propagation time. Thus, we expect phase consistency between
distant areas to be more evident in the WPLI.

Figure 2. Results for WPPC connectivity. (a) Values of ∆(ra, B), for all sector combinations in color
code. (b) Values of Γ(ra, B), for all sector combinations in color code. (c) Connectome plots for
the three relevant sector combinations computed from G. Red/green/blue ROI names belongs to
occipital/parietal/frontal sectors respectively. The gray level of lines encodes the magnitude of
Γ(ra, rb) while the gray level of the dot encodes Γ(ra, B). In the inset the color code is explained:
assigning red/green/blue colors to occipital/parietal/frontal sectors, respectively, the intensity of
each area represents the overall magnitude of the parameter of interest, while the color encodes the
proportion of the magnitude due to connectivity to the other sectors. So, for example, a parietal area
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more towards blue has more consistent phase relationship to the frontal sectors, while, if more
towards red, the most relevant connection is to the occipital sector.

Figure 3. Results for WPLI connectivity. (a) Values of ∆(ra, B) , for all sector combinations in color
code. (b) Values of Γ(ra, B), for all sector combinations in color code. (c) Connectome plots for
the three relevant sector combinations computed from G. Red/green/blue ROI names belong to
occipital/parietal/frontal sectors, respectively. The gray level of lines encodes the magnitude of
Γ(ra, rb) while the gray level of the dot encodes Γ(ra, B). In the inset the color code is explained:
assigning red/green/blue colors to occipital/parietal/frontal sectors, respectively, the intensity of
each area represents the overall magnitude of the parameter of interest, while the color encodes the
proportion of the magnitude due to connectivity to the other sectors. So, for example, a parietal
area more towards blue has more consistent phase relationship to the frontal sectors, while, if more
towards red, the most relevant connection is to the occipital sector.

Table 2. Connectivity values for all ROIS towards each of the three sectors. Values of Γ(ra, b) and
∆(r, B) computed from WPPC are shown.

Occipital Parietal Frontal

V1 0.00005 0.01813 0.04801 0.03330
V2 0.00026 0.02336 0.03238 0.03052

ProS
V3 0.00054 0.02260 0.01536 0.02715
V4 0.00007 0.01750 0.00167 0.01769
V6 0.01140 0.03235 0.01202 0.02595

V6A 0.00591 0.02071 0.01167 0.01895
V7 0.00787 0.02024 0.01866 0.02350

IPS1 0.01689 0.03146 0.00290 0.01733
V3A 0.00240 0.02260 0.01683 0.02353
V3B 0.00526 0.02268 0.00203 0.01546

V3CD 0.00017 0.01639 0.00426 0.01660
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Table 2. Cont.

Occipital Parietal Frontal

IP0 0.00256 0.02089 0.00459 0.01869
PGp 0.00036 0.01662 0.00583 0.01964
LO1 0.00054 0.01236
LO2 0.00007 0.01632 0.00008 0.01108

1 0.00147 0.01513 0.01000 0.02590
2 0.01323 0.03352 0.00150 0.02274

3a 0.00182 0.02163 0.01169 0.06285
3b 0.00166 0.01980 0.00928 0.04439
4 0.00153 0.01990 0.01354 0.06664

6mp 0.00026 0.01459 0.00653 0.03106
6d 0.00037 0.01261 0.02895 0.05629

8BL 0.09001 0.02671 0.00231 0.01952
9p 0.08669 0.02861 0.00182 0.01623
9m 0.10542 0.03381 0.00006 0.01323
9a 0.11954 0.02970 0.00015 0.01537

8Ad 0.03460 0.01914 0.00374 0.01783
9–46d 0.05946 0.02154 0.00038 0.01336
8BM 0.04143 0.02319 0.00015 0.01470
8Av 0.00697 0.01461 0.06058 0.04594
46 0.01625 0.01679 0.00248 0.01423
8C 0.00071 0.01432 0.10138 0.05798

p9–46v 0.00158 0.01213 0.01557 0.01848
a32pr 0.00488 0.01591 0.00003 0.00649
d32 0.02711 0.02249 0.00003 0.00840

a9–46v 0.04548 0.01925 0.00283 0.01968
10d 0.07100 0.02592 0.00028 0.01980

p10p 0.05559 0.02151 0.00038 0.01635
p47r 0.01739 0.01740 0.01290 0.02046
IFSa 0.00425 0.01535 0.00776 0.01874

Table 3. Connectivity values for all ROIS towards each of the three sectors. Values of Γ(ra, b) and
∆(r, B) computed from WPLI are shown.

Occipital Parietal Frontal

V1 0.00004 0.01007 0.00103 0.01402
V2 0.00002 0.01189 0.00103 0.01511

ProS 0.00008 0.00814
V3 0.00004 0.01173 0.00041 0.01337
V4 0.00012 0.01177
V6 0.00007 0.01102 0.00013 0.01063

V6A 0.00014 0.00900 0.00013 0.01001
V7 0.00019 0.01040

IPS1 0.00023 0.01053
V3A 0.00005 0.01201 0.00014 0.01081
V3B 0.00016 0.01120

V3CD
IP0 0.00016 0.01141 0.00003 0.00919

PGp 0.00009 0.01005 0.00009 0.01133
LO1
LO2 0.00017 0.00917

1 0.00010 0.00946 0.00006 0.01010
2 0.00022 0.01309 0.00006 0.01011

3a 0.00008 0.01093 0.00022 0.01174
3b 0.00013 0.01032 0.00011 0.01131
4 0.00015 0.01078 0.00017 0.01302

6mp 0.00007 0.00970 0.00009 0.00931
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Table 3. Cont.

Occipital Parietal Frontal

6d 0.00018 0.01071 0.00027 0.01096
8BL 0.00266 0.01300 0.00008 0.01005
9p 0.00664 0.01340 0.00006 0.00831
9m 0.00505 0.01418 0.00003 0.00788
9a 0.00261 0.01296

8Ad 0.00063 0.01018 0.00010 0.00953
9–46d 0.00206 0.01211 0.00002 0.00974
8BM 0.00133 0.01180 0.00002 0.00744
8Av 0.00011 0.00886 0.00074 0.01142
46 0.00043 0.01072 0.00010 0.00949
8C 0.00003 0.00789 0.00090 0.01296

p9–46v 0.00017 0.00939 0.00025 0.01076
a32pr 0.00051 0.01047 0.00002 0.00623
d32 0.00134 0.01224 0.00003 0.00763

a9–46v 0.00119 0.01163 0.00005 0.00786
10d 0.00269 0.01193

p10p 0.00150 0.01111 0.00012 0.00804
p47r 0.00051 0.01068 0.00007 0.00797
IFSa 0.00029 0.00949 0.00011 0.00918

Inspecting more in detail ∆(ra, B) and Γ(ra, B)), as we can see from Figure 2a,b, the
overall higher values for both the quantities extracted from WPPC correspond to the pareto–
frontal connections, giving frontal area 8C the overall highest values (∆(8C, P) = 0.1 and
Γ(8C, P) = 0.06)). This predominance can be also appreciated in the connecto-grams
(Figure 2c), where connections between frontal areas 8C and 8av appear to be the highest
in this sector’s combination and with respect to the other sector combinations. This result
is further confirmed by values obtained from WPLI, as shown in Figure 3. In this case
also, referring to the parietal-frontal connection, area 8C is the most connected, with
∆(8C, P) = 0.0009 and Γ(8C, P) = 0.013. We can thus conclude that this pattern is not due
to the proximity of area 8C with respect to the frontal sector, WPLI being insensitive to
zero-lag connections by design. However, in this case, the degree and the mean connectivity
of areas 8c and 8av are not the highest with respect to other sector combinations, as can
be appreciated in the connecto-grams of Figure 3c and in the color-coded source maps of
mean connectivity in Figure 3b.

As regards the occipito–frontal connections, the highest WPPC connectivity and degree
values has been found from frontal area 9a to the occipital sector, being ∆(9a, O) = 0.12
and Γ(9a, O) = 0.03. The corresponding values for WPLI are ∆(9a, O) = 0.003 and
Γ(9a, O) = 0.013 while, in this case, areas 9m and 9p have also been found among the most
connected to the occipital sector (∆(9m, O) = 0.007 and Γ(9m, O) = 0.015; ∆(9p, O) = 0.007
and Γ(9p, O) = 0.013). This pattern is confirmed also by inspecting the connecto-grams in
Figure 2c for WPPC and Figure 3c for WPLI, where, in the latter case, connectivity from
frontal areas to occipital is more evident than in the WPPC case. As we pointed out before,
we interpret this as a byproduct of the different sensitivity of WPPC and WPLI to coherent
signals whose phase delay is more towards φ = 0 or φ = π/2.

Finally, also in the single ROI connectivity values inspection, the occipito–parietal
connectivity seems to be less relevant. This can be appreciated in the connecto-grams
for WPPC in Figure 2c, where the highest values, in this case, can be found in frontal
area 2 (Γ(2, O) = 0.034 and in occipital area V6 (Γ(V6, F) = 0.033) for the WPPC. This is
confirmed also from WPLI results (Γ(2, O) = 0.013 and (Γ(V6, F) = 0.012). However, in
this case the predominance of these two areas in the occipito-parietal connectivity is less
marked as can be noticed from the connecto-grams in Figure 3c.
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4. Discussion

Our aim was to provide the brain-state dependent EEG-TMS community with a work
describing functional phase-dependent relationships between frontal, parietal and occipital
areas. In these regions, alpha phase-dependent cortical excitability has been studied both
in healthy controls and patients via brain-state dependent stimulation [8,13–15]. (Since the
attempts at manipulating the effects of stimulation triggered by the phase detected on a
region different from the target have no clear effectiveness [8], we believe that taking into
account off-line phase-dependent connectivity patterns between the areas of interest would
be of substantial help in predicting results from these studies.

Furthermore, consideration of the general phase-dependent connectivity state of the
target region, (either trigger-region or not), could be essential for explaining changes in
connectivity patterns for the time after application of plasticity protocols up to the moment
where the behavioral measure has returned to baseline. Considering not only the TMS
trigger-state (phase of the frequency of interest) but also the general connectivity state
of the brain between the regions of interest would in fact be useful both for predicting
plasticity protocols’ efficacy and for interpreting results. For these reasons, we investigated
spectral-resolved connectivity metrics that depend on a consistent phase relationship at IAF
between frontal, parietal and occipital regions at rest. Results showed greater functional
coupling between frontal and parietal areas, compared to very low functional coupling
values between frontal and occipital and parietal and occipital pairs (Figure 2). These
results are consistent with previous evidence of a fronto-parietal network at rest (e.g., [37]).
We used MEG data and three different phase-coherence measures to show that a clear
coupling emerges at IAF between frontal and parietal parcels at rest.

The ability to assess the strength of frontoparietal coupling from resting state data
before and after an intervention makes this a suitable pathway for the investigation of
pathway-specific plasticity. The alpha frequency band is relevant because this is the
frequency band where phase-specific modulation of cortical excitability was previously
demonstrated both in the motor system [8,13,14] and in the prefrontal cortex [15]. Therefore,
in frontal and sensorimotor regions, state-dependent stimulation based on the phase of
alpha frequency appears effective in modulating cortical excitability at rest. However, when
TMS is applied to the motor cortex in response to the phase of alpha recorded from the
occipital cortex at rest, no modulation of corticospinal excitability was found [8].

For future development of real-time estimators of instantaneous connectivity states,
we propose that connectivity metrics which depend on phase relationship between ar-
eas, and therefore describe whether two regions share trial-averaged functional coupling,
can provide off-line connectivity priors in order to enable more accurate time-resolved
connectivity estimates. This broad state of functional coupling will, in fact, constitute a
novel level of a priori information to assess whether real-time EEG-TMS paradigms will be
effective in modulating cortical excitability in one area when the trigger is recorded from
another area. In this light, for example, our finding of the limited functional coupling at
rest between occipital and parietal areas can help elaborate on the reason why no effect was
found when the hand knob of the motor cortex was stimulated on the basis of the occipital
alpha phase [8].

Therefore, we propose that, in order to improve the efficacy of brain-state dependent
stimulation protocols, the definition of “brain state” should not only refer to the instanta-
neous phase of the considered frequency which is triggering the stimulus, but also to the
predisposition of the network to be globally perturbed by a stimulus triggered by a given
phase of a determined frequency. In this regard, measures of functional coupling of regions
at rest or during tasks that involve different functional coupling patterns would allow the
obtaining of “off-line” connectivity priors.

In essence, beside the targeting of a local oscillation phase, brain-state dependent
stimulation might leverage the off-line acquired, a priori knowledge regarding functional
patterns in order to causally test the functional coupling between the brain regions involved.
As an example of potential relevance of this approach, it has been shown that a network of
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prefrontal and occipito–parietal areas is involved in visual target detection and that alpha
phase in this network is essential for a correct visuospatial processing [38,39]. Standard
brain-state dependent stimulation could be used in order to further test the relationship
between these cortical areas. In fact, brain-state dependent stimulation could potentially
modulate cortical excitability of one area given the phase of alpha from another region.
However, according to our approach, this brain-state dependent stimulation could lead
to more effective results only when the two regions are embedded in a functional pattern
that describes a state of sensitivity to be modulated [13,21]. A relevant part of cortical
excitability could derive therefore from functional coupling of the target areas at rest (or
during a task) at a given frequency.

This new perspective would also be useful for developing new and more effective
individualized approaches for rehabilitation via brain-state dependent stimulation. In this
regard, individualized stimulation rehabilitative protocols have been proposed in stroke
patients for whom specific adaptive connectivity patterns between specific cortical regions
should be reinforced in order to achieve recovery [40]. In this light, our approach combining
brain-state dependent stimulation with phase-dependent connectivity measures would
nicely suit this purpose.

Finally, it must be noticed that our work is the first attempt at measuring coherence
at IAF during rest between these three regions of the cerebral cortex. Most of the resting
state literature consists of fMRI studies, which lack the temporal resolution that MEG
measures provide [41–43]. It is also worth noticing that, depending on the connectivity
metric employed, we obtain slightly different results in the coupling between frontal and
occipital areas, with the WPLI showing some functional coupling between the two regions
compared to other measures. The WPLI is a measure based on the imaginary part of
coherence. This metric is not sensitive to zero-lag spurious correlations. However, its
maximum SNR spuriously coincides with π/4. Since we are investigating IAF which, on
average, refers to around 10 Hz, the maximum SNR of WPLI measures has a phase-lag of
about 25 ms. For these reasons, the functional relationship between distant areas like the
frontal and occipital cortices might be captured thanks to this longer phase-lag that allows
pick-up of the coupling between signals with longer propagation time.

To summarize, our findings suggest that brain-state dependent stimulation could
benefit from taking into account a broader concept of “state” of the system. Depending on
whether brain-state dependent stimulation is practiced at rest or during a task, one should
consider the functional coupling patterns between the areas of interest in the frequency
band whose phase is used as a trigger. Furthermore, we suggest that the physical distance
between the regions could also be taken into account when choosing the coherence metric
to assess functional coupling based on a consistent phase relationship in the frequency
band of interest.

5. Conclusions

Brain-state dependent brain-stimulation has the potential to reliably modulate specific
neural pathways using a “Closed-Loop” approach [44]. How to achieve a time-resolved real-
time estimation of EEG-derived brain connectivity states remains a key challenge. In this
study, we addressed the off-line estimation of phase-based connectivity patterns between
different regions of interest, presenting a pipeline to determine candidate pathways for
real-time paradigms, for instance where the trigger-signal is extracted from one cortical site,
and the stimulation targets a different site, or considering the target region and downstream
effects to distal cortical regions.

In summary, offline connectivity measures have a twofold purpose: first, the estimate
of connectivity patterns before and after can represent a biomarker of cortico-cortical
changes after single and repetitive state-dependent TMS. In fact, for mu-alpha, stimulation
at troughs was found to enhance Transcranial evoked potentials (TEPs) in both ipsi and
contralateral hemisphere at 100 ms after stimulus even when the stimulus was provided at
90% of motor threshold [10]. Moreover, the same kind of stimulation has been found to be
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responsible for an enhancement of connectivity between the two sensorimotor cortices [45].
Connectivity joined with TEP analysis could be even more relevant when analyzing non-
motor areas such as the dorsolateral prefrontal cortex, where one cannot rely on as reliable
and consistent an outcome as that of the MEPs.

Second, an off-line connectivity analysis can be used as prior information for future
online estimates, to determine a correlation between areas oscillating at the same frequency
or in an anticorrelation, a phase state which was previously suggested as a possible marker
of functional segregation [46], or no correlation at all. The offline measures can serve as a
benchmark for determining the optimal trade-off between the temporal resolution (window-
length) and the estimator error variance for a given experimental condition, noting that the
window-length must be short enough to capture physiological transitions [47].
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Abstract: Autism spectrum disorder (ASD) is a behaviorally diagnosed neurodevelopmental
condition of unknown pathology. Research suggests that abnormalities of elecltroencephalogram
(EEG) gamma oscillations may provide a biomarker of the condition. In this study, envelope analysis
of demodulated waveforms for evoked and induced gamma oscillations in response to Kanizsa figures
in an oddball task were analyzed and compared in 19 ASD and 19 age/gender-matched neurotypical
children. The ASD group was treated with low frequency transcranial magnetic stimulation (TMS),
(1.0 Hz, 90% motor threshold, 18 weekly sessions) targeting the dorsolateral prefrontal cortex.
In ASD subjects, as compared to neurotypicals, significant differences in evoked and induced gamma
oscillations were evident in higher magnitude of gamma oscillations pre-TMS, especially in response
to non-target cues. Recordings post-TMS treatment in ASD revealed a significant reduction of gamma
responses to task-irrelevant stimuli. Participants committed fewer errors post-TMS. Behavioral
questionnaires showed a decrease in irritability, hyperactivity, and repetitive behavior scores.
The use of a novel metric for gamma oscillations. i.e., envelope analysis using wavelet transformation
allowed for characterization of the impedance of the originating neuronal circuit. The results suggest
that gamma oscillations may provide a biomarker reflective of the excitatory/inhibitory balance of the
cortex and a putative outcome measure for interventions in autism.

Keywords: Autism spectrum disorder; evoked and induced gamma oscillations; EEG; TMS; oddball
task; reaction time; aberrant and repetitive behaviors

1. Introduction

Rhythmic patterns of neural activity, manifested in the electroencephalogram (EEG) as
voltage oscillations, have been linked to varied cognitive functions such as perception, attention,
memory, and consciousness. The reciprocal interaction between excitation (pyramidal cells) and

197



Brain Sci. 2020, 10, 423

inhibition (interneurons) during cortical activation provides the genesis for brainwave oscillations [1].
Those brainwaves with the highest frequency, between 30 and 90 Hz, comprise the gamma
bandwidth [1,2]. Fast-spiking interneurons that provide for the perisomatic inhibition of pyramidal
cells, control the rhythm (clockwork) of these high frequency oscillations [1]. Immunocytochemical
characterization of these cells reveals that they express the calcium-binding albumin protein
parvalbumin (PV). The high metabolic activity of PV cells, which comprise the largest subgroup
of cortical interneurons, makes them highly susceptible to oxidative injury. This pathoclisis helps
explain their putative relationship to abnormalities of gamma aminobutyric acidergic (GABAergic)
neurotransmission in many psychiatric disorders [3].

Reduced numbers of PV-expressing cells have been reported in human postmortem brain
samples [4] and animal models of autism spectrum disorder (ASD) (e.g., Fmr1, VPA, Nlgn3, R451C,
and Cntnap2) [5]. More significantly, the reduced levels of PV expression correlate with ASD-like
behavioral deficits (e.g., sociability, vocalization) and, curiously enough, with symptoms usually
ascribed to ASD comorbidities (e.g., pain sensitivity, seizures) [6,7]. Long-lasting reversal of PV
(GABAergic) deficits by pharmacologic or cell type-specific gene rescue, normalizes, or at least
diminishes, cognitive dysfunction, and social deficits in these animal models [5,8,9]. It is therefore
unsurprising that ASD researchers have proposed using gamma-band-based metrics, both a putative
“electrophysiological endophenotype” [6] of PV pathology and a metric indicative of the cortical
balance between inhibition and excitation [2], as an outcome measure for interventions aimed at
targeting the underlying pathology of ASD [10–12].

Gamma band activity is thought to reflect the mechanism for the integration of information
in neural networks within and between brain regions (for reviews see [12,13]). Gamma rhythm is
normally defined as EEG band in the frequency range between 30 to 90 Hz (or even higher), although
there is an opinion [14] that different frequency sub-bands (e.g., 30–35 Hz, 40–48 Hz, etc.) may
have distinct functional significance. Our study focuses on gamma sub-band within 35–45 Hz
(so-called 40 Hz-centered gamma [15,16]). Oscillatory activity in the 40 Hz-centered gamma range
has been related to Gestalt perception and to cognitive functions such as attention, learning,
and memory [17,18]. Binding of widely distributed cell assemblies by synchronization of gamma
frequency activity is thought to underlie cohesive stimulus representation in the brain [19,20]. It has
been proposed that “weak central coherence” in autism could result from a reduction in the integration
of specialized local networks in the brain caused by a deficit in temporal binding that depends
on gamma synchronization [21–23]. It is important to emphasize that there are distinct functional
differences between spontaneous gamma, evoked gamma power and coherence, and event-related
induced gamma power and coherence [14]. Sensory evoked gamma coherences reflect the property of
modality-specific networks activated by a sensory stimulation. Event-related (or cognitive) induced
gamma and its coherences manifest coherent activity of sensory and cognitive networks triggered by
and governed by requirements of a cognitive task. In autism, synchronization between these neural
networks is abnormal and reflects an imbalance of the excitation/inhibition bias of the cerebral cortex
(vide supra, [2]). Studies have shown that resting gamma power appears to be inversely correlated to
ASD severity as measured by the Social Responsiveness Scale (SRS) [24].

Illusory contour or illusory figure (e.g., Kanizsa figure [25]) perception is a very useful model to
study the integration of local image features into a coherent percept, and tests based on several illusory
figures were productively used to investigate the impairment of such integration in children with ASD.
Brown et al. [22] tested adolescents with autism in an experiment that presented Kanizsa shapes with
visual illusions and reported excessive evoked gamma at 80 and 120 ms post-stimulus, in addition to
enhanced induced gamma (200–400 ms). Inability to reduce gamma activity would lead to the inability
to decide which event requires attention when there are multiple choices. In autism, uninhibited gamma
activity suggests that none of the circuits in the brain can come to dominance because too many are
active simultaneously [21–23]. Abnormalities of gamma synchrony can result in significant cognitive
deficits, such as reduced attentional control, and other dysfunctions present in ASD. In addition,
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EEG recordings during a Kanizsa figure task have shown an overall increase in gamma oscillatory
activity in ASD as compared to neurotypicals [22]. These findings are thought to reflect a reduction in the
“signal to noise” level due to diminished inhibitory processing [22]. These observations are of clinical
significance as several studies have now reported in ASD that abnormalities in gamma oscillations
are normalized by low frequency repetitive transcranial stimulation (TMS). This neuromodulatory
therapy also provides improvements in both repetitive behaviors and executive functions [10,26–29].

In a recent study comparing ASD and neurotypical controls, spectral analysis of the outer envelope
joining the upper peaks of gamma oscillations allowed researchers to characterize the settling time
after peak voltage amplitude [30]. At baseline, with no active treatment instituted, the latency of the
ringing decay assessed using frequency analysis was significantly diminished in ASD as compared to
control subjects. A short ringing time indicates a system whose efficiency of operation or sensitivity is
diminished [31]. The oscillations induced by tasks involving the integration of features, as for example
in a reaction time tasks using Kanizsa illusory features. Our group has used oddball task paradigms of
target classification and discrimination which required a response to target Kanizsa squares among
non-target Kanizsa triangles and other non-Kanizsa distractor figures in order to examine event-related
potentials (ERP) and amplitude of gamma-band EEG activity [10,12,29]. We reported differences
between neurotypical children and children with ASD diagnosis in reaction time and ERP measures as
well as amplitude of gamma responses. Furthermore, we reported normalization of ERP responses
and improved behavioral symptoms in children with ASD following repetitive transcranial magnetic
stimulation (rTMS) treatment [28]. The current study was focused on more advanced analysis of evoked
and induced gamma oscillations using the same illusory figure task. The gamma waveforms elicited
by this task exhibit a characteristic dampening after peak amplitude in which the outer envelope of
successive peaks traces a decay curve that persists until baseline.

The study used demodulation of gamma oscillations allowing to examine both the envelope of
a signal as well as the periodic waveform that carries the same suggesting that resonance behavior,
exemplified in the carrier wave may tie neural populations operating at the same frequency. Analysis
of the envelope of gamma oscillations can be used to investigate the impedance of involved circuits
and the excitatory inhibitory balance of the cerebral cortex [30]. We propose that the metrics of
gamma oscillations, ingrained in both its carrier and its envelope, may provide important information
contributing to better understanding of functional significance of EEG gamma waveforms.

Despite all of the evidence, the utility of gamma-band related variables as diagnostic biomarkers
is currently unexplored, suggesting an urgent need for using gamma oscillation measures as functional
markers of response to interventions such as rTMS or other types of neuromodulation. This sensitivity
is what allows a system to respond selectively to a given frequency while eliminating others. Brainwave
oscillations are not a finely tuned process; amplitude, frequency and phase all vary across individual gamma
cycles [32]. In autism, the low sensitivity makes the synchronization between neuronal networks imprecise.
The end result is a distortion in the ability to form cohesive perceptual experiences and a reduction in the
brain’s ability to provide for nuanced responses to both environmental and social exigencies.

The findings described in the previous paragraphs led the authors to study and compare, in ASD
and a neurotypical control population, the metrics for gamma oscillations that describe its envelope.
This study expands on previous findings by analyzing the evoked and induced components of gamma
oscillations using wavelet transformation. Given the many reports in the literature which translate
gamma oscillations to possible behavioral states we also analyzed for possible correlates to aberrant
and/or repetitive behaviors in our ASD population post-TMS treatment.

2. Methods and Materials

2.1. Subjects

Children and adolescents with ASD diagnosis were recruited through referrals from several
pediatric clinics. All patients (N = 19 mean age, 14.4 ± 3.61 years old, 5 females) were
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diagnosed according to the Diagnostic and Statistical Manual of Mental Disorders (DSM-IVTR)
and/or DSM-5 [33,34]. Diagnosis of autism was further ascertained with the Autism Diagnostic
Interview-Revised (ADI-R) [35]). A developmental pediatrician evaluated the patients, ascertained
them to be in good health, had normal hearing, and were willing to participate in lab testing.
Participants were excluded if they had a history of seizures, impairment of vision, genetic disorders,
and/or brain abnormalities based on neuroimaging studies. Exclusionary criteria for this group were as
follows: (a) current diagnosis of any Axis I psychiatric disorder, such as psychosis, bipolar disorder, and
schizophrenia; (b) current psychiatric symptoms requiring medication other than those for attention
deficit/hyperactivity disorder (ADHD); (c) severe medical, cognitive or psychiatric impairments that
would preclude from cooperation with the study protocol; and (d) inability to read, write, or speak
English. The EEG test procedures also required the following exclusionary criteria: (1) impaired,
non-correctable vision or hearing; (2) significant neurological disorder (epilepsy, encephalitis) or head
injury. Subjects enrolled in the study were high-functioning children or adolescents with a full-scale
Intelligence Quotient (IQ) of more than 80 according to evaluations using the Wechsler Intelligence
Scale for Children, Fourth Edition (WISC-IV, [36]) or the Wechsler Abbreviated Scale of Intelligence
(WASI, [37]). Children with an ASD diagnosis who were on stimulant medication were included in this
study only if they were taken offmedication on the day of the lab visit for testing. Four participants
had ADHD diagnosed before they were diagnosed with either autistic disorder or Asperger Syndrome
by DSM-IV [33], while one subject was diagnosed by DSM-5 [34] as ASD comorbid with ADHD.

Typically developing children (i.e., control subjects, CNT group, N = 19, 14.8 ± 3.67 years old,
6 females) were recruited through advertisements in the local media. All control participants were
free of neurological or significant medical disorders, had normal hearing and vision, and were free
of psychiatric, learning, or developmental disorders based on self- and parental reports. Subjects
were screened for a history of psychiatric or neurological diagnosis using the Structured Clinical
Interview for DSM-IV Non-Patient Edition (SCID-NP [38]). Participants within the control and ASD
groups were matched by age, gender, full scale IQ, and socioeconomic status (based on parental
level of education and annual household income) of their family. The age of participants was in 9 to
17 years range, with majority of them being adolescents within 11–15 years range, but since according
to the National Institutes of Health (NIH) definition the participants under 18 years old are still are
categorized as children they are further referred to for convenience as “children” rather than “children
and adolescents”.

The study was conducted in accordance with relevant national regulations and institutional policies
and complied with the Helsinki declaration. The protocol of the study including informed consent
and assent forms that were reviewed and received approval of University of Louisville (Louisville,
KY, USA) Institutional Review Board (IRB) (Ethical approval protocol#006.07). Children and their
parents or legal guardians received detailed information about the research study specifics, including
its purpose, responsibilities, reimbursement rate, risk vs. benefits evaluation, etc. The participants were
reimbursed only for oddball tests ($25 for each procedure), and did not receive any reimbursement for
the TMS treatment. Investigators provided consent and assent forms to all families who expressed
interest in participation in this treatment research study and answered all questions related to the
project. If the child and his family member confirmed their commitment and agreed to be part of it,
both child and parent signed and dated the consent and assent forms and received a copy co-signed by
the study investigator.

2.2. Experimental Task: Visual Oddball with Illusory Kanizsa Figures

The test used in the study was a three-stimuli oddball task with rare illusory Kanizsa squares
(target, 25%), rare Kanizsa triangle (non-target Kanizsa, 25%) and frequent non-Kanizsa stimuli
(standards, 50%) [25]. Non-target Kanizsa and non-Kanizsa standard stimuli are further referred to
as task-irrelevant stimuli. Visual stimuli were presented for 250 ms with inter-trial interval in the
1100–1300 ms range. Subjects were instructed to press a button on a keypad with their right index
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finger when a target appeared, and not to respond to any of the task-irrelevant stimuli. This task
required the processing of both stimulus features (shape and collinearity) for discrimination of targets.
Before the test, all subjects had a brief practice block to get familiar with the specifics of the task,
make sure that they understood the test requirements, and that they could recognize the target stimulus
correctly. There was a total of 240 trials in the study and 20 trials in the practice block. The test took
approximately 20–25 min to complete. Participants with ASD diagnosis had at least one lab visit before
the test to ensure habituation to the experimental setting and lab environment as well as conditioning
to the EEG sensor net.

2.3. Event-Related Gamma Oscillations Recording

The dense-array (128 channel) electroencephalogram (EEG) was recorded with an Electrical
Geodesics Inc. Netstation system (EGI-Philips, Eugene, OR, USA). Experimental control (e.g., stimulus
presentation, reaction time) was executed using E-prime software (version 1.1, Psychological Software
Tools (PST), Inc., Pittsburg, PA, USA). Visual stimuli were presented on a monitor located in front
of the subject, while motor responses were recorded with a 4-button keypad (PST’s Serial Box).
EEG was recorded with 512 Hz sampling rate, analog Notch (60 Hz, IIR, 5th order) filter and analog
bandpass elliptical filters set at 0.1 to 100 Hz range. Electrodes impedance was kept under 40 Ω as
recommended by the EGI Netstation manual. Raw EEG recordings were segmented off-line spanning
200 ms pre-stimulus baseline and 800 ms epoch post-stimulus. EEG data was screened for artifacts
and all trials that had eye blinks, gross movements and other artifacts were removed using Netstation
artifact rejection tools [39]. Other details of our experimental procedure and EEG data acquisition,
pre-processing and analysis can be found in our prior studies using the same methodology [26–29,40,41].
Stimulus-locked dependent EEG variables for the frontal (F3, F4, F7, F8) and parietal (P3, P4, P7, P8)
sites-of-interest referenced to vertex (Cz) and nasion as a ground were used for gamma oscillation
analysis. Analysis of gamma oscillations was performed on trial-by-trial basis. Data set was not
re-referenced for average reference frame but rather accepted trials were left with initial vertex
reference to avoid distortion of gamma waves. Evoked gamma was analyzed with 40–160 ms window
and induced gamma within 180-400 ms window post-stimulus following ranges recommended by
prior studies using similar designs and comparable stimuli [12,14,18–20,22].

2.4. EEG Analysis

Method Description

EEG signal x (t) represented by 500 time samples per trial was analyzed using a Continuous
Wavelet Transform (CWT) where the Morlet wavelet is used as an analysis wavelet. The CWT for the
EEG signal (i.e., X ( τ,s)) is defined as follows:

X(τ, s) =
1
√

s

∫ ∞

0
x(t)
(

t− τ
s

)

dt (1)

where τ is the Morlet wavelet that is a continuous function in both time and frequency, is the time shift
of the wavelet, and s is scale of the wavelet. In fact, the scale reveals crucial information about the signal.
The smaller the scale, the more compressed the wavelet in the time domain, and the more focus on high
frequencies (i.e., rapidly changing details). However, the larger the scale, the more stretched the wavelet
in the time domain, and the more focus on low frequencies (i.e., slow changing coarse features). X(τ, s)

is then calculated at 500 different scales spanning various frequencies constituting the EEG signal.
Further, in order to obtain the gamma wave, a frequency-localized inverse CWT is used where the

coefficients X(τ, s) corresponding to the frequency range (35–45 Hz) are extracted and an inverse CWT
is applied to the extracted coefficients X(τ, s) as follows:
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G(t) =
1
C

∫ s2

s1

∫ ∞

0

1
s2.5

X(τ, s)ϕ
(

t− τ
s

)

dτds (2)

where G (t) is the continuous time gamma wave, ϕ is the dual function of such that both functions
are orthonormal and C is a constant calculated from the mother wavelet. Also, s1 corresponds to the
highest frequency in the gamma wave frequency band while s2 corresponds to the lowest frequency in
the frequency band.

Next, we will define several characteristics of the discrete time representation of the gamma wave
(i.e., G (n)) such as zero crossings, peaks, major peak, latencies, and areas of the left and right halves of
the positive envelope of the gamma wave.

Zero crossings are defined as the time location where the sign of the gamma wave changes from
the positive to the negative and vice versa. Zero crossings can be classified into two types; upward
zero crossings and downward zero crossings. An upward zero crossing is found when the gamma
wave changes from a negative to a positive value while a downward zero crossing is located when the
gamma wave changes from a positive to a negative value. Both upward zero crossing (Zupward) and
downward zero crossing (Zdownward) are defined as follows:

Zupward = n0 s.t. G(n0)< 0 and G(n0 + 1) >0 (3)

Zdownward = n1 s.t. G(n1) > 0 and G(n1 + 1) < 0 (4)

A peak is defined as the maximum value of the set of values within the time interval defined
between an upward zero crossing and a downward zero crossings. The amplitude of the peaks (P(n) )
can be represented using the following mathematical equation:

P(n) = max G(n)
∣

∣

∣Zupward < n < Zdownward (5)

Further, the amplitude of the major peak (PM ) of the evoked and induced gamma waves can be
defined as the maximum value of all the peaks (P(n)) located within the corresponding timeframe.

PM = max P(n)
∣

∣

∣

∣

n1 < n < n2 (6)

where n1 and n2 are time location of the starting and ending peaks of the evoked or induced
gamma waves.

Slopes are calculated between the major peak and the time location of the lowest peak values
mentioned above. A positive slope (S+) is defined between the lowest peak at the beginning of the
gamma wave time interval (n1) and the major peak while a negative slope (S−) is defined between the
major peak and the lowest peak at the end of the gamma wave time interval (n2).

S+ =
PM − P(n1 )

n− n1
(7)

S− = −
PM − P(n2 )

n− n2
(8)

Latencies are defined as the time difference between the location of the major peak and the location
of the lowest-amplitude peaks at the beginning and at the end of the gamma wave time intervals
(i.e., n1 and n2 respectively).

Latency1 = n− n1 (9)

Latency2 = −(n− n2) (10)

The areas of the left and right halves for the positive envelope of the gamma wave can be
approximated using the following equation:
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AL =
1
2
(Latency1 × PM) (11)

AR =
1
2
(Latency2 × PM) (12)

2.5. Transcranial Magnetic Stimulation

Repetitive TMS was administration using a Magstim Rapid device (Magstim Co., Sheffield,
UK) with a 70-mm wing span figure-eight coil. For the identification of resting motor threshold
(MT) for each hemisphere the output of the magnetic stimulator was increased by 5% steps until
a 50 µV deflection of electromyogram (EMG) or a visible twitch in the First Dorsal Interosseous
(FDI) muscle was detected in at least 2 or 3 trials of TMS delivered over the motor cortex controlling
the contralateral FDI. Electromyogram was recorded with a psychophysiological monitor C-2 J&J
Engineering Inc. with USE-3 software (version 3, J&J Engineering Inc., Poulsbo, WA, USA) and
Physiodata applications (Physiodata, Inc., Winslow, WA, USA).

The rTMS was administered on a weekly basis with the following stimulation parameters: 1.0 Hz
frequency, 90% MT, 180 pulses per session with 9 trains of 20 pulses each with 20–30 s intervals between
the trains. Initial six weekly rTMS session were administered over the left dorsolateral prefrontal
cortex (DLPFC) and the next 6 were over the right DLPFC, while the additional 6 treatments were
done bilaterally (evenly over the left and right DLPFC). The procedure for stimulation placed the TMS
coil 5 cm anterior, and in a parasagittal plane, to the site of maximal FDI response as judged by the
FDI EMG response. To ensure better positioning of the TMS coil a swimming cap was used on a head
of subject. The location for TMS stimulation was performed with anatomical landmarks [42,43] that
approximate the scalp region used for F3 and F4 EEG electrode placements in the 10-20 International
System. Motor threshold was detected for the left hemisphere during session 1, for the right hemisphere
at session 7, and for both hemispheres at session 13.

We selected 90% of the MT based on reports from prior studies where low frequency rTMS was
used for the stimulation of DLPFC in whole range of neurological and psychiatric disorders [44–47].
we decided to have stimulation power below MT as a safety precaution meant to lower the probability
of seizures in this study population. The decision to use low frequency (below or equal 1 Hz) magnetic
stimulation was based on the finding that at this frequency range rTMS exerts an inhibitory influence
on the stimulated cortex [48]. Visual oddball tests in the ASD group were conducted with a week before
the 18 session-long rTMS course and within a week after the completion of the course of intervention.

2.6. Behavioral and Social Functioning Evaluation

For evaluation of social and behavioral functioning caregiver (parent or guardian) reports were
used. Participants in the ASD group were evaluated before TMS course and within a week following
treatment. Aberrant Behavior Checklist (ABC, [49]) is a rating scale to assess Irritability, Lethargy/Social
Withdrawal, Stereotypy, Hyperactivity, and Inappropriate Speech based on parent/caregiver report.
Repetitive Behavior Scale—Revised (RBS-R [50]) is a caregiver completed rating scale to assess
stereotyped, self-injurious, compulsive, ritualistic, sameness, and restricted range.

2.7. Statistical Analysis

Repeated measure ANOVA was the primary model for statistical analyses of subject-averaged
evoked and induced gamma oscillation metrics (positive and negative areas of gamma oscillation
envelope), motor response, and behavioral questionnaires data. Dependent behavioral variables
were RT, omission and commission response rate, and total accuracy. Dependent stimulus-locked
evoked and induced gamma variables were positive/ascending and negative/descending areas
values at pre-determined frontal (F3, F4, F7, F8) and parietal (P3, P4, P7, P8) EEG sites of
interest. The within-participant factors for analysis of TMS effects were the following: Stimulus
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(Target Kanizsa (TRG), Non-target Kanizsa (NTG), non-Kanizsa (NOK)), Hemisphere (Left, Right),
and Time (ASD Baseline, ASD Post-TMS). Comparisons for ASD and CNT groups used also Stimulus

× Hemisphere × Group (CNT, ASD pre-(ASD), ASD post-TMS (TMS)) factors. Post-hoc analyses were
conducted where appropriate using one-way ANOVA. For behavioral rating scores, a Treatment

(pre- vs. post-TMS) factor was used. Histograms with normal distribution curves along with skewness
and kurtosis data were obtained for each dependent variable to determine normality of distribution
and appropriateness of data for ANOVA tests. All dependent variables in the study had normal
distribution. Greenhouse-Geisser (GG) corrected p-values were employed where appropriate in
all ANOVAs. For the estimation of the effect size, we used a Partial Eta Squared (ηp

2). IBM SPSS
(version 26.0, Armonk, NY, USA) and Sigma Stat statistical packages (version 9.0, Systat Software, Inc.
San Jose, CA, USA) were used for data analysis.

3. Results

3.1. Behavioral Responses (Reaction Time and Accuracy)

There were no group differences in reaction time (RT) between ASD and neurotypical (CNT)
children groups. The ASD group had more commission errors (11.22 ± 15.48 % in ASD vs. 1.55 ± 3.48%
in CNT, F1,36 = 7.06, p = 0.012) and more omission errors (2.12 ± 2.72% vs. 0.55 ± 1.18%; F1,36 = 5.31,
p = 0.027).

Effects of TMS on RT to targets were not significant (p = 0.51, n.s.). There were post-TMS group
differences in accuracy, namely in total percentage of errors (13.35 ± 16.84% pre- vs. 3.16 ± 3.09%
post-TMS, F1,36 = 6.73, p = 0.014). Group differences in commission error percentage were also
statistically significant (11.22 ± 15.48 vs. 2.23 ± 2.51% post-TMS, F1,36 = 6.24, p = 0.017).

3.2. Behavior Evaluations Post-TMS

Repetitive Behavior Scale Outcomes: Repetitive behavior subscales (RBS-R, [50]) showed group
difference for Stereotype Behavior and T-score. Stereotypy scores decreased from 5.53 ± 3.85 to
3.26 ± 2.57 (F1,36 = 4.53, p = 0.040); Compulsive Behavior scores decreased from 3.95 ± 2.82 to 2.00 ± 1.82,
F1,36 = 6.39, p = 0.016), and Total Repetitive Behaviors T-score decreased from 23.74 ± 14.54 to
5.21 ± 9.84 (F1,36 = 4.47, p = 0.041).

Aberrant Behavior Checklist Outcomes: Two of the ABC [49] subscales showed significant
post-TMS differences. Irritability scores decreased from 11.74± 8.66 to 6.63± 5.65 (F1,36 = 4.62, p= 0.038);
and Hyperactivity scores from 17.47 ± 15.60 to 8.79 ± 7.34 (F1,36 = 4.79, p = 0.035). Lethargy/Social
Withdrawal scores showed trend to statistically non-significant decrease from 7.89 ± 4.89 to 5.89 ± 4.45,
F1,36 = 1.60, p = 0.241 (n.s).

3.3. Evoked and Induced Gamma Oscillations

Evoked gamma. Positive slope area (ascending half-envelope area): Stimulus had main effect at the
frontal sites F7/F8 (F2,55 = 17.63, p < 0.001, ηp

2 = 0.391), Stimulus (TRG, NTG, NOK) × Group (CNT,
ASD, TMS) interaction was significant (F2,55 = 4.56, p = 0.002, ηp

2 = 0.139). Main effects of Stimulus and
Stimulus × Group interactions at F3/F4 did not reach a significant level. At the parietal P3/P4, main
effect stimulus was significant (F2,55 = 13.85, p < 0.001, ηp

2 = 0.201). Stimulus × Group effects was
statistically significant both at P3/P4 (F2,55 = 2.45, p = 0.044, ηp

2 = 0.085) and at P7/P8 (F2,55 = 3.87,
p = 0.027, ηp

2 = 0.123). Gamma waveforms in 2 groups (CNT and ASD) are depicted in Figure 1.
Positive area of evoked gamma oscillation to targets (TRG) was higher in ASD as compared to

CNT at P7 (F1,36 = 7.77, p < 0.008); to non-target Kanizsa (NTG) at F7, F8, P3, and P4 (all p < 0.05);
and to standard non-Kanizsa (NOK) stimuli at F8 and P7 (all p < 0.05). Descriptors of differences and
statistical metrics are shown in Table 1.
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Figure 1. Evoked and induced gamma oscillation waveforms in response to target Kanizsa, non-target
Kanizsa, and non-Kanizsa stimuli in neurotypical children (A) and children with autism spectrum
disorder (ASD) (B). Both evoked and induced gamma oscillations have higher magnitude in the ASD
group at the frontal sites (F3, F4).

Table 1. Evoked and induced gamma oscillations positive and negative areas in response to rare
target Kanizsa (Target), rare non-target Kanizsa (Non-target) and frequent non-Kanizsa standard
(Non-Kanizsa) stimuli at the frontal and parietal electroencephalogram (EEG) sites in 19 children with
autism (ASD) and in neurotypicals (CNT). Means ± SD. * p < 0.05; ** p < 0.001; *** p < 0.001.

Stimulus/EEG Site CNT ASD F(1,36) p

Positive/ascending area, evoked
Target at F7 50.08 ± 22.61 69.22 ± 19.62 7.77 0.008 **

Non-target at F7 44.47 ± 13.13 59.84 ± 20.54 7.55 0.009 **
Non-target at F8 48.10 ± 15.77 60.57 ± 16.37 5.73 0.022 *
Non-target at P3 53.27 ± 19.20 73.72 ± 23.48 8.64 0.006 **

Non-Kanizsa at F7 51.56 ± 21.35 69.82 ± 27.74 5.17 0.029 *
Non-Kanizsa at P7 61.09 ± 19.23 75.92 ± 21.13 5.12 0.030*

Negative/descending area, evoked
Target at F7 55.23 ± 4.43 49.51 ± 4.42 15.86 <0.001 ***

Non-target at F7 53.86 ± 4.55 49.21 ± 4.85 9.29 0.004 **
Non-Kanizsa at F7 61.63 ± 22.54 47.01 ± 3.12 7.84 0.008 **
Non-Kanizsa at P7 53.06 ± 21.58 68.35 ± 24.21 4.22 0.047 *

Negative/descending area, induced
Target at P7 53.71 ± 22.95 70.30 ± 22.90 4.97 0.032 *

Non-target at P7 52.96 ± 27.07 73.67 ± 26.53 5.67 0.023 *

The TMS treatment (Figure 2) significantly decreased positive areas of evoked gamma responses
to TRG at F7, F8, P7, P8; NTG at P3, P4, and P8; and NOK F7, F8, P7, P8 (all p < 0.05).

Negative slope area (descending half-envelope area): Stimulus type had main effect at the frontal
F3/F4 (F2,55 = 3.88, p = 0.023). Stimulus × Group interaction at the same site was also significant
(F2,55 = 4.22, p = 0.019, ηp

2 = 0.092). Stimulus had main effect at F7/F8 sites (F2,55 = 7.82, p = 0.001,
ηp

2 = 0.180) and Stimulus × Group interaction was also statistically significant (F2,55 = 6.36, p = 0.012,
ηp

2 = 0.115). Similar interaction effects were observed at the inferior parietal sites P7/P8 (F2,55 = 2.12,
p = 0.039, ηp

2 = 0.087). Figures 3 and 4 illustrate these effects.

205



Brain Sci. 2020, 10, 423

Post-hoc analysis showed following group differences: Negative area of evoked gamma oscillations
at the F7 site was higher in ASD as compared to CNT to TRG (F1,36 = 15.85, p< 0.001); to NTG (F1,36 = 9.23,
p < 0.001); and to NOK (F1,36 = 12.02, p = 0.001). TMS treatment decreased negative area to targets at F8,
to NTG at F7, F8, P7, P8, (all p < 0.005) and to NOK stimuli at F7, F8, P7, P8 (all p < 0.05). Descriptive
statistics are presented in Table 2.

Figure 2. Evoked and induced gamma oscillations in response to task-irrelevant non-target Kanizsa
and non-Kanizsa stimuli in children with ASD at the baseline (A, upper raw) and post-TMS treatment
(B, lower raw) at the parietal sites (P7, P8). Magnitude of both evoked and induced gamma oscillations
decreased post-transcranial magnetic stimulation (TMS).

Figure 3. Negative slope areas (Mean ± SE) of evoked gamma oscillations in response to target Kanizsa
(TRG), non-target Kanizsa (NTG), and non-Kanizsa (NOK) stimuli in typical children, children with
ASD pre- and post-TMS treatment. Stimulus (TRG, NTG, NOK)×Group (CNT, ASD pre-, ASD post-TMS)
interaction was significant at the frontal sites (F3, F4). Note higher area of responses at baseline and
a decrease of areas in response to non-target items post-TMS.
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Figure 4. Negative slope area of evoked gamma oscillations in response to target Kanizsa (TRG),
non-target Kanizsa (NTG), and non-Kanizsa (NOK) stimuli in typical children, children with ASD
pre- and post-TMS treatment. Stimulus (TRG, NTG, NOK) × Group (CNT, ASD pre-, ASD post-TMS)
interaction was significant at the parietal sites (P7, P8). Note higher area of responses at baseline and
a decrease of areas in response to non-target items post-TMS similar to effects at the frontal sites.

Table 2. Effect of rTMS course on evoked and induced gamma oscillations’ positive and negative
areas in response to rare target Kanizsa (Target), rare non-target Kanizsa (Non-target) and frequent
non-Kanizsa standard (Non-Kanizsa) stimuli at the frontal and parietal EEG sites in 19 participants
with ASD (Means ± SD). * p < 0.05; ** p < 0.001; *** p< 0.001.

Stimulus/EEG Site ASD Pre-TMS ASD Post-TMS F(1,36) p

Positive/ascending area, evoked
Target at F7 67.25 ± 20.79 51.67 ± 18.62 6.25 0.017 *
Target at F8 74.46 ± 25.45 51.26 ± 20.97 9.97 0.003 **
Target at P7 69.22 ± 19.62 47.59 ± 19.68 12.08 0.001 **
Target at P8 56.37 ± 15.22 44.11 ± 16.69 5.82 0.021 **

Non-target at P3 73.72 ± 23.48 53.97 ± 19.95 8.27 0.007 **
Non-target at P4 76.16 ± 21.59 56.52 ± 22.92 7.74 0.008 **
Non-target at P8 66.49 ± 22.90 45.90 ± 17.67 10.25 0.003 **

Non-Kanizsa at F7 75.81 ± 25.23 48.48 ± 16.71 16.62 <0.001 ***
Non-Kanizsa at F8 75.92 ± 21.13 50.91 ± 21.58 13.66 0.001**
Non-Kanizsa at P7 69.82 ± 27.74 47.01 ± 18.62 9.49 0.004 **
Non-Kanizsa at P8 59.99 ± 25.29 44.28 ± 19.43 4.91 0.033 *

Negative/descending area, evoked
Target at F8 48.76 ± 4.57 41.01 ± 15.70 4.29 0.045 *

Non-target at F7 51.29 ± 3.70 39.68 ± 15.57 10.03 0.003 **
Non-target at F8 54.69 ± 4.79 39.87 ± 15.38 16.17 <0.001 ***
Non-target at P7 52.46 ± 6.38 41.45 ± 15.13 8.65 0.006 **
Non-target at P8 52.07 ± 5.63 43.60 ± 16.97 4.29 0.045 *

Non-Kanizsa at F7 51.34 ± 5.25 38.80 ± 14.94 12.02 0.001 **
Non-Kanizsa at F8 51.94 ± 4.85 39.48 ± 15.63 11.07 0.002 **
Non-Kanizsa at P7 53.71 ± 5.19 40.77 ± 16.00 12.02 0.001 **
Non-Kanizsa at P8 51.13 ± 5.32 40.48 ± 15.68 7.92 0.008 **

Negative/descending area, induced
Non-target at P3 56.80 ± 20.26 42.71 ± 16.14 5.98 0.019 **
Non-target at P4 56.37 ± 19.48 43.05 ± 18.45 4.93 0.032 *
Non-target at P7 70.30 ± 22.90 49.33 ± 19.63 9.73 0.003 **
Non-target at P8 65.66 ± 24.02 46.18 ± 22.20 7.11 0.011*

Non-Kanizsa at P3 61.07 ± 20.00 44.24 ± 20.33 6.94 0.012 *
Non-Kanizsa at P7 70.99 ± 22.65 46.82 ± 20.50 12.23 0.001 **

Induced gamma: Positive area: No Stimulus × Group interactions were found for any frontal
or parietal topographies. Negative area of induced gamma oscillations, on the other hand, showed
statistical effects and group differences: Stimulus type had main effect both at P3/P4 (F2,55 = 13.8,
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p = 0.016, ηp
2 = 0.071) and at P7/P8 sites (F2,55 = 9.06, p < 0.001, ηp

2 = 0.251). Stimulus×Group interaction
was significant at P3/P4 (F2,55 = 2.54, p = 0.044, ηp

2 = 0.085) and at P7/P8 sites (F2,55 = 3.87, p = 0.027,
ηp

2 = 0.123). Some of these interactions are depicted in Figures 5 and 6.

Figure 5. Negative slope area (Mean ± SE) of induced gamma oscillations in response to target Kanizsa
(TRG), non-target Kanizsa (NTG) and non-Kanizsa (NOK) stimuli in typical children, children with ASD
pre- and post-TMS treatment. Stimulus (TRG, NTG, NOK) × Group (CNT, ASD pre-, ASD post-TMS)
interaction was significant at the inferior frontal sites (F7, F8). Note decrease of areas in response to
non-target items post-TMS.

Figure 6. Negative slope area (Mean ± SE) of induced gamma oscillations in response to target Kanizsa
(TRG), non-target Kanizsa (NTG) and non-Kanizsa (NOK) stimuli in typical children, children with ASD
pre- and post-TMS treatment. Stimulus (TRG, NTG, NOK) × Group (CNT, ASD pre-, ASD post-TMS)
interaction was significant at the inferior parietal sites (P7, P8). Note higher area of response at baseline
and a decrease of areas in response to non-target items post-TMS similar to effects at the frontal sites.

Negative area of induced gamma to targets was higher in ASD as compared to CNT only at P7
site (F1,36 = 4.97, p = 0.032). TMS decrease negative area of the induced gamma to NTG at P3, P4, P7,
and P8 (all p < 0.05), and to NOK stimuli at P3 and P7 (both p < 0.05).
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4. Discussion

The results of our envelope analysis show that autistic subjects as compared to neurotypicals
exhibit significant differences at baseline (pre-TMS) in both evoked and induced gamma oscillations.
This difference was most salient in response to non-target cues as recorded from frontal and parietal
recording sites (F3, F4, F7, F8, P3, P7, P8). Post-TMS treatment, our autistic subjects exhibited a significant
reduction of gamma responses to task-irrelevant stimuli. Significant changes were also observed in
both the positive and negative slope areas of evoked gamma responses. The rise of the modulated
waveform being higher for our ASD subjects as compared to controls and diminishing towards
control levels after TMS treatment. Normalization of gamma oscillations occurred concomitantly to
changes in behaviors; more specifically questionnaires (ABC, RBS-R) showed a decrease in irritability,
hyperactivity, and repetitive scores. In addition, post-TMS. participants committed fewer errors (total
percentage of errors and commission error percentage).

According to pioneers of 40 Hz neurofeedback training [16] gamma response as such represents
attention-related processes as it is basically a stimulus evaluation and response selection mechanism
activity reflection at different stages of information processing. The early (evoked) gamma oscillation
could be considered as an attention–trigger process that gives information about the arrival of a stimulus
and need for more detailed processing that is occurring later in time and is reflected in cognitive
event-related potentials (e.g., N200 and P300) and late (induced) gamma responses. Decrease magnitude
of the evoked gamma responses to non-target stimuli post-TMS facilitates processing of targets at the
later stages of the responses and is reflected in a decreased induced gamma magnitude.

Demodulation of EEG frequency bands has been used in the analysis of brainwave activity
during altered states of consciousness [51]. Mathematically, it has been proven that the integration
of the amplitude of the modulated EEG waveform accurately describes EEG cortical activation
patterns of event-related desynchronization (ERD) [52]. Amplitude modulation usually decreases or
disappears in the period prior to and at the very beginning of task performance [53]. In ASD patients,
with a high autism spectrum quotient [54], ERD (ergo the integration of the amplitude modulated EEG
waveform) serves to discriminate clinically significant differences such as the processing of human
facial expression [55].

EEG sub-band modulation has been proposed as an automated non-invasive diagnostic tool for
neuropsychiatric disorders such as Alzheimer’s disease wherein the slowly-varying EEG amplitudes
of modulated waveforms appears to be most affected [56]. This feature, which measures the rate at
which EEG sub-bands are modulated, has been called the “spectro-temporal modulation energy” [56].
TMS has been shown to change EEG activity while complex demodulation has been used to extract the
power of its different bandwidths [57]. As early as the first postnatal year, abnormalities in the power
of brain oscillations (delta and gamma sub-bands) help distinguish infants with ASD diagnoses from
others [58].

In the present study, demodulation and integration of the area under the upper envelope of the
gamma waveform, showed a similar effect for both the ascending and descending train of oscillations.
The spectro-temporal modulation energy for both evoked and induced gamma was larger in autism
than in neurotypicals and diminished towards neurotypical levels after TMS treatment. In modeling
membrane potentials, a depolarizing pulse causes the interaction of parasitic properties of inductance
and capacitance from some of its anatomical components. The output of the circuit is a smooth periodic
sinusoidal oscillation that resonates at a particular frequency. In the absence of a driving force, the
involved circuit has a tendency to vibrate around its natural frequency. It is speculated that the
ability of neurons to resonate allows them to preferentially respond to those inputs arriving at the
same frequency. The end result of this effect is the promotion of synchronized activity within and
between neuronal populations [59]. It is believed that evoked gamma activity represents the binding
of information within a confined cortical field while the induced component represents the binding
across networks of different cortical regions [12,13,28]. Our results showed significant differences in
both the evoked and induced components of gamma oscillations in our ASD patients as compared to
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neurotypicals. The findings may help explain the atypical perceptual processing symptoms observed
in ASD as information processing is impeded both within and between brain regions [21].

In our initial study, using envelope analysis of gamma oscillations in ASD [30], a short period of
ringing decay at baseline (pre-TMS) was thought to indicate a system of low sensitivity [31]; that is,
one where the resonator’s center frequency in relation to its bandwidth is broadened. TMS increases
the sensitivity of the system by transforming the envelope of gamma oscillations from one akin to
a ramp or sawtooth waveform (baseline) to a symmetrical configuration (post-treatment). In ASD,
prior to active treatment, the envelope of gamma oscillations ramps upward to a peak amplitude
which is higher than in controls. This waveform is characterized by a longer latency to peak amplitude
and a shorter settling time [30]. The non-sinusoidal nature of the envelope thus engendered makes it
difficult to identify a dominant frequency while its sharper inflection procreates harmonic distortion.
The harmonically related oscillations create additional signals that are injected back to the system and
makes high-frequency EEG recordings in this patient population unreliable. TMS treatment helps
transform the envelope to one, more in keeping with a sinusoidal waveform, one where spectral
analysis would more easily identify a fundamental frequency that facilitates neural binding. We believe
that, in ASD, the increased spectro-temporal modulation energy (vide supra) at baseline may be the
result of an increased contribution of excitation to an oscillatory system that is trying to define its
fundamental frequency.

It may be reasonable to assume that abnormalities of gamma oscillation may be manifested more
fully in those regions of the brain, like the prefrontal lobes, that exhibit rich and varied connectivity.
Gamma oscillations play a crucial role in the binding of information between neural networks.
The exceptional richness in connectivity of the frontal lobes is an important anatomical feature that
may support our unique cognitive abilities as humans. Researchers describe it as the “traffic hub” of
the nervous system [60]. The dorsolateral prefrontal cortex (DLPFC), a region of the prefrontal lobes,
projects to a large number of cortical areas involved in visuospatial processing, auditory information
and sensory integration, motor response, reward and punishment, memory, and error detection [61].
This region of the brain is most typically associated with executive functions including working memory,
selective attention, mental flexibility, response initiation, impulse control, and action monitoring [62,63].
The connectivity that characterizes this area of the frontal lobes, therefore provides a low functional
breakdown threshold expressed as gamma oscillation abnormalities and executive dysfunction [64].

Previous studies have shown that TMS targeting the frontal lobes improves executive functions [65].
These improvements have been noted on tests of cognitive flexibility, conceptual tracking, attention and
working memory [65–67]. In ASD, TMS can change some of the core deficits, more specifically, those
impairments in self-monitoring that constitute our supervisory attentional system [10,29,40,41,68].
Higher amplitude of early evoked gamma activity has been correlated to faster behavioral responses,
which could constitute impulsive behaviors [69]. Indeed, results from previous trials suggest that
individuals with ASD have a reduced sensitivity for monitoring errors (i.e., a diminished response
time after committing an error) and instituting corrective actions. Researchers believe that a deficit in
monitoring errors might manifest itself as perseverative behaviors typical of ASD [10,29,40,41,68].

In keeping with these findings TMS targeting the DLPFC in the present study provided for
improvement in behaviors as noted in caregivers’ reports. The most notable change was a decrease
in the T-score of the Repetitive Behavior Scale-Revised [50], along with decreased irritability and
hyperactivity rating scores in the Aberrant Behavior Checklist questionnaire [49].

In analogy to electronic communication systems, demodulating brain oscillations allows us
to examine both the envelope of a signal as well as the periodic waveform that carries the same.
Gutfreund et al. [59] suggested that resonance behavior, exemplified in the carrier wave, helps tie
together those neural populations that find themselves working at the same frequency. By way of
contrast, the envelope of gamma oscillations could provide information regarding the impedance of
involved circuits and the excitatory–inhibitory balance of the cerebral cortex [30]. Indeed, the amplitude
of oscillations in the gamma frequency range, that helps define its envelope, have been shown to be
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dependent on the GABAergic tone [70–73]. We suggest that these metrics of gamma oscillations, those
ingrained in both its carrier and its envelope, provide complementary information that allows for the
better interpretation of EEG waveforms. In future studies, we hope to use these new metrics of gamma
oscillations in clinical designs using different parameters of stimulation. Changes in the pulse width of
the magnetic field, that better influence the recruitment of excitatory and inhibitory cells within the
cerebral cortex [74], could better normalize gamma oscillation abnormalities while improving clinical
outcomes of our ASD patients.

5. Conclusions

In this exploratory study we employed envelope analysis of demodulated waveforms for evoked
and induced gamma oscillations in response to Kanizsa figures in a three-stimuli visual oddball task
and compared outcomes in children and adolescents with ASD and in neurotypical peers. In ASD
group, as compared to neurotypicals, significant differences in evoked and induced gamma oscillations
were evident in larger gamma oscillations reflected in a higher area of gamma oscillation envelopes.
Low frequency rTMS treatment in ASD resulted in a significant reduction of gamma responses to
non-target stimuli and in improved accuracy of performance in the oddball task. Several rating scores
of behavioral questionnaires also showed improvement post-TMS. Application of a novel metric for
gamma oscillations based on envelope analysis using wavelet transformation allowed to suggest that
gamma oscillations may provide a viable biomarker reflective of the excitatory/inhibitory balance of
the cortex, a useful diagnostic index and a putative outcome measure of rTMS intervention in autism.

Author Contributions: All authors contributed substantially to the work reported in this paper. M.F.C., A.S.E.-B.,
M.S. and E.M.S. conceived and designed the experiment and data analysis strategy, participated in oddball test
data collection, statistical analysis and interpretation of results. E.M.S. administered visual oddball test to patients
and collected raw data. M.S. and M.G. participated in EEG data extraction, preprocessing and statistical analysis
and also contributed in preparation of figures; E.L.C. and I.O. participated in reaction time and accuracy data
processing and statistical analysis; A.S.E. assisted in preparation of methodological part related to EEG data
handling, analysis and interpretation; M.F.C. participated in patient clinical records analysis and in interpretation
of data and discussion, he also reviewed the manuscript and edited the final version. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Institutes of Health Eureka R01 Grant MH86784 to Manuel
F. Casanova.

Acknowledgments: Funding for this study was provided by the NIH grant R01 MH086784 to Manuel F. Casanova.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Buzsáki, G.; Wang, X.J. Mechanisms of gamma oscillations. Annu. Rev. Neurosci. 2012, 35, 203–225. [CrossRef]

2. Snijders, T.M.; Milivojevic, B.; Kemner, C. Atypical excitation-inhibition balance in autism captured by the

gamma response to contextual modulation. Neuroimage Clin. 2013, 3, 65–72. [CrossRef]

3. Steullet, P.; Cabungcal, J.-H.; Coyle, J.; Didriksen, M.; Gill, K.; Grace, A.A.; Hensch, T.K.; LaMantia, A.-S.;

Lindemann, L.; Maynard, T.M.; et al. Oxidative stress-driven parvalbumin interneuron impairment as

a common mechanism in models of schizophrenia. Mol. Psychiatry 2017, 22, 936–943. [CrossRef]

4. Hashemi, E.; Ariza, J.; Rogers, H.; Noctor, S.C.; Martinez-Cerdeno, V. The number of parvalbumin-expressing

interneurons is decreased in the prefrontal cortex in autism. Cereb. Cortex 2017, 27, 1931–1943. [PubMed]

5. Lee, E.; Lee, J.; Kim, E. Excitation/inhibition imbalance in animal models of autism spectrum disorders.

Biol. Psychiatry 2017, 81, 838–847. [CrossRef] [PubMed]

6. Saunders, J.A.; Tatard-Leitman, V.M.; Suh, J.; Billingslea, E.N.; Roberts, T.P.; Siegel, S.J. Knockout of

NMDA receptors in parvalbumin interneurons recreates autism-like phenotypes. Autism Res. 2013, 6, 69–77.

[CrossRef] [PubMed]

7. Wöhr, M.; Orduz, D.; Gregory, P.; Moreno, H.; Khan, U.; Vörckel, K.J.; Wolfer, D.P.; Welzl, H.; Gall, D.;

Schiffmann, S.N.; et al. Lack of parvalbumin in mice leads to behavioral deficits relevant to all human

autism core symptoms and related neural morphofunctional abnormalities. Transl. Psychiatry 2015, 5, e525.

[CrossRef]

211



Brain Sci. 2020, 10, 423

8. Selimbeyoglu, A.; Kim, C.K.; Inoue, M.; Lee, S.Y.; Hong, A.S.O.; Kauvar, I.; Ramakrishnan, C.; Fenno, L.E.;

Davidson, T.J.; Wright, M.; et al. Modulation of prefrontal cortex excitation/inhibition balance rescues social

behavior in CNTNAP2-deficient mice. Sci. Transl. Med. 2017, 9, eaah6733. [CrossRef] [PubMed]

9. Mukherjee, A.; Carvalho, F.; Eliez, S.; Caroni, P. Long-lasting rescue of network and cognitive dysfunction in

a genetic schizophrenia model. Cell 2019, 178, 1387–1402. [CrossRef]

10. Sokhadze, E.M.; El-Baz, A.; Baruth, J.; Mathai, G.; Sears, L.; Casanova, M.F. Effects of low frequency repetitive

transcranial magnetic stimulation (rTMS) on gamma frequency oscillations and event-related potentials

during processing of illusory figures in autism. J. Autism Dev. Disord. 2009, 39, 619–634. [CrossRef]

11. Rojas, D.C.; Wilson, L.B. Gamma-band abnormalities as markers of autism spectrum disorders. Biomark Med.

2014, 8, 353–368. [CrossRef] [PubMed]

12. Casanova, M.F.; Baruth, J.; El-Baz, A.S.; Sokhadze, G.E.; Hensley, M.; Sokhadze, E.S. Evoked and induced

gamma frequency oscillations in autism. In Imaging the Brain in Autism; Casanova, M.F., El-Baz, A.S., Suri, J.S.,

Eds.; Springer: New York, NY, USA, 2013; pp. 87–106.

13. Rippon, G. Gamma abnormalities in autism spectrum disorders. In Autism Imaging and Devices; Casanova, M.F.,

El-Baz, A., Suri, J.S., Eds.; CRC Press, Taylor and Francis Group: Boca Raton, FL, USA, 2017; pp. 457–496.
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Abstract: Multiple sclerosis (MS) is a chronic neurodegenerative disease caused by autoimmune-

mediated inflammation in the central nervous system. Purinergic signaling is critically involved

in MS-associated neuroinflammation and its most widely applied animal model—experimental

autoimmune encephalomyelitis (EAE). A promising but poorly understood approach in the treatment

of MS is repetitive transcranial magnetic stimulation. In the present study, we aimed to investigate

the effect of continuous theta-burst stimulation (CTBS), applied over frontal cranial bone, on the

adenosine-mediated signaling system in EAE, particularly on CD73/A2AR/A1R in the context of

neuroinflammatory activation of glial cells. EAE was induced in two-month-old female DA rats and

in the disease peak treated with CTBS protocol for ten consecutive days. Lumbosacral spinal cord

was analyzed immunohistochemically for adenosine-mediated signaling components and pro- and

anti-inflammatory factors. We found downregulated IL-1β and NF- κB-ir and upregulated IL-10

pointing towards a reduction in the neuroinflammatory process in EAE animals after CTBS treatment.

Furthermore, CTBS attenuated EAE-induced glial eN/CD73 expression and activity, while inducing

a shift in A2AR expression from glia to neurons, contrary to EAE, where tight coupling of eN/CD73

and A2AR on glial cells is observed. Finally, increased glial A1R expression following CTBS supports

anti-inflammatory adenosine actions and potentially contributes to the overall neuroprotective effect

observed in EAE animals after CTBS treatment.

Keywords: CD73; adenosine; A2AR; A1R; neuroinflammation; theta-burst stimulation; rTMS;

purinergic signaling

1. Introduction

Multiple sclerosis (MS) is a progressive demyelinating and neurodegenerative disorder
driven by the adaptive immune response [1,2] and inflicts primary damage to the myelin
sheath [3]. Succeeding inflammation and glial cell activation result in diffuse plaques of
demyelination and axonal loss in multiple areas of the brain and spinal cord, which are the
main cause of progressive neurological disability and motor dysfunctions in MS [4]. The
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histopathological deteriorations create many other symptoms, including pain, depression,
spasticity, and cognitive deficits, which also progress over time [5]. The most common
form of MS is relapse-remitting MS (RRMS), occurring in 85% of patients, characterized by
symptomatic loss-of-function periods (relapses), followed by complete or partial remissions.
Even though a compelling improvement is made regarding the introduction of new disease-
modifying treatments, a significant number of patients will still develop a secondary
progressive form of MS (SPMS) [6]. Accordingly, new therapeutic, neuroprotective, and
myelination supportive approaches able to ameliorate neuroinflammation and neurotoxic
reactive phenotype of astrocytes and microglia are major unmet clinical needs in MS [7].

Neuroinflammation driven by astrocytes and microglia in pathological conditions
including MS—and its most widely used animal model experimental autoimmune en-
cephalomyelitis (EAE)—is closely regulated by purinergic signaling. Specifically, the
neuroinflammatory responses of glial cells begin with an emergence of danger-associated
molecular patterns (DAMP), among which adenosine triphosphate (ATP) plays a particular
role. Under the pathological conditions, damaged or dying neurons release large amounts
of ATP [8,9], which acts at nucleotide-responsive purinoreceptors, P2X or P2Y, to initiate
pro-inflammatory actions of glial cells [8]. The action of extracellular ATP at purinore-
ceptors is ceased by its sequential hydrolysis, mediated by the ectonucleotidase enzyme
chain (CD39/NTPDase1, NTPDase2, and CD73). The last step is the hydrolysis of AMP,
mediated via ecto-5′-nucleotidase (eN/Cluster of differentiation 73 (CD73)), resulting in
the production of adenosine [10,11]. One longitudinal study in MS patients [12] showed
that impaired metabolism of extracellular ATP and drop of adenosine in the cerebrospinal
fluid were associated with significantly faster disability progression in MS patients over
time. Similarly, reduced production of adenosine in blood serum and increased production
in the spinal cord tissue [13] were registered along with a strong upregulation of CD73 by
reactive astrocytes during the symptomatic phase of EAE [14].

Adenosine, generated by the catalytic action of CD73, acts at P1 receptor subtypes, A1,
A2A, A2B, and A3, which are abundantly expressed in the CNS [15]. Adenosine plays a critical
role in the regulation and complex modal changes in glial cells during neuroinflammation [16].
Although it is generally considered that adenosine, unlike ATP, elicits anti-inflammatory
and immunosuppressive effects [17], its effects critically depend on a particular P1 receptor
subtype(s), which mediates the adenosine [18]. Thus, concerning MS/EAE, evidence suggests
that potentiation of A1R and blockade of A2AR-mediated adenosine actions induce strong
neuroprotective actions via the attenuation of glial cells’ reactivity [15,18–22].

One promising but poorly exploited clinical approach in MS is repetitive transcranial
magnetic stimulation (rTMS). rTMS refers to a non-invasive and painless stimulation pro-
tocol designed to modulate excitability and activity in several brain systems, by applying
magnetic pulses delivered in predefined administration patterns [23–25]. Theta-burst stimu-
lation protocol (TBS) is a highly effective version of rTMS, which affords a short stimulation
time, low stimulus intensity, and improved reliability of rTMS [26]. Over the past decade,
several studies have shown that rTMS stimulation induces measurable clinical outcomes in
several neurological disorders, including depression, schizophrenia, stroke, Alzheimer’s
disease, and Parkinson’s disease, and significant improvement of motor and cognitive
functions in healthy subjects [27–32]. So far, studies have demonstrated limited clinical
value of rTMS in MS patients [33,34], particularly regarding motor dysfunction [35,36].

Despite numerous positive neurological outcomes in several neurological disorders,
mechanisms underlying the plasticity induced by TBS are poorly understood, which urges
the need for preclinical animal testing. Up to date, the efficacy of different TBS protocols
has been explored in animal studies using EAE, as an experimental paradigm of RRMS.
The studies have demonstrated reduced oxidative stress [37,38], attenuation of gliosis [39],
and increased expression of brain-derived neurotrophic factor (BDNF) [40]. Therefore,
the present study aims to explore the effect of continuous theta-burst stimulation (CTBS)
protocol on purinergic system activity in the context of neuroinflammation associated
with experimental autoimmune encephalomyelitis in Dark Agouti rats. If proven effective,
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these data could incite translation into clinical practice as an early/add-on non-invasive
therapeutic intervention.

2. Material and Methods

2.1. Ethical Statement

All experimental procedures were approved by Ethics Comity of Military Medical
Academy (Application No. 323-07-00622/2017-05). Care was taken to minimize the pain
and discomfort of the experimental animals in accordance with EU Directive 2010/63/EU.

2.2. Animals

This study was performed on two months old female Dark Agouti (DA) rats (150–
200 g) acquired from Military Medical Academy local colony. All animas were housed
under standardized conditions (constant humidity 55 ± 3%, temperature 23 ± 2 oC, 13/11
h light/dark regime) in polyethylene cages (3 animals per cage) with food and water
ad libitum.

2.3. Induction of Experimental Autoimmune Encephalomyelitis

Acute experimental autoimmune encephalomyelitis was induced as previously de-
scribed [39]. Briefly, animals were anesthetized with sodium pentobarbital (45 mg/kg,
Trittay, Germany) and s.c. injected with 0.1 mL of encephalogenic emulsion comprising
complete Freund’s Adjuvant (CFA, 1 mg/mL Mycobacterium tuberculosis, Sigma, St. Louis,
MO, USA) and rat spinal cord tissue homogenate (50% w/v in saline) in right hind foot.

The animals were weighed and daily scored for neurological signs of EAE for 24 days
post-injection (dpi) using the standard EAE scoring scale (0–5): 0 = unaffected/no sign
of illness; 0.5 = reduced tail tone; 1 = tail atony; 1.5 = slightly clumsy gait, impaired
righting ability or combination; 2 = hind limb paresis; 2.5 = partial hind limb paralysis;
3 = complete hind limb paralysis; 3.5 = complete hind limb paralysis accompanied with
forelimb weakness; 4 = tetraplegic; 5 = morbidus state or death [41]. Daily score was
averaged taking into account all animals within the experimental group.

2.4. Theta-Burst Stimulation Protocol

In the present study, theta-burst stimulation (TBS) was applied in the form of con-
tinuous protocol (CTBS), as previously described [39,40,42]. Briefly, the stimulation was
performed using MagStim Rapid2 device via 25 mm figure-of-eight coil (The MagStim
Company, Whitland, UK). Continuous protocol was applied according to [43]. The CTBS
block was administered as a single 40 s train of bursts repeated at a frequency of 5 Hz, each
block containing 600 pulses. Stimulation intensity was set at 30% of maximal output, just
below a motor threshold value. The stimulation was applied by holding the center of the
coil directly above the frontal cranial bone in close contact with the scalp of a manually
immobilized animal. Given that a coil size is larger than cranium of an animal, application
over the frontal cranial bone provides equally distributed whole brain stimulation.

2.5. Experimental Groups and Treatment

All animals were divided into four experimental groups: naïve, healthy animals (n = 8),
EAE animals (sacrificed on day 24, n = 8), EAE animals subjected to CTBS protocol (n = 8),
and animals subjected to sham CTBS noise artifact (n = 8). Animals were subjected to either
CTBS or noise artifact for 10 consecutive days, starting at 14 dpi, when clinical scoring
showed disease peak (Figure 1). The next day, animals were decapitated using Harvard
Apparatus, and spinal cord tissue was processed for immunohistochemistry. Given that
sham groups did not produce any qualitative/quantitative change when compared to
non-treated animals, those images were not shown.
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Figure 1. CTBS treatments of EAE rats. Rats were immunized for EAE at day 0 and scored and
weighed every day until day 24. The first symptoms appeared around 10 dpi and peaked around
14 dpi. The animals were subjected to CTBS or sham noise artifact for 10 consecutive days from
disease peak and euthanized.

2.6. Enzyme Histochemistry

Ectonucleotidase enzyme histochemistry based on the AMP-hydrolyzing activities
of and eN/CD73 has been applied, as previously described [44]. Briefly, cryosections
were preincubated for 30 min at RT in TRIS-maleate sucrose buffer (TMS), containing
0.25 M sucrose, 50 mM TRIS-maleate, 2 mM MgCl2 (pH 7.4), and 2 mM levamisole, to
inhibit tissue non-specific alkaline phosphatase. The enzyme reaction was carried out at
37 ◦C/90 min, in TMS buffer, containing 2 mM Pb(NO3)2, 5 mM MnCl2, 3% dextran T250,
and 1 mM substrate (ATP, ADP, or AMP), as substrate. After thorough washing, slides
were immersed in 1% (v/v) (NH4)2S, and the product of enzyme reaction was visualized
as an insoluble brown precipitate at a site of the enzyme activity. After dehydration in
graded ethanol solutions (70–100% EtOH and 100% xylol), slides were mounted with
a DPX-mounting medium (Sigma Aldrich, Saint Louise, MO, USA). The sections were
examined under LEITZ DM RB light microscope (Leica Mikroskopie and Systems GmbH,
Wetzlar, Germany), equipped with LEICA DFC320 CCD camera (Leica Microsystems
Ltd., Heerbrugg, Switzerland) and analyzed using LEICA DFC Twain Software (Leica,
Wetzlar, Germany).

2.7. Immunofluorescence and Confocal Microscopy

Lumbar areas of the spinal cords (3–4 animals per group) were removed from decap-
itated animals and fixed in 4% paraformaldehyde (0.1 M PBS, pH 7.4, 12 h at 4 ◦C) and
dehydrated in graded sucrose solution (10–30% in 0.1 M PBS, pH 7.4). After dehydration,
25 µm sections were cut on crytome and collected serially, mounted on supefrost glass
slides, air-dried for 1–2 h at room temperature, and stored at 20 ◦C until staining. After
rehydration and washing steps in PBS, sections were blocked with 5% normal donkey
serum at room temperature for 1 h, followed by incubation with primary antibodies (Table
1). Slides were then probed with appropriate secondary antibodies (Table 1) for 2 h at
room temperature in the dark chamber. Slides were covered using the Mowiol medium
(Sigma Aldrich, USA) and left to dry at 4 ◦C over night. Slides were examined using a
confocal laser-scanning microscope (LSM 510, Carl Zeiss, GmbH, Jena, Germany) using Ar
multi-line (457, 478, 488, and 514 nm), HeNe (543 nm), HeNe (643 nm) lasers using 63×
(×2 digital zoom) DIC oil, 40× and monochrome camera AxioCam ICm1 camera (Carl
Zeiss, GmbH, Germany).

2.8. Quantification of Immunofluorescence and Multi-Image Colocalization Analysis

All image quantification and analysis were performed using ImageJ software (free
download from https://imagej.net/Dowloads, accessed on 10 April 2021). In order to
evaluate a degree of overlap and correlation between multiple channels, we performed
multi-image colocalization analysis using the JACoP ImageJ plugin. A degree of overlap
and correlation between channels was estimated by calculating Pearson’s correlation coeffi-
cient (PCC) and Manders’ correlation coefficient (MCC). We captured 7–9 images/animal
of the white matter under the same conditions (1024 × 1024, laser gain and exposure) and
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performed PCC and MCC analysis. Analysis was performed on 40× magnification for
PCC and 63× magnifications for MCC analysis. Given that astrocytes and microglia were
closely related and often intermingled without clear borders, especially in EAE group,
whole images were used for analysis rather than single cell [45]. PCC is a statistical pa-
rameter that reflects co-occurrence and correlation of analyzed channels. On the other
hand, MCC measures fractional overlap between two signals, signal 1 and signal 2. MCC1
quantifies the fraction of signal 1 that co-localizes with signal 2, while MCC2 represents the
fraction of signal 2 that overlaps with signal 1 [45].

Table 1. Antibodies used for immunohistochemistry.

Antibody Source and Type
Used

Dilution
Manufacturer

Iba-1 Goat, polyclonal 1:400
Abcam ab5076,

RRID:AB_2224402

CD73, rNu-9L(I4,I5) Rabbit, polyclonal 1:300 Ectonucleotidases-ab.com

GFAP Rabbit, polyclonal 1:500
DAKO, Agilent Z0334,

RRID:AB_10013382

IL-10 Goat, polyclonal 1:100
Santa Cruz Biotechnology,

sc-1783, RRID: AB_2125115

NF-kB Rabbit, polyclonal 1:100
Santa Cruz Biotechnology,
sc-109, RRID: AB_632039

IL-1β/IL-1F2 Goat, polyclonal 1:100
R&D Systems, AF-501-NA,

RRID: AB_ 354508

A2AR Rabbit, polyclonal 1:300
Abcam, ab3461, RRID:

AB_303823

A1R Rabbit, polyclonal 1:200
Novus Biologicals,
NB300-549, RRID:

AB_10002337

Anti-mouse IgG
Alexa Fluor 488

Donkey, polyclonal 1:400
Invitrogen A21202,
RRID:AB_141607

Anti-goat IgG Alexa
Fluor 488

Donkey, polyclonal 1:400
Invitrogen A-11055,

RRID:AB_142672

Anti-rabbit IgG Alexa
Fluor 555

Donkey, polyclonal 1:400
Invitrogen A-21428,

RRID:AB_141784

Anti-mouse IgG
Alexa Fluor 647

Donkey, polyclonal 1:400
Thermo Fisher Scientific

A-31571, RRID:AB_162542

2.9. Statistical Analysis

The values are presented either as mean ± SD or SEM, as indicated. Data were first
assessed for normality using Shapiro–Wilk followed by adequate parametric test. One-
way ANOVA followed by Tuckey post hoc test were used in GraphPad Prism v. 6.03.
The p < 0.05 was considered to be significant (Table 2).
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Table 2. Results of ANOVA analysis performed for results obtained from image analysis.

Analysis Performed ANOVA Results p Values

PCC GFAP–CD73 F(2, 28) = 0.7792 p = 0.4736

PCC IBA1–CD73 F(2, 31) = 33.48 p < 0.0001

MCC1 GFAP–CD73 F(2, 28) = 3.228 p = 0.0648

MCC2 CD73-GFAP F(2, 28) = 4.975 p < 0.05

MCC1 IBA1–CD73 F(2, 27) = 5.482 p < 0.05

MCC2 CD73–IBA1 F(2, 27) = 17.05 p < 0.0001

PCC A1R–CD73 F(2, 30) = 22.19 p < 0.0001

PCC IBA1–A1R F(2, 28) = 9.155 p < 0.01

MCC1 GFAP–A1R F(2, 27) = 24.45 p < 0.0001

MCC2 A1R-GFAP F(2, 27) = 9.217 p < 0.01

MCC1 IBA1–A1R F(2, 28) = 9.502 p < 0.01

MCC2 A1R–IBA1 F(2, 28) = 5.458 p < 0.05

PCC GFAP–A2AR F(2, 33) = 12.74 p < 0.001

PCC IBA1–A2AR F(2, 32) = 25.23 p < 0.0001

MCC1 GFAP–A2AR F(2, 26) = 20.86 p < 0.0001

MCC2 A2AR-GFAP F(2, 27) = 8.629 p < 0.01

MCC1 IBA1–A2AR F(2, 29) = 10.93 p < 0.001

MCC2 A2AR–IBA1 F(2, 29) = 31.472 p < 0.0001

3. Results

3.1. The Effect of Continuous Theta-Burst Stimulation on the Disease Course

Injection of the encephalitogenic emulsion in susceptible DA rats resulted in a typical
acute disease, characterized by gradual neurological deterioration and significant weight
loss followed by a spontaneous recovery (Figure 2), as previously reported [39]. Briefly, in
the non-treated group (EAE), the first clinical signs of EAE appeared at ~10 post-injection
(dpi), peaked at 14 dpi, and withdrew at ~24 dpi. In the group subjected to the CTBS
protocol (EAE+CTBS), the stimulation was applied to start from 14 dpi for 10 consecutive
days. The effect of the CTBS noise artifact was explored in the sham group of animals
(EAE+CTBSpl), which were subjected to the noise artifact according to the same experi-
mental scheme. Significant reduction in duration, disability, and weight loss were observed
after CTBS treatment, compared to both sham and naïve animals, as previously published
(Figure 2) [37,39].

3.2. CTBS Promotes Anti-Inflammatory Milieu in EAE

One of the critical pathological features of EAE/MS is the invasion of peripheral
immune cells into the CNS parenchyma and the release of pro-inflammatory mediators,
which initiate the neuroinflammatory response of astrocytes and microglia. Therefore, we
first examined the effect of CTBS on the inflammatory milieu induced by EAE. IL-1β is a
master inflammatory cytokine and the effector molecule in MS/EAE [46]. While control
tissue did not express IL-1β-immunoreactive (ir) signal (Figure 3A,D), conspicuous IL-1β-ir,
mostly residing at GFAP-ir astrocytes and IBA-1-ir microglial cells, were observed in the
gray (Figure 3B) and white matter (Figure 3E) of EAE animals, respectively. Prominent
IL-1β-ir was also observed at neuronal cell bodies in both ventral and dorsal gray matter
(Figure 3B). However, the upregulation of IL-1β was completely prevented in EAE animals
subjected to CTBS, together with the GFAP-ir and Iba-1-ir lowered to the level seen in
healthy control (Figure 3C,F). The downstream signaling cascade of IL-1β initiates nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-κB) family of transcription
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factors, which trigger the transcription of proinflammatory genes [47]. Strong NF-κB-ir,
mostly residing at GFAP-ir astrocytes cells in EAE animals (Figure 4B, arrowhead), was
attenuated to a control level after CTBS treatment protocol (Figure 4C). The cytokine IL-10,
on the other hand, exhibits immune response downregulatory properties, which include
suppression of the synthesis and release of pro-inflammatory cytokines (PMID: 10320650).
Basal IL-10-ir in control sections (Figure 5A) was attenuated in EAE (Figure 5B), while
CTBS protocol enhanced the intensity of IL-10-ir in comparison to control (Figure 5C). The
IL-10-ir mostly resided at GFAP-ir astrocytes (Figure 5C). Sham-treated animals did not
show any observable changes when compared to EAE (not shown).

Figure 2. Effects of CTBS treatment on the clinical score of EAE and weight of DA rats. Clinical score and weight of EAE
(red circles) in DA rats treated with CTBS protocol (blue square) and CTBS sham noise artifact (black triangles). Animals
were monitored from 0 dpi when EAE was induced until 24 dpi when animals were sacrificed.

3.3. CTBS Attenuates EAE-Induced Expression of CD73

The main objective of the present study was to evaluate the effects of CTBS on puriner-
gic system activity in the context of neuroinflammatory activation of astrocytes and mi-
croglia. Hence, we first examined the level of expression and cellular localization of CD73
in the spinal cord tissue in control, non-treated, and CTBS-treated EAE animals (Figure 6).
The degree of overlap between CD73 and selected fluorescence signals was determined by
calculating PCC and MCC coefficients, which reflect the co-occurrence of selected signals
and the fraction of pixels with positive values for selected signals, respectively. In control
sections, faint CD73-ir was mainly associated with quiescent GFAP-ir cells and only sporad-
ically with IBA-1-ir microglia (Figure 6A,a). A prominent increase in CD73-ir in EAE was
mainly associated with IBA-1-ir (Figure 6B), which is reflected with the increase in both
PCC and MCC2 for the two signals, and only marginally with GFAP-ir (p < 0.05; Figure 6D).
The increase in CD73-ir was completely reversed by the CTBS treatment (Figure 6C,c),
which was reflected with a decrease in MCC2 value primarily for CD73-IBA-1, but also for
CD73-GFAP overlap (p < 0.05, Figure 6E). The occurrence of CD73-ir with both fluorescence
tracers for astrocytes and microglia was confirmed with the Z-stack imaging (Figure 6F).
Interestingly, the fraction of the CD73-ir in control and CTBS sections was found without
association with GFAP- and IBA-1-ir (Figure 6c, arrowheads).
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Figure 3. Effect of CTBS treatment on IL-1β expression in gray and white matter of EAE rats. Triple
immunofluorescence labeling directed to astrocyte marker GFAP (blue), microglial marker IBA-1
(green), and pro-inflammatory cytokine IL-1β (red). Expression of IL-1β was not detected in control
sections (A,D). In EAE sections, increased IL-1β immunostaining in gray (B) and white matter (E),
colocalizing with both GFAP and IBA-1 cells. After CTBS treatment, no IL-1β-ir was observed (C,F).
Scale bar corresponds to 50 µm.
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Figure 4. Effects of CTBS treatment on NF-κB expression in EAE rats. Triple immunofluorescence
labeling directed to astrocyte marker GFAP (blue), microglial marker IBA-1 (green), and NF-κB
(red). Faint colocalization of NF-κB-ir and GFAP was observed in control sections (A). In EAE
sections, a marked increase in NF-κB-ir was observed predominantly colocalizing with GFAP+ cells
(B). CTBS treatment decreased immunostaining of NF-κB, and only scattered NF-κB+/GFAP+ cells
were observed (C). Scale bar corresponds to 50 µm.
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Figure 5. Effects of CTBS treatment on IL-10 expression in EAE rats. Double immunofluorescence
labeling directed to astrocyte marker GFAP (blue) and anti-inflammatory cytokine IL-10 (red). Control
sections revealed modest colocalization of IL-10 and GFAP (A), which was barely detectable in EAE
animas (B). CTBS treatment led to marked increase in immunostaining of IL-10, which was confined
to quiescent GFAP+ cells (C). Scale bar corresponds to 50 µm.
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Figure 6. Effects of CTBS treatment on eN/CD73 expression in EAE rats. Triple immunofluorescence labeling directed to
astrocyte marker GFAP (blue), microglial marker IBA-1 (green), and eN/CD73 (red). In control section, faint staining of
eN/CD73 was observed colocalizing dominantly with GFAP+ cells (A,a). In EAE sections, a marked increase in eN/CD73
staining was observed colocalizing with GFAP+ and IBA-1+ cells (B,b). After CTBS treatment, a significant reduction in
eN/CD73-ir was observed (C,c). Pearson correlation coefficients (PCC) indicating the level of signal overlap between
GFAP-ir and eN/CD73-ir and IBA-1-ir and eN/CD73-ir. Bars show mean PCC ± SEM, from 7–9 images/animal (D).
Mander’s colocalization coefficient (MCC) indicating level of signal colocalization between GFAP/CD73 (MCC1, light blue),
CD73/GFAP (MCC2, dark blue), IBA-1/CD73 (MCC1, light green), and CD73/IBA1 (MCC2, dark green) (E). Orthogonal
Z-stack projection of GFAP/CD73 and IBA-1/CD73 (F). Level of significance: * p < 0.05 or less when compared to control,
# p < 0.05 when compared to EAE. Scale bar corresponds to 50 µm.

3.4. CTBS Attenuates EAE-Induced Upregulation of CD73 and Shift in A1R-to-A2AR Expression

Altered immunofluorescence imaging directed to CD73 pointed to significant alter-
ations of CD73 expression, both in EAE and after CTBS treatment. Therefore, the expression
of the CD73 enzyme activity was shown by AMP-based enzyme histochemistry (Figure 7).
The diffuse histochemical reaction produced by CD73-catalyzed hydrolysis of AMP was
dominantly observed in the control spinal cord gray matter (Figure 7A,B), whereas the
white matter was faintly stained (Figure 7A,C). In EAE sections, an increased reaction
was observed in both gray (Figure 7D,E) and white matter (Figure 7D,F), with numerous
amoeboid CD73-reactive cells (Figure 7E). Again, CTBS treatment resulted in histochemical
staining almost identical to the control (Figure 7G–I). Diffuse staining dominated the ven-
tral and dorsal gray matter (Figure 7G), whereas no infiltrations of amoeboid cells could be
found in the white matter (Figure 7H,I).

Signaling actions of adenosine in the CNS are mostly mediated via high-affinity
inhibitory A1R and excitatory A2AR receptors, differentially involved in neuroinflammatory
processes [15,18]. In physiological conditions, the expression is dominated by A1R mostly
found in association with the gray and white matter parenchyma (Figure 8A,a). The
induction of EAE is associated with marked loss of A1R-ir, particularly from the white
matter projection pathways (Figure 8B,b). However, CTBS treatment restored and even
enhanced the intensity of A1R-ir (Figure 8C,c). The determination of PCC and MCC had
shown that CTBS increases the proportion of both GFAP-ir astrocytes and IBA-1-ir cells,
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which expressed A1R-ir, whereas the overall fraction of A1R-ir is expressed by the glial
cells (Figure 8D,E; p < 0.05), also confirmed by Z-stack imaging (Figure 8F). Therefore,
EAE is associated with the significant axonal loss of A1R-ir, whereas CTBS restores the
expression and even potentiates it at responsive glial cells.

Figure 7. Effects of CTBS treatment on AMP-based enzyme histochemistry in lumbar spinal cords
of EAE rats. Enzyme histochemistry in the presence of AMP as a substrate labeling structures that
exhibit eN/CD73 activity in the spinal cord of control, EAE, and CTBS-treated EAE sections. Control
sections (A) exhibited diffuse staining patterns localized mainly in gray matter (B), while white
matter was devoid of staining. (C) EAE sections reveled (D) a marked increase in eN/CD73 activity
localized in gray (E) and white matter (F). After CTBS protocol (G), faint activity was observed in
both gray (H) and white matter (I), similarly to control sections. Scale bar corresponds to 50 µm.

Concerning the A2AR, the intensity of ir was weak in control sections, and no signifi-
cant co-localization was observed with either GFAP-ir or IBA-1 (Figure 9A,a). EAE was
associated with significant enhancement of A2AR-ir, particularly co-localized with GFAP-
and IBA1-ir (Figure 9B,b), reflected through a significant increase in PCC for the association
of A2AR with GFAP and IBA-1 (Figure 9D). Again, CTBS treatment markedly decreased
the intensity of A2AR-ir and induced massive dissociation between GFAP- and IBA-1-ir.
A significant part of A2AR-ir after CTBS resided at 5–7 µm in diameter ovoid structures,
probably axon fibers (Figure 9c, arrowhead). Combined immunofluorescence directed to
A2AR and neurofilament H protein showed a strong association of A2AR with neuronal
cell bodies in the gray matter and with axonal fibers in the white matter (Figure 10A,B).
The CTBS treatment reduced A2AR expression on glial cells and increased it on spinal
cord neurons.
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Figure 8. Effects of CTBS treatment on A1R expression in lumbar spinal cords of EAE rats. Triple immunofluorescence
labeling directed to astrocyte marker GFAP (blue), microglial marker IBA-1 (green), and A2AR (red). In control sections,
moderate staining of A1R-ir was observed mostly confined to what appeared to be neuronal elements (A,a). In EAE sections,
no apparent change in A1R-ir was observed compared to control (B,b). After CTBS treatment A1R-ir was significantly
increased on glial cells (C,c). Pearson correlation coefficients (PCC) indicating the level of signal overlap between GFAP-ir
and A1R-ir and IBA-1-ir and A1R-ir. Bars show mean PCC ± SEM, from 7–9 images/animal (D). Mander’s colocalization
coefficient (MCC) indicating level of signal colocalization between GFAP/A1R (MCC1, light blue), A1R/GFAP (MCC2,
dark blue), IBA-1/A1R (MCC1, light green), and A1R/IBA1 (MCC2, dark green). Bars show mean MCC ± SEM, from
7–9 images/animal (E). Orthogonal Z-stack projection of GFAP/A1R and IBA-1/A1R (F). Level of significance: * p < 0.05 or
less when compared to control, # p < 0.05 when compared to EAE. Scale bar corresponds to 50 µm.

Figure 9. Effects of CTBS treatment on A2AR expression in lumbar spinal cords of EAE rats. Triple immunofluorescence
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labeling directed to astrocyte marker GFAP (blue), microglial marker IBA-1 (green), and A2AR (red). In control sections,
faint staining of A2AR-ir was observed (A,a). A prominent increase in A2AR-ir was observed in EAE, both in association
with GFAP- and IBA-1-ir (B,b). The CTBS treatment decreased the overall intensity of A2AR-ir in the gray matter and
was reduced on glial cells, but an increase in staining was detected in non-glial elements (C,c). Pearson correlation
coefficients (PCC) indicating the level of signal overlap between GFAP-ir and A2AR-ir and IBA-1-ir and A2AR-ir. Bars
show mean PCC ± SEM, from 7–9 images/animal (D). Mander’s colocalization coefficient (MCC) indicating level of signal
colocalization between GFAP/A2AR (MCC1, light blue), A2AR/GFAP (MCC2, dark blue), IBA-1/A2AR (MCC1, light green),
and A2AR/IBA1 (MCC2, dark green) Bars show mean MCC ± SEM, from 7–9 images/animal (E). Orthogonal Z-stack
projection of GFAP/A2AR and IBA-1/A2AR (F). Level of significance: * p < 0.05 or less when compared to control, # p < 0.05
when compared to EAE. Scale bar corresponds to 50 µm.

Figure 10. A2AR and CD73 expression in gray and white matter in lumbar spinal cords of CTBS-treated rats. A2AR signal
was colocalized with SMI-32: in gray matter, co-staining was observed in neuronal soma (A), whereas in white matter,
neuronal axons showed A2AR immunoreactivity (B). CD73 signal was colocalized with SMI-32: in gray matter (C), whereas
in white matter, neuronal axons showed SMI-32/CD73 colocalization (D). Scale bar corresponds to 50 µm.

4. Discussion

EAE is a widely used experimental model of the autoimmune neurodegenerative
pathology driven by an intertwined network of adaptive immune and CNS resident cells
and their inflammatory mediators, which reproduce all the critical events in MS. According
to current understanding, pro-inflammatory mediator IL-1β and its main downstream tar-
get, NF-κB, are critically involved in the pathogenesis of MS/EAE [48], while the induction
of anti-inflammatory cytokine IL-10 correlates with the clinical recovery [49]. The involve-
ment of extracellular ATP, adenosine, and their respective P2 and P1 purinoceptors in the
neurodegenerative processes associated with MS/EAE is established as well [50]. Several
recent reports emphasize the contribution of ectonucleotidases and ATP/ADP- [41,51,52]
and adenosine-mediated signaling in the neuroinflammatory process in EAE pathology
(Safarzadeh et al., 2016 [53]; Nedeljkovic, 2019 [18], Lavrnja et al., 2015 [14]; Zhou et al.,
2019 [54]). Accordingly, the present study shows that the neuroinflammatory process in
EAE is associated with prominent upregulation of CD73 in lumbosacral spinal cord tissue,
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mostly by reactive microglia and astrocytes activated in response to immune cell invasion
to the CNS. Given that CD73 is the only adenosine-producing enzyme in the extracellular
milieu [55], the strong induction of CD73 corroborates the finding of the substantial ac-
cumulation of adenosine in the extracellular space during EAE (Lavrnja et al., 2009 [13];
2015 [14]). Although adenosine is generally considered a powerful anti-inflammatory
and immunosuppressive molecule [56,57], it exerts pleiotropic actions depending on the
functional coupling with particular P1 receptor subtype [15,18,20]. Thus, in physiological
conditions, extracellular adenosine, present in low micromolar concentrations, mainly
activates inhibitory a A1R receptor subtype ubiquitously present in the CNS cell types.
However, in neuroinflammatory conditions, the actions of adenosine are mediated largely
via excitatory A2AR and low-affinity A2BR receptor subtypes. Indeed, the upregulation
of A2AR and its tight spatial coupling with CD73 is another common feature of inflamed
tissue in several brain pathologies, including EAE/MS [15,58,59]. Our present study, thus,
corroborates the view that the gain-of-function in CD73/A2AR and enhanced adenosine
signaling drives neuroinflammation and directs the course of EAE.

By using the pathological context of EAE, the principal goal of our study was to show
the ability and efficiency of the CTBS protocol to revert the EAE-induced alterations in
adenosine signaling and, thus, to point to potential merit of TBS as a therapeutic approach
in MS/EAE. Beneficial and anti-inflammatory actions of TBS have been demonstrated
in several neurological and psychiatric disorders and animal models, so far [60–65]. In
the current study, we have observed that animals subjected to CTBS experienced milder
neurological dysfunctions for a shorter time than in the group of non-treated EAE. At
the histopathological level, the CTBS protocol prevented the release of IL-1β and reduced
NF-κB signaling, while increasing the expression of anti-inflammatory IL-10. These effects
altogether suggested that CTBS exerted neuroimmune downregulating properties. Indeed,
animals subjected to CTBS exhibited significantly lower numbers of reactive microglial cells
and hypertrophied astrocytes, which are the typical histological hallmark of the spinal cord
tissue injury in EAE [14,39]. The treatment also decreased both the levels of CD73 enzyme
activity and the protein expression, particularly by microglia and astrocytes, suggesting
a decrease in the extracellular level of adenosine. Given that CD73 itself is necessary for
the peripheral T cells entry and the induction of EAE [66,67], altered expression of CD7
by microglia and astrocytes may be seen as the critical factor of the reduced peripheral
immune cell entry and local neuroinflammation [18,66].

Besides CD73, the CTBS treatment completely reverted the expression of adenosine
receptors, at least the dominant A1R and A2AR subtypes. Specifically, CTBS prevented the
exclusion of A1R-mediated signaling observed in EAE and even enhanced the purinocep-
tors expression in respect to naïve animals. The enhanced expression was mainly observed
at astrocytes and microglia, at which the A1R receptor activation decreases proinflam-
matory cytokines and chemokines, thus reducing astrocyte ability to interact with au-
toreactive CD4+ lymphocytes (Liu et al., 2018 [68]; Cunha, 2005 [58]; Liu et al., 2018 [68];
Bijelić et al., 2020 [52]). Furthermore, the CTBS treatment prevented excessive A2AR signal-
ing and decreased the co-occurrence of both the A2AR and CD73 with the glial cells markers.
Instead, CTBS induced neuronal expression of A2AR, which is known to regulate the tonic
expression and synaptic actions of BDNF [40], thus promoting neuronal survival [69–71].
Namely, neuronal A2AR-mediated signaling increases BDNF synthesis and the resulting
synaptic efficiency and LTD-induced plasticity [72,73], which may be one of the possible
mechanisms of the CTBS-induced protective actions in EAE.

In the end, we would like to point out some limitations of our study. Due to size of
the TBS stimulation coil, when applied, the whole brain of DA rats is being stimulated, and
therefore, we could not ascribe observed beneficial effects to a specific brain region. The
beneficial effects observed in this study are most likely mediated via various descending
cerebro-spinal tracts. It is possible that focal stimulation of a specific region would yield
even better effects; therefore, further research is required in this direction. Another potential
limitation would be the selected time of stimulation, since we chose to stimulate animals
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in the peak of disease and monitor them until the end of disease. Even though it is more
common practice to start treatment in the onset of acute EAE, we wanted to examine
beneficial effects that could translate to more real situation, since MS patients seek medical
attention usually during the peak of their symptoms, which corresponds to the peak of
acute EAE in experimental animals.

5. Conclusions

Our study convincingly demonstrates that the applied CTBS protocol efficiently coun-
teracts the EAE-induced effects on adenosine signaling and attenuates the reactive state of
microglia and astrocytes at histological and biochemical levels, thus providing powerful
protective and reparative potential in EAE. Given the paucity of effective treatments in MS,
the TBS protocols could be a safe and effective complementary therapeutic approach, to-
gether with other disease-modifying treatments, that could provide better clinical outcome
in MS.
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Abstract: In the human brain, aging is characterized by progressive neuronal loss, leading to dis-

ruption of synapses and to a degree of failure in neurotransmission. However, there is increasing

evidence to support the notion that the aged brain has a remarkable ability to reorganize itself, with

the aim of preserving its physiological activity. It is important to develop objective markers able to

characterize the biological processes underlying brain aging in the intact human, and to distinguish

them from brain degeneration associated with many neurological diseases. Transcranial magnetic

stimulation (TMS), coupled with electromyography or electroencephalography (EEG), is particularly

suited to this aim, due to the functional nature of the information provided, and thanks to the ease

with which it can be integrated with behavioral manipulation. In this review, we aimed to provide

up to date information about the role of TMS and TMS-EEG in the investigation of brain aging. In

particular, we focused on data about cortical excitability, connectivity and plasticity, obtained by

using readouts such as motor evoked potentials and transcranial evoked potentials. Overall, findings

in the literature support an important potential contribution of TMS to the understanding of the

mechanisms underlying normal brain aging. Further studies are needed to expand the current body

of information and to assess the applicability of TMS findings in the clinical setting.

Keywords: aging; transcranial magnetic stimulation; EEG; excitability; connectivity; plasticity

1. Introduction

Physiological aging is a finely controlled process which entails biological alterations
at different dimensional scales, from molecules, to cells and integrated systems [1,2]. Some
of these changes likely represent the undesirable outcome of exposure to stressors [3],
whereas others are physiological and might subtend the attempt of the organism to main-
tain its function. The latter is particularly true for the central nervous system, whose
functional remodeling during aging supports the preservation of activity performance in
daily tasks [4]. Identifying specific patterns of neuronal activity linked to aging is a major
challenge in neuroscience. In the motor system, for instance, neuromuscular degeneration,
alterations in motoneuronal properties, changes in the activity and connectivity of multiple
cortical circuits and modifications in the efficiency of synaptic plasticity mechanisms can be
observed in older people [5–9]. Some of these abnormalities overlap those occurring in the
early stages of patients with neurodegenerative diseases, including movement disorders
or dementia [10–20]. Thus, understanding the various changes underlying physiological
aging may help in discriminating between normal and pathological conditions. Neu-
rophysiological techniques, in particular transcranial magnetic stimulation (TMS) and
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TMS-electroencephalography (EEG) coregistration, are very useful to this aim. Indeed,
they are able to assess the activity of several brain circuits with a very high-temporal reso-
lution, thus allowing to identify even subtle changes in the functionality of mechanisms
controlling movement, learning and cognitive performances [21,22].

In this review, we will describe changes in cortical excitability, connectivity and
plasticity occurring during physiological aging in humans, as assessed by TMS and TMS-
EEG studies. Since TMS allows to explore mainly neurophysiological functions of the
primary motor cortex (M1), the majority of studies discussed in this article will focus on the
motor system. In the first section of the review we report research providing evidence for
spatially-restricted (i.e., limited to M1) neurophysiological changes during aging. Indeed,
over the last decade, a large number of studies found that aging is associated with changes
in global corticospinal excitability and function of different neurotransmitter systems
within M1, including GABA-A-ergic, GABA-B-ergic, cholinergic and glutamatergic. In the
second section we discuss age-related modifications occurring in large-scale sensorimotor
networks, as investigated by TMS and TMS-EEG connectivity measures. Lastly, in the
third section of the article, we review non-invasive brain stimulation (NIBS) studies which
assessed possible alterations in synaptic plasticity and metaplasticity during aging. Indeed,
cortical plastic changes occur throughout the normal lifespan in response to the numerous
events that represent everyday experiences, and synaptic plasticity mechanisms, such as
long-term potentiation (LTP) and long-term depression (LTD), must be tightly regulated to
prevent saturation, which would impair learning and memory [23–28].

2. Neurophysiological Changes in Local Motor Circuits during Aging

2.1. TMS Studies

In the last decades, TMS has been extensively used to investigate the physiology of
brain aging in a safe and non-invasive way, particularly with regards to the sensorimotor
system. It is well known that a single TMS pulse results in multiple descending volleys,
i.e., an early direct (D) followed by indirect (I) waves [29]. The physiological mechanisms
underlying the generation of I-waves are still unclear and different hypotheses have
been made, ranging from oscillating activation of corticospinal tract (CST) neurons, to
reverberation of activity within interneuronal circuits and converging pyramidal output
cells [30–32]. The motor-evoked potential (MEP) arises from the temporal summation of
these descending volleys at the spinal level, but its basic characteristics (i.e., latency and
amplitude) also reflect the combination of excitatory and inhibitory events occurring in
a more complex synaptic network, at different levels of the motor pathway [31,33]. The
easiest and most reproducible single-pulse (sp) TMS measure, used to probe the excitability
of M1, is the resting motor threshold (RMT), which is defined as the stimulation intensity
required to elicit MEPs in resting muscles of at least 50 µV in 5 out of 10 trials [30,34].
The RMT can be considered as an estimate of global cortical excitability, it reflects axonal
excitability, likely of the intracortical elements activated by TMS, and it has been reported to
have high test-retest reliability in healthy older adults, in particular when using monophasic
rather than biphasic TMS pulses [35]. It is sensitive not only to cortical excitability, but
also to the scalp-to-cortex distance, as this alters the amount of energy required to bring
CST neurons to threshold [36]. Given that age-related cortical atrophy can increase the
coil-to-cortex distance, the RMT can be used as a measure to explore brain aging [37,38].
Indeed, several studies reported an increase in RMT in older adults [39,40]; however, this
has not been replicated by other authors [41–43]. This inconsistency can be due to the
possibly different degree of individual cortical atrophy in elderly subjects and to the lack
of a structural neuroimaging assessment in the various studies, which would allow a
coil-to-cortex distance measurement in all participants and, accordingly, an ad-hoc RMT
normalization. Another hypothesis proposed to explain the lack of consistency in age-
related differences in RMT is that this variable changes in discrete stages during the life
span. Supporting this idea, Shibuya and colleagues (2016) recently evaluated the RMT in
113 subjects with an age ranging from 20 to 83 years; they found that the RMT increases
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from age 20 to 50 and then decreases, roughly following a quadratic function [44]. Up
to date, a long-term longitudinal RMT follow up is missing; this could potentially have
more value, compared to cross-sectional measurements, in clarifying electrophysiological
correlates of the gray matter volume loss in the aging brain.

In addition to RMT, the stimulus-response relationship may be intrinsically altered in
the aged motor cortex. It is well known that the MEP amplitude increases sigmoidally with
stimulation intensity, and that voluntary activation of the target muscle shifts this input-
output curve to the left [45,46]. Pitcher and colleagues (2003) explored the input-output
curve in young and elderly subjects and demonstrated a rightward shift in the latter group,
due to the higher stimulation intensity necessary to achieve the maximum MEP. The slope
of the curve and the RMT were not different between the two groups [47]. These data have
been interpreted as reflecting a reduction in the amount of spinal motoneurons activated
by TMS or in the stimulus-induced neuronal synchronization with aging [47,48].

Besides spTMS, more complex TMS protocols, which consist in delivering two stimuli
via the same coil (paired-pulse TMS; ppTMS) [49,50] or by coupling a TMS pulse with
peripheral electric stimulation [51] have been also applied in older subjects. While spTMS
measures generally reflect the degree of the overall corticospinal excitability [52], these
protocols allow to investigate the physiology of intracortical circuits which rely on different
neurotransmitter classes [30,53,54]. More in detail, in ppTMS a conditioning stimulus (CS)
precedes a test stimulus (TS) by an interstimulus interval (ISI) which varies according to the
protocol used, allowing the evaluation of intra-cortical inhibitory and facilitatory circuits.
Short-interval intracortical inhibition (SICI) is elicited when a subthreshold CS is followed
by a suprathreshold TS with an ISI of 1–6 ms and likely reflects inhibition mediated
by GABA-A receptors, while intracortical facilitation (ICF) entails longer ISIs (6–30 ms)
and is likely mediated by NMDA receptors [30,49,53,55]. The investigation of ppTMS
measures in physiological aging has produced inconsistent results. SICI has been reported
to be either decreased [41,56–59], normal [42,43,60,61] or even increased [39,62] in elderly.
Differently, ICF was found to be generally normal in the majority of [41,44,58,62], but not
all [39,61], studies, suggesting intact NMDA-related glutamatergic neurotransmission in
these subjects. Long-interval intracortical inhibition (LICI) is another ppTMS measure,
which refers to inhibition of a test MEP using a suprathreshold CS applied 50–200 ms
before, and likely depends on GABA-B receptors [53,63,64]. Similar to what observed
with SICI, the effectiveness of LICI was found to be variable with aging, being either
increased [39] or decreased [43,58] in different studies. Thus, ppTMS researches have not
yet clarified whether GABA-ergic neurotransmission is generally preserved or impaired in
physiological aging. Finally, short interval intracortical facilitation (SICF) can be elicited
by a suprathreshold first stimulus followed by a second stimulus at about RMT [65,66],
by an ISI compatible with I-waves period (i.e., 1.3–1.5 ms). In this protocol, the observed
increase in MEP is likely due to summation of different I-waves at the M1 level and mainly
reflects the activity of non-NMDA glutamatergic neurotransmission [17,31]. Clark and
colleagues (2011) described a higher SICF in elderly than young subjects at ISI 1.5 ms, while
the opposite result was present at ISI 2.5 ms. These apparently contrasting data confirm
that physiological mechanisms underlying the first and later SICF peaks differ [17,31,67,68]
and may suggest that they have different sensitivity to the aging process [69]. More
recently, however, Opie and colleagues tested SICF in young and older adults in more detail
and compared I-wave intervals that were optimal for I-waves summation in each group.
Although they confirmed the reduction in the second SICF peak in the elderly, a similar
change was also found in the other peaks, thus not corroborating the previous hypothesis
and leaving the question open [70,71]. Additionally, these studies found a delayed latency
of the third SICF peak with aging, which influences both plasticity induction and motor
function [70,71].

Discrepancies in the effects of ppTMS protocols across studies can have several expla-
nations. The first could be the choice of the ISI due the fact that paired-pulse protocol is
associated with a relatively wide range of possible ISIs, and the timing optimal to obtain
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the predicted changes in MEP may be different across subjects [30]. While some of ppTMS
studies have used multiple ISIs [41,42,44,58], the majority employed only one ISI for all
subjects [39,43,56,57,59–61]. As different subjects will probably manifest optimal responses
at different ISI, the outcome of future experimental studies could be improved by the use
of paired-pulse curves which may decrease the variability and improve the outcome in
future studies. Furthermore, concerning SICI, many studies tested this measure only using
an ISI of 3 ms, which, according to some reports [72], may be influenced by SICF; however,
this has not been universally confirmed [66]. Another important factor contributing to the
inconsistency of ppTMS protocols is the choice of CS intensity, which can be calibrated
either based on the RMT, or the active motor threshold (AMT). The intensities used vary
considerably, usually ranging from 50% to 95% RMT [39,41,42,44,55,56] or from 70% to
90% AMT [73–75], and this variability may contribute to divergent findings in SICI studies.
Another point to take into account is that ppTMS measures may have different sensitivity
to coil orientation [66,76], and that this pattern of susceptibility to current direction might
change according to the age of subjects. In this regard, Sale and colleagues (2016) assessed
SICI in young and older adults with TMS coil in posterior-to-anterior (PA) and, then,
anterior-to-posterior (AP) position. Interestingly, they found no age-related differences in
SICI with PA-directed TMS, while SICI was more effective in older than young subjects
using AP-directed TMS [77]. Unfortunately, both the CS and TS were delivered with the
same current direction, thus making it difficult to understand which one drives the effect.
A further important issue is that ppTMS measures are known to be modulated by different
brain states, including motor tasks [78,79], and that this change may be dependent on
age. For instance, the amount of SICI during a reaction time task was related to manual
dexterity in aging subjects [57]. Moreover, while SICI increases during motor stopping
in young subjects, this phenomenon does not occur in older adults [80]. Analyzing task-
related changes in ppTMS measures may thus increase their sensitivity in investigating
possible age-related decline in intracortical motor circuits. Overall, future studies should
standardize the methodology of ppTMS to help comparisons across different age groups.

Differently from ppTMS, short-afferent inhibition (SAI) has shown more consistent
alterations in the aging brain. SAI is elicited by electrical stimulation of a peripheral nerve
preceding contralateral M1 TMS by an ISIs slightly longer than the latency of the N20
component of the somatosensory evoked potential. This form of inhibition likely reflects
intracortical sensorimotor interaction and involves cholinergic as well as GABA-A-ergic
circuits [51,81–83]. Although a first study found that SAI was comparable between older
and younger adults [42], later studies showed decreased SAI in the elderly [40,84–86],
which was also correlated with the age of subjects [87]. These data overall point to a
progressive impairment of cholinergic activity during aging.

2.2. TMS-EEG Studies

TMS-EEG allows to measure the perturbation induced by a TMS pulse on cortical
activity, both at the local and network level. Thanks to its high temporal resolution,
TMS-EEG can provide meaningful clues on the functional properties of cerebral circuits
in physiological and pathological conditions [88–92]. Importantly, TMS–EEG allows the
assessment of cortical physiology by discerning causal interactions from pure temporal cor-
relations [93,94]. TMS-evoked EEG responses were first measured in the late nineties [95]
and, subsequently, scalp topography and possible generator sources of TMS-evoked poten-
tials (TEPs) have been described. It is now clear that TEPs represent genuine responses
of the cerebral cortex to TMS, provided that indirect sources of brain activation, such as
somatosensory and auditory stimulation, are appropriately reduced or suppressed [96–99].
TEPs occurring in the first 20–40 ms after the TMS pulse most likely reflect the responses
of local cortical circuits, whereas longer-latency responses involve more distributed net-
works [100]. TMS-EEG studies which aimed to investigate age-related modifications in M1
generally showed decreased excitability, a finding which supports the outcomes of MEP
investigations [42,47,101]. However TMS-EEG yields complex results, based on the metric
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used for analysis [102]. For instance, the global-mean field power (GMFP), which provides
a measure of the TMS-induced brain response on the whole scalp [103,104], has been shown
to be smaller in the elderly, pointing towards a generalized cortical hypoexcitability. This is
in agreement with analysis of single TEP peaks, which showed a decrease in the local P30
amplitude after M1 stimulation; however, an opposite trend was found in the ipsilateral
prefrontal areas, reflected in an increased TEP amplitude. This has been interpreted as a
true hyperexcitability of the prefrontal cortex, rather than a compensatory phenomenon
to M1 hypoexcitability [102]. The result on P30 has not been confirmed by another study,
which failed to identify an amplitude difference between groups, suggesting instead a
decreased P30 latency in elderly subjects [105].

TMS-EEG allows the investigation of specific cortical neurotransmitter systems, with
the assumption that different TEP components reflect selective activity of receptor classes.
Data obtained in humans and non–human primates point to age-dependent changes in
GABA-A and GABA-B receptor density and subunit composition, particularly in frontal
cortices [106,107]. In particular, while GABA-ergic neurotransmission seems to become
more efficient during the first years of postnatal development in the dorsolateral prefrontal
cortex (DLPFC) [108], there is evidence for GABA-ergic neurons activity impairment in
animal and human motor areas with aging [57–59,109–111]. Previous TMS-EEG data have
found that the P30 and N45 peaks are related to GABA-A neurotransmission, whereas
activity of GABA-B receptors shows a stronger link with later peaks, both in healthy and
in diseased brains [82,90,100,112,113]. The amplitude of the N45 has been shown to be
modulated by aging, albeit in opposite directions in two studies. It was reduced in Ferreri
et al. [102], a data which supported a GABA-A-ergic neurotransmission deficit in M1 in
older subjects, and increased in a following study [105]. As a further confounding factor,
both P30 and N45 amplitude did not change when SICI, which measures GABA-A activity,
was obtained by stimulation of DLPFC [114]. While the cause of these contradictory
findings is currently unclear, it may reflect the variability observed for SICI in TMS studies
in aging (see Section 2.1). Importantly, to date, no study has assessed SICI in M1 with
concurrent EEG recording in older adults; this would help in better elucidating possible
age-related changes in GABA-A mediated inhibition in the motor system. Only few studies
used other ppTMS protocols during EEG recording in the elderly. Noda and colleagues
(2017) tested NMDA receptor-mediated glutamatergic activity in the DLPFC using ICF;
when comparing the results with a group of healthy controls, they found a reduction in
N45 amplitude. The authors speculated that this result would reflect a functional decline
in glutamatergic excitatory neurotransmission in older adults [114]. Finally, a recent study
recorded TEPs during M1 LICI and demonstrated a greater inhibition of the N45 wave in
older, compared to younger subjects; this may suggest that this component is particularly
sensitive in detecting modulation of GABA-B-ergic inhibitory circuits which occurs during
aging [105].

3. Neurophysiological Changes in Wide-Range Networks during Aging

3.1. TMS Studies

Long-range connectivity between different brain areas can be tested with TMS by
delivering pulses with two different coils at specific ISIs. The most robust connectivity
protocol is interhemispheric inhibition (IHI), which is obtained by conditioning a MEP with
a preceding suprathreshold TMS pulse on the contralateral M1. IHI probably generated by
local inhibitory interneurons within M1, which activate GABA-B receptors on principal
cells [115] and are activated by interhemispheric excitatory pathways passing through the
corpus callosum [116–118]. IHI is most pronounced at ISIs of 8–10 ms and 40–50 ms, which
are referred to as short and long latency IHI, respectively (SIHI and LIHI). Most studies, but
not all [119,120], testing IHI at rest, revealed that both SIHI [121,122] and LIHI [123–125]
did not differ between older and young subjects. By contrast, there is evidence that elderly
subjects have less lateralized cortical activation during various motor tasks, including hand
grip [126]. In neuroimaging studies, young subjects demonstrate a decreased activity in the
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M1 ipsilateral to the moving hand (iM1) during task, while this pattern is cancelled or even
reversed in older subjects [127]. TMS research have further explored this phenomenon
and found that LIHI from the contralateral M1 (cM1) to iM1 decreased during motor
tasks in older compared to young participants, suggesting a reduced inhibitory drive from
cM1 to iM1 with aging [121,128]. By combining neurophysiological and neuroimaging
data, the authors clarified that the reduced inhibition of the iM1 underlies a progressive
involvement of this area during simple motor tasks with aging [128]. Another study
demonstrated that the iM1 also contributes to motor preparation in elderly. Indeed, TMS
was delivered over iM1 before an index finger movement, and this caused delayed motor
responses in older, but not in young, adults [129]. Besides IHI, the interaction between
the two M1 can be functionally assessed by evaluating the ipsilateral silent period (ISP),
defined as the interruption of voluntary electromyographic (EMG) activity induced by
suprathreshold TMS applied in the iM1. ISP is thought to be mediated by transcallosal
inhibition between the stimulated and the pre-activated cM1 [116,130]. A number of
studies have reported changes in ISP in older subjects, such as delayed onset and decreased
depth or area [131–134]. Taken together, findings on IHI and ISP indicate a decline in
interhemispheric inhibition with increasing age, with recent evidence that this decline is
uniform across the lifespan [134].

In addition to the interactions between the homologous M1, IHI can be extended to a
widespread inhibitory system projecting from various cortical areas, including the dorso-
lateral prefrontal cortex, dorsal premotor cortex and somatosensory cortex, to cM1 [118]. In
this regard, one study tested whether physiological aging alters the functional connectivity
between the left dorsal premotor cortex (PMd) and right M1 [124]. Paired-pulse TMS was
delivered immediately before a simple left index finger movement in young and older
subjects, and the data showed that only in the latter group there was a facilitatory interac-
tion between left PMd and right M1. Moreover, the degree of modulation was associated
with faster responses [124]. A more recent study combined LIHI with neuroimaging and
behavioral measures to assess interhemispheric connectivity between DLPFC and cM1
during the preparation of a complex bimanual coordination task in aging [125]. Interest-
ingly, it was found that the ability to disinhibit functional connectivity between DLPFC
and cM1 was impaired in older subjects, and this alteration was paralleled by decreased
bimanual performance.

Overall, based on TMS data, it may be argued that the increased activity in ipsilateral
M1 and premotor regions before/during simple movements reflects the involvement of
additional areas as an attempt to preserve normal motor performances despite advancing
age [128,135,136]. Conversely, the altered modulatory activity of DLPFC to contralateral
M1 may underlie the decline of bimanual performance in older subjects [125].

3.2. TMS-EEG Studies

As previously stated, recording of EEG activity during TMS provides the possibility to
non-invasively and directly probe brain connectivity [89]. Particularly, it has been suggested
that the first part of the TMS-evoked EEG response reflects local excitation of the stimulated
cortex (see Section 2.2), whereas the spatiotemporal distribution of later TEP components over
the scalp reflect the activation of distant cortical areas, either via cortico-cortical connections
or projections from subcortical structures [137–140]. Recent evidence has suggested that age
and neurodegeneration influence late TEP components [12,102,105,114]. Among the late
TEPs described in the EEG signals evoked by M1 stimulation, the N100 is the dominant
negative peak and it has been related to the GABA-B-ergic neurotransmission [100,113].
In the elderly, its scalp distribution and source activation has been demonstrated to be
significantly different from younger subjects, suggesting hypoexcitability in prefrontal
and premotor cortices of the stimulated hemisphere, coupled with hyperexcitability in the
median anterior EEG channels [102]. The neural generators of late TEP components are not
entirely clarified. In previous studies [100], it had been suggested that they could be related
to the activity of reverberant cortico-cortical as well as cortico-subcortical circuits driven
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by GABA-B neurotransmission, and finally re-engaging the stimulated M1. Age-related
differences in spatial distribution of the N100 have been confirmed by a more recent study:
here, by using a LICI protocol, the authors demonstrated that the paired-pulse inhibitory
effects on N100 wave are increased in older adults, thus suggesting a potentiation of pre-
and post-synaptic GABA-B-mediated inhibition [105].

Previous TMS-EEG studies showed that TMS-evoked EEG signals strongly depend on
the brain state at the time of stimulus delivery [94]; this can be determined by excitability of
local circuits, or by the activity of diffuse neuromodulatory systems [141,142]. In agreement
with this notion, features of EEG rhythms preceding a TMS pulse applied on M1 have been
shown to influence MEP amplitude [143,144], and this process changes with aging [142,145].
It is known that MEP amplitude shows a degree of inter-trial variability, which depends on
several factors, including fluctuations in excitability of cortical and spinal neurons [146,147]
and corticospinal connectivity [148]. TMS-EEG allows to verify whether MEP amplitude
variability also depends on cortico-cortical connectivity changes. In this regard, Ferreri
and colleagues (2014) found that, in young subjects, MEPs are significantly larger when
the ipsilateral M1-prefrontal cortex coherence in the beta−2 band and the ipsilateral M1-
parietal cortex coherence in the delta band are high. However, elderly subjects showed
higher M1-parietal cortex delta coherence than young participants, and this measure was
unrelated to MEP size variations [145]. Since the delta rhythm may underlie functional
disconnection between areas [149,150], the results of this study possibly reflect functional
unbinding of M1 from the somatosensory cortices’ inhibitory control. This mechanism may
be compensatory to age-related decrease in cortical excitability and motor functions [145].

4. Neurophysiological Changes in Plasticity and Metaplasticity Processes
during Aging

Physiological aging is characterized by a weakening of different brain functions,
mainly linked to neuroplasticity processes, such as learning and memory [1]. In humans,
various TMS-based protocols allow the assessment of synaptic plasticity mechanisms in a
non-invasive way; the most widely used are paired associative stimulation (PAS) and theta-
burst stimulation (TBS). PAS is based on associative synaptic plasticity [151] and its effects
probably reflect spike-timing dependent plasticity, where the precise timing of pre- and post-
synaptic neurons firing is crucial for the direction of long-lasting changes. If the inter-spike
interval is positive (pre- before post-synaptic action potential), LTP occurs, whereas if the
interval is negative (post- before pre-synaptic action potential), LTD is elicited [152–155]. In
humans, the PAS protocol implies the combination of repetitive cortical TMS and peripheral
nerve stimulation [156,157]. If M1 stimulation occurs around 25 ms after the electric median
nerve stimulation at the wrist (PAS25), MEP amplitude is increased for 30–60 min (LTP-
like effects), whereas if the inter-stimulus interval is shorter, i.e., 10 ms (PAS10), MEP
amplitude is decreased (LTD-like effects) [156–158]. TBS is based on evidence in animal
models demonstrating that high-frequency bursts of stimuli rhythmically delivered in the
theta frequency range transiently modulate hippocampal neuronal firing [159], and that
LTP/LTD-like changes can be recorded by measuring changes in post-synaptic responses
following the stimulation [155,160,161]. The classical TBS paradigm consists of bursts of
three TMS pulses at 50 Hz, repeated at 5 Hz [162,163]. If the pattern of stimulation is
intermittent (iTBS), i.e., short trains of 2 s given every 10 s, cortical excitability is enhanced
and MEP amplitude increases up to 30 min after stimulation (LTP-like effects). If the pattern
is continuous (cTBS), i.e., bursts given continuously for 40 s, cortical excitability is inhibited
and MEP amplitude decreases for 20–60 min (LTD-like effects) [155,163–166].

A recent meta-analysis on NIBS studies in the aged population suggested that there is a
general trend towards decrease in motor cortex plasticity, with a certain degree of variability
between different studies and different plasticity-inducing protocols [8]. In 2008, two
reports by different groups showed, for the first time, that PAS-induced LTP-like plasticity
of M1 may deteriorate with physiological aging [167,168]. Müller-Dahlhaus and colleagues
verified the effects of PAS in a cohort of 27 subject with variable age (range: 22–71 years) and
found that the magnitude of PAS effects was negatively correlated with age, with a smaller
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MEP facilitation in elderly subjects [167]. A direct comparison of PAS effects between
young and aged subjects was provided by Tecchio and colleagues (2008). Although it was
somewhat confirmed that the long-lasting increase of M1 excitability after PAS is weaker in
older than young participants, this effect was clearly driven by the female population [168].
The authors pointed to a possible impairment in intracortical excitatory network activity
due to hormonal changes during menopause, a hypothesis which was confirmed in a later
research [169]. In a following study, a larger number of healthy subjects was enrolled and
divided in three groups based on age (young: 21–39 years, middle: 40–59 years, elderly:
60–79 years). The expected PAS-induced facilitation of MEP amplitude was observed in the
young and middle groups, but not in the elderly group, further confirming the impaired
LTP-like plasticity in M1 with aging [170]. Interestingly, age-related decline in response to
PAS has been demonstrated to be restored by L-dopa [171], a finding that suggests that the
alteration in PAS response observed in the elderly might have a functional, rather than a
structural substrate. In contrast with PAS, only few studies investigated the influence of
aging on M1 plasticity induced by TBS. Dickins and colleagues compared MEP amplitude
changes after iTBS over the dominant M1 between 20 young (18–28 years) and older
subjects (65–76 years). In contrast to PAS studies, M1 excitability increased in a comparable
way between the two groups after iTBS [172]. Similar findings were also obtained in more
recent research, indicating that iTBS-induced LTP-like plasticity of M1 is not affected by
aging [173,174].

The different neurophysiological findings on age-related synaptic plasticity changes
obtained using PAS and TBS may depend on the different types of plasticity mechanisms
elicited by the different protocols, as described above in this section [155,157,163,175,176].
Moreover, PAS acts through a combination of sensory input and direct cortical stimulation
activating the same M1 neurons, a process which reflects heterosynaptic plasticity due to
sensorimotor interaction [155,157,177,178]. Conversely, TBS operates through the repetitive
activation of the same synapses by M1 stimulation alone, which reflects homosynaptic
plasticity mechanisms [155,163,176]. Impaired PAS-induced and normal TBS-induced
effects may therefore suggest that synaptic plasticity processes are not diffusely impaired
by physiological aging. Rather, the alteration is restricted to processes requiring the
activation of specific intracortical circuits and/or sensorimotor interaction mechanisms.

The direction and amount of synaptic plasticity can be influenced by neuronal activity
occurring immediately before or during the induction of plasticity [179,180]. These features
of plasticity can be framed in the context of metaplasticity, which can be shortly defined
as “the plasticity of synaptic plasticity”; this involves a wide range of mechanisms and,
from a behavioral point of view, has an important role in the regulation of important
brain functions, including memory and learning [27,180,181]. Metaplasticity in humans
can be explored through different protocols, from priming an exogenous or endogenous
plasticity-inducing protocol with NIBS, to delivering plasticity-inducing protocols with
longer duration [64,73,75]. For instance, Opie and colleagues (2017) delivered iTBS 10 min
after the application of sham TBS (sham TBS + iTBS), cTBS (cTBS + iTBS), or iTBS (iTBS
+ iTBS) in young and older participants. The results showed that, whereas priming iTBS
with either cTBS or iTBS boosted M1 plasticity in young subjects, MEP facilitation after
sham TBS + iTBS did not differ from iTBS + iTBS, and was even larger than cTBS + iTBS, in
the older group [173]. Similar findings were also found using PAS: priming the stimulation
with PASN20+2ms caused enhancement of plasticity in young but not in older subjects [182].
In another study by the same group, a visuo-motor training task was performed after
facilitatory, inhibitory or sham PAS in young and older adults. While the baseline level
of motor skill did not differ between sessions in young subjects, priming with PAS had
a detrimental effect on skill acquisition in older ones [183]. Recent evidence suggests
that the amount of NIBS-induced plasticity of M1 changes by concurrently modulating
cortical gamma oscillations through transcranial alternating current stimulation (tACS),
and this effect has been interpreted as reflecting gating phenomena [18,184–186]. However,
gamma-tACS has been demonstrated to boost LTP-like plasticity induced by iTBS to a
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larger extent in young than older adults and, in the latter group, the effect of gamma-tACS
decreased with increasing age [174]. In summary, unlike synaptic plasticity mechanisms,
which seem to be altered only in part by the aging process, the existing evidence point to a
higher susceptibility of metaplasticity processes by physiological aging.

5. Limitations, Perspectives and Conclusions

The present review offers a summary of data obtained with TMS, either coupled with
EMG or EEG, about physiological brain aging. Overall, the findings suggest that TMS can
offer valuable insight into several functional derangements occurring throughout the life
span, including a trend of decrease in brain excitability, altered long-range cortico-cortical
connectivity and impaired associative plasticity and metaplasticity processes (Figure 1).
There are, however, a number of caveats pertaining to acquisition of TMS-EMG and
TMS-EEG variables, as well as their interpretation, which we deem important to discuss
in this final section. The first, general issue is that, despite the relatively high number
of studies investigating cortical excitability and plasticity during aging, their sample
sizes are generally small. This factor would determine low statistical power and may,
at least in part, explain the variability of results observed in the literature [8]. A second
problem is related to the degree of cerebral atrophy which accompanies physiological
aging. As this causes an increase in the distance between scalp and coil, TMS measures are
necessarily affected by it [37,38]. Even the most reliable among them, such as the RMT [34],
could yield limited information in a context where anatomical data are not available.
Therefore, when possible, it is important to obtain structural brain information, along with
neurophysiological assessment. In absence of the former, spTMS measures could still be
able to track within-subject longitudinal changes, but the pathophysiological/clinical value
of such follow up still need to be established. Paired-pulse TMS measures partially solve
the confound represented by decreased brain volume, since they are usually calculated
as ratios between conditioned and unconditioned MEPs. However, ppTMS protocols
are affected by variability and reliability issues of experimental paradigms and output
measures [175,187]. For instance, SICI considerably varies between individuals, even if the
same CS intensities and ISIs are tested [66,188]. Therefore, to compare results across studies,
it would be useful to explore a range of ISIs/CS intensities in large cohorts of subjects, so as
to obtain data about maximal effects and thresholds. Moreover, since the putative circuits
tested by different ppTMS protocols can interact [72], the interpretation of the effects of CS
is not always straightforward. For instance, since SICI acts by suppressing I waves [189],
an hypersynchronized and/or hyperexcitable state of excitatory M1 interneurons may
secondarily result in SICI decrease [70,71,190]. This is possibly the case in amyotrophic
lateral sclerosis [191] and Parkinson’s Disease [13,17,192–194]; whether a similar scenario
occurs in physiological aging is not known and is probably worth exploring.

The possibility of adding simultaneous EEG recording has substantially increased
the range of variables that can be tested with TMS, thus expanding the amount of in-
formation that is possible to obtain. However, the nature of TMS-EEG signals has not
been completely clarified yet. For instance, the information given by TEPs obtained from
M1 TMS may not completely overlap with those provided by MEPs; indeed, the latter
arise from excitation of PTN and associated circuitry, whereas the former probably reflect
activity of a larger ensemble of cortical cells [89,100,195]. Therefore, caution should be used
when comparing conclusions drawn by the two variables, especially for ppTMS protocols,
which were devised for MEPs, and are still of uncertain interpretation in the TMS-EEG
setting [112,196,197]. Another issue is related to the use of TEPs to measure brain con-
nectivity. This is usually performed by measuring the spatial distribution of specific TEP
components; however, this alone does not take into account volume conduction, and has
not been assessed in conjunction with more common measures of EEG connectivity [198].
In addition, TEPs, especially in their late components (N100, P180), can be contaminated
by EEG responses generated by indirect brain activation due to the somatosensory and
auditory stimulation intrinsic to TMS, if adequate countermeasures are not properly taken
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(e.g., suppression of the TMS click by the use of a masking noise, use of ear defenders, ap-
plication of a foam layer under the coil) [99,199]. This should lead to careful review of past
studies where sensory input by TMS was not properly masked; in particular, it should be
noted that effective masking procedures were only seldom used in studies involving older
adults. This should prompt to strict control of these confounding factors in future work.

Figure 1. Age-related changes in local motor circuits, wide-range networks and plasticity processes RMT: resting motor
threshold; I/O curve: input-output curve; SICI: short-interval intracortical inhibition; ICF: intracortical facilitation; LICI:
long-interval intracortical inhibition; SICF: short-interval intracortical facilitation; SAI: short-latency afferent inhibition; M1:
primary motor cortex; TEP: transcranial evoked potential; SIHI: short-latency interhemispheric inhibition; LIHI: long-latency
interhemispheric inhibition; cM1: contralateral M1; iM1: ipsilateral M1; ISP: ipsilateral silent period; PMd: dorsal premotor
cortex; DLPFC: dorsolateral prefrontal cortex; PAS: paired-associative stimulation; iTBS: intermittent theta burst stimulation;
cTBS: continuous theta burst stimulation; tACS: transcranial alternating current stimulation.

In conclusion, we believe that TMS and TMS-EEG can give an important contribution
to the understanding of the mechanisms underlying physiological brain aging, provided
that technical pitfalls and interpretation biases are considered. Future studies should
seek to integrate electrophysiological and structural data and clarify how these relate to
impairment of daily activities in the elderly population, with the ultimate goal of reliably
distinguishing physiological and compensatory processes from disease.
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Abstract: Human memory systems are imperfect recording devices that are affected by age and

disease, but recent findings suggest that the functionality of these systems may be modifiable through

interventions using non-invasive brain stimulation such as repetitive transcranial magnetic stimu-

lation (rTMS). The translational potential of these rTMS interventions is clear: memory problems

are the most common cognitive complaint associated with healthy aging, while pathological con-

ditions such as Alzheimer’s disease are often associated with severe deficits in memory. Therapies

to improve memory or treat memory loss could enhance independence while reducing costs for

public health systems. Despite this promise, several important factors limit the generalizability and

translational potential of rTMS interventions for memory. Heterogeneity of protocol design, rTMS

parameters, and outcome measures present significant challenges to interpretation and reproducibil-

ity. However, recent advances in cognitive neuroscience, including rTMS approaches and recent

insights regarding functional brain networks, may offer methodological tools necessary to design

new interventional studies with enhanced experimental rigor, improved reproducibility, and greater

likelihood of successful translation to clinical settings. In this review, we first discuss the current state

of the literature on memory modulation with rTMS, then offer a commentary on developments in

cognitive neuroscience that are relevant to rTMS interventions, and finally close by offering several

recommendations for the design of future investigations using rTMS to modulate human memory

performance.

Keywords: TMS; rTMS; memory; hippocampus; brain networks; non-invasive brain stimulation;

mild cognitive impairment; Alzheimer’s disease

1. Introduction

Human memory systems are understood to be imperfect recording devices, and the
performance of these systems is negatively impacted by age and disease. Memory loss is
the most common cognitive complaint in older adults, while clinically significant mem-
ory deficits exaggerate age-related trends and are often attributable to neurodegenerative
disease. The most common form of pathological memory decline is dementia due to
Alzheimer’s disease (AD) [1]. Unfortunately, current pharmacological interventions for
AD-related memory impairment, such as cholinesterase inhibitors, offer limited benefit
for memory loss [2,3]; this is also true of other interventions for AD such as lifestyle
changes [4–6]. The lack of effective treatments for memory loss, AD-related or not, leaves
a significant need unmet: memory loss has negative consequences for independence,
autonomy, and identity. Efficacious treatments for memory loss could preserve these facul-
ties [7–9]. Fortunately, recent findings suggest that targeted non-invasive brain stimulation
(NBS) may offer meaningful opportunities for treatment [10]. Specifically, transcranial mag-
netic stimulation (TMS), a form of NBS, has been reported to improve memory in healthy
younger adults, healthy older adults, and individuals with AD [11–14]. TMS may therefore
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hold promise as a potential symptomatic treatment for memory loss. Still, a review of
the current literature reveals substantial variability in methods, outcome measures, and
populations. Consistent with the methodological variability, findings from interventions
using repetitive TMS (rTMS) to enhance memory have been inconsistent. To address this,
our review seeks to summarize the results of recent rTMS studies in patients on the AD
continuum, discuss potential sources of heterogeneity, and provide suggestions on how
the field could enhance rigor and reproducibility in future work.

2. Review of Prior Work

2.1. Organization of the Review

We performed a narrative review based on searches of commonly used databases
indexing scholarly works (PubMed, google scholar). Following the primary identification
of literature, forward and backward citation searches were carried out for studies in this
initially identified body. We observed that investigations testing TMS as a tool for memory
enhancement or a treatment for memory loss have varied widely in their approaches.
Acknowledging this heterogeneity, we identified two key independent variables that were
used to organize our review: first stimulation site and then target population. As with the
independent variables, we noted that outcome measures could similarly be divided into
changes in cognitive abilities (memory, executive functions, etc.) and changes in brain variables
(structure and/or function). For a summary of rTMS studies organized and annotated
according to these attributes, please refer to Table 1.

Regarding stimulation sites, investigators have most often selected rTMS targets within
frontal or parietal association areas. Importantly, these regions are located immediately
beneath the skull and thus within the limited range of typical TMS systems (~2–3 cm
beneath the scalp) [15]. Within the brain’s frontal lobe, studies have frequently targeted
dorsolateral prefrontal cortex (dlPFC). This popularity of dlPFC as a stimulation target
may be attributable to its known contributions to many cognitive processes including
working memory [16–19]. dlPFC is, of course, also a common rTMS target for clinical
treatment of psychiatric disorders such as major depression [20]. More broadly, dlPFC
is generally acknowledged as a brain region that is both feasible and safe for rTMS [21].
A less common alternative for rTMS has been the parietal lobe, and within it, rTMS
studies have most frequently targeted posterolateral parietal cortex or angular gyrus
(AG) [13,22]. In studies of rTMS and memory, AG has frequently been targeted because
of its connectivity, both structural and functional, to medial temporal lobe regions which
support declarative/relational memory processes. Further, AG is thought to be part of
a large-scale intrinsic brain network, the default mode network (DMN) which has been
implicated in normal memory function [23–27]. Additionally, the DMN is particularly
impacted by AD [25,28,29], making modulation of DMN by rTMS a potentially intriguing
therapy. For information on TMS mechanisms, refer to Box 1.

Regarding target populations, while many studies of rTMS effects on memory have
focused on healthy younger and healthy older individuals, there are an increasing number
of studies investigating the potential for rTMS to treat memory loss within clinical pop-
ulations (e.g. [30–32]). Studies using rTMS have also recruited individuals with clinical
conditions that often precede AD, including (amnestic or non-amnestic) mild cognitive
impairment (aMCI/MCI) [33–35].
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Table 1. Properties of included studies.

Authors Target Intensity Frequency Sessions
Session Spacing

(Days to
Complete)

Cognitive Changes
([+/N/−] for rMTS) [Score

Change]

Functional Connectivity Changes
([+/N/-] Area1:Area2)

Target
Population

N

Frontal Lobe rTMS

Cui et al. [36] (R) dlPFC 90 10 10 CD(WD) [+]AVLT
[+]PCC:(R)Fusiform Gyrus,

[+]PCC:(L)Anterior Cingulate
Gyrus

aMCI 25

Schluter et al.
[37]

(R) dlPFC 110 10 1 NA NA [+]Salience network connectivity H 15

Bagattini et al.
[38]

(L) dlPFC 100 20 20 CD(WD) [+]Paired-associate learning NA AD 50

Bakulin et al.
[39]

(L) dlPFC 100 10 1 NA [+]n-back NA HY 12

Beynel et al. [40] (L) dlPFC 100 5 4 11 [+]Memory Manipulation NA H 85

Chung et al. [41] (L) dlPFC

50

iTBS 1

NA [N]n-back [N]EEG

H 1675 NA [+]n-back [N]EEG

100 NA [N]n-back [N]EEG

Davis et al. [42] (L) dlPFC 120
1

1
NA [N]Source Memory

[−]Changes in success related
activity

HO 15

5 NA [N]Source Memory
[+]Changes in success related

activity

Fitzsimmons
et al. [43]

(L) dlPFC 110 1 1 NA [−]Set-shifting
[−]Task-based betweenness

centrality of dlPFC
H 16

Li et al. [14] (L) dlPFC 100 20 30 CD(WD)
[+]MMSE[2.03],

[+]ADAS-Cog[-2.89]
[+]Plasticity Response at M1 AD 37

Drumond Marra
et al. [35]

(L) dlPFC 110 10 10 CD(WD)

[+]Rivermead Behavioral
Memory Test, [−]Logical

Memory II , [+]Letter-number
sequencing, [−]Trails B

NA MCI 34
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Table 1. Cont.

Authors Target Intensity Frequency Sessions
Session Spacing

(Days to
Complete)

Cognitive Changes
([+/N/−] for rMTS) [Score

Change]

Functional Connectivity Changes
([+/N/-] Area1:Area2)

Target
Population

N

Schluter et al.
[37]

(L) dlPFC 110 10 1 NA NA [−]Salience network connectivity H 15

W.-C. Wang et al.
[44]

(L) dlPFC 120
1

1
NA [N]Associative memory

[N]Encoding and retrieval
similarity

HO 14

5 NA [N]Associative memory
[+]Encoding and retrieval

similarity

Wu et al. [45] (L) dlPFC 70 iTBS 14 CD(D)
[+]Association memory,

[+]Recognition, [+]Logical
Memory Test, [+]AVLT

[−](L) dlPFC:(R)Precuneus AD 13

Xue et al. [46] (L) dlPFC 90 20 1 NA NA

[+]low-frequency fluctuation in
Rostral Anterior Cingulate Cortex,

[+]Rostral Anterior Cingulate
Cortex:(L)Temporal Cortex

HY 38

Yuan et al. [34] (L) dlPFC 80 10 20 CD(WD) [+]MoCA
[+]ALFF for (R)Inferior Frontal

Gyrus, (R)Precuneus, (L)AG,
(R)Supramarginal gyrus

aMCI 12

Rutherford et al.
[11]

(B) dlPFC 100 20 10(+3) CD(WD)
[+]MoCA, [+]Word/image

Association
NA AD 10

Lynch et al. [47]
(R) Middle

Frontal
Gyrus

80 cTBS 1 NA [−]n-back NA HY 24

H. Wang et al.
[48]

(R) Middle
Frontal
Gyrus 1 100 10 2

CD(D) [+]Face/word Pairs NA
HY 8

(L) Middle
Frontal
Gyrus 2

CD(D) [+]Face/word Pairs NA
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Table 1. Cont.

Authors Target Intensity Frequency Sessions
Session Spacing

(Days to
Complete)

Cognitive Changes
([+/N/−] for rMTS) [Score

Change]

Functional Connectivity Changes
([+/N/-] Area1:Area2)

Target
Population

N

Jung et al. [49]
(L/R)

Precentral
Gyrus

100 1 1 NA NA [−]DMN activity when at rest H 36

Riedel et al. [50]
(R) Medial

Frontopolar
cortex

100
1

1
NA NA

[−](R)Medial Frontopolar
cortex:Amygdala

HY 55

20 NA NA
[+(]R)Medial Frontopolar

cortex:Amygdala

Parietal Lobe rTMS

Freedberg et al.
[51]

(L) AG 100 20 4 CD(D) NA
[+](L)AG:(L)Hippocampal

Network
HY 6

Hendrikse et al.
[52]

(L) AG 100 20 4 CD(D) [N]Associative Memory
[−]Connectivity within

(L)Hippocampal Network,
H 36

Hermiller, et al.
[53]

(L) AG

80 cTBS

1

NA
[+]Word Recognition

Memory

[+]Hipp:PCC, [+]Hipp:Left medial
frontal Gyrus, [+]Hipp:Right

Medialfrontal Gyrus
H 24

80 iTBS NA
[N]Word Recognition

Memory
N

100 20 NA
[N]Word Recognition

Memory
N

Hermiller, et al.
[54]

(L) AG 100 20 5 CD(D)
[+]Paired-associate learning,

[N]Long-term forgetting
NA HY 16

Kim et al. [55] (L) AG 100 20 5 CD(D)
[N]Item recognition,

[+]Contextual recollection
[+]Posterior-medial network

activity
HY 16

Nilakantan et al.
[56]

(L) AG 100 20 5 CD(D)
[N]Recollection Success,
[+]Recollection Precision

[−]Late-positive evoked potential
amplitude, [−]Theta-alpha

oscillatory power
HY 12
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Table 1. Cont.

Authors Target Intensity Frequency Sessions
Session Spacing

(Days to
Complete)

Cognitive Changes
([+/N/−] for rMTS) [Score

Change]

Functional Connectivity Changes
([+/N/-] Area1:Area2)

Target
Population

N

Nilakantan et al.
[13]

(L) AG 100 20 5 CD(D)
[N]Recollection Success,
[+]Recollection Precision

[+]Recollection signals throughout
the hippocampal-cortical network

HO 15

J.X. Wang Voss
[12]

(L) AG 100 20 5 CD(D) [+]Paired-associate learning
[+]Hipp:Posteior Hipp-cortical

network
HY 16 *

Velioglu et al.
[57]

(L) AG 100 20 10 14
[+]Wechsler Memory

Scale-Visual

[−]Activity in Occipito-fusiform
Gyrus, [−]Fusiform

Gyrus:Precuneus, [−]Lateral
Occipital Cortex:Precuneus,
[+]Fusiform Gyrus:Frontal

Opercular Cortex, [+]Lateral
Occipital Cortex: Frontal

Opercular Cortex

AD 11

J.X. Wang et al.
[58]

(L) AG 100 20 5 CD(D) [+]Paired-associate learning
[+]Cortical-hipp network

connectivity
HY 16 *

Wynn et al. [59] (L) AG 90 1 1 NA
[+]Delayed Recall

Confidence
NA H 25

Freedberg et al.
[60]

(L) AG 100 20 3 CD(D) NA

[+]Hipp:Precuneus,
[+]Hipp:Fusiform Area,

[+]Hipp:Lateral Parietal Area,
[+]Hipp:Superior Parietal Area

HY 8

Tambini et al.
[61]

(R) AG 80 cTBS 1 NA
[+]Associative memory
success and confidence

Response was dependent on AG
and Hippocampus connectivity

HY 25

Bonnì et al. [62] Precuneus 100 cTBS 1 NA [−]Source Memory Errors NA HY 30

Chen et al. [63] Precuneus 100 10 10 CD(WD) [+]AVLT

[−](L)Parahippocampal
gyrus:Hipp memory network,

[−](L)Middle temporal
gyrus:Hipp memory Network

SCD 38

Koch et al. [64] Precuneus 100 20 10 CD(WD) [+]AVLT Delayed Recall[0.8] [+]Beta band oscillations PAD 14
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Table 1. Cont.

Authors Target Intensity Frequency Sessions
Session Spacing

(Days to
Complete)

Cognitive Changes
([+/N/−] for rMTS) [Score

Change]

Functional Connectivity Changes
([+/N/-] Area1:Area2)

Target
Population

N

Riberio et al.
[65]

Superior
Parietal
Cortex

80 1 1 NA [−]Spatial Working Memory NA HY 20

H. Wang et al.
[48]

Superior
Parietal
Cortex

100 10 2 2 [+]Face/word Pairs NA HY 8

Addicott et al.
[66]

(R)
Postcentral

Gyrus
100 10 5 CD(D) NA [+](R)Postcentral gyrus:(L)Insula H 28

Multisite rTMS

Leocani et al.
[67]

(B) Frontal,
Parietal,

Temporal
120 10 12(+4)

3 sessions a week
for 4 weeks

[+]ADAS-Cog[−1.01] NA AD 16

Rabey et al. [68] neuroAD 90–110 10 30(+24) CD(WD) [+]ADAS-Cog[3.76] NA AD 15

Nguyen et al.
[69]

neuroAD 100 10 30 CD(WD) [+]ADAS-Cog NA MCI, AD 10

Sabbagh et al.
[70]

neuroAD 110 10 30 CD(WD) [+]ADAS-Cog([−0.32] NA AD 59

Information from studies reviewed here including authors, TMS target, stimulation intensity, stimulation frequency, number of rTMS sessions, whether cognitive changes were present, whether functional
connectivity changes were present, the target population, and the number of subjects. Sessions within parentheses indicated maintenance sessions following intervention. Abbreviations: AD, Alzheimer’s disease;
ADAS-Cog, The Alzheimer’s Disease Assessment Scale-Cognitive Subscale; AG, angular gyrus; aMCI, amnestic mild cognitive impairment; AVLT, Rey Auditory Verbal Learning Test; B, bilateral; CD, rTMS
sessions on consecutive days; cTBS, continuous theta-burst stimulation; D, rTMS sessions took place daily; dlPFC, dorsolateral prefrontal cortex; EEG, significant EEG changes present; H, healthy; HO, healthy
old; Hip, Hippocampus; HY, healthy young; iTBS, intermittent theta-burst stimulation; L, left; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment;
N, no change; NA, not applicable PAD, prodromal AD; R, right; SCD, subjective cognitive decline; WD, rTMS sessions took place on week days only; *, same set of participants; +, change associated with better
cognition or positive change in resting-state functional connectivity; −, change associated with poorer cognition or negative change in resting-state functional connectivity.
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In our review of published work, rTMS interventions for memory most frequently
involved frontal lobe stimulation targets and healthy individuals, so we begin by summarizing
findings from those studies.

2.2. rTMS of Frontal Lobe Sites

2.2.1. rTMS of dlPFC: Healthy Young and Healthy Old

In the current literature, dlPFC has been stimulated with a variety of rTMS parameters
and some reports suggest left and right dlPFC may respond differently to rTMS. Within
studies targeting dlPFC in healthy adults considered in this review, the left hemisphere
has been more frequently targeted. rTMS of left dlPFC has produced moderately consis-
tent effects on resting-state functional connectivity (RSFC) but less consistent cognitive
outcomes. Regarding cognitive changes associated with left dlPFC rTMS, eight of twelve
studies reviewed here reported significant cognitive improvements associated with high-
frequency stimulation [14,34,35,38,39,41,42,44–46,71,72]. However, and exemplifying the
heterogeneity of outcomes in this domain, one study using low-frequency rTMS reported
acute cognitive impairment [43].

Heterogeneity in rTMS methods and outcomes can be observed even in the limited
domain of rTMS of left dlPFC of healthy adults. In one study, Chung and colleagues
applied intermittent theta-burst stimulation (iTBS) rTMS targeting left dlPFC [41]. rTMS at
50%, 75%, and 100% motor threshold (MT) was associated with different results for each
intensity. Their study observed a response similar to an inverted U-shaped curve, with no
significant results at 50%, cognitive enhancement at 75%, and intermediate enhancement at
100%. In a similar study, Davis and colleagues applied 5 Hz rTMS at 120% MT to left dlPFC
but observed no significant change in cognitive ability [42]. Together, these studies suggest
that the greater the rTMS stimulation intensity does not strictly correspond to improved
outcomes, and that there may be interactions of stimulation intensity and frequency on
outcomes.

In two studies described above [41,42], rTMS was associated with changes in RSFC
or EEG variables. Further, Davis and colleagues observed that RSFC changes were associ-
ated with better cognitive performance, including increased similarity in brain activation
patterns during encoding and retrieval during a memory task [42,44].

Intriguingly, prior rTMS studies targeting dlPFC also suggest that brain state during
rTMS may influence the brain’s response and related cognitive effects. That is, the same
rTMS protocol may yield different effects when administered during task performance or
at rest. In one study, Bakulin and colleagues applied rTMS to left dlPFC during different
phases of a modified Sternberg task and observed differences in n-back performance were
associated with phase of stimulation [39]. Specifically, the authors found that when rTMS
was applied in absence of the modified task, 10 Hz rTMS to the left dlPFC was associated
with significantly increased scores on the n-back task. Conversely, when rTMS was applied
during any phase of the modified task, no significant benefit was observed. Other authors
have speculated that rTMS during a task may invert the responses putatively associated
with high-frequency and low-frequency rTMS [62,73,74]. While there is some evidence of
efficacy differences between rTMS during task and rest, further study will be required to
rigorously evaluate whether effects are truly inverted and if the same inversion is present
for other stimulation targets.
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Box 1. Parameters and approaches for repetitive transcranial magnetic stimulation

• TMS uses a powerful electromagnet to apply a focal, transient magnetic pulse to stimulate
activity in the neurons of underlying gray matter [21]. When multiple TMS pulses are applied
in series or in more complex temporal patterns, the procedure is called repetitive transcranial
magnetic stimulation (rTMS). Initial research surrounding rTMS indicated transient effects
associated with stimulation [21]. Critically, it has also been reported that rTMS can modify the
brain’s intrinsic functional networks over extended periods [49,60,75].

• rTMS approaches can apply stimulation in simple series or in more complex patterns such as
theta-burst stimulation (TBS). rTMS frequencies are typically described as either “excitatory”
or “inhibitory” [21] as a function of stimulation frequency (1 Hz vs. 1 Hz, respectively).
Classification into either form of rTMS is determined by changes observed in the motor
evoked potential following rTMS to the primary motor cortex. “Excitatory” frequencies are
reported to be associated with increases in brain activity while “inhibitory” frequencies are
reported to be related to increased long-term depression of synaptic transmission. In TBS,
pulse sequences are applied at frequencies and in patterns which putatively mirror neural
oscillatory patterns associated with cognition [76,77]. The response to theta-burst rTMS varies
by the rest period between stimulation. Despite the differences in rest periods between forms
of TBS, the 50 Hz TBS is applied at a repeated 5 Hz frequency [78–80]. In continuous theta-burst
stimulation (cTBS), pulses are applied during a 40 second period of stimulation followed by a
short rest period. Alternatively, stimulation can be applied in 10 shorter periods consisting of
a triplet of pulses followed by a rest period called intermittent theta-burst stimulation (iTBS).
Application of TBS rTMS in different patterns can produce divergent effects on brain activity,
cognition, and behavior [21]. iTBS has been hypothesized to be associated with promoting
brain activity, while cTBS has been putatively associated with increased long-term depression
of synaptic transmission [78–80].

• rTMS protocols can also apply different intensities of simulation often tailored to each indi-
vidual subject. Stimulation intensity is often individualized by first gauging an individual’s
motor threshold [21]. This involves measuring the elecotromyographic (EMG) response to
single-pulse TMS of primary motor cortex in a distal muscle either at rest (resting motor
threshold, RMT) or in flexion (active motor threshold, AMT) [21]. The TMS pulse causes the
targeted corticospinal tract to fire and trigger an overt response in the target muscle. After the
cortical area associated with the predetermined muscle of interest, frequently the abductor
pollicis brevis of the right hand, is located, an adaptive stepwise procedure is used determine
the individual’s RMT/AMT. This procedure is a guided titration of TMS intensities near the
strength that caused the initial EMG response. For RMT, the target intensity is the minimum
stimulation strength required to generate a 50 µV or greater peak-to-peak intensity in five
of ten stimulations as measured by EMG. The active motor threshold is similar but employs
a higher threshold, 200 µV. This higher threshold is required to determine the measured
response is due to stimulation and not flexion-related noise in the EMG. Following the motor
thresholding procedure, the intensity of the rTMS protocol can then be individualized so that,
for example, all participants receive rTMS at 110% of their unique RMT.

2.2.2. rTMS of dlPFC: MCI and AD

Although AD and MCI (especially aMCI) are often associated with clinical memory
deficits, rTMS studies in these populations have frequently assessed general cognitive
outcomes rather than memory-specific outcomes. Still, studies of rTMS in individuals with
MCI and AD have yielded relatively consistent results. Much of this consistency may be
derived from the greater homogeneity of rTMS parameters selected for studies of these
populations versus studies of healthy individuals.

For example, in our survey of this literature, high-frequency rTMS was frequently used
in studies of patients with MCI/AD. In several studies that applied high-frequency rTMS
to left dlPFC, stimulation was associated with improved scores on one or more common
cognitive assessments, including the MoCA, MMSE, and/or ADAS-Cog [14,34,36,45]. In a
smaller number of studies, significant improvements were also reported on domain-specific
assessments of memory abilities such as associative memory and relational
memory [38,45,74,81]. Notably, all studies targeting dlPFC in clinically impaired individu-
als observed cognitive improvement in at least one domain. Specifically, improvements
in AVLT, paired associate learning, MMSE, ADAS-cog, Rivermead Behavioral Memory
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Test, letter-number sequencing, association memory, recognition, logical memory, MoCA,
and word/image association were observed following ten or more sessions of rTMS for
cognitively impaired individuals [11,14,34–36,38,45].

In another study, Rutherford and colleagues recruited patients with AD and applied
20 Hz rTMS at 100% RMT to bilateral dlPFC (serially, one hemisphere at a time) across
13 sessions [11]. Of special note, longitudinal follow-up with participants revealed they
had significantly attenuated rates of decline compared to participants randomly assigned
to a control condition. Replication of this promising finding would be an important step
toward generalization to clinical treatment.

Finally, it has also been reported that low-frequency rTMS of right dlPFC was associ-
ated with cognitive improvement [33,82–84]. This finding may be interesting in the context
of both healthy and pathological aging, as there is some evidence that right dlPFC exhibits
hyperactivity associated with diminished cognitive performance [85,86].

2.2.3. rTMS of Other Frontal Lobe Areas

While the dlPFC has been the most common target for rTMS in the frontal lobe, several
other sites in frontal regions have also been targeted. Among these sites are precentral
gyrus, middle frontal gyrus, and right medial frontopolar cortex. Jung and colleagues
have explored the effects of 1 Hz rTMS to left and right precentral gyrus, two additional
non-association areas [49]. They observed decreased connectivity between the DMN and
the right motor network, the insular network, and the visual network attributable to rTMS.
Additionally, rTMS during task engagement resulted in decreased connectivity between
the DMN and the dorsal attention network and increased connectivity between the DMN
and the frontoparietal network.

Regarding right medial frontopolar cortex as a target, one study investigated the effects
of single-session 20 Hz or 1 Hz rTMS [50]. In this instance, the authors reported RSFC
changes associated with improved cognition for the 20 Hz stimulation group and changes
associated with poorer cognition following 1 Hz rTMS in the low-frequency stimulation
group.

rTMS of middle frontal gyrus (MFG) has also been explored by Wang and col-
leagues [48]. This group administerd 10 Hz rTMS to either a left or right middle frontal
gyrus target for two consecutive days. While improvements in hippocampal-dependent
relational memory were found following stimulation of the right hemisphere target, no
such changes were present following rTMS to the left site. Different effects of rTMS ap-
plied to left and right MFG could be attributable to laterality, but replication would be an
important step to aid the interpretation of these findings.

Interestingly, a second study of rTMS applied to MFG used RSFC to determine an
rTMS target. Lynch and colleagues applied a connectome-based approach to identify
independent targets for each subject within right MFG based on within-network RSFC [47].
The authors applied a single session of cTBS rTMS to right MFG, and observed reduced
working memory performance associated with stimulation.

2.3. rTMS of Parietal Lobe Sites

2.3.1. rTMS of AG: Healthy Young and Healthy Old

Outside of the frontal lobe, much of the association cortex accessible to typical TMS
approaches lies in lateral portions of the parietal lobe. In the context of memory-related
rTMS studies, locations in the inferior parietal lobule have been targeted most frequently.
This is likely due to associations with memory task performance based on neuropsycholog-
ical and neuroimaging studies [87–90]. In particular, left AG has been a popular choice for
rTMS-based modulation of memory function.

rTMS of AG has proved fruitful for memory researchers, illustrated most clearly by
the work of Voss and colleagues [12,22,54,61]. Angular gyrus is a cortical area within
the effective range of rTMS that exhibits strong RSFC with hippocampus. By targeting a
DMN component functionally connected to hippocampus, many researchers have applied
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rTMS measured the effects of rTMS on hippocampal-dependent memory function. In
particular, Voss and colleagues have frequently demonstrated success in modulation of
memory performance, brain activity, or both using a paradigm involving 20 Hz rTMS
to left AG at 100% RMT [12,13,52–55,58,60]. The only significant source of heterogeneity
within the studies using this paradigm was the number of rTMS sessions.

The bulk of the 20 Hz rTMS studies from Voss and colleagues targeting left AG used
five rTMS sessions [12,13,54–56,58]. Perhaps unsurprisingly, rTMS studies using five rTMS
sessions with similar parameters frequently observed similar outcomes. These studies
reported improvement in both measures of memory and RSFC. More specifically, RSFC
changes associated with improved cognition are observed in the DMN. These consisted
of strengthened RSFC between left AG and left hippocampus. In addition to these pri-
mary findings, it has also been reported that rTMS promotes hippocampal RSFC with
DMN components beyond AG [12]. Consistent with a mechanistic explanation for rTMS
effects on memory, these changes in RSFC were also accompanied by significant cogni-
tive changes [12,13,54–56,58]. The aforementioned improvements in relational memory
performance following rTMS were significantly greater compared to participants in the
placebo-sham conditions. Similar increases in cognitive performance and changes in
RSFC have also been observed under several rTMS protocols originating from the same
group [55,91,92].

Dosage, operationalized as number of stimulation sessions, may be a key factor in
determining the efficacy of AG rTMS as a memory-enhancing therapy. Several studies
have varied rTMS dosing to investigate this relationship. In one study, Freedberg and
colleagues observed that three, four, or five sessions of rTMS to left AG resulted in similar
RSFC changes, but those authors did not assess changes in memory [60]. In a study with
similar design but inconsistent findings, Hendrikse and colleagues reported finding no
significant cognitive benefit following four rTMS sessions [52]. To explore a potential
minimum threshold, a dose-finding study was carried out by Freedberg and colleagues.
Those authors reported that a minimum of 5 rTMS sessions was required for reliable,
statistically significant change in hippocampal-AG RSFC [51]. While these studies indicate
that a minimum number of rTMS sessions may be necessary to obtain reliable effects,
Hermiller and colleagues also reported a single session of cTBS rTMS was adequate to
induce comparable changes in RSFC [53]. While 20 Hz rTMS studies suggest that three
to five sessions may be required to generate reliable RSFC changes, the recent cTBS study
reportedly requiring only a single session is intriguing. It seems possible that different
stimulation frequencies or different sets of stimulation parameters may require a unique
number of minimum rTMS sessions for significant changes to be observed. Future research
exploring this possibility is warranted.

Right AG has also been targeted with rTMS. In a single study, Tambini and colleagues
applied cTBS rTMS to right AG [61]. Following this, significant cognitive improvement
was observed and coupled with RSFC changes. Unfortunately, this was the only study
targeting right AG, and additional research into right AG rTMS in healthy individuals is
warranted.

2.3.2. rTMS of AG: MCI and AD

Although results from healthy young and old adults demonstrate the potential for
rTMS to improve memory abilities, similar findings have not been reported for AD and
(a)MCI. While new clinical trials are proceeding at the time of this writing [93], only one
recent study was identified applying rTMS to AG in individuals with mild to severe AD.
Velioglu and colleagues administered ten sessions of 20 Hz rTMS at 100% MT to left AG [57].
Visual recognition memory performance and the clock drawing test improved after stim-
ulation. Notably, the cognitive improvements were associated with changes in RSFC
and, somewhat surprisingly, significant changes in other blood-derived, neurally-relevent
biomarkers. Following rTMS, individuals were reported to have elevated blood brain
derived neurotrophic factor measures and lower oxidative status measures. While intrigu-
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ing, caution is warranted when interpreting these findings because biomarker measures
derived from peripheral blood and CSF do not always exhibit strong correlation [94].

2.3.3. rTMS of Other Parietal Lobe Sites

Several parietal regions beyond AG have been targeted with rTMS. The next most
common stimulation site was precuneus [62–64]. As precuneus lies at the core of the default
mode network [95], several studies have identified significant cognitive or brain changes
following rTMS targeting precuneus.

One such study by Chen and colleagues applied ten sessions of 10 Hz rTMS to
precuneus in individuals with subjective cognitive decline [63]. Following stimulation,
these researchers observed significantly improved episodic memory and RSFC between
precuneus and posterior hippocampus. Improvement in these domains is reminiscent
of AG stimulation, mainly due to the notable hippocampal RSFC changes. A similar
outcome was also reported by Koch and colleagues [64]. Here again, ten sessions of rTMS
were administered but with 20 Hz stimulation. Following stimulation, the authors noted
significant improvement in episodic memory coupled with changes in RSFC and EEG
profiles. Several studies also targeted precuneus with low-frequency or cTBS rTMS and
found transient impairments in memory or metacognition [62,96–98].

Two studies reported applying rTMS to superior parietal regions, and both reported
cognitive changes in healthy young adults. Both studies reported outcomes consistent with
expectations for high-frequency and low-frequency rTMS stimulation. Specifically, Wang
and colleagues observed significant improvement in recalling face/word pairs following
two sessions of 10 Hz rTMS of their target in superior parietal cortex [48]. Alternatively,
Ribeiro and colleagues observed acute cognitive impairment following one session of 1
Hz of rTMS to superior parietal cortex [65]. Beyond association regions in the parietal
cortex, post-central gyrus has also been targeted due to its functional connections with
the insula [66]. Following five sessions of 10 Hz rTMS, Addicott and colleagues reported
increased RSFC between the target and left insula. The directionality of these findings is
consistent with the putative associations between high- and low-frequency stimulation
and cognitive enhancement/impairment and in some instances required fewer than five
stimulation sessions.

3. Multitarget Stimulation

While rTMS studies have most frequently targeted a single cortical region, some inves-
tigators have also tested the effect of multitarget rTMS. As the name suggests, multitarget
rTMS involves targeting multiple, distal brain regions for stimulation within the same
paradigm either serially or, less often, simultaneously. The potential benefits of multitarget
stimulation include modulation of brain activity in locations in one or more functional
brain networks, and this approach could provide additive or interactive cognitive enhance-
ment [99].

For example, one study employing multitarget stimulation serially targeted several
temporal and parietal stimulation locations [100]. Here, the researchers used 20 Hz stimula-
tion over frontal and parietal targets every weekday for six weeks. Following stimulation,
adults with AD exhibited a significant increase in ADAS-cog performance, and there was
evidence that this effect endured for up to 12 weeks. The reported durability of this im-
provement is unusual in the literature and could reflect lasting modulation of underlying
functional brain networks.

The “neuroAD protocol” is another line of research using a multitarget rTMS ap-
proach [68,69,101,102]. The protocol involves stimulation of six distinct targets regions:
left and right dlPFC, left and right somatosensory association cortex, Broca’s area, and
Wernicke’s area. Targeting these areas, the authors sought to improve multiple behaviorally
relevant functional networks impacted by AD [70]. During each stimulation session, three
of the six targets were serially stimulated.. Three different brain regions were selected for
stimulation every session, with each site being stimulated in 15 sessions [101]. Stimulating
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at 100–110% RMT was associated with significant improvement in ADAS-Cog performance
following rTMS [70]. Meanwhile, stimulation at 90% RMT reported observed increases in
MMSE scores [103]. Unique among rTMS therapies for memory, the neuroAD protocol was
recently submitted to the FDA for consideration as an intervention for patients with MCI
or AD. At the time of writing, the most recent FDA determination was that the cognitive
benefits were not substantial enough to warrant approval due to their modest efficacy
(less than a three-point improvement on ADAS-Cog) [104]. Regarding concerns about the
protocol’s efficacy, it is possible that the limited magnitude of cognitive benefit associated
with the protocol could be due to the inclusion of individuals with substantial AD-related
cognitive impairment. For individuals with more mild impairment, evidence of greater
cognitive improvement was present: nearly a third of these individuals improved by four
or more points on the ADAS-Cog [70]. If upheld, this finding would suggest that the
neuroAD intervention is more effective in earlier disease stages, such as MCI, rather than
AD.

Where the neuroAD protocol targeted several locations serially during a session, the
development of new TMS coils has also allowed stimulation of multiple cortical areas
simultaneously. The ability to broadly stimulate bilateral frontal, temporal, and parietal
areas has been explored with “H”-style TMS coils. Specifically, 10 Hz rTMS has been
applied using an H coil for twelve consecutive sessions in individuals with AD [67].
Improvements were noted in ADAS-Cog scores but not in several other measures (MMSE,
depression, or caregiver ratings of subjective improvement).

4. Developments Relevant to Treating Memory loss with rTMS

Approaches using rTMS to treat memory loss have evolved substantially over the last
two decades, as have insights from neuroscience regarding functional brain organization,
neurodegenerative diseases, and brain mechanisms supporting memory processes. These
developments are important considerations for investigators designing new rTMS interven-
tions for memory loss. Furthermore, the integration of key concepts into new paradigms
could improve the efficacy and reproducibility of future rTMS research. Here, we review
some key developments including acknowledgment of the brain’s large-scale functional
networks, computational modeling of rTMS stimulation fields, and frequency-specific
effects of rTMS.

4.1. Functional Brain Networks

The last decade has seen a tremendous expansion of the field’s understanding of
the brain’s intrinsic functional organization. Readily identifiable, large-scale functional
brain networks have been reliably observed both in group studies and at the level of indi-
vidual participants [105,106]. This development may offer benefits for rTMS approaches
similar to those provided by stereotactic alignment of structural MRI data with the physi-
cal brain: improved rigor and reproducibility through precision alignment to previously
identified stimulation targets. Here, a key concept is the identification of stimulation
targets using individualized maps of functional networks overlaid onto the physical brain.
Similar targeting has already been applied with success in rTMS studies seeking to treat
depression [107,108]. If implemented, this approach could supplement and refine ear-
lier approaches that identify targets based on physical distance, gross neuroanatomical
landmarks, or coordinate-based targets derived from brain atlases.

Acknowledging functional network architecture in the design of rTMS interventions
will help to ensure that the same functional network is being stimulated across different
participants. For example, while dlPFC has shown promise as an rTMS target for treating
memory loss [35,41,74], dlPFC is a large region of association cortex which includes sev-
eral distinct functional networks [105,106]. Furthermore, the territory of these networks
varies between individuals [109,110]. Stimulation of the same dlPFC location based on
neuroanatomy or template-derived coordinates could therefore affect a different selection
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of functional networks between subjects unless targets are selected for each participant
according to their brain’s unique functional organization.

A related consideration is that stimulation of different functional networks would be
expected to affect different cognitive processes. A strong implication of rTMS not guided
by functional network consideration is that cognitive benefits of rTMS interventions could
vary between individuals as a function of the stimulated networks rather than stimulation
efficacy per se. Alternatively, otherwise similar cognitive benefits might be attributable to
changes in different cognitive processes between individuals. Taking memory performance
as an example, deficits in executive functions [111,112] or depressed mood [113] have been
associated with memory impairments, so by inference, rTMS-associated improvements in
executive functions or mood might be expected to enhance apparent memory performance,
but without affecting underlying memory processes. While positive outcomes for patients
are always welcome, interpretation of this type of finding could be confounded if superfi-
cially similar outcomes are attributable to different mechanisms. Integration of functional
neuroimaging data into new TMS protocols to support network-specific targeting could
help to avoid this specific confound.

While integration of functional neuroimaging data in rTMS intervention design is
expected to enhance rigor, approaches to processing neuroimaging data can vary greatly
and affect interpretation. It has been well documented that even when using the same
dataset, different groups can generate significantly different findings [114]. This is not
surprising because the number of possible analysis paths available to investigators is
enormous; one recent report estimated that a typical fMRI dataset might afford nearly
7,000 unique analysis pipelines [115]. Thorough documentation of all steps of functional
neuroimaging analysis is therefore essential, and widely-used workflows for analysis might
be considered. For example, the Human Connectome Project [116] provides a standardized
“minimal preprocessing pipeline” for structural and functional MRI data that appears to
deliver reliable results [117]. This and similar pipelines can provide investigators with a
predetermined workflow for MRI data processing, ensuring that all groups perform the
same steps in the same order. Also, adoption of a common approach to analyzing neu-
roimaging data could reduce a significant source of heterogeneity for rTMS interventions
that include neuroimaging outcomes.

4.2. Modeling of TMS Field Locale/Stimulation Strength

Selection of TMS stimulation sites can be refined by anatomical and functional consid-
erations as described above, and recent advances in computational modeling of electrical
fields induced by non-invasive brain stimulation techniques (including TMS but also tran-
scranial electrical stimulation) may support still further enhancement. Tools such as the
SimNIBS toolkit [118] allow researchers to model the induced magnetic and electrical fields
for an individual brain based on structural imaging data. The models then estimate the
spatial extent of brain tissue affected by each TMS pulse. These estimates are important
when considering the anatomical focality of the stimulation produced by a set of TMS
parameters.

Model estimates of stimulation extent may also help investigators to understand
which functional brain networks are most likely to be affected by TMS at a specific location.
In combination with processed functional neuroimaging data, stimulation models can
highlight functional networks that are most likely to be affected by TMS at a specific
location. New studies could clearly benefit from this approach, and previous studies might
benefit retroactively if the necessary data (structural MRI, resting-state fMRI, stimulation
coordinates, and stimulation intensity) were collected.

4.3. Stimulation Frequency and Patterning

Historically, rTMS frequencies have sometimes been dichotomized into either “excita-
tory” or “inhibitory” stimulation [21] as a function of stimulation frequency (1 Hz vs. 1 Hz,
respectively). Classification as excitatory or inhibitory has been driven by changes observed
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in the motor evoked potential following rTMS to the primary motor cortex. Unfortunately,
this simple scheme for classification may be overly reductionist, not addressing potentially
important complexities while limiting exploration of new rTMS protocols.

We respectfully suggest that the current “excitatory vs. inhibitory” dichotomy might
benefit from a different characterization: high-frequency vs. low-frequency stimulation.
Our suggestion for revised terminology arises from the neurophysiology of TMS. Crucially,
it is not the case that “excitatory” stimulation causes an overt response at the rTMS target
while “inhibitory” stimulation suppresses this response. Rather, irrespective of stimulation
frequency, some neurons at the target location depolarize, making “inhibitory” a mischar-
acterization of the stimulatory effect from the standpoint of a cellular response. Findings
from active rTMS, or rTMS performed during task performance, also weigh against the
historical labeling of rTMS protocols. Active rTMS has been reported to invert the expected
rTMS response [21,40,119,120]. That is, during active rTMS, typical “inhibitory” rTMS
protocols have been associated with improvements in cognitive performance in some
cases, whereas the same protocol at rest would be associated with reduced performance.
“Excitatory” protocols similarly have been reported to swap responses in active conditions
further supporting that such classification may be improper. Finally, evidence from studies
applying physiological considerations in rTMS protocol determination also suggests that
these classifications may be unfitting. One example of the importance of physiological
considerations is “inhibitory” rTMS to the right dlPFC. In this instance, it has been observed
that following rTMS, episodic memory performance is reported to significantly increase
despite the “inhibitory” classification of stimulation [33,84]. It is important to note that
right dlPFC does exhibit increased connectivity associated with reduced cognition [85,86].
In this way, although the “inhibitory” protocol improved cognition, it may have also acted
to reduce the associated increase in connectivity. From a RSFC standpoint, “inhibitory”
rTMS may be properly named in this instance, but the opposing cognitive outcomes add
unnecessary confusion to the rTMS field. In this way, the classification of rTMS frequencies
into “excitatory” or “inhibitory” addresses few specific instances and may inaccurately
map onto neurophysiological (or other) outcomes.

As recent studies have enriched our understanding of how brain tissues and brain
networks respond to rTMS frequencies and patterns, investigators now have a larger
menu of frequencies from which to choose along with a better understanding of likely
effects on underlying brain activity. For example, high-frequency rTMS protocols have
been associated with increased within-network connectivity of a targeted functional net-
work [42,50]. This may be an important consideration for efficacy because in other work,
stronger within-network connectivity has been associated with better cognitive outcomes in
neurological disease such as stroke [121]. Meanwhile, low-frequency rTMS has sometimes
been associated with decreases in within-network connectivity accompanied by increases
in between-network connectivity [42,84]. While this association may not be as robust
as the association of high-frequency rTMS with stronger within-network connectivity,
the potential for frequency-dependent effects on connectomic measures presents exciting
possibilities for basic and clinical research.

Regarding the effects of different frequencies within the “high” or “low” categories,
little is known. Very few published studies have measured whether different rTMS fre-
quencies with the same expected activation valence (e.g., high-frequency, 10 Hz vs. 20 Hz)
produce different effects. Instead, published work has more often contrasted high and
low frequencies or the same stimulation frequency at one stimulation location versus an-
other [42,44,50]. This gap in the literature may be important because the few publications
on the topic suggest that varying stimulation frequency can affect cognitive outcomes.
In one important demonstration, rTMS at 20 Hz and iTBS were associated with different
cognitive outcomes following one session of rTMS targeting left AG [53]. Future research
on rTMS methods may help to titrate stimulation frequencies and patterns that combine
continued safety with greater efficacy. For the immediate future, new rTMS interven-
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tions may benefit by simply acknowledging the expected strengthening of within-network
connectivity associated with typical high-frequency rTMS.

5. Suggestions for Studies Using rTMS to Treat Memory Loss

While rTMS shows promise as a potential intervention to enhance declarative/
relational memory abilities or to treat memory loss (age-related or pathological), substantial
between-study heterogeneity in design has made direct comparisons difficult. Here, we
will close our review by discussing study design features and rTMS parameters that we
expect will enhance the rigor, reproducibility, and efficacy of new investigations. These
include, but are not limited to, selecting a functional network to target, finding suitable
stimulation locations within that network, thoughts on TMS coil placement, selection of
rTMS frequency to utilize, numbers of rTMS sessions, and the importance of longitudinal
follow-ups.

5.1. Stimulation Site Selection

Any rTMS study must select one or more stimulation sites. Predictably, stimulation
at different sites has been associated with different cognitive and behavioral outcomes.
Acknowledging this, studies focused on memory enhancement or treatment of memory
loss should select one (or more than one) site previously associated with memory abilities.
Based on prior work and insights from the normative functional organization of the brain,
we offer two broad insights and several more specific recommendations.

Perhaps our strongest recommendation is that investigators should consider select-
ing targets based on functional network locations in addition to structural features or
coordinates. The parallel, interdigitated nature of the brain’s functional networks [122]
makes reliably targeting a specific network through structural features impractical. Con-
versely, functional targeting is a relatively simple enhancement that can be readily imple-
mented [107,108]. Regarding which networks to target, two may be especially important
for normal memory function [24,123]: the default mode network, which is often described
as including the medial temporal lobes and hippocampus, structures essential for nor-
mal memory; and the frontoparietal network [90], which has been frequently implicated
in fMRI studies observing “subsequent memory effects” (increases in activation related
to remembered versus forgotten items). Importantly, functionally determined rTMS tar-
gets could potentially be derived from resting-state or task-based neuroimaging data (or
both); each offers advantages. Resting-state fMRI is relatively easy to collect from most
populations and affords the opportunity to readily identify intrinsic networks [124–126].
Alternatively, task-based fMRI, perhaps collected during memory task performance, might
offer even more refined targets because of the direct association with memory perfor-
mance [127]. In either case, individualized stimulation targets derived from analysis of
functional neuroimaging data are strongly predicted to provide more consistent results
than other approaches.

Turning to specific cortical locations, one possibility is the left posterior lateral parietal
lobule, or more specifically, left AG. Left AG is a region of association cortex that has
well-characterized structural connections with the medial temporal lobe and RSFC with the
hippocampus [22]. This connectivity and the necessity of hippocampus for normal memory
functions [26,128] make left AG an appealing target. As reviewed here, significant prior
work has demonstrated that rTMS of left AG can improve declarative/relational memory
in healthy young and healthy older participants [12,13,51,58]. Additionally, stimulation
of left AG does not have any known association with relief from depressive symptoms or
executive functions, potential confounds related to stimulating other sites (e.g., dlPFC).

rTMS of left dlPFC has also been previously associated with improved memory
performance. However, the above concerns regarding potential confounds related to mood
and executive functions may apply to stimulation of this region. Irrespective of which
location is selected, we strongly recommend individual targeting of a specific functional
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network rather than a location guided by simple distance, neuroanatomical features, or
transformed atlas coordinates.

5.2. Stimulation Site Targeting

Less complex but no less important than selection of a stimulation site is targeting
of the stimulation site during an rTMS session. Earlier methods using EEG or scalp land-
marks [37,65,100] can be substantially improved upon by TMS instruments that support
real-time stereotactic alignment of structural MRI data and the participant’s physical
brain [53,56,58,129]. Extending the same stereotactic coordinates to the TMS coil allows
accurate, reproducible targeting of a specific brain region during one or more TMS sessions.
Recently, stereotactic localization of a target brain region has been further enhanced by
robotic systems that can maintain precise head-coil positioning to account for head motion
during rTMS sessions [129]. Whether automated or manual, stereotactic alignment systems
substantially enhance experimental rigor for rTMS studies..

5.3. Frequency Selection

rTMS frequencies and protocols are dichotomized into “excitatory” (high-frequency
and iTBS) or “inhibitory” (low-frequency and cTBS) frequencies [21]. While this dichotomy
captures some important differences, factors beyond rTMS frequency also contribute the
excitatory or inhibitory influence of rTMS. One such factor is the underlying physiology of
the rTMS target and the functional network to which it belongs. rTMS of right dlPFC is a
prime example of the role target physiology can play. Multiple reports suggest that 1 Hz
rTMS of right dlPFC caused significant improvement in cognitive abilities [33,82–84]. That
might be consistent with an “excitatory” influence of an “inhibitory” frequency. Whatever
the underlying mechanism, this outcome exemplifies the complex relationship between
rTMS parameters and cognitive outcomes.

Neurophysiological considerations may also provide insight into what rTMS frequen-
cies may generate potent responses. For example, Chung and colleagues investigated
whether iTBS at a frequency matched to an individual’s brain activity would outperform
the “excitatory” 50 Hz iTBS rTMS [130]. While both the individual and 50 Hz iTBS were
reported to significantly improve cognition, individualized iTBS was also associated with
significant changes in EEG measures. These reports illustrate the potential impact of
neurophysiological considerations on rTMS outcomes. Stimulation frequency is an rTMS
parameter that could benefit from more study, including refinement of methods for de-
termining individualized stimulation frequencies based on observed neurodynamics of a
given brain.

5.4. Number of Sessions

Perhaps the greatest degree of consensus in the rTMS literature lies in the number of
rTMS sessions necessary for reliable memory enhancement. Specifically, multiple consec-
utive days of rTMS appear to be necessary to reliably observe improvements in memory
performance that endure for one or more days after stimulation. Regarding the absolute
number of sessions required, some research has been conducted with the explicit goal of
dose estimation. Following up on prior work that tested the effects of rTMS applied to left
AG, one studied estimated that a minimum of five sessions was required for benefits to
memory performance [51], while a similar study by the same group estimated that as few
as three simulation sessions was adequate to observe significant changes in RSFC between
the stimulation site in left AG and the hippocampus [60]. To the best of our knowledge,
these two studies are the only published works examining the effects of different numbers
of rTMS sessions for left AG rTMS. More research on dosing of rTMS to treat memory
impairment would be helpful. However, based on these dose-finding studies and other
studies reporting significant changes after left AG stimulation, a minimum of five stimula-
tion sessions appears to be a reasonable criterion [51,60]. Notably, ongoing clinical trials in
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patients with MCI or AD may incorporate even more sessions, such as the “20 weekday
sessions during a period of 2 to 4 weeks” in a trial by Taylor and colleagues [93].

5.5. Longitudinal Follow-Up

rTMS therapies for memory would be most beneficial if the effects endured for some
prolonged period after stimulation. Unfortunately, many rTMS publications do not report
longitudinal measures. Without longitudinal follow-up, the durability and dose-response
curves of rTMS therapies are impossible to determine, and this creates challenges for future
efforts to translate rTMS research to clinical applications. Collection of longitudinal follow-
up measures, perhaps one, three, and six months after completion of an rTMS protocol,
would be a welcome addition to the design of future studies.

5.6. Methodological Heterogeneity Versus Discovery Science

We have noted the heterogeneous methodologies of rTMS interventions for memory,
and we have suggested that this creates challenges for interpretation and generalization. In
that context, the suggestions we offer in this section of our review are intended to highlight
opportunities for investigators to enhance their study designs based on recent advances
and best practices. However, we do not wish to promote a rigidly proscriptive method-
ological homogeneity; the field of rTMS for memory (or other cognitive) enhancement is
much too young to suggest that any single approach is optimal. Discovery science and
exploratory research remain essential to progress in rTMS interventions for memory. So,
while departures from typical rTMS protocols should be well-justified, as long as they are
conducted with great scientific rigor, such efforts may well prove effective, informative, or
both. Standard approaches for rTMS will only be enhanced by novel efforts, and we fully
expect that a review of best practices written a decade from now would differ significantly
from our current work largely due to new basic science findings.

6. Conclusions

The brain systems that support declarative/relational memory are imperfect recorders
that are negatively impacted by age and disease. Potential treatments for memory loss
(or interventions to enhance memory performance) would be beneficial, and published
work describing rTMS interventions offer preliminary evidence that non-invasive brain
stimulation may offers symptom-modifying therapies. Our review of the current literature
highlights many published examples of rTMS interventions that successfully modulated
memory, often through multi-day high-frequency stimulation of regions in frontal or pari-
etal association cortex. Unfortunately, the current rTMS literature suffers from significant
heterogeneity which creates challenges for interpretation and comparison. To address this,
we have offered suggestions for the design of future rTMS investigations with the goal
of enhancing rigor and reproducibility. Our intent is not proscriptive; rather, we hope to
encourage best practices that will speed the transition of rTMS-based memory modulation
from laboratories to memory clinics where new therapies are sorely needed. By reducing
methodological heterogeneity, introducing neuroimaging measures, and incorporating
longitudinal follow-up, forthcoming memory-related rTMS studies have the opportunity
to prove the method’s validity, generalizability, and translational potential to treat clinical
memory loss.
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